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FOREWORD 

An exploratory experimental and theore t ica l  invest igat ion of gaseous nuclear 
rocket technology was conducted during the  period between September 15, 1963 and 
November 15, 1969 under Contract NASW-847 with the  jo in t  AEC-NASA Space Nuclear 
Propulsion Office. The Technical Supervisor of t h e  Contract f o r  NASA during t he  
period between 1963 and 1967 was Captain W. A. Yingling (USAF), and during t he  
period from 1967 through 1969 was Captain C. E. Franklin (USAF). The present 
report  represents the  f i n a l  technical  report  under t he  contract .  Work on gaseous 
nuclear rockets a t  t he  United Ai rc ra f t  Research Laboratories i s  now being con- 
tinued 13ader Contract SNPC -70. 
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Report H-910093-46 

Investigation of Ga.seous Nuclear Rocket Technology -- 

SUMMARY 

The experimental and theoretical investigations conducted under Contract NASw- 
847 during the period from September 1963 through November 1969 have been designed 
to obtain information applicable to determining the feasibility of two gaseous 
nuclear rocket engine concepts: the open-cycle vortex-stabilized engine and the 
closed-cycle nuclear light bulb engine. It became apparent from results of investi- 
gations conducted up to 1967 that the fuel-containment characteristics of the open- 
cycle engine were too low for economic fuel containment; therefore, all work since 
1967 has been directed toward the nuclear light bulb engine. This latter engine is 
based on the transfer of energy by thermal radiation from gaseous nuclear fuel 
suspended in a neon vortex through an internally cooled transparent wall to seeded 
hydrogen propellant. Such an engine offers the possibility of providing values of 
specific impulse greater than 1500 sec, values of thrust-to-weight ratio greater 
than 1, and containment of the gaseous nuclear fuel without loss of fuel or fission 
products in the exhaust from the engine. In addition, it may be possible to obtain 
many reuses from such an engine by replenishing the spent recirculating fuel. Re- 
moval of the spent fuel and fission products from the engine would also reduce the 
radiation hazards during multiple-rendezvous missions. 

The work under this contract has resulted in the issuance of 50 technical 
reports. The present report summarizes the key results discussed in these 50 reports 
and provides information which permits cross-referencing between the reports. The 
work under the contract has included investigations of the following: the charac- 
teristics of one-component and two-component vortex flows, both unheated and r-f 
induction heated; the characteristics of coaxial flows (this work has application to 
both thl propellant region of a nuclear light bulb engine and the coaxial-flow 
engine being investigated at the NASA Lewis Research Center); the spectral and total 
radiant energy emitted from the fuel-containment region; the transmission charac- 
teristics of fused silica before, during and after being exposed to nuclear radia- 
tion; and various analytical studies designed to interpret the results of these 
programs in terms of the characteristics of full-scale engines. 



RESULTS 

1. Analyses of t h e  charac te r i s t i cs  of nuclear l i g h t  bulb engines have resu l ted  
i n  se lect ion of a reference engine design having the  following charac te r i s t i cs :  
seven un i t  cav t t i es ,  each having a length of 6 f t ;  cavi ty  pressure of 500 a t m ;  
engine weight of 70,000 lb;  e f fec t ive  fue l  radia t ing temperature of 15,000 R; t o t a l  
power of 4600 megw; propellant-exit  temperature of 12,000 R; spec i f ic  impulse of 
1870 sec (including allowance f o r  propellant seeds and t ranspira t ion nozzle coolant 
flow); and t h ru s t  of 92,000 lb.  

2. An r- f  heated l i g h t  source has been developed f o r  simulating the  nuclear 
f u e l  l i g h t  source i n  a fu l l - sca le  engine. This source has radiated a t o t a l  of 156 
kv.r or  37 kw/ine2; t h i s  radiant  f lux  i s  equal t o  t h e  black-body radiant  f l ux  f o r  a 
temperature of 10,200 R. 

3. In te rna l ly  cooled transparent-wall models having wall thicknesses of 0.005 
in.  ( the  same thickness a s  t h a t  required i n  a fu l l - s ca l e  engine) have been developed 
and t e s t ed  adjacent t o  t h e  r - f  heated plasma a t  plasma powers up t o  50 kw. The 
power l eve l s  used i n  these  t e s t s  were l imi ted because of damage t o  the  copper in jec -  
t o r s  used t o  drive t h e  vortex within the  transparent  walls  ra ther  than because of 
damage t o  the  transparent  walls themselves. 

4. Preliminary t e s t s  were conducted i n  which seeded simulated propellant  was 
heated by thermal radia t ion from the  r - f  l i g h t  source. These t e s t s  were a t  power 
l eve l s  up t o  3 kw with associated temperature r i s e s  i n  a seeded propellant gas of 
about 200 F. The power levels  and temperature r i s e s  were l imited primarily by 
deposition of seed material  on t h e  transparent  walls. Future investigations w i l l  
concentrate on developing aerodynamic configurations f o r  keeping the  seed mater ia l  
off  t he  wall and on r a i s i ng  t he  radiant  power during the  propellant heating t e s t s .  

5. The use of vortex flows i n  two-component gas t e s t s  has s ign i f ican t ly  in-  
creased t he  concentration of simulated nuclear f u e l  near the  center l ine  r e l a t i ve  t o  
t h a t  near the  w a l l .  This e f f ec t  i s  pa r t i cu la r ly  evident i n  vortexes with r a d i a l  
temperature gradients i n  which the  wall i s  colder than t he  center of the  flow. 

6. The s t a b i l i t y  of coaxial flows has been s ign i f ican t ly  improved by t h e  use 
of porous foam materials  i n  the  i n l e t  region upstream of a t e s t  section i n  which there  
i s  a veloci ty  difference between the  flows. These r e su l t s  a r e  applicable t o  the  pro- 
pe l lan t  stream of a nuclear l i g h t  bulb engine as  well as t o  t he  coaxial-flow engine 
under investigation a t  t he  NASA Lewis Research Center, 

7. Calculations of t h e  radiant  energy spectrum emitted by the  nuclear f ue l  of 
a fu l l - sca le  nuclear l i g h t  bulb engine indicate  t h a t  t he  spectrum i s  sh i f t ed  toward 
the  u l t r av io l e t  r e l a t i v e  t o  the  spectrum corresponding t o  a black-body temperature 



defined by the  t o t a l  radiant  flux. However, calculat ions a l so  ind ica te  t h a t  t he  
energy i n  t he  u l t r a v i o l e t  portion of t h e  spectrum can be reduced by t he  use of 
se lec ted  seeds i n  t he  fuel-containment region. 

8. Results of several  d i f fe ren t  experiments ind ica te  t h a t  the  equilibrium 
absorption at  t he  center of t he  2150-8 band i n  t he  fused s i l i c a  transparent  w a l l  
w i l l  be on the  order of 3 t o  8 em-' under the  neutron and gamma f l ux  encountered 
i n  a fu l l - s ca l e  engine i f  no photon f l ux  i s  present. The in tense  photon f l u x  i n  
a fu l l - s ca l e  engine may subs tan t ia l ly  reduce t h i s  absorption. I f  not, the  t r ans -  
parent w a l l  thickness w i l l  have t o  be reduced from 0.005 t o  0.003 t o  0.004 in .  i f  
t h e  temperature difference across t h e  transparent  w a l l  i s  t o  be kept a t  the  nominal 
design value of 200 F. 

9. Preliminary calculations ind ica te  t h a t  t he  control  of a fu l l - s ca l e  nuclear 
l i g h t  bulb engine can be obtained by adjustment of the  fue l  flow in jec t ion  r a t e  i n t o  
t h e  multiple cav i t i es .  



One of t h e  most in te res t ing  propulsion concepts f o r  space t r a v e l  i n  t h e  post-  
1975 time period i s  t he  gaseous nuclear rocket engine i n  which heat i s  t r ans fe r red  
from a gaseous f i s s ion ing  f u e l  t o  a propellant  such a s  hydrogen. Because of t h e  
high temperatures obtainable i n  t he  gaseous fue l ,  such engines can t heo re t i c a l l y  
provide values of spec i f i c  impulse on t h e  order of 1500 t o  3000 sec and th rus t - to -  
weight r a t i o s  greater  than unity. The primary problems associated with such engines 
a re  t he  containment of t h e  gaseous fue l  i n  a cavi ty  and the  t r ans f e r  of heat  from 
the  f u e l  t o  t he  propellant  working f lu id .  The containment and heat  t r ans f e r  must 
be accomplished i n  a manner such t h a t  conventional materials and cooling techniques 
may be used i n  t he  containment vessel  and exhaust nozzle. 

Research on t h e  charac te r i s t i cs  of gaseous nuclear rockets has been ca r r i ed  
out at  a number of Government laborator ies  (notably t he  NASA Lewis Research Center, 
the  J e t  Propulsion Laboratory, the  Aerospace Corporation, the  AM: Oak Ridge National 
Laboratory, and t h e  Los Alamos Sc i en t i f i c  ~ a b o r a t o r y )  and at  several  i ndus t r i a l  
research laborator ies .  The la rges t  research e f f o r t  i n  a Government laboratory i s  
being conducted at t he  NASA Lewis Research Center; t h i s  organization has concentrated 
on invest igat ions  of t h e  coaxial-flow reactor  concept. The la rges t  research e f f o r t  
i n  an i ndus t r i a l  laboratory has been conducted at t he  United Ai rc ra f t  Research Labora- 
to r ies .  The purpose of t h i s  research has been t o  invest igate  t he  f e a s i b i l i t y  of two 
d i f fe ren t  gaseous nuclear rocket engine concepts . The f i r s t  of these--the open- 
cycle, vortex-stabil ized engine concept--is based on the  t rans fe r  of energy by 
thermal radia t ion from gaseous nuclear f u e l  contained i n  a vortex t o  seeded hydrogen 
propellant passing external  t o  the  fuel-containment region. This concept, l i k e  the  
coaxial-flow reactor ,  r e l i e s  on f l u i d  mechanics t o  minimize l o s s  of nuclear f u e l  i n  
the  exhaust. The second concept under invest igat ion a t  t he  Research Laboratories, 
the  nuclear l i g h t  bulb engine, i s  s imilar  t o  t he  open-cycle, vortex-stabil ized engine, 
except t h a t  an internally-cooled transparent  wall i s  located between the  fuel-con- 
tainment and propellant  regions. Because of t h i s  physical ba r r i e r  between t he  f u e l  
and propellant ,  t h e  nuclear l i g h t  bulb o f fe r s  t he  pos s ib i l i t y  of perfect  contain- 
ment of f ue l  and f i s s i o n  products. 

The work on vortex containment of simulated gaseous nuclear f ue l  conducted i n  
the  f i r s t  port ion of t he  work under Contract NASW-847 resul ted i n  the  conclusion 
t h a t  t he  achievable l eve l s  of containment i n  a fu l l - sca le  engine were i n su f f i c i en t  
t o  provide economical space transportat ion.  As a r e su l t ,  a l l  work a f t e r  1967 under 
t h i s  contract  has been directed toward determining t he  f e a s i b i l i t y  of the  nuclear 
l i g h t  bulb engine. 

A t o t a l  of 50 reports  have been issued t o  describe t he  technical  r e su l t s  ob- 
ta ined under Contract NASw-847 ( ~ e f s .  1 through 50). The summary pages of these  
reports  a r e  reproduced i n  the  Appendix, I n  addit ion,  Table I indicates t he  category 
of technical  information contained i n  each of these 50 repor ts ,  



Work on gaseous nuclear rocket technology at  t he  United Ai rc ra f t  Research Lab- 
o ra to r ies  has been conducted under four contracts other than Contract NASW-847. 
These other contracts  were: Contract NASW-768 with the  Space Nuclear Propulsion 
Office; Contract  MAS^-3382 with t h e  NASA Lewis Research Center; and Contracts AF 
04(611)7448 and AF 04(611)8189 with the  USAF Rocket Propulsion Laboratory at Edwards 
A i r  Force Base. The r e su l t s  obtained under these contracts a r e  described i n  Refs. 
51 through 67, and t he  key technical  areas  covered i n  these reports  a r e  a l s o  ind i -  
cated i n  Table I. Publications i n  technical  journals and presentations a t  technical  
meetings which have been an outgrowth of work conducted under these  f i v e  contracts  
a r e  given a s  Refs, 68 through 93; a l l  of t h i s  information i s  included i n  t h e  repor ts  
issued under the  contracts .  I n  addit ion,  the  technology of gaseous nuclear rockets 
has received major support from United A i r c r a f t ' s  corporate-sponsored programs. 
Some of the  reports  issued under these programs a r e  given a s  Refs. 94 t o  97, 

The progress made a t  UARL during investigations of gaseous nuclear rocket 
technology has been enhanced by in te rac t ion  with a number of other organizations 
working on these  problems. A se lected l i s t  of reports  which have been of pa r t i cu l a r  
relevance i s  given by Refs. 98 through 235; t h e  primary area  of technology f o r  each 
of these  reports  i s  a l so  indicated i n  Table I. 

The following sections of the  present repor t  describe some of the  key resu l t s  
obtained during t he  course of the  work under Contract NASw-847. 



DESCRIPTION OF VORTEX-STABILIZED NUCLEAR LIGHT BULB ENGINE 

A sma l l  f r a c t i o n  of t h e  t o t a l  e f f o r t  expended under Contract  NASW-847 has been 
devoted t o  s t u d i e s  of t h e  d e t a i l s  o f  the  c h a r a c t e r i s t i c s  of f u l l - s c a l e  gaseous 
nuc lear  r o c k e t  engines;  t h e  major i ty  of t h e  e f f o r t  has been devoted t o  t h e  s tudy  of 
component technology problems, p r imar i ly  f l u i d  mechanics. However, t h e s e  s t u d i e s  of 
engine c h a r a c t e r i s t i c s  a r e  necessary t o  provide goals  f o r  t he  s t u d i e s  of  component 
technology. Therefore,  a l a r g e  po r t ion  of t h e  p re sen t  summary r e p o r t  i s  devoted t o  
t h e  fol lowing d e s c r i p t i o n s  of t h e  c h a r a c t e r i s t i c s  of a nuclear  l i g h t  bu lb  engine i n  
order  t o  provide  guide l ines  f o r  t h e  work i n  component technology descr ibed  i n  
fo l lowing  s e c t i o n s .  

P r i n c i p l e  of Operation 

Sketches i l l u s t r a t i n g  t h e  p r i n c i p l e  of ope ra t ion  of t h e  nuc lear  l i g h t  bu lb  
engine a r e  given i n  F i g .  1. Energy i s  t r a n s f e r r e d  by thermal  r a d i a t i o n  from gaseous 
nuc lear  f u e l  suspended i n  a  neon vo r t ex  t o  seeded hydrogen p r o p e l l a n t .  The vo r t ex  
and p r o p e l l a n t  reg ions  a r e  s epa ra t ed  by an in t e rna l ly -coo led  t r a n s p a r e n t  w a l l .  A 
seven-cavi ty con f igu ra t ion  i s  shown i n  F i g .  1 r a t h e r  than  a s ing le -cav i ty  con f igu ra t ion  
i n  order  t o  i nc rease  t h e  t o t a l  sur face  r a d i a t i n g  a r e a  a t  t h e  edge of t h e  f u e l .  The 
t o t a l  r a d i a t i n g  s u r f a c e  a r e a  f o r  t h e  seven-uni t  conf igura t ion  is approximately 2 . 2  
t imes t h a t  f o r  a s i n g l e - u n i t  c a v i t y  conf igura t ion  having t h e  same t o t a l  c a v i t y  
volume. 

Neon is  i n j e c t e d  t o  d r ive  t h e  vortex,  passes  a x i a l l y  toward t h e  end w a l l s ,  and 
i s  removed through a  p o r t  a t  t h e  cen te r  of one o r  bo th  end w a l l s .  The r e s u l t i n g  
aerodynamic conf igu ra t ion  i s  r e f  e r r e d  t o  a s  a  " r ad ia l - in f  low" vo r t ex  ( see  Refs . 31, 
32, 33, and 46). The neon discharging from t h e  cavi ty ,  a long w i t h  any e n t r a i n e d  . 

f u e l  and f i s s i o n  products ,  i s  cooled by being mixed w i t h  low-temperature neon, thus  
causing condensation o f  t h e  nuc lear  f u e l  i n t o  l i q u i d  form. The l i q u i d  f u e l  i s  
c e n t r i f u g a l l y  s epa ra t ed  from t h e  neon and pumped back i n t o  t h e  vo r t ex  r eg ion .  The 
neon i s  then  f u r t h e r  cooled and pumped back t o  d r i v e  t h e  vo r t ex .  

Reference Configurat ion a t  Design P o i n t  

A r e f e rence  engine design has been chosen ( ~ e f .  37) f o r  use i n  eva lua t ing  t h e  
r e s u l t s  of  var ious  component s t u d i e s  i n  terms of t h e  c h a r a c t e r i s t i c s  of a  f u l l - s c a l e  
nuc lear  l i g h t  bu lb  rocke t  engine.  The gene ra l  conf igura t ion  of t h e  re ference  design 
i s  based on seven dec is ions  which, a l though somewhat a x b i t r a y  i n  na ture ,  appear 
l o g i c a l  on t h e  b a s i s  o f  engine s t u d i e s  made us ing  t h e  component information a v a i l a b l e  
t o  d a t e .  These seven dec is ions  a re :  



(A) Overa l l  conf igura t ion :  seven : ieparate  u n i t  c a v i t i e s  wi th  nioderator- 
r e f l e c t o r  m a t e r i a l  l oca t ed  between each c a v i t y  and surrounding t h e  assembly 
of c a v i t i e s .  

( 2 )  S ize :  l e n g t h  of i n d i v i d u a l  c a v i t y  equal  t o  6.0 f t  and volume of a l l  seven 
c a v i t i e s  equal  t o  169.8 f t 3  ( equa l  t o  t h e  volume of a  s i n g l e  c a v i t y  having 
a  diameter of 6 f t  and a  l e n g t h  of 6 f t )  . 

( 3 )  Vortex volume f o r  seven c a v i t i e s :  equal  t o  h a l f  of t h e  t o t a l  c a v i t y  
volume o r  84.9 f t 3 .  The corresponding volume w i t h i n  t h e  t r a n s p a r e n t  wall 
of each of t h e  seven u n i t  c a v i t i e s  i s  1 2 . 1  f t 3 .  

( 4 )  Cavi ty pressure :  a  va lue  of cav i ty  p re s su re  of 500 atm is  chosen on t h e  
b a s i s  of c r i t i c a l i t y  and f u e l  d e n s i t y  r a t i o  cons ide ra t ions .  

( 5 )  Fuel-containment region:  t h e  r ad ius  of t h e  fuel-containment  r eg ion  i s  
assumed t o  be 85 pe rcen t  of t h e  r ad ius  of t h e  t r a n s p a r e n t  w a l l .  

(6) E f f e c t i v e  f u e l  black-body r a d i a t i n g  temperature:  assumed t o  be e q u a l  t o  
15,000 R .  

( 7 )  P rope l l an t  e x i t  temperature:  assumed t o  be equal  t o  30 percent  of t h e  f u e l  
r a d i a t i n g  temperature,  or  12,000 R .  

Sketches showing t h e  dimensions and condi t ions  i n  a u n i t  cav i ty  of t h e  r e f e rence  
nuc lea r  l i g h t  bu lb  engine a r e  given i n  F i g s .  2  and 3, and a  side-view drawing of t h e  
complete r e f e rence  engine conf igura t ion  i s  given i n  F ig .  4.  

Engine Power 

The black-body hea t  f l u x  a t  t h e  o u t s i d e  edge of t h e  fuel-containment r eg ion  f o r  
t h e  assumed black-body r a d i a t i n g  temperature of 15,000 R is 24,300 ~ t u l s e c - f t 2  
(178 k ~ / i n . ~ ) .  The "sur face  a rea"  a t  t h e  edge of t h e  c y l i n d r i c a l  fuel-containment  

2  r eg ion  of a l l  seven u n i t  c a v i t i e s  is 179.8 f t  . Therefore,  t h e  t o t a l  energy r a d i a t e d  
outward from t h e  f u e l  is  t h e  product of t h e s e  two q u a n t i t i e s ,  o r  4 .37 x lo6 ~ t u / s e c  
(4600 megw) . 

Surface  r e f l e c t i o n  a t  t h e  t r a n s p a r e n t  wal l s  w i l l  r e s u l t  i n  approximately 1 5  
pe rcen t  of t h e  i n c i d e n t  energy being r e f l e c t e d  back toward t h e  fuel-containment  r eg ion .  
Thus, t h e  n e t  hea t  t r a n s f e r  by r a d i a t i o n  through t h e  t r a n s p a r e n t  w a l l  t o  t h e  
p r o p e l l a n t  r eg ion  w i l l  b e  85 percent  of t h a t  i nd ica t ed  i n  t h e  preceding paragraph.  
However, t h e  energy l o s t  from t h e  fuel-containment reg ion  by thermal  r a d i a t i o n  
r ep re sen t s  only a ~ p r o x i m a t e l y  85 pe rcen t  of t h e  t o t a l  energy c rea t ed  i n  t h e  f i s s i o n  
p roces s .  The remadining 15 percent  of t h e  energy c rea t ed  i n  t h e  f i s s i o n  process  i s  



convected away from t h e  fuel-containment region by neon flow ( s e e  following s e c t i o n s )  
o r  i s  deposi ted i n  the  moderator walls  by neutrons and gamma rays .  Therefore, it has 
been assumed t h a t  t h e  t o t a l  energy crea ted  i n  t h e  engine i s  equal  t o  t h a t  correspon- 

6 ding t o  black-body r a d i a t i o n  a t  15,000 R ( i  . e . ,  a t o t a l  power of 4.37 x 10 ~ t u / s e c  
o r  4600 m e g w ) .  The engine s i z e  and r a d i a t i n g  temperature chosen provide an engine 
power which i s  approximately equal  t o  t h a t  which has been considered f o r  advanced 
s o l i d  core nuclear  rockets  . 

Qydrogen Propel lant  Stream Proper t ies  

A t  t h e  assumed hydrogen e x i t  temperature of 12,000 R, t h e  enthalpy according t o  
Ref. 26 i s  1.033 x 105 ~ t u / l b .  I f  t h e  t o t a l  engine power is  divided by t h i s  value of 
hydrogen enthalpy, a  r e s u l t i n g  hydrogen flow r a t e  of 42.3 lb/sec is  ind ica ted  f o r  a l l  
seven un i t s ,  which y ie lds  a  value of 6.04 lb /sec  f o r  each u n i t  cavi ty .  

Since t h e  hydrogen p rope l l an t  must absorb approximately 15 percent  of t h e  t o t a l  
energy crea ted  i n  the  process of removing hea t  from t h e  engine walls  and t h e  neon 
recycle  system, t h e  hydrogen i n l e t  enthalpy must be 15  percent  of t h e  hydrogen e x i t  
enthalpy, o r  15,500 ~ t u / l b  ( see  F ig .  3 ) .  The corresponding hydrogen i n l e t  temperature 
according t o  Ref. 26 i s  4050 R.  This temperature i s  approximately t h e  same as t h a t  
considered f o r  t h e  hydrogen e x i t  temperature i n  sol id-core nuclear rocke t s .  

The hydrogen flow cross-sec t ional  a r e a  i n  t h e  propel lant  region has been assumed 
t o  be propor t ional  t o  t h e  l o c a l  average hydrogen enthalpy. Thus, t h e  cross-sec t ional  
a rea  a t  t h e  i n l e t  is 15  percent  of  the  cross-sec t ional  a r e a  a t  the  e x i t .  The 
corresponding values of hydrogen v e l o c i t y  a t  t h e  i n l e t  and e x i t  a r e  35.5 and 23.7 f t /  
sec, r e spec t ive ly  ( ~ i g .  3 ) .  It might be des i rab le  t o  increase  the  i n l e t  a r e a  and 
decrease the  e x i t  a r e a  i n  order  t o  provide a uniform Qdrogen ?:elocity of approximately 
30 f t / s e c  i n  t h e  p rope l l an t  region.  However, i n s u f f i c i e n t  information i s  a v a i l a b l e .  
a t  p resen t  t o  proper ly  design t h e  geometry of t h e  propel lant  region.  

The ca lcu la ted  dynamic pressure of t h e  hydrogen a t  t h e  i n l e t  t o  the  p rope l l an t  
region i s  l e s s  than 0.05 1b / ine2  ( see  Fig .  3 ) .  This dynamic pressure is  much l e s s  
than  t h a t  usual ly  considered i n  so l id-core  nuclear rockets .  The dynamic pressure  a t  
t h e  e x i t  of t h e  propel lant  region i s  l e s s  than t h a t  a t  the  entrance of the  p rope l l an t  
region pr imar i ly  because of t h e  change of hydrogen dens i ty .  

Propel lant  Seed Character is t ics  

It is assumed i n  t h e  following discussion t h a t  t h e  requi red  normal "op t i ca l  
depth" of the  seeds a t  the  p rope l l an t  i n l e t  s t a t i o n  i s  3.0.  If a l l  of the  l i g h t  
emit ted from t h e  fuel-containment region passed only i n  a  d i r e c t i o n  normal t o  the  
p rope l l an t  region,  the  energy t ransmit ted  through the  propel lant  region would be 
l/e3, o r  5 percent  of t h e  inc ident  energy. However, many of t h e  l i g h t  rays emit ted 



from t h e  fuel-containment reg ion  pass  i n  an obl ique  d i r e c t i o n  through t h e  p r o p e l l a n t  
reg ion .  According t o  F i g .  3 of  Ref .  57, t h e  percentage of l i g h t  which i s  emi t t ed  
from a b lack  body and which would pass  through a r eg ion  having an o p t i c a l  depth  of 
3.0 i s  approximately 2 pe rcen t  of t h e  i n c i d e n t  energy.  It i s  a l s o  expected t h a t  a  
l a r g e  p o r t i o n  of t h e  energy which passes  through t h e  seeded p r o p e l l a n t  r e g i o n  and 
impinges on t h e  ou te r  w a l l  w i l l  be  r e f l e c t e d  back i n t o  t h e  p r o p e l l a n t  s t ream.  

It is a l s o  assumed i n  t h e  fo l lowing  d i scuss ion  t h a t  t h e  hydrogen seed  i s  
composed of t ungs t en  p a r t i c l e s  having a  diameter  of 0 .05 micron. Information on t h e  
abso rp t ion  c h a r a c t e r i s t i c s  of such tungs ten  p a r t i c l e s  is g iven  i n  F i g .  19 of  Ref.  22. 
I n t e g r a t i o n  of t h e  s p e c t r a l  absorp t ion  parameters i n  t h i s  f i g u r e  y i e l d s  a n  average 
abso rp t ion  parameter weighted by t h e  black-body spectrum at  15,000 R of approximately 
5000 cm2/gtn o r  2440 f t 2 / l b .  ??he d i s t ance  across  t h e  p r o p e l l a n t  s t ream a t  t h e  duct  
i n l e t  i s  0.0931 f t  o r  2.84 cm ( s e e  F i g .  2 ) .  Thus, t h e  absorp t ion  c o e f f i c i e n t  r e q u i r e d  
t o  provide  an o p t i c a l  depth of 3 .0 must be 1 .06  cm-I o r  32.2 f t - l .  The r equ i r ed  
seed  dens i ty ,  ob ta ined  by d iv id ing  t h e  requi red  absorp t ion  c o e f f i c i e n t  by t h e  
abso rp t ion  parameter,  i s  1 .32  x l b / f t 3 .  This s eed  dens i ty  i s  equa l  t o  3 .9  
percent  of t h e  i n l e t  p r o p e l l a n t  d e n s i t y .  

As noted i n  Ref.  22, it i s  expected t h a t  t h e  opac i ty  obta inable  by us ing  t h i n  
p l a t e s  w i l l  b e  g r e a t e r  than  t h a t  ob ta inable  by using s p h e r i c a l  p a r t i c l e s .  However, 
t h e  d a t a  on s p h e r i c a l  p a r t i c l e s  r a t h e r  than  f l a t  p l a t e s  has been used i n  t h e  
preceding  ana lys i s  because no information is a v a i l a b l e  on t h e  absorp t ion  c h a r a c t e r i s t i c s  
o f  t h e s e  t h i n  f l a t  p l a t e s ,  whereas d a t a  on absorp t ion  of l i g h t  i n  s t reams con ta in ing  
s p h e r i c a l  tungs ten  p a r t i c l e s  is  a v a i l a b l e  i n  Refs . 6, 119, 125, and 183. 

Neon Charac ter i s  t i c s  

The reason f o r  i n j e c t i n g  neon coolant  between t h e  nuc lea r  f u e l  and t h e  
t r a n s p a r e n t  w a l l  i s  t o  prevent  d i f f u s i o n  of t h e  nuc lea r  f u e l  toward t h e  wa l l ,  thereby  
p reven t ing  f u e l  p l a t i n g  on t h e  w a l l  and prevent ing  f  is s  ion  fragments from impinging 
on t h e  w a l l .  I f  t h e  neon coolant  i s  t o  s e rve  t h i s  purpose, t h e  th i ckness  of t h e  
d i f f u s i o n  l a y e r  a t  t h e  ou t s ide  edge of t h e  fuel-containment r eg ion  must be l e s s  t han  
t h e  d i s t ance  between t h e  edge of t h e  fuel-containment  reg ion  and t h e  t r a n s p a r e n t  w a l l .  
This d i f f u s i o n  l a y e r  t h i ckness  i s  r e l a t e d  t o  t h e  th i ckness  of t h e  viscous l a y e r  i n  
t h i s  r eg ion .  I n  t h e  fol lowing c a l c u l a t i o n s  it i s  assumed t h a t  t h e  t h i c k n e s s  of t h e  
v iscous  l a y e r  eva lua ted  on t h e  b a s i s  of t h e  condit ions a t  t h e  edge of t h e  f u e l -  
containment r eg ion  is 0.05 f t .  The a c t u a l  th ickness  of t h e  viscous l a y e r  would be 
cons iderably  l e s s  than  0 .05  f t  because of t h e  decrease i n  temperature (and t h e  
corresponding decrease i n  d i f f u s i v i t y )  w i th  inc reas ing  r ad ius  i n  t h i s  r eg ion .  I n  
add i t i on ,  t h e  th i ckness  of t h e  d i f f u s i o n  l a y e r  w i l l  be  l e s s  t han  t h e  th i ckness  of 
t h e  viscous boundary l a y e r  because t h e  Schmidt number is g r e a t e r  than  u n i t y  f o r  low 
f u e l  concent ra t ions  ( s e e  Ref. 4 ) .  



w e  th i ckness  of t h e  v iscous  boundary l a y e r  a t  t h e  ou t s ide  edge of t h e  f u e l -  
containment reg ion  is a func t ion  of  t h e  a x i a l  v e l o c i t y  i n  t h i s  r eg ion  and t h e  t u r -  
bulence l e v e l  of t h e  flow. It i s  assumed i n  t h e  following d i scuss ion  t h a t  t h e  flow 
i n  t h i s  r e g i o n  i s  laminar because of t h e  s t a b i l i z i n g  e f f e c t  of r a d i a l  temperature 
g rad ien t s  ( s e e  fol lowing s e c t i o n ) .  It was determined on t h e  b a s i s  of t h e  c a l c u l a t i o n s  
procedures i n  Ref. 61 t h a t  a v iscous  boundary l a y e r  th ickness  a t  t h e  edge of t h e  f u e l  
reg ion  of 0 .05 f t  would r e q u i r e  an a x i a l  v e l o c i t y  i n  t h i s  region of 1 . 9 5  f t / s e c  near  
t h e  end w a l l s .  (The a x i a l  v e l o c i t y  increases  l i n e a r l y  from zero a t  t h e  midplane t o  
a  s p e c i f i e d  va lue  near  t h e  end w a l l  according t o  t h e  a n a l y s i s  of Ref.  61. ) It was 
a l s o  assumed i n  t h e  a n a l y s i s  of Ref. 61 t h a t  t h e  a x i a l  dynamic p re s su re  is  cons t an t  
i n  t h e  r e g i o n  between t h e  o u t s i d e  edge of t h e  fuel-containment  r eg ion  and t h e  periph-  
e r a l  w a l l  ( neg lec t ing  boundary l a y e r  e f f e c t s  a t  bo th  boundaries of t h i s  r e g i o n ) .  
Since d e n s i t y  increases  by a  f a c t o r  of 7 . 5  between t h e  ou t s ide  edge of t h e  f u e l -  
containment reg ion  and t h e  p e r i p h e r a l  wal l ,  t h e  v e l o c i t y  must decrease by a f a c t o r  
of (7.5)O - 5  = 2.74 i n  o rde r  t o L  provide a cons tan t  a x i a l  dynamic p re s su re .  The 
corresponding a x i a l  v e l o c i t y  of t h e  neon next  t o  t h e  p e r i p h e r a l  w a l l  i s  0 . 7 1  f t / s e c .  

I n s u f f i c i e n t  information i s  a v a i l a b l e  a t  p re sen t  t o  determine t h e  v a r i a t i o n  of 
temperature w i t h  r ad ius  i n  t h e  neon reg ion  ( t h i s  temperature d i s t r i b u t i o n  can be 
c o n t r o l l e d  t o  some e x t e n t  by proper  s e l e c t i o n  of seeds i n  t h e  neon) .  However, sample 
c a l c u l a t i o n s  were c a r r i e d  out  assuming a  l i n e a r  v a r i a t i o n  of temperature w i t h  r a d i u s  
between t h e  values of 15,000 R at  t h e  edge of t h e  f u e l  and 2000 R at  t h e  w a l l .  
This assumed v a r i a t i o n  of temperature pe rmi t t ed  c a l c u l a t i o n  of a  v a r i a t i o n  of  d e n s i t y  
w i t h  r ad ius  and, from t h e  assumption of cons tan t  a x i a l  dynamic pressure ,  a  v a r i a t i o n  
of a x i a l  v e l o c i t y  w i t h  r a d i u s .  The t o t a l  flow pass ing  towards bo th  end wa l l s ,  
ob ta ined  by i n t e g r a t i n g  t h e  r e s u l t i n g  m a s s  flow d i s t r i b u t i o n ,  i s  equal  t o  2 .96  lb / sec  
p e r  c a v i t y .  The t o t a l  energy c a r r i e d  away by t h i s  f l u i d  was determined by 
i n t e g r a t i n g  t h e  product  of dens i ty ,  a x i a l  ve loc i ty ,  s p e c i f i c  hea t ,  and t h e  neon 
temperature r i s e  as  a  func t ion  of r a d i u s .  The t o t a l  energy c a r r i e d  away from each ' 

u n i t  by t h e  neon flow pass ing  towards b o t h  end wal l s  was determined t o  be 4120 ~ t u / s e c  
( a  cons t an t  neon s p e c i f i c  hea t  of 0 .253 was assumed i n  t h i s  a n a l y s i s ) .  The t o t a l  
energy c a r r i e d  away by t h e  neon i n  a l l  seven u n i t s  i s  equal  t o  28,900 ~ t u / s e c .  This 
energy removal r a t e  is approximately 0 . 7  percent  of t h e  t o t a l  energy c r e a t e d  i n  t h e  
engine .  

It w i l l  probably be necessary  t o  provide a t a n g e n t i a l  v e l o c i t y  w i t h i n  t h e  
t r a n s p a r e n t  wall of t h e  nuc lear  l i g h t  bu lb  engine which i s  somewhat g r e a t e r  t h a n  t h e  
a x i a l  neon v e l o c i t y  i n  o r d e r  t o  provide t h e  s t a b i l i z i n g  e f f e c t  necessary t o  c r e a t e  
laminar f low a t  t h e  edge of t h e  fuel-containment reg ion .  It has been a r b i t r a r i l y  
assumed i n  t h e  fol lowing c a l c u l a t i o n s  t h a t  t h i s  t a n g e n t i a l  v e l o c i t y  i s  10  f t / s e c ,  o r  
approximately 5  t imes t h e  maximum a x i a l  v e l o c i t y .  The corresponding ciynamic p re s su r  5 
of t h e  neon a t  t h e  i n s i d e  edge of t h e  t r a n s p a r e n t  w a l l  i s  approximately 0.075 l b / i n .  . 



The c e n t r i f u g a l  acce le ra t ion  corresponding t o  t h e  t a n g e n t i a l  v e l o c i t y  a t  t h e  
i n s i d e  edge of t h e  t r anspa ren t  wa l l  i s  3.9 g ' s  . I n s u f f i c i e n t  information i s  ava i l ab le  
a t  p resen t  t o  determine whether t h i s  c e n t r i f u g a l  acce le ra t ion  is s u f f i c i e n t  t o  prevent  
problems r e s u l t i n g  from a x i a l  veh ic l e  acce le ra t ions .  If such problems should a r i s e ,  
it w i l l  be necessary t o  increase  t h e  t a n g e n t i a l  v e l o c i t y  a t  t h e  o u t e r  per iphery  of 
t h e  vor t ex  tube .  However, t he  dynamic pressures  at  i n j e c t i o n  are  s u f f i c i e n t l y  low i n  
t h e  p resen t  re ference  design t h a t  r e l a t i v e l y  l a r g e  increases  i n  v e l o c i t y  can be 
t o l e r a t e d  without encountering i n t o l e r a b l y  high dynamic pressures  due t o  t h i s  
t a n g e n t i a l  v e l o c i t y .  

Fue l  Region Character is  t i c s  

The neutron t r a n s p o r t  theory s tud ies  of Ref. 44 have ind ica ted  a  c r i t i c a l  mass 
requirement f o r  t h e  reference engine of approximately 30.9 l b .  This c r i t i c a l  mass i s  
l e s s  than t h a t  f o r  a  s ing le -cav i ty  engine because of the  moderating e f f e c t  of t h e  
m a t e r i a l  l oca ted  between adjacent  c a v i t i e s .  The average f u e l  dens i ty  based on t h e  
volume i n s i d e  t h e  edge of t h e  fuel-containment region of t k e  seven c a v i t i e s  i n  t h e  
r e fe rence  engine is 0.505 l b / f t 3  ( 8 . 1  x gm/cm3). Thus, t h e  average dens i ty  of 
t h e  f u e l  i s  only 54 percent  of t h e  dens i ty  of t h e  neon a t  t h e  outs ide  edge of t h e  
fuel-containment region .  The gases i n  t h e  fuel-containment region are  considerably 
h o t t e r  than  t h e  gases a t  t h e  outs ide  edge of t h e  fuel-containment region .  Gn t h e  
b a s i s  of t h e  s t u d i e s  of Ref. 24, t he  average temperature i n  the  fuel-containment 
region  i s  approximately 4.4.,000 R .  The r e s u l t i n g  average neon dens i ty  i n  t h e  f u e l -  
containment region  is  approximately 0.19 l b / f t 3  (accounting f o r  t h e  f u e l  p a r t i a l  
p res su re  b u t  neglect ing neon i o n i z a t i o n ) .  Thus, t h e  average t o t a l  dens i ty  ( t h e  sum 
of average f u e l  dens i ty  and average neon d e n s i t y )  i n  t h e  fuel-containment region  is  
approximately 0.70 l b / f t 3 .  This t o t a l  dens i ty  i s  only 75 percent  of t h e  dens i ty  of 
t h e  neon a t  t h e  outs ide  edge of t h e  fuel-containment region .  

The volume flow of neon pass ing  through t h e  cav i ty  obtained by d iv id ing  t h e  neon 
mass flow of 2.96 lb /sec  by t h e  neon dens i ty  a t  t h e  outs ide  edge of t h e  fuel-containment 
region  of 0.924 l b / f t 3  i s  3.2 f t3 /sec .  The r e s u l t i n g  average neon dwell  t ime obtained 
by d iv id ing  the  vor tex  volume of 1 2 . 1  f t 3  by t h e  neon volume flow r a t e  i s  3.8 s e c .  If 
t h e  average f u e l  dwell time i s  equal  t o  5 times t h e  average neon dwell time ( see  Refs.  

31, 32, 33, and 46),  t he  average f u e l  dwell t ime would be approximately 19 s e c .  
Since t h e  nuclear  f u e l  mass per u n i t  cav i ty  i s  approximately 4 .4  lb ,  t h i s  f u e l  
r e t e n t i o n  time would correspond t o  a  f u e l  flow r a t e  of approximately 0.23 lb /sec  per  
u n i t  c a v i t y .  

An es t imate  of the  energy c a r r i e d  away by t h e  f u e l  passing through t h e  c a v i t y  can 
be obtained by mult iplying the  f u e l  flow r a t e  by t h e  average f u e l  e x i t  enthalpy.  This 
average f u e l  e x i t  enthalpy can be est imated by mult iplying t h e  average f u e l  temperature 
of 44,000 R by a  s p e c i f i c  heat  of 0 . 1  ~ t u / l b - d e g  R .  The correspanding energy removal 
r a t e  i s  approximately 1000 ~ t u / s e c  per  u n i t  cavi ty ,  o r  7000 ~ t u / s e c  f o r  t h e  seven u n i t  
c a v i t i e s .  This energy removal r a t e  is  approximately 0.16 percent  of t h e  t o t a l  energy 
c r e a t i o n  r a t e  in t h e  engine.  



The exhaust  v e l o c i t y  which would be  c r e a t e d  by convert ing a l l  of t h e  hydrogen 
enthalpy of 1 .033  x 105 ~ t u / l b  t o  k i n e t i c  energy would be 71,900 f t / s e c .  This exhaust  
v e l o c i t y  would correspond t o  a s p e c i f i c  impulse of 2230 s e e .  This i d e a l  s p e c i f i c  

impulse has been reduced t o  account f o r  t h e  fol lowing f a c t o r s :  

( 1 )  The s p e c i f i c  impulse has been reduced by 8 percent  t o  allow f o r  incomplete 
expansion due t o  an a r e a  r a t i o  of 545 r a t h e r  than  i n f i n i t y  (corresponding 
p re s su re  r a t i o  equals  1000; s e e  Ref .  2 6 ) .  

( 2 )  The s p e c i f i c  impulse has been reduced by 6 percent  t o  account f o r  t h e  
requirement f o r  approximately 12  percent  t r a n s p i r a t i o n  coolant  flow f o r  
t h e  nozzle  ( s e e  Ref.  97) .  

( 3 )  The s p e c i f i c  impulse has been reduced by 1.95 percent  t o  al low f o r  t h e  
3 .9  percent  mass f r a c t i o n  of tungs ten  seeds .  

( 4 )  The s p e c i f i c  impulse has been reduced by 1 percent  t o  al low f o r  f r i c t i o n  
and recombination lo s ses  i n  t h e  nozz le .  

The f i n a l  s p e c i f i c  impulse on t h e  b a s i s  of t h e s e  f o u r  co r r ec t ions  is  84 percent  
of t h e  i d e a l  s p e c i f i c  impulse, o r  1870 s e e .  

The t o t a l  flow pass ing  through t h e  nozzle e x i t  ( inc luding  an allowance f o r  
3 .9  pe rcen t  seed and 12 percent  t r a n s p i r a t i o n  cool ing f o r  t h e  nozz le)  i s  49.3 lb / sec .  
The t h r u s t  produced by t h i s  f low a t  a  s p e c i f i c  impulse of 1870 s e c  would be  92,000 l b .  

According t o  Ref. 26, t h e  hydrogen flow per  u n i t  a r e a  a t  t h e  t h r o a t  f o r  a 
s t a g n a t i o n  temperature of 12,000 R and a  s t a g n a t i o n  p re s su re  of 500 a t m  i s  1062 
l b / s e c - f t 2 .  If t h e  flow a r e a  occupied by t h e  seed  flow i s  neglected,  and ha l f  of 
t h e  t r a n s p i r a t i o n  coolant  f'low is assumed t o  be i n j e c t e d  upstream of t h e  t h r o a t ,  t h e  

2 corresponding t h r o a t  f low a r e a  would be 0.0422 f t  . I f  a  s i n g l e  nozzle  were employed, 
t h e  t h r o a t  diameter would be 0.232 f t .  For t h e  nozzle a r e a  r a t i o  of 545 assumed i n  
c a l c u l a t i n g  t h e  l o s s  i n  s p e c i f i c  impulse due t o  a  f i n i t e  a r e a  r a t i o ,  t h e  nozzle  e x i t  

2  a r e a  would be 23.0 f t  . The corresponding diameter of t h e  e x i t  of a  s i n g l e  nozzle 
would be 5.40 f t ,  which is s u b s t a n t i a l l y  l e s s  than  t h e  o v e r a l l  engine diameter .  For  
t h e  seven-nozzle conf igura t ion  shown i n  F i g s .  1 and 4, t h e  t h r o a t  and e x i t  diameters 
would be 0.0875 f t  (1 .05 i n . )  and 2.04 f t ,  r e s p e c t i v e l y .  

Limitat ions on S p e c i f i c  Impulse 

The s p e c i f i c  impulse of a  gaseous-core nuclear  rocke t  engine i s  g r e a t e r  t han  t h a t  
of a so l id -co re  nuc lear  rocke t  engine because of t h e  g r e a t e r  p r o p e l l a n t - e x i t  tempera- 
t u r e  i n  t h e  gaseous nuclear  rocke t  engine.  This increased  p r o p e l l a n t - e x i t  temperature 



is  d u e , t o  t h e  f a c t  t h a t  t h e  hydrogen p rope l l an t  is heated by thermal  r a d i a t i o n  from 
gaseous nuc lear  f u e l ,  r a t h e r  t han  be ing  hea ted  by conduction and convect ion from 
s o l i d  nuc lear  f u e l .  There a r e  t h r e e  l i m i t a t i o n s  on the  s p e c i f i c  impulse which can 
be obta ined  from a gaseous nuc lear  r o c k e t .  The f i r s t  l i m i t a t i o n  i s  due t o  t h e  f a c t  
t h a t  not  a l l  of t h e  energy depos i ted  i n  t h e  p r o p e l l a n t  i s  t r a n s f e r r e d  by thermal  
r a d i a t i o n ;  i n s t ead ,  some i s  t r a n s f e r r e d  by conduction and convection due t o  var ious  
o t h e r  mechanisms of h e a t  l o s s  from t h e  fuel-containment  reg ion .  For i n s t ance ,  i n  
t h e  r e f e rence  engine d iscussed  i n  t h e  preceding subsec t ions ,  f i f t e e n  pe rcen t  of t h e  
energy c rea t ed  i s  assumed t o  be absorbed i n  t h e  hydrogen p r o p e l l a n t  be fo re  it i s  
i n j e c t e d  i n t o  t h e  engine.  Therefore,  t h e  exhaust  en tha lpy  of t h e  hydrogen p r o p e l l a n t  
is  e q u s l  t o  1/0.15 = 6.67 times t h e  en tha lpy  of t h e  hydrogen p r o p e l l a n t  as  it i s  
i n j e c t e d  i n t o  t h e  p r o p e l l a n t  reg ion .  Since t h i s  p r o p e l l a n t - i n j e c t i o n  temperature i s  
a l s o  l i m i t e d  by t h e  same f a c t o r s  which l i m i t  t h e  p r o p e l l a n t - e x i t  temperature i n  a  
s o l i d - c o r e  engine, t h e  exhaust  en tha lpy  and temperature a r e  a l s o  l i m i t e d .  

The e f f e c t  on s p e c i f i c  impulse of c a v i t y  p r o p e l l a n t  i n l e t  temperature and t h e  
f r a c t i o n  of t h e  energy t r a n s f e r r e d  t o  t h e  p r o p e l l a n t  by thermal  r a d i a t i o n  is  
i l l u s t r a t e d  i n  F i g .  5. I n  c a l c u l a t i n g  t h e  r e s u l t s  shown i n  F ig .  5, t h e  s p e c i f i c  
impulse was taken  as  84 percent  of  t h e  i d e a l  s p e c i f i c  impulse corresponding t o  t h e  
p r o p e l l a n t - e x i t  en tha lpy  ( s e e  preceding s e c t i o n ) .  The re ference  engine, f o r  which 
t h e  p r o p e l l a n t - i n l e t  temperature i s  4050 R and 85 percent  of t h e  energy is  t r a n s f e r r e d  
t o  t h e  p r o p e l l a n t  by thermal  r a d i a t i o n ,  i s  i nd ica t ed  by t h e  upper symbol on F i g .  5 .  
I f  t h e  p r o p e l l a n t - i n l e t  temperature were r a i s e d  t o  6000 R ( a  probable upper l i m i t  f o r  
t h e  m a t e r i a l  wal l s  of t h e  moderator p o r t i o n  of a  nuc lear  rocke t  engine) ,  and t h e  
percent  energy t r a n s f e r r e d  by i n t e r n a l  r a d i a t i o n  remained at 85 percent ,  t h e  s p e c i f i c  
impulse would be  r a i s e d  from 1870 s e c  f o r  t h e  r e f e rence  engine t o  2330 s e e .  

One technique by which t h i s  l i m i t a t i o n  on s p e c i f i c  impulse could be overcome is 
by  t h e  use of  space r a d i a t o r s  t o  r e j e c t  t h e  waste hea t  from t h e  engine.  If a l l  of 
t h e  waste  hea t  ( i  . e . ,  t h e  hea t  depos i ted  d i r e c t l y  i n  t h e  engine w a l l s )  could be  
removed by t h e  use of a space r a d i a t o r ,  t h e  l i m i t a t i o n  on s p e c i f i c  impulse i n d i c a t e d  
by F ig .  5  would be removed. However, t h e  use of a  space r a d i a t o r  would r e s u l t  i n  
a  pena l ty  i n  weight .  If t h e  r a d i a t o r  temperature were 4000 R, t h e n  a l l  t h e  waste  
energy from t h e  r e f e rence  engine (690 megw) could be  r e j e c t e d  wi th  a  r a d i a t o r  su r f ace  
a r e a  of 5300 f t 2 .  I f  t h e  weight of t h e  r a d i a t o r  i s  assumed t o  be  5 l b / f t 2  of 
r a d i a t i n g  area,  t hen  t h e  r e s u l t i n g  p e n a l t y  i n  engine weight would be 26,500 l b .  

A second l i m i t a t i o n  on t h e  maximum s p e c i f i c  impulse of a  nuc lear  l i g h t  bu lb  engine 
occurs  because of t h e  need t o  match t h e  wavelength spectrum r a d i a t e d  from t h e  nuc lear  
f u e l  t o  t h e  wavelength range over  which t h e  t r a n s p a r e n t  w a l l  w i l l  t r ansmi t  t h i s  energy. 
For  a  f u e l  black-body r a d i a t i n g  temperature of  15,000 R and a  fused  s i l i c a  wa l l ,  t h e r e  
is  a reasonable match between t h e s e  two s p e c t r a  ( s e e  fol lowing s e c t i o n ) .  There i s  
some i n d i c a t i o n  t h a t  s i n g l e - c r y s t a l  bery l l ium oxide w i l l  be  t r a n s p a r e n t  t o  a much 
s h o r t e r  wavelength (on the  o rde r  of 0.12 microns) than  fused  s i l i c a .  Therefore,  



t r a n s p a r e n t  wal l s  made from s i n g l e - c r y s t a l  bery l l ium oxide should permit  t h e  use of  
f u e l  ;adiat ing s p e c t r a  which a r e  centered  more i n  t h e  u l t r a v i o l e t  than  i s  pe rmi t t ed  
by t h e  use of fused  s i l i c a  w a l l s .  Hot-lever, as  t h e  p r o p e l l a n t  e x i t  temperature 
i nc reases ,  t h e  r equ i r ed  f u e l  r a d i a t i n g  temperature a l s o  increases ,  and even tua l ly  
w i l l  r e ach  t h e  p o i n t  where t o o  l a r g e  a  f r a c t i o n  of t h e  energy r a d i a t e d  from t h e  f u e l  
w i l l  l i e  i n  t h e  u l t r a v i o l e t  po r t ion  of t h e  spectrum where no known m a t e r i a l s  a r e  
t r a n s p a r e n t .  

A t h i r d  l i m i t a t i o n  on s p e c i f i c  impulse is  due t o  t h e  n e c e s s i t y  of provid ing  
t r a n s p i r a t i o n  cool ing  f o r  t h e  exhaust  nozz l e .  Analyses of t h e  t r a n s p i r a t i o n  cool ing  
flow requirements necessary  t o  p r o t e c t  t h e  exhaust nozzle  from convect ive and 
r a d i a t i v e  energy depos i t i on  a r e  given i n  Ref. 97. These s t u d i e s  i n d i c a t e  t h a t  t h e  
l i m i t i n g  s p e c i f i c  impulse of any type  of gaseous nuc lear  rocke t  engine w i l l  be between 
approximately 3,000 and 5,000 s e c  because of nozzle cool ing  requirements .  

The development of a  nuc lea r  l i g h t  bu lb  engine having t h e  c h a r a c t e r i s t i c s  of  
t h e  re ference  engine would c l e a r l y  provide performance which i s  s u p e r i o r  t o  t h a t  o f  
any s o l i d  core nuc lear  rocke t  engine f o r  most a p p l i c a t i o n s .  It i s  a l s o  poss ib l e  
t h a t  s u b s t a n t i a l  advantages can be obta ined  by t h e  use of a  nuc lear  l i g h t  bu lb  engine 
w i t h  s i g n i f i c a n t l y  poorer  performance than  t h a t  given by t h e  r e f e rence  engine.  Such 
a "derated" engine might have a  f u e l  black-body r a d i a t i n g  temperature of 10,000 R and 
a  p r o p e l l a n t - e x i t  temperature of 8000 R .  According t o  F i g .  5, t h i s  would provide a  
s p e c i f i c  impulse of 1160 sec ,  which might be s u f f i c i e n t l y  g r e a t e r  t han  t h a t  of a  
s o l i d - c o r e  nuclear  rocke t  t o  make it a d e s i r a b l e  engine f o r  use i n  many a p p l i c a t i o n s .  
Also, according t o  F i g .  5, it would be permiss ib le  t o  al low t h e  f r a c t i o n  of energy 
t r a n s f e r r e d  t o  t h e  p r o p e l l a n t  before  i n j e c t i o n  t o  increase  from 15 pe rcen t  f o r  t h e  
r e f e rence  engine t o  25 percent ,  and s t i l l  r e q u i r e  a  p r o p e l l a n t  i n l e t  temperature of 
only 2800 R .  This r educ t ion  i n  p r o p e l l a n t  i n l e t  temperature would s u b s t a n t i a l l y  
reduce t h e  ma te r i a l s  development e f f o r t  a s soc i a t ed  wi th  development of a  nuclear  . 

l i g h t  bu lb  engine.  

One of t h e  problems which may be encountered as  a r e s u l t  of f u r t h e r  r e sea rch  on 
t h e  nuc lear  l i g h t  bu lb  engine i s  an increase  i n  t h e  f r a c t i o n  of t h e  energy which i s  
t r a n s f e r r e d  t o  the  p r o p e l l a n t  before  i n j e c t i o n  i n t o  t h e  c a v i t y .  This f r a c t i o n ,  which 
i s  c a l c u l a t e d  t o  be 15  percent  f o r  t h e  re ference  engine, could inc rease  because of 
increased  convection from t h e  p rope l l an t  t o  t h e  wall ,  increased  hea t  l oad  i n  t h e  f u e l  
r e c y c l e  system, o r  increased  r a d i a n t  h e a t  t r a n s f e r  t o  t h e  s t r u c t u r e  due t o  e i t h e r  
degraded seed c h a r a c t e r i s t i c s  o r  degraded w a l l  r e f l e c t i v i t y .  The r e s u l t i n g  reduct ion  
i n  s p e c i f i c  impulse f o r  a f i x e d  p rope l l an t  i n l e t  temperature can be obta ined  from 
F i g .  5.  Eowever, it may be des i r ab l e ,  i f  t h i s  pena l ty  should become t o o  severe,  t o  
employ a space r a d i a t o r  f o r  r e j e c t i o n  of t h i s  waste h e a t .  As noted i n  a  preceding 
paragraph,  it may be poss ib l e  t o  r e j e c t  15 percent  of t h e  t o t a l  energy by t h e  use of 
a  space r a d i t o r  weighing approximately 26,000 l b .  



VORTEX FLUID rnCHANICS 

Motivation f o r  Employing Vortex Flows 

The gaseous nuclear f u e l  must be kept separated from the  transparent  wal l  i n  
a nuclear l i g h t  bulb engine i n  order t o  prevent condensation of the  f u e l  on the wal l  
and t o  prevent impingement of f i s s i on  fragments on the wall .  Two aerodynamic con- 
f igura t ions  have been considered t o  provide t h i s  separation: a coaxial  flow of 
nuclear f u e l  and buffer  gas, and a "radial-inflow" vortex. I n  a l l  work a t  the  
United Ai rc ra f t  Research Laboratories, a vortex has been chosen t o  provide t h i s  
separation f o r  the reasons discussed i n  the  following paragraphs. However, there  
i s  no inherent  reason why a coaxial  flow pat tern  s imilar  t o  t he  flow pa t te rn  i n  an 
open-cycle coaxial-flow reactor  (but with more evenly matched ve loc i t i e s )  could 
not be employed. 

Vortex flows have been considered f o r  use i n  gas-core nuclear rockets fo r  three  
reasons. The f i r s t  reason was t o  provide centr i fugal  d i f fus ion of the heavy f u e l  
atoms r e l a t i v e  t o  a radial-inward flow of l i g h t  hydrogen atoms (see Ref. 143). This 
i s  unimportant f o r  application t o  a nuclear l i g h t  bulb and has a l s o  proven t o  be 
impractical  f o r  use i n  a gas-core nuclear rocket i n  which the hydrogen propellant  
i s  heated as it i s  diffused through the fue l .  The second reason f o r  employing a 
vortex i n  a gas-core nuclear rocket i s  t o  provide p re fe ren t ia l  containment of the  
gaseous nuclear f u e l  r e l a t i v e  t o  the  hydrogen propellant .  Such containment i s  
required fo r  the  open-cycle vortex-stabil ized gaseous nuclear rocket; however, the  
f u e l  re ten t ion  charac te r i s t i cs  of the vortex have proven t o  be i n su f f i c i en t  t o  
provide economical f u e l  containment (see Ref. 31) . Although minimization of the 
f u e l  flow r a t e  r e l a t i v e  t o  the neon flow r a t e  i n  a nuclear l i g h t  bulb reactor  i s  
des i rable ,  it i s  not an overriding necessi ty;  an increase i n  t he  f u e l  flow r a t e  w i l l  
only r e s u l t  i n  an increase i n  the  heat  load on the f u e l  recycle system. The t h i r d  
reason fo r  employing a vortex i n  a gaseous nuclear rocket i s  t o  take advantage of 
the  r e su l t an t  laminar flow pat terns  i n  order t o  keep the gaseous nuclear f u e l  
separated from the outer containing wall.  This t h i r d  reason i s  the primary reason 
f o r  employing a vortex i n  a nuclear l i g h t  bulb engine. 

Unheated Vortex Flows 

The f i r s t  indications of laminar vortex flow evidenced during invest igat ions  of 
gaseous nuclear rocket technology were fow-d i n  water vortex t e s t s  conducted during 
1961 ( ~ e f .  54) .  During these  t e s t s ,  a radial-inflow vortex was employed i n  which a 
favorable r a d i a l  gradient of angular momentum (increasing angular momentum with 
increasing rad ius )  exis ted a t  intermediate r a d i i .  This r a d i a l  momentum gradient  
resu l ted  i n  s t ab i l i z a t i on  of the  flow and the appearance of f ine  laminar dye pat terns  



i n  water vortex t e s t s .  Photographs from Ref. 13  of t yp i ca l  dye pat terns  i l l u s t r a t i n g  
t h i s  e f f e c t  are shown i n  Fig. 6. The flow i n  the  t h i n  boundary layer immediately 
adjacent t o  the per ipheral  wal l  i s  not s tab i l i zed  i n  such t e s t s  since the  angular 
momentum gradient i n  t h i s  region i s  des tabi l iz ing.  However, t he  angular momentum 
gradient  i s  su f f i c i en t l y  s t ab i l i z i ng  a t  intermediate r a d i i  t o  eliminate the  turbu- 
lence present near the  outer periphery of the  tube. 

Vortex flows may be s t ab i l i z ed  by a favorable r a d i a l  gradient of density 
( increasing density with increasing radius)  as wel l  as  by a favorable r a d i a l  gradient  
of angular momentum. Results  of two-component gas t e s t s  conducted t o  i l l u s t r a t e  t h i s  
favorable e f f ec t  of r a d i a l  densi ty  gradient  are  given i n  Fig. 7. These t e s t s  were 
conducted with a i r  in jec ted  near the outer periphery of the vortex t o  drive the  
vortex, and mixtures of d i f f e r en t  simulated-fuel gases in jected near the  vortex 
cen te r l ine  t o  form a simulated f u e l  cloud. When helium "marked" with iodine was 
i n j ec t ed  near the  vortex center l ine ,  a s teep r a d i a l  gradient  i n  gas concentration 
near the  outer region of t h e  simulated f u e l  cloud was formed, as evidenced i n  
Fig. 7. This s teep concentration gradient was not encountered with near-zero 
r a d i a l  densi ty  gradients ( t e s t s  with a mixture of nitrogen and iodine) or with 
des tab i l i z ing  density gradients ( t e s t s  with sulfur  hexaf luoride and iodine ) . 

According t o  Fig. 3, the neon density near the outer periphery of the vortex i n  
a fu l l - s ca l e  engine i s  7.5 times the neon densi ty  a t  the  outer edge of the  fue l -  
containment region. This neon density gradient ,  by analogy with the  r e s u l t s  shown 
i n  Fig. 7, should provide e s sen t i a l l y  laminar flow i n  t h i s  region. This laminar 
flow should r e s u l t  even though turbulence w i l l  e x i s t  i n  the  layer  immediately 
adjacent t o  the outer periphery of the  vortex tube as  a r e s u l t  of the  unstable 
r a d i a l  gradient of angular momentum near the peripheral  wal l  and as  a r e s u l t  of 
the  turbulence associated with neon inject ion.  I n  the  laminar region between t he  
edge of the f u e l  and t he  edge of the peripheral-wall boundary layer ,  the  neon should 
"blow away" any nuclear f u e l  d i f fus ing r ad i a l l y  outward. The a x i a l  ve loc i t i es  shown 
i n  Fig. 3 have been se lected t o  cause t h i s  e f f e c t .  

One d i f f i c u l t y  which has been encountered i n  t e s t s  of vortex flows i s  t h a t  i n  
many cases it i s  d i f f i c u l t  t o  i n j e c t  a substant ia l  quanti ty of simulated f u e l  i n t o  
the  cen t ra l  region of the  vortex without creat ing high leve l s  of turbulence. One 
problem which must be overcome i n  future  work, therefore,  i s  t o  develop techniques 
which w i l l  permit in jec t ion  of simulated f u e l  i n t o  the  fuel-containment region 
without generating unacceptable turbulence. 



R-F-Heated Vortex Flows 

It became apparent i n  1966 t ha t  nuclear t e s t s  of a gas-core rocket should be 
conducted only a f t e r  small-scale t e s t s  had been conducted a t  temperatures and heat  
f luxes  s imilar  t o  those expected i n  a fu l l - s ca l e  engine. This was pa r t i cu l a r l y  
t rue  fo r  the  nuclear l i g h t  bulb engine, where it i s  necessary t o  demonstrate t h a t  
the t h in  internally-cooled transparent  walls  w i l l  s t ay  i n t a c t  i n  a region of high 
heat  f lux .  A number of d i f f e r en t  techniques were considered f o r  creating the  desi red 
conditions, including the  use of both radio-frequency induction heaters  and arc  
heaters .  The r - f  heat  source was chosen f o r  creat ing the  conditions necessary t o  
simulate a nuclear l i g h t  bulb engine because it would add energy d i r e c t l y  t o  the 
center of the  stream without energy addit ion i n  t he  boundary layers  adjacent t o  
e lect rodes ,  as would occur with an a rc  configuration. Although emphasis has been 
placed on r - f  heating experiments during t e s t s  conducted under Contract NASW-847, 
some t e s t s  have a l so  been conducted using an a r c  ( ~ e f .  45).  

The r - f  equipment required f o r  these t e s t s  was developed under a corporate- 
sponsored program. The power supply f o r  t h i s  r - f  device provides up t o  1.2 megw 
of d-c power a t  approximately 25 kv. With allowance f o r  losses  i n  the  r - f  equipment 
and the  r - f  work co i l s ,  it i s  ant ic ipated t h a t  it w i l l  eventually be possible t o  
deposit  500 kw i n  a small-diameter gas load (deposition of t h i s  energy i n  a large- 
diameter gas load i s  r e l a t i v e l y  easy, but  does not provide as  high a value of 
radiant  heat  f l ux  from the  r - f  heated plasma region).  The highest  power deposited 
i n  a gas load t o  date using t h i s  equipment i n  t e s t s  conducted under Contract NASW-847 
has been 216 kw i n  a plasma having a diameter of 0.82 i n .  Additional d e t a i l s  of 
the  charac te r i s t i cs  of the gas and cooling flow i n  t h i s  par t i cu la r  t e s t  i s  given 
i n  Fig. 8. As noted on Fig. 8, the  t o t a l  power radia ted through the inner peripheral  
wal l  during t h i s  t e s t  was 156 kw. Additional information r e l a t i v e  t o  r - f  l i g h t  
source t e s t  r e s u l t s  i s  given i n  Fig. 9, where the  output radiant  energy f l u x  i s  
p lo t ted  a s  a function of discharge power. The highest f l ux  noted on t h i s  f igure ,  
36.7 kw/ine2, corresponds t o  the data  point i l l u s t r a t e d  i n  Fig. 8. This radiant  
f l u x  i s  equal t o  the  radiant  f l ux  from a black body a t  a temperature of 10,200 R e  
Additional d e t a i l s  of t h i s  t e s t  are given i n  Ref. 45. 

One of the purposes of developing the  l i g h t  source shown i n  Fig. 8 i s  t o  permit 
t e s t i ng  of thin-walled, internally-cooled models which represent the  transparent  
wal l  of a f u l l - s ca l e  nuclear l i g h t  bulb engine. Photographs of two such models 
which have been employed i n  the  t e s t s  described i n  Ref. 45 are given i n  Fig.  10. 
The thickness of the  transparent-wall tubes i n  these models i s  0.005 i n . ,  which i s  
equal t o  the nominal w a l l  thickness of the tubes chosen fo r  the  fu l l - sca le  engine. 
The main problem encountered i n  the  development of models such as  those shown i n  
Fig. 10 was t o  prevent model breakage a t  the  jo ints  between the transparent  walls  
and the metal s t ruc ture .  This problem was solved by employing a s i l i cone  rubber 
sealant  i n  t h i s  region. 



Models similar  t o  those shown i n  Fig. 10 were t e s t ed  i n  the r - f  discharge a t  
power l eve l s  up t o  approximately 50 kw. These t e s t s  were terminated because of 
damage t o  the copper vortex i n j ec to r  tubes,  not damage t o  the  transparent wal l s .  
These copper i n j ec to r  tubes were cooled only by the  argon flow which passed through 
the tubes t o  dr ive  the  vortex,  Vortex-injection configurations with water cooling 
as wel l  a s  the  i n t e r n a l  argon cooling have now been developed. It i s  expected t h a t  
fu ture  experiments w i l l  permit t e s t s  of these transparent-wall models a t  s i g n i f i -  
cant ly  higher power l eve l s .  It should be noted t h a t  the  energy fluxes deposited on 
the  transparent  wal l  i n  these t e s t s  were, i n  some cases, greater  than t h a t  exptected 
i n  a fu l l - sca le  engine because of the  smaller dimensions of the  model as compared 
t o  the  fu l l - sca le  engine. 

Preliminary t e s t s  were a l so  i n i t i a t e d  t o  heat  seeded simulated propellant  by 
thermal radia t ion passing through a transparent-wall model, These t e s t s  were con- 
ducted a t  low power l eve l s  (on the  order of 3 kw) and resu l ted  i n  a maximum pro- 
pel lant  temperature r i s e  of approximately 200 F. The main d i f f i c u l t y  encountered 
i n  these t e s t s  was coating of the  pa r t i c l e  seed material  on the  outside of t he  
transparent  walls .  Better  control  of the  flow i n  the  simulated propellant stream 
i s  necessary t o  keep the  seeded portion of the  stream separated from the t ransparent  
wal l  (see  following sec t ion) .  

Two-component gas vortex t e s t s  were conducted using an 80-kw r - f  power supply 
( ~ e f ,  46). These t e s t s  indicated t h a t  the  r a d i a l  temperature gradient i n  an r - f  
heated vortex resu l ted  i n  a reduction of simulated-fuel concentration near the  
peripheral  wal l  r e l a t i v e  t o  t e s t s  with no r - f  energy addit ion.  



COAXIAL-FLOW FLUID MECHANICS 

The invest igat ion of gaseous nuclear rocket technology conducted under Contract 
NASW-847 has included invest igat ions  of coaxial-flow f l u i d  mechanics i n  support of 
the NASA Lewis Research Center work on the  coaxial-flow reac to r ,  a s  wel l  as work on 
vortex flows such as  the  work described i n  the preceding sect ion.  Tests have been 
conducted with a range of geometrical configurations,  with d i f f e r en t  molecular weight 
r a t i o s  between the  heavy and l i g h t  gases, and with d i f f e r en t  ve loc i ty  r a t i o s  between 
these  gas streams. The most s ign i f i can t  r e s u l t  of these t e s t s  i s  an indicat ion of 
the e f f e c t  of the use of foam i n l e t s  i n  minimizing the  mixing between t he  high- 
ve loc i ty  simulated-propellant stream and the low-velocity simulated-fuel stream ( s e e  
Fig. 11 and Ref. 49).  These foam i n l e t s  serve t o  reduce the  i n i t i a l .  stream turbu- 
lence,  pa r t i cu l a r l y  i n  the  boundaxy layers  on t he  surfaces separating the i n i t i a l  
high-velocity stream from the i n i t i a l  low-velocity stream. 

The r e s u l t s  of the  coaxial-flow t e s t s  have appl ica t ion t o  the propellant  stream 
of a nuclear l i g h t  bulb engine as wel l  a s  t o  an open-cycle coaxial-flow engine. To 
prevent impingement of propellant  seed on the r e f l e c t i ng  outer  wal l  and the  t rans -  
parent  inner wall  of a nuclear l i g h t  bulb engine, it i s  necessary t o  employ a seed- 
f r e e  buffer  region between the main seeded propellant  stream and each of these  wal ls .  
I f  the  thickness of these  buffer regions i s  t o  be minimized, then the turbulence 
associated with the in te r face  between these two streams must a l so  be minimized. 
Therefore, the  foam i n l e t  technology i s  a l so  important f o r  appl ica t ion t o  the  nuclear 
l i g h t  bulb propellant  stream. This f a c t  was emphasized by t e s t  r e s u l t s  described i n  
the  preceding sect ion i n  which propellant  heating experiments were severely l imi ted 
by coat ing of seed on the transparent  wal l .  



RADIANT WEAT TRANSiTR 

Calculations and experiments have been performed t o  determine the spec t r a l  
absorption coef f ic ien t s  of several  gases and so l id  materials  which might be employed 
i n  d i f f e r en t  regions of the nuclear l i g h t  bulb engine, and t o  determine the r e su l t i ng  
radiant  heat t r ans f e r  charac te r i s t i cs  of the engine. One portion of t h i s  e f f o r t  has 
been di rected toward calcula t ion of the  spec t ra l  absorption coeff ic ients  of t he  
gaseous nuclear fue l .  This has been accomplished fo r  several  d i f f e r en t  ana ly t ica l  
f u e l  models using two d i f f e r en t  s e t s  of f u e l  ionizat ion potent ia ls .  The f u e l  absorp- 
t i on  coeff ic ients  have, i n  turn ,  been used t o  calcula te  the  temperature d i s t r i bu t i ons  
i n  the fuel-containment region. Typical r e s u l t s  indicat ing centerl ine temperatures 
are given i n  Fig. 12 as  a function of average f u e l  densi ty  f o r  several  d i f f e r en t  
values of radiant  heat  t r ans fe r  per un i t  length. The radiant  heat  t r ans fe r  per un i t  
length f o r  the reference nuclear l i g h t  bulb engine i s  104,000 ~tu/sec-ft , and t he  
average f u e l  densi ty  i s  8.1 x 10-3 gm/cm3 (see  preceding sect ion) .  It can be seen 
from Fig. 12 t h a t  t h i s  w i l l  r e s u l t  i n  a center l ine  temperature on the order of 
64,000 R (36,000 K )  . 

Calculations have been made t o  determine the spec t ra l  d i s t r ibu t ion  of energy 
emitted from t h e  fuel-containment region. The absorption coeff ic ient  of nuclear 
f u e l  i n  the u l t r a v i o l e t  portion of the  spectrum i s  usually much l e s s  than t h a t  i n  
the v i s i b l e  port ion of the  spectrum. Therefore, an observer "sees fur ther  in to"  the  
nuclear f u e l  i n  the  u l t r av io l e t  portion of the  spectrum and, hence, the output u l t r a -  
v io l e t  rad ia t ion  i s  increased r e l a t i ve  t o  the v i s i b l e  radia t ion.  A discussion of 
these r e s u l t s  i s  given i n  Ref. 47. These r e su l t s  are undesirable, since they place 
more of the  energy i n  the  u l t r av io l e t  port ion of the spectrum where the transparent  
walls are more opaque (see following sec t ion) .  Theref ore,  it i s  desirable t o  reduce 
t h i s  e f f ec t  a s  much as  possible. One method by which the  energy i n  the u l t r a v i o l e t  
portion of the  spectrum can be reduced i s  by the use of seed materials i n  t h e  neon 
t o  increase the  absorption pre fe ren t ia l ly  i n  the  u l t r av io l e t  port ion of the  spectrum. 
One such possible seed i s  diatomic oxygen, which i s  extremely opaque i n  the  u l t r a -  
v io l e t  portion of the spectrum (as evidenced by the  poor transmission of the  atmos- 
phere t o  u l t r av io l e t  energy), yet  i s  %ransparent i n  the v i s i b l e  portion of t he  
spectrum. The use of diatomic oxygen could have two e f f ec t s .  F i r s t ,  it would 
absorb the  u l t r a v i o l e t  energy before it impinges on the  transparent wall ,  thereby 
reducing the heat  load on t h i s  wall .  However, t h i s  would s t i l l  require t h a t  the  
energy be removed from the oxygen-seeded neon i n  t h e  f u e l  recycle system. A much 
more desirable circumstance i s  one i n  which the oxygen r e t a in s  i t s  absorption a t  
edge-of-fuel conditions. Under t h i s  circumstance, the  oxygen would re rad ia te  i t s  
energy back i n t o  the f u e l  region, and a minimum of energy would have t o  be removed 
i n  t he  f u e l  recycle system. Only preliminary calculations have been conducted t o  
date t o  determine the e f f e c t  of neon seeding ( ~ e f .  47). 



Calculations and measurements have a l so  been made t o  determine the spec t r a l  
absorpkon coef f ic ien t s  of various propellant  seed materials .  The t heo re t i c a l  ca l -  
cula t ions  t o  determine the absorption charac te r i s t i cs  of pa r t i c l e  seeds have employed 
experimentally determined values of the complex index of re f rac t ion ,  i n  conjunction 
with the  Mie theory, t o  determine spec t ra l  absorption coeff ic ients  as a  function of 
wavelength and pa r t i c l e  diameter. Many d i f fe ren t  pa r t i c l e  materials have been con- 
sidered.  Although carbon pa r t i c l e s  provide the  highest absorption per u n i t  weight, 
these  pa r t i c l e s  r eac t  with hydrogen a t  r e l a t i ve ly  low temperatures ( ~ e f  . 8) ; therefore ,  
tungsten pa r t i c l e s  have been assumed t o  be employed i n  t h e  fu l l - sca le  engine. 

Results of t heo re t i c a l  and experimental s tudies  of the  ext inct ion cha rac t e r i s t i c s  
of tungsten pa r t i c l e s  are given i n  Fig. 13. The ext inct ion parameter i s  the  sum of 
the  absorption parameter and t h e  sca t te r ing  parameter; the  sca t te r ing  i s  usual ly  
much lower than the  absorption. Although the  nominal radius of these  pa r t i c l e s  i s  
0.01 microns, they normally prove t o  be agglomerated i n t o  e f fec t ive ly  much la rger  
diameter pa r t i c l e s .  This increase i n  e f fec t ive  diameter r e s u l t s  i n  a  decrease i n  
the  ext inct ion parameter due t o  the f a c t  t h a t  some of the  pa r t i c l e s  "hide behind" 
other pa r t i c l e s .  As noted i n  Fig. 13, the passage of part icle-containing streams 
through a  small-diameter passage a t  high stream ve loc i t i es  r e s u l t s  i n  breaking up 
of pa r t i c l e  agglomerates, and a  resu l t ing  increase i n  ext inct ion parameter. The 
highest  value of ext inct ion parameter measured fo r  tungsten pa r t i c l e s  during t h i s  
program was 8200 cm2/gram, and was obtained a t  a  high reservoir  pressure upstream 
of the  passage, a  r e l a t i ve ly  long passage, and with helium used as the c a r r i e r  gas 
t o  maximize the veloci ty  gradients within t he  stream. This high value of ex t inc t ion  
parameter i s  only ten percent lower than the  theore t ica l  value fo r  a  pa r t i c l e  radius 
of 0.16 microns. The experimental data  shown i n  Fig. 13 were obtained from Ref. 6, 
while the theore t ica l  value was obtained from Ref. 5. The ext inct ion parameters 
employed i n  the propellant-heating t e s t s  ( ~ e f .  45) have been lower than those shown 
i n  Fig,  13  because l e s s  turbulence was employed t o  break up pa r t i c l e  agglomeration 
i n  these t e s t s .  The ultimate pa r t i c l e  seed system has a  high i n i t i a l  degree of 
turbulence t o  break up pa r t i c l e  agglomerates, followed by a  s e t t i i n g  chamber which 
removes the  turbulence ( t o  prevent mixing of the  coaxial  streams), y e t  which has a  
dwell time shor t  enough so t h a t  the pa r t i c l e s  are not re-agglomerated. 



TRANS PAREI\PT WALLS 

The spec t r a l  d i s t r ibu t ion  of energy radia ted by a black body i s  i l l u s t r a t e d  i n  
Fig. 14 f o r  several  d i f f e r en t  radia t ing temperatures. For a rad ia t ing  temperature 
of 15,000 R, 1 percent of the energy f a l l s  below a wavelength of 0.18,~, and 1 percent 
of the energy f a l l s  above a wavelength of 2 .7 ,~ .  Thus, it i s  desirable t h a t  the 
transparent  wal l  be subs tan t ia l ly  transparent a t  wavelengths between approximately 
0.18 and 2 . 7 ~ .  Three candidate materials f u l f i l l  t h i s  requirement: fused s i l i c a ,  
alumina, and beryllium oxide. It i s  known a l so  t h a t  transparent materials  w i l l  
color when exposed t o  a radia t ion f i e l d  a t  room temperature (Refs, 186 t o  190) .  

Measured (Ref. 52) spec t ra l  absorption charac te r i s t i cs  of high-quality fused 
s i l i c a  are  shown i n  Fig. 15. An increase i n  the  temperature of an unir radia ted 
specimen r e s u l t s  i n  a s h i f t  of the  u l t r av io l e t  cutoff  t o  a higher wavelength. 
Results of room-temperature nuclear i r r ad i a t i on  are primarily evidenced by the  
appearance of an absorption band centered a t  a wave-length of 0.21,~.  Ver i f icat ion 
of the  transmission charac te r i s t i cs  of unirradiated fused s i l i c a  has been obtained 
from Ref. 132. The transmission charac te r i s t i cs  of fused s i l i c a  shown i n  Fig. 15 
with and without the  radiation-induced absorption band have been used i n  a study of 
the  absorption of radiant  energy i n  a transparent wall  and the resu l t ing  e f f e c t  on 
permissible wal l  thickness (Ref . 96) , 

It i s  wel l  known (Refs . 186 t o  190) t ha t  radiation-induced absorption i n  t rans-  
parent materials  w i l l  m e n d  rapidly  during heat treatment of high temperatures. 
Therefore, invest igat ions  have been conducted under NASA contracts NASW-768 and 
NASW-847 t o  determine the equilibrium absorption which may be present i n  the  wal l  
of an operating nuclear l i g h t  bulb engine by examining the  re la t ionship  between the  
i r rad ia t ion  parameters (pa r t i c l e  f lux  and dose) and the temperature of the  op t i ca l  . 

material .  Since it i s  not possible t o  perform a s ingle  i r rad ia t ion  t e s t  i n  which 
the reactor  operating conditions simula,te an operating nuclear l i g h t  bulb engine i n  
both neutron and ionizing radia t ion f lux  and dose, the investigations have been con- 
ducted using several  techniques which do not simulate a l l  of the engine character-  
i s t i c s .  These can conveniently be grouped i n to  two categories:  (1) the measurement 
of the  e f f ec t s  of i r r ad i a t i on  on the transmission of op t ica l  materials a f t e r  the  
i r rad ia t ion  process and (2)  the measurement of the e f f ec t s  of i r r ad i a t i on  during 
the i r r ad i a t i on  process upon the transmission of op t ica l  materials .  

Tests using the  f i r s t  of these categories of techniques were conducted using 
the Union Carbide 5-megw f a c i l i t y  a d  a CO-60 gamma ray source (Refs. 34 and 52) ,  
The op t ica l  materials  were simultaneously exposed t o  high temperatures ( i n  the range 
of 700 t o  1100 C )  and nuclear i r rad ia t ion  fo r  times su f f i c i en t l y  long t o  simulate 
the nuclear l i g h t  bulb dose. Transmission measurements were made following the  



i r r ad i a t i ons  and indicated t h a t  there  was no s ign i f ican t  coloration a t  0.215 and 
0.163 bicrons (Ref . 52). The actual  induced absorption coeff ic ient  present during 
t he  reactor  i r r ad i a t i on  process may not have been determined, however, because of 
two competing processes which occurred a f t e r  the  removal of the  capsule from the  
reactor  core:  (1) bleaching of short- l ived defects during the cool-down process 
and (2)  gamma coloration of the  defects  due t o  containment within the radioactive 
capsule. 

The measurement of transmission during the  i r r ad i a t i on  was conducted i n  several  
f a c i l i t i e s ,  s ince it was not possible t o  perform a s ingle  i r r ad i a t i on  under operating 
conditions which completely simulate an operating nuclear l i g h t  bulb i n  dose r a t e  
and dose of neutrons and ionizing radia t ion.  These f a c i l i t i e s  included t he  TRIGA 
Mark I1 reactor  located a t  the  University of I l l i n o i s  ( ~ e f s  . 35 and 38),  t he  Dynamitron 
e lect ron accelerator located a t  the  Space Radiation Effects  Laboratory a t  NASA Langley 
(Ref. 50),  and the  Nuclear Engineering Test Reactor (NETR) of the  A i r  Force I n s t i t u t e  
of Technology located a t  Wright-Patterson A i r  Force Base (Ref. 50). The T R I G A  
f a c i l i t y  can provide simulation of the neutron and ionizing dose r a t e s  i n  a f u l l -  
scale  nuclear l i g h t  bulb engine, but  f o r  very shor t  periods of time ; the  NETR provides 
simulation of the  dose of neutrons and ionizing radia t ion,  but a t  low f l ux  l eve l s ;  and 
t he  Dynamitron provides simulation of the  dose and dose r a t e  of ionizing rad ia -  
t i o n ,  but without neutron f lux.  

Representative data  obtained i n  the experiments using the  above f a c i l i t i e s  are 
i l l u s t r a t e d  i n  Fig. 16 together with calculated values. The calculated values were 
obtained using the following equation: 

In  evaluating t h i s  equation, the  color generation f ac to r ,  G, was taken as 0.045 cm"l /~rad 
on the  bas i s  of CO-60 i r r ad i a t i on  experiments ( ~ e f .  34),  and the decoloration r a t e ,  T , 
was taken from da ta  from post-reactor annealing experiments quoted i n  Fig. 21 of 
Ref. 34. It can be seen from Fig. 16 t ha t  the  calculated absorption coef f ic ien t s  
are i n  seasonable agreement with the  experimentally measured absorption coef f ic ien t s  
f o r  the WTR t e s t s ,  However, the  calculated absorption coeff ic ients  are higher than 
the absorption coeff ic ients  measured i n  the Dpamitron experiments by a f ac to r  of 
between two and eleven. Similarly,  the absorption coeff ic ients  predicted f o r  the  
fu l l - s ca l e  engine based on extrapolation of Dy-namitron da.ta (dashed l i ne s  i n  Fig. 16) 
are  lower than the  calculated values. Resolution of these differences i s  obviously 
an important endeavor t o  undertake. 



Data from TRIGA experiments (Ref, 35) indicated a va,lue of the  color generation 
factor' ,  G, only s l i g h t l y  higher than the  value of 0 .045 cm"l/Mrad obtained from the 
CO-60 experiments. However, the  tirne constants determined from the  TRIGA experi- 
ments were approximately two orders of magnitude shorter  than determined from the  
post-reactor annealing experiments (see a l so  Fig. 21 of Ref. 34). The time constant 
data  determined from the  TRIGA experiment may be i n  e r ro r ,  however, because of 
t rans ien t  specimen temperature changes immediately a f t e r  the TRIGA pulse. 

An addi t ional  fac to r  (op t ica l  bleaching) was investigated during the  l a s t  con- 
t r a c t  period (Ref. 50);  t h i s  fac to r  may reduce the  magnitude of the  absorption pre- 
sent  i n  the  wal l  of an operating nuclear l i g h t  bulb engine. The time f o r  the  induced 
absorption coef f ic ien t  t o  decay t o  l / e  of i t s  o r i g ina l  value as a r e s u l t  of op t ica l  

bleaching was determined with a specimen, which had been e lect ron i r r ad i a t ed ,  using 
a hydrogen lamp as a l i g h t  source and was found t o  be 4800 see. Since the  photon 
f l u x  i n  t h i s  experiment was approximately 10-7 of t h a t  expected i n  a fu l l - s ca l e  
nuclear rocket engine, the  expected op t ica l  bleaching time constant i n  t he  engine i s  
approximately 0.48 x 10-3 see. I n  order fo r  op t ica l  bleaching t o  be e f fec t ive ,  t he  
time constant f o r  creat ion of coloration must be longer than 0.48 x 10-3 sec. I f  the  
time constant associated with Eq. (1) (34 t o  61 sec;  see Ref. 50) i s  r e l a t ed  t o  the 
same physical phenomenon as  opt ical  bleaching, then op t ica l  bleaching w i l l  cause a 
very large  reduction i n  the equilibrium induced coloration i n  a fu l l - sca le  nuclear 
l i g h t  bulb engine. However, t h i s  may not  be t he  case, as indicated by the following. 
The creat ion and decoloration r a t e s  associated with Eq. (1) may be re la ted  t o  e i t he r  
material  defects  or coloration of these defec t s ,  whereas op t ica l  bleaching i s  almost 
ce r ta in ly  re la ted  only t o  decoloration of defects ,  Thus it i s  possible t h a t  Eq. (1) 
i s  r e l a t ed  t o  a d i f f e r en t  phenomenon than op t ica l  bleaching, and the re-coloration 
time constant fo r  op t ica l ly  bleached centers may be d i f f e r en t  than fo r  thermally 
annealed damage centers .  Additional experiments are  obviously required t o  resolve 
t h i s  question. 

The allowable thickness of the  walls  i n  the fused s i l i c a  tubes i n  the reference 
nuclear l i g h t  bulb engine has been calculated t o  be 0,005 i n .  i n  t he  basis  of an 
assumed allowable temperature difference across the wall  of 200 F (Ref. 96) and on 
the  basis  of no radiation-induced coloration.  According t o  the r e su l t s  shown on 
Fig. 16, the  equilibrium radiation-induced absorption c0efficier.t  i n  the  center of 
the 2150 downstream band would be between 3 and 8 cm-I with no op t ica l  bleaching. 
According t o  Ref. 96, t h i s  would r e s u l t  i n  a reduction i n  allowable wal l  thickness 
t o  between 0.003 and 0.004 in .  If fu r ther  t e s t s  indicate  t ha t  photon bleaching i s  
important, then there  may be l i t t l e  or no e f f ec t  of nuclear radia t ion damage on 
allowable wall  thickness.  
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Surface a r e a  of r - f  discharge plasma ( see  Fig.  8), in .  2 

Ionizing dose r a t e  (see  Eq. (l)), Mrad/sec 

Color generat ion f a c t o r  ( see  Eq. (I)) ,  cm-'/mad 

Propellant  enthalpy a t  e x i t  of propellant  duct, ~ t u / l b  

Propellant  enthalpy a t  i n l e t  t o  propellant  duct, ~ t u / l b  

Speci f ic  impulse, sec 

To ta l  pressure, atrn 

Gas pressure i n  r-f discharge, atm 

Local s imulated-fuel  p a r t  i a l  pressure, atm 

Probable maximum power conducted through per iphera l  wa l l  i n  r-f 
t e s t s  ( see  Fig.  8 ) )  kw 

Power removed by end-wall coolant i n  r-f t e s t s  ( see  Fig. 8 ) )  kw 

D-C input power i n  r-f t e s t s  ( see  Fig. 8), kw 

Power removed by argon thru-flow i n  r-f t e s t s  ( see  Fig.  8),  kw 

Power rad ia ted  thmugh both per iphera l  walls i n  r-f  t e s t s  ( see  
Fig. 8), kw 

Power rad ia ted  through inner per iphera l  wal l  i n  r - f  t e s t s  ( see  
Fig. 8), kw 

Tota l  discharge power i n  r - f  t e s t s  ( see  Fig.  8), kw 

Power removed by peripheral-wall  cooling water i n  r - f  t e s t s  ( see  
Fig.  8), kw 

Radiant f l u x  a t  e  e-of- fuel  region of f u l l - s c a l e  nuclear l i g h t  bulb % engine, ~ u / s e c - f t  

Distance from vortex cen te r l ine ,  in .  

Ins ide  rad ius  of vortex tube, in .  
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Radius of  fuel-containment region,  ft 
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P rope l l an t  temperature a t  e x i t  o f  p rope l l an t  duct ,  deg R 

P rope l l an t  temperature a t  i n l e t  of propel lan t  duct ,  deg R 

Temperature such t h a t  black-body r a d i a t i n g  f l u x  i s  equa l  t o  a c t u a l  
r a d i a t i n g  f lux ,  deg R 

Temperature r i s e  i n  cool ing  f l u i d ,  deg R 

Discharge volume i n  r-f t e s t s  ( s e e  Fig. 8 ) ,  i n .  3 

Argon thru- f low i n  r - f  t e s t s  ( s e e  F ig .  8) ,  l b / sec  

Coolant water  f low i n  r-f t e s t s  ( s e e  Fig.  8 ) ,  gpm 

Absorption c o e f f i c i e n t  i n  t r anspa ren t  w a l l ,  cm-' 

Wavelength, microns 

Time cons tan t  f o r  thermal  removal o f  rad ia t ion- induced  c o l o r a t i o n  
i n  t r anspa ren t  ma te r i a l s ,  s ec  

Radiant f l u x  a t  edge of plasma i n  r-f t e s t s  ( s e e  F ig .  8) ,  k ~ / i n . ~  
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COMPILATION OF SUMMARY PAGES FROM 50 
TECHNICAL REPORTS ISSUED UNDER COT;ITRA CT NASW-847 

Reference 1 

Johnson, B. V.: Analysis o f  Secondary-Flow-Control Methods f o r  Confined Vortex 
Flows. UARL Report C-910091-1, September 1964. Also i ssued  a s  NASA CR-276. 

An a n a l y s i s  was performed t o  determine c r i t e r i a  t o  prevent flow from t h e  end- 
w a l l  boundary l a y e r s  (secondary f low)  t o  t h e  c e n t r a l  reg ion  (primary f low)  o f  a 
confined, c y l i n d r i c a l  vor tex .  The secondary f low was analyzed by a boundary l a y e r  
momentum-integral technique f o r  cases  i n  which primary-flow c i r c u l a t i o n  r (product  
of t a n g e n t i a l  v e l o c i t y  and l o c a l  r a d i u s )  i s  p ropor t iona l  t o  t h e  r ad ius  t o  t h e  nr 
power ( i . e . ,  r a mr).  Radial v a r i a t i o n s  of  l o c a l  end-wall  f r i c t i o n  c o e f f i c i e n t  and 
end-wall  s u c t i o n  were i n v e s t i g a t e d  a s  means t o  a l t e r  t h e  r a d i a l  d i s t r i b u t i o n  of  
angular  momentum i n  t h e  bounda-ry l a y e r s  and thereby  t o  c o n t r o l  t h e  primary flow - 
secondary f low i n t e r a c t i o n s .  

The r e s u l t s  of t h e  a n a l y s i s  y i e l d  t h e  r a d i a l  v a r i a t i o n  o f  e i t h e r  l o c a l  f r i c t i o n  
o r  w a l l  s u c t i o n  which must be employed t o  prevent f l u i d  t r a n s f e r  between t h e  primary 
and secondary flows. The v a r i a t i o n  of boundary l a y e r  t h i ckness  with r ad ius  i s  a l s o  
ca l cu la t ed .  Resu l t s  a r e  obta ined  f o r :  (1) a cons tan t -dens i ty  f l u i d  with n, = 0.5, 
1, 2, 3, and 4, and ( 2 )  va r i ab l e -dens i ty  f l u i d  with n, = 3 and f o u r  d i f f e r e n t  r a t e s  
of a x i a l  mass t r a n s f e r  between t h e  h igher -dens i ty  primary flow and t h e  lower-densi ty  
secondary flow. 



H-910093-46 Reference 2 

Travers, A.,  and B. V. Johnson: Measurements of Flow Charac te r i s t i c s  i n  a  Basic 
Vortex Tube, UARL Report C-910091-2, September 1964, Also i ssued a s  NASA CR-278. 

SUMMARY 

An experimental s tudy was conducted t o  determine t h e  c h a r a c t e r i s t i c s  of 
confined vor tex  flows generated i n  a  c y l i n d r i c a l  tube by water i n j e c t i o n  through 
a  s i n g l e  s l o t  extending along t h e  e n t i r e  length  of t h e  tube .  Two conf igura t ions  
were t e s t e d :  a  vor tex  tube with p l a i n  end wal ls  and a  vor tex  tube with s u c t i o n  
end walls designed t o  c o n t r o l  t h e  i n t e r a c t i o n  between t h e  flow i n  t h e  end-wall 
boundary l aye r s  and t h e  primadry flow. The flow c h a r a c t e r i s t i c s  were determined 
from photographs of n e u t r a l l y  buoyant p l a s t i c  p a r t i c l e s  and dye which were 
i n j e c t e d  a s  t r a c e r  ma te r i a l s .  

The flow pa t t e rns  i n  t h e  vor tex  tube with p l a i n  end walls  were found t o  be 
i n  genera l  agreement with those  predic ted  by a previously developed theory  f o r  
i n t e r a c t i n g  primary and end-wall boundary l a y e r  flows i n  a  vor tex  tube.  It was 
determined t h a t  t h e  primary-flow t a n g e n t i a l  v e l o c i t y  d i s t r i b u t i o n s  and t h e  
magnitudes of t h e  a x i a l  v e l o c i t i e s  induced i n  t h e  primary flow by i t s  i n t e r -  
a c t i o n  with t h e  end-wall boundary l a y e r s  could be reduced by c o n t r o l l i n g  t h e  
end-wall boundary l a y e r s  with d i s t r i b u t e d  end-wall suc t ion .  



H-910093-46 Reference 3 

Travers,  A. ,  and B. V. Johnson: Measurements of  Flow C h a r a c t e r i s t i c s  i n  a n  
Axial-Flow Vortex Tube. UARL Report C-910091-3, September 1964. Also i s s u e d  as 
NASA' CR-277. 

SUMMARY 

An experimental  s tudy  was conducted t o  determine t h e  c h a r a c t e r i s t i c s  o f  
confined vor tex  flows genera ted  i n  a c y l i n d r i c a l  tube  by t a n g e n t i a l  i n j e c t i o n  of 
water through a s l o t  extending t h e  l eng th  of t h e  p e r i p h e r a l  w a l l  of t h e  vo r t ex  
tube and withdrawal of p a r t  o r  a l l  of  t h e  water through an  annulus i n  one o f  t h e  
tube  end walls near  i t s  o u t e r  r ad ius .  The remainder of  t h e  f low was withdrawn 
through p o r t s  a t  t h e  c e n t e r  of  t h e  end walls. Flow p a t t e r n s  i n  t h e  vo r t ex  tube  
were determined by photographica l ly  recording t h e  t r a c e s  of n e u t r a l l y  buoyant 
p l a s t i c  p a r t i c l e s  and dye which were i n j e c t e d  a s  t r a c e r  m a t e r i a l s .  Tangent ia l  
and a x i a l  v e l o c i t y  p r o f i l e s ,  f low pa t t e rns ,  and t h e  r a d i a l  ex t en t  of t h e  high-  
ax ia l -ve loc  i t y  reg ion  a r e  presented  f o r  two d i f f e r e n t  annular  exhaust geometr ies  
and s e v e r a l  f low cond i t i ons .  



H-910093-46 Reference 4 

Schneiderman, S. B. : Theore t i ca l  V i s c o s i t i e s  and D i f f u s i v i t i e s  i n  High- 
Temperature Mixtures of  Hydrogen and Uranium. UARL Report C-910099-1, September 
1964 .' Also i s sued  a s  NASA CR-213. 

SUMMARY 

Coef f i c i en t s  of v i s c o s i t y  and d i f fus ion  were c a l c u l a t e d  f o r  multicomponent 
mixtures  of hydrogen and uranium i n  o rde r  t o  provide d a t a  f o r  use i n  s t u d i e s  of  
gaseous nuc lear  r e a c t o r  concepts .  These p r o p e r t i e s  were c a l c u l a t e d  f o r  e ighteen  
f u e l  p a r t i a l  p ressure  r a t i o s ,  pFUEL/p, ranging from 0 . 0  (pure hydrogen) t o  1 . 0  
(pure  f u e l ) ,  f o r  nine temperatures  from 20,000 K t o  100,000 K, and f o r  p re s su re s  
of  100, 500, and 1000 atmospheres. Some of  t h e  c a l c u l a t i o n s  f o r  pure hydrogen 
were a l s o  performed f o r  a temperature o f  10,000 K.  

The c a l c u l a t e d  va lues  of v i s c o s i t y  and d i f f u s i o n  c o e f f i c i e n t s  f o r  t h e  
multicomponent hydrogen-uranium mixtures  were used t o  c a l c u l a t e  t h e  Schmidt 
number--a .dimensionless group which r e l a t e s  t h e  s c a l e s  of momentum and mass 
t r a n s f e r - - f o r  each mixture.  For va lues  of pFUEL/p g r e a t e r  t han  approximately 
0.03, t h e  Schmidt number was found t o  be l e s s  t han  un i ty ,  t hus  i n d i c a t i n g  t h a t ,  
f o r  g r a d i e n t s  of  t h e  same magnitude i n  v e l o c i t y  and concent ra t ion ,  mass f l u x  due 
t o  d i f f u s i o n  w i l l  proceed at a g r e a t e r  r a t e  t han  momentum f l u x  due t o  v i s c o s i t y .  
For va lues  of  pFUEL/p l e s s  t han  approximately 0.03, t h e  Schmidt number exceeded 
un i ty ,  t h u s  i n d i c a t i n g  a r e v e r s a l  i n  t h e  r e l a t i v e  magnitudes of  momentum and 
d i f f u s i v e  f l u x .  



H-910093-46 Reference 5 

Krasce l la ,  N. L . :  T h e o r e t i c a l  I n v e s t i g a t i o n  of  t h e  Absorption and S c a t t e r i n g  
C h a r a c t e r i s t i c s  of Small P a r t i c l e s .  UARL Report C-910092-1, September 1964. 
A l so ' i s sued  a s  NASA CR-210. 

SUMMARY 

A t h e o r e t  i c a l  i n v e s t i g a t i o n  was conducted t o  determine t h e  absorpt ion,  
s c a t t e r i n g ,  and e x t i n c t i o n  c h a r a c t e r i s t i c s  of small s o l i d  s p h e r i c a l  p a r t i c l e s  
which might be employed as seeding agents  t o  c o n t r o l  r a d i a n t  hea t  t r a n s f e r  i n  
gaseous nuc lear  rocke t  engines .  The c a l c u l a t i o n s  were made using t h e  Mie t h e o r y  
t o  determine t h e  e f f e c t  of  p a r t i c l e  s i ze ,  wavelength, and p a r t i c l e  temperature 
on p a r t i c l e  opac i ty  i n  t hose  reg ions  of t h e  u l t r a v i o l e t ,  v i s i b l e ,  and i n f r a r e d  
s p e c t r a  f o r  which complex index of r e f r a c t i o n  information was a v a i l a b l e .  The 
fol lowing m a t e r i a l s  were considered:  aluminum, carbon, coba l t ,  i r idium, 
molybdenum, niobium, palladium, platinum, rhenium, rhodium, s i l i c o n ,  tantalum, 
t i t an ium,  tungsten,  and vanadium. 



H-910093-46 Reference 6 

Marteney, P. J. : Experimental I n v e s t i g a t i o n  o f  t h e  Opacity of Small P a r t i c l e s  . 
UARL Report C-910092-2, September 1964. Also i s sued  a s  NASA CR-211. 

SUMMARY 

An experimental  i n v e s t i g a t i o n  was conducted t o  develop a technique f o r  
producing d i spe r s ions  of submicron-radius s o l i d  p a r t i c l e s  i n  a c a r r i e r  gas and 
t o  determine t h e  o p t i c a l  parameters of t hese  p a r t i c l e s  a s  a func t ion  o f  t h e  wave 
l eng th  o f  e lectromagnet ic  r a d i a t i o n  inc ident  upon t h e  p a r t i c l e s .  A d i s p e r s i o n  
system was devised which permi t ted  ( a )  mixing of measured amounts of agglomer- 
a t e d  submicron p a r t i c l e s  with metered q u a n t i t i e s  of p re se l ec t ed  c a r r i e r  gases ,  
( b  ) a p p l i c a t i o n  of de-agglomerat ive  aerodynamic shea r  fo rces  i n  a r e s t r i c t i v e  
flow passage (nozz le  ) through which t h e  c a r r i e r  g a s - p a r t i c l e  mixture was passed, 
and ( c )  measurement of t h e  e x t i n c t i o n  and s c a t t e r i n g  c h a r a c t e r i s t i c s  of  t h e  
de-agglomerated p a r t i c l e s  downstream of  t h e  nozzle .  Tes t s  were conducted w i t h  
carbon and tungs ten  p a r t i c l e s  having nominal r a d i i  of 0.0045 and 0 .01  microns, 
r e spec t ive ly ,  as s p e c i f i e d  by t h e  manufacturer.  Helium and n i t rogen  were used  
as c a r r i e r  gases .  

The a p p l i c a t i o n  o f  aerodynamic shea r  f o r c e s  i n  t h e  t e s t s  r e s u l t e d  i n  a n  
inc rease  i n  t h e  e x t i n c t i o n  parameter f o r  carbon p a r t i c l e s  from approximately 
10,000 crn2Igm t o  58,000 cm2lgm and f o r  tungs ten  p a r t i c l e s  from approximately 
2000 ~rn2/~rn  t o  8000 cm2/gm. These increases  i n  e x t i n c t i o n  parameter a r e  
be l i eved  t o  be caused by a reduct ion  i n  t h e  s i z e  of  p a r t i c l e  agglomerates s ince ,  
f o r  t h e  s i z e s  of agglomerates encountered i n  t h e  t e s t  program, a r educ t ion  i n  
t h e  average agglomerate s i z e  should t h e o r e t i c a l l y  r e s u l t  i n  an  inc rease  i n  
e x t i n c t i o n  parameter.  P a r t i c l e  photographs q u a l i t a t i v e l y  ind ica t ed  t h a t  t h e  
s i z e s  of p a r t i c l e  agglomerates were reduced by the  a p p l i c a t i o n  of aerodynamic 
shea r .  The maximum t h e o r e t i c a l  e x t i n c t i o n  parameters f o r  carbon and tungs t en  
p a r t i c l e s  a t  a wavelength of 0 .4  microns a r e  68,000 cm2/gm and 20,000 cm2/gm, 
and occur  f o r  p a r t i c l e s  having r a d i i  of 0 . 1  and 0.05 microns, r e spec t ive ly .  The 
d i f f e r ences  between t h e o r e t i c a l  and experimental  maximum e x t i n c t i o n  parameters 
can  be expla ined  by t h e  presence of  a range of  p a r t i c l e  agglomerate s i z e s  i n  t h e  
experimental  program and by t h e  t h e o r e t i c a l  v a r i a t i o n  of e x t i n c t i o n  parameter 
wi th  p a r t i c l e  s i z e .  



H-910093-46 Reference 7 

McLafferty, G,  H., and W, G.  Bumel l :  Theore t i ca l  I n v e s t i g a t i o n  of t h e  
Temperature D i s t r i b u t i o n  i n  t h e  Propel lan t  Region of a Vortex-Stabi l ized Gaseous 
Nuclear Rocket. UARL Report C-910093-10, September 1964. Also i ssued  a s  NASA 
CR- 279 a 

SUMMARY 

A t h e o r e t i c a l  i n v e s t i g a t i o n  ~~8,s  conducted t o  determine t h e  e f f e c t  of 
changes i n  p a r t i c l e  seed  c h a r a c t e r i s t i c s  on t h e  temperature d i s t r i b u t i o n s  i n  t h e  
p rope l l an t  reg ion  of  a v o r t e x - s t a b i l i z e d  gaseous nuc lear  rocket  engine.  A n  
engine of t h i s  type  i s  based on t h e  t r a n s f e r  o f  hea t  by thermal  r a d i a t i o n  from 
gaseous nuc lear  f u e l  suspended i n  a vo r t ex  t o  seeded hydrogen p rope l l an t  pass ing  
a x i a l l y  over  t h e  fuel-containment region.  The i n v e s t i g a t i o n  included c a l c u l a -  
t i o n  of temperature and h e a t  f l u x  d i s t r i b u t i o n s  i n  t h e  p rope l l an t  r eg ion  f o r  two 
o r  more va lues  of each of t h e  following parameters:  hydrogen pressure,  hydrogen 
p rope l l an t  f low r a t e ,  seed vapor iza t ion  temperature,  and r a t i o  of p a r t i c l e  s eed  
d e n s i t y  t o  p rope l l an t  dens i ty .  Most of t h e  c a l c u l a t i o n s  were made us ing  hydro- 
gen o p a c i t i e s  and p a r t i c l e  o p a c i t i e s  which were allowed t o  vary a s  a f u n c t i o n  o f  
temperature but  which were averaged over t h e  wavelength spectrum. However, 
s e v e r a l  c a l c u l a t i o n s  were made t o  determine t h e  temperatures  and hea t  f l u x  
d i s t r i b u t i o n s  r e s u l t i n g  from use of a more complicated procedure which i n t e -  
g r a t e s  s p e c t r a l  hea t  f l u x .  A l l  c a l c u l a t i o n s  neglec ted  any con t r ibu t ion  t o  
opac i ty  from vaporized p a r t i c l e  seeds.  
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Roback, R . :  Thermodynamic P rope r t i e s  of Coolant F lu ids  and P a r t i c l e  Seeds f o r  
Gaseous Nuclear Rockets. UARL Report C-910092-3, September 1964. Also i s sued  
as NASA CR-212. 

SUMMARY 

Thermodynamic p r o p e r t i e s  and equi l ibr ium chemical composition were ca lcu-  
l a t e d  f o r  va r ious  m a t e r i a l s  which could serve  as moderator coolan ts  o r  a s  
p a r t i c l e  seeds designed t o  c o n t r o l  r a d i a n t  h e a t  t r a n s f e r  i n  gaseous nuc lear  
rocke t  engines .  The m a t e r i a l s  which were considered a s  moderator coo lan t s  were 
hydrogen, methane, water,  ammonia, deuterium, heavy water, and helium. 
Mate r i a l s  which were considered a s  poss ib le  p a r t i c l e  seeds were s e v e r a l  e lementa l  
spec i e s  which have h igh  b o i l i n g  po in t s ,  such a s  g raph i t e ,  tungsten,  and molyb- 
denum, and t h e  oxides,  carb ides ,  n i t r i d e s ,  and bor ides  of  t i t an ium and zirconium. 

The r e s u l t s  of t h e  c a l c u l a t i o n s  i n d i c a t e  t h a t  t h e  use of  g raph i t e  as a seed  
m a t e r i a l  i s  imprac t i ca l  because g raph i t e  r e a c t s  r e a d i l y  wi th  hydrogen, and, 
consequently,  excess ive  q u a n t i t i e s  of  g raph i t e  must be added t o  t h e  hydrogen 
s tream i n  o rde r  t o  main ta in  even very  smal l  concent ra t ions  of seed p a r t i c l e s  a t  
h igh  temperatures .  Also, t h e  l i m i t e d  thermodynamic d a t a  c u r r e n t l y  a v a i l a b l e  
i n d i c a t e  t h a t  no s i g n i f i c a n t  increase  i n  p a r t i c l e  vapor i za t ion  temperature would 
r e s u l t  from us ing  oxides,  carb ides ,  n i t r i d e s ,  o r  borides of  such high-melting- 
po in t  meta ls  a s  t i t an ium and zirconium a s  seeds i n  place of t h e  meta ls  them- 
s e l v e s .  



Reference 9 

McLafferty, G. H.:  Ana ly t i ca l  Study of Moderator Wall Cooling of  Gaseous 
Nuclear Rocket Engines. UARL Report C-910093-9, September 1964. Also i s sued  a s  
NASA ' CR- 214, 

An a n a l y t i c a l  s tudy was conducted t o  i n v e s t i g a t e  cooling problems i n  high- 
t h r u s t  cavi ty-type gaseous nuclear  rocket  engines r e s u l t i n g  from ( a )  hea t  
depos i t ion  within t h e  i n t e r i o r  of t h e  moderator-ref lector  surrounding t h e  c a v i t y  
by neutrons and gamma rays  and ( b )  heat  depos i t ion  on t h e  sur face  of t h e  c a v i t y  
by f i s s i o n  fragments, b e t a  p a r t i c l e s ,  r ad ian t  hea t  t r a n s f e r ,  and convection. 
The study included determination of the  s i z e  and spacing of coolant  tube 
passages requi red  i n  t h e  w a l l  of t h e  moderator-ref lector  and t h e  pressure drop 
of the  coolant  f l u i d  i n  these  passages. A number of d i f f e r e n t  coolant  f low 
cycles  were considered.  

The r e s u l t s  of t h e  s tudy indica te  t h a t  more heat  w i l l  be deposi ted i n  t h e  
i n t e r i o r  of t h e  moderator than  on the  sur face  of t h e  cavi ty ,  but t h a t  t h e  hea t  
deposi ted on t h e  su r face  of t h e  cav i ty  may be more d i f f i c u l t  t o  remove. Removal 
of t h e  energy deposi ted i n  t h e  i n t e r i o r  of t h e  moderator w i l l  r equ i re  t h e  use of 
a  l a rge  number of small-diameter coolant passages. The major causes of c a v i t y  
surface hea t ing  w i l l  be be ta-par t  i c l e  impingement and thermal r ad ia t ion ,  but  
ca l cu la t ions  ind ica te  t h a t  heat ing by b e t a - p a r t i c l e  impingement can be reduced 
by the  use of a  magnetic f i e l d  and t h a t  hea t ing  by thermal  r a d i a t i o n  can be 
reduced by t h e  use of seeds i n  the  propel lant .  

I n  add i t ion  t o  a  desc r ip t ion  of t h e  moderator cooling study i n  t h e  main 
body of t h e  r epor t ,  t h r e e  a d d i t i o n a l  s t u d i e s  a r e  described i n  t h e  appendices: 
determinat ion of t h e  fuel-containment c h a r a c t e r i s t i c s  of a  gaseous nuclear  
rocket i n  which no at tempt i s  made t o  separa te  propel lant  and fue l ;  determina- 
t i o n  of t h e  e f f e c t  of d i f f e r e n t  propel lants  on t h e  spec i f i c  impulse of gaseous 
nuclear  rockets;  and a desc r ip t ion  of a  f a c i l i t y  concept which might be employed 
f o r  t e s t i n g  gaseous nuclear  rockets .  
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SUMMARY 

An experimental  s tudy  of  t h e  containment of  a heavy gas  i n  a j e t -d r iven  
l i g h t - g a s  vo r t ex  was conducted as p a r t  o f  a program t o  e s t a b l i s h  t h e  f e a s i b i l i t y  
of  a v o r t e x - s t a b i l i z e d  gaseous nuc lear  rocke t .  Helium o r  a i r  was employed a s  
t h e  l i g h t  gas  ( s imula ted  p r o p e l l a n t )  and mixtures  of  iodine wi th  o t h e r  gases  
were employed a s  t h e  heavy gas ( s imula ted  f i e l ) .  Most of t h e  t e s t s  were con- 
ducted i n  a bas i c  vo r t ex  tube,  i . e . ,  wi th  t h e  l i g h t  gas  i n j e c t e d  through a s l o t  
at t h e  per iphery  extending t h e  l eng th  of t h e  vo r t ex  tube  and wi th  t h e  ma jo r i t y  
of  t h i s  l i g h t  gas removed a f t e r  one r evo lu t ion  through a pe r fo ra t ed  p l a t e  
ex tending  t h e  l eng th  of  t h e  vo r t ex  tube .  The amount of  heavy gas conta ined  i n  
t h e  vo r t ex  and t h e  l o s s  r a t e  of  t h i s  heavy gas  were found t o  depend s t r o n g l y  on 
t h e  method and r a t e  of i t s  i n j e c t i o n  i n t o  t h e  vo r t ex  and t h e  vo r t ex  f low Reynolds 
numbers. O f  t h e  s e v e r a l  i n j e c t i o n  conf igu ra t ions  t e s t e d ,  i n j e c t i o n  of  t h e  heavy 
gas a long  t h e  vo r t ex  c e n t e r l i n e  y i e lded  t h e  b e s t  performance i n  ternis of minimi- 
z a t i o n  of  l o s s  r a t e  and maximization of t h e  amount of  contained heavy gas .  
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SUMMARY 

Experiments were conducted t o  i n v e s t i g a t e  t h e  e f f e c t  of  t h e  pe r iphe ra l -wa l l  
i n j e c t i o n  technique used t o  d r ive  an air vo r t ex  on t h e  l e v e l  of tu rbulence  i n  
t h e  vor tex .  Two i n j e c t i o n  conf igura t ions  were t e s t e d  i n  s epa ra t e  LO-in.-dia 
vor tex  tubes .  I n  one conf igura t ion ,  a ir  was i n j e c t e d  t a n g e n t i a l l y  through a 
s i n g l e  0.182-in,-high s l o t  which extended along t h e  e n t i r e  30-in. l eng th  of  t h e  
tube .  I n  t h e  second conf igura t ion ,  a i r  was i n j e c t e d  approximately t a n g e n t i a l l y  
through 2144 p o r t s  of 0.060-in.  d i a  d i s t r i b u t e d  over  t h e  su r f ace  of t h e  
p e r i p h e r a l  w a l l .  I n  both tubes,  a  c o n t r o l l e d  quan t i t y  o f  a i r  w a s  removed 
through p o r t s  l o c a t e d  at t h e  c e n t e r s  of t h e  two end walls o r  was i n j e c t e d  
through a porous tube  loca t ed  on t h e  c e n t e r l i n e  of t h e  vortex;  a i r  was a l s o  
removed through p e r f o r a t e d  p l a t e s  i n  t h e  p e r i p h e r a l  w a l l .  Hot-wire-anemometer 
measurements of t a n g e n t i a l  v e l o c i t y  p r o f i l e s  and root-mean-square v e l o c i t y  
f l u c t u a t i o n s  were made near  t h e  p e r i p h e r a l  w a l l  a t  t h r e e  c i r c u m f e r e n t i a l  s t a -  
t i o n s  a t  one a x i a l  l o c a t i o n  ( t h e  a x i a l  midplane).  

The r e s u l t s  i n d i c a t e d  t h a t  t he  i n t e r i o r  reg ion  of low-turbulence flow was 
l a r g e r  f o r  t h e  2144-port con f igu ra t ion  than  f o r  t h e  s i n g l e - s l o t  conf igura t ion .  
This was p r imar i ly  because t h e  tu rbu len t  p e r i p h e r a l  w a l l  boundary l a y e r  was 
th inne r  f o r  t h e  2144-port conf igura t ion .  
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The propel lant  flow requirements f o r  reducing heat  t r a n s f e r  t o  the  end 
wal ls  of  a vo r t ex - s t ab i l i zed  gaseous nuclear  rocket  engine were est imated on the  
b a s i s  of  t h r e e  d i f f e r e n t  analyses:  an a n a l y s i s  involving only r ad ian t  hea t  
t r a n s f e r ,  an  ana lys i s  involving only convective heat  t r a n s f e r ,  and an  ana lys i s  
i n  which heat  i s  t r a n s f e r r e d  by thermal r a d i a t i o n  from t h e  fuel-containment 
region  t o  t h e  end-wall boundary l a y e r  and by convection from t h e  end-wall 
boundary l a y e r  t o  t h e  w a l l .  The analyses ind ica ted  t h a t  the  propel lant  flow 
r a t e s  requi red  because of r ad ian t  hea t  f l u x  were g r e a t e r  than  those requi red  
because of convective heat  f l u x  f o r  t h e  temperatures and heat  f l u x  r a t e s  
expected t o  e x i s t  at t h e  edge of t h e  f'uel-containment region i n  a f u l l - s c a l e  
engine. 
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i n  a Water Vortex Tube. UARL Report D-910091-7, September 1965. Also i s s u e d  as 
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SUMMARY 

An experimental  i n v e s t i g a t i o n  was conducted t o  determine t h e  e f f e c t s  of t h e  
per iphera l -wal l  i n j e c t i o n  technique used t o  d r ive  a water  vo r t ex  on t h e  
s t r u c t u r e  and th i ckness  of  t h e  tu rbu len t  mixing reg ion  near  t h e  p e r i p h e r a l  w a l l  
and on t h e  f low p a t t e r n s  i n  t h e  primary-flow reg ion  ou t s ide  t h e  p e r i p h e r a l  and 
end-wall boundary l a y e r s .  Three 1 0 - i n , - d i a  l u c i t e  vo r t ex  tubes  having t h r e e  
d i f f e r e n t  pe r iphe ra l -wa l l  i n j e c t i o n  conf igu ra t ions  were t e s t e d :  (1) t a n g e n t i a l  
i n j e c t i o n  through a s i n g l e  0.205-in.-high s l o t  extending t h e  e n t i r e  30-in.  
l eng th  of t h e  tube,  ( 2 )  t a n g e n t i a l  i n j e c t i o n  through f o u r  0.050-in.-high s l o t s ,  
and ( 3 )  approximately t a n g e n t i a l  i n j e c t i o n  through 2144 p o r t s  of 0.060-in. 
diameter .  I n  most t e s t s ,  a c o n t r o l l a b l e  quan t i t y  of f l u i d  was removed through 
one o r  more p e r f o r a t e d  screens  i n  t h e  p e r i p h e r a l  wa l l  and t h e  remainder o f  t h e  
f l u i d  was removed through 0.938-in.-dia thru- f low p o r t s  l oca t ed  a t  t h e  c e n t e r s  
of t h e  two end w a l l s ,  However, a few t e s t s  were conducted i n  which no f l u i d  was 
removed through t h e  thru-f low por t s ;  ins tead ,  f l u i d  was i n j e c t e d  through a 1.0-  
i n . - d i a  porous tube  l o c a t e d  along t h e  c e n t e r l i n e  of t h e  vo r t ex  tube .  

Microflash photographs of dye p a t t e r n s  were taken  through one of  t h e  end 
walls t o  observe t h e  c h a r a c t e r i s t i c s  of t h e  tu rbu len t  mixing region,  and t ime- 
exposure photographs of  dye p a t t e r n s  were taken  through t h e  s i d e  w a l l  t o  observe 
t h e  c h a r a c t e r i s t i c s  of  t h e  primary-flow reg ion .  Tangent ial  v e l o c i t y  p r o f i l e s  i n  
t h e  primary-flow reg ion  were obta ined  by means of a photographic p a r t i c l e - t r a c e  
method us ing  small ,  n e u t r a l l y  buoyant polystyrene spheres .  

The r e s u l t s  of t h e  t e s t s  i n d i c a t e  t h a t  t h e  volume of  low-turbulence f low i n  
t h e  primary-flow reg ion  was cons iderably  l a r g e r  f o r  t h e  2144-port i n j e c t i o n  
conf igura t ion  than  f o r  t h e  s i n g l e - s l o t  and f o u r - s l o t  i n j e c t i o n  conf igu ra t ions .  
This l a r g e r  volume i s  a t t r i b u t a b l e  t o  t h e  much t h i n n e r  t u r b u l e n t  mixing r eg ion  
near  t h e  p e r i p h e r a l  w a l l  f o r  t h e  2144-port i n j e c t i o n  conf igura t ion .  
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Flow Control  i n  a  Vortex Tube by End-Wall Suc t ion  and I n j e c t i o n .  UARL Report 
D-910091-8, September 1965. Also i s s u e d  as RASA CR-68927. 

SUMMARY 

Ana ly t i ca l  and experimental  s t u d i e s  were performed t o  i n v e s t i g a t e  t h e  
e f f e c t  o f  i n j e c t i o n  o r  s u c t i o n  through t h e  end walls of a vo r t ex  tube  on t h e  
secondary f low ( f low i n  t h e  end-wall  boundary l a y e r s )  and t h e  primary f low ( f low 
i n  t h e  c e n t r a l  p o r t i o n  of t h e  v o r t e x ) .  The a n a l y t i c a l  s tudy  employed a  momentum 
i n t e g r a l  a n a l y s i s  t o  determine t h e  i n j e c t i o n  f low d i s t r i b u t i o n  through t h e  end 
wa l l s  r equ i r ed  t o  prevent  convect ion between t h e  secondary-flow and t h e  primary- 
flow reg ions .  The a n a l y s i s  i n d i c a t e d  t h a t  s i g n i f i c a n t  changes i n  t h e  i n j e c t i o n  
flow r a t e  requirements r e s u l t e d  from changes i n  t h e  fol lowing:  t h e  primary-flow 
t a n g e n t i a l  v e l o c i t y  d i s t r i b u t i o n ,  t h e  i n j e c t i o n  v e l o c i t y  d i s t r i b u t i o n ,  t h e  
secondary flow a t  t h e  r ad ius  where f low c o n t r o l  is  i n i t i a t e d ,  and t h e  d i r e c t i o n  
of t h e  secondary f low ( r a d i a l l y  inward o r  outward).  

Experiments were conducted i n  a 10- in . -d ia  by 30-in.-long water vo r t ex  tube  
t o  i n v e s t i g a t e  t h e  inf luence  of  end-wall  i n j e c t i o n  and s u c t i o n  on flow charac-  
t e r i s t i c s .  The experiments wi th  end-wall  i n j e c t i o n  were conducted i n  a b a s i c  
vo r t ex  tube  (without  superimposed a x i a l  f low)  and t h e  experiments wi th  end-wall  
s u c t i o n  were conducted i n  an ax ia l - f low vor t ex  tube .  The r e s u l t s  of  t h e  t e s t s  
i n d i c a t e d  t h a t  both end-wall  s u c t i o n  and end-wall i n j e c t i o n  caused s i g n i f i c a n t  
changes i n  t h e  c h a r a c t e r i s t i c s  of  t h e  primary-flow reg ion  of t h e  vor tex .  
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SUMMARY 

An experimental  i n v e s t i g a t i o n  of t h e  containment of a heavy gas i n  a j e t -  
d r iven  l i g h t - g a s  vo r t ex  was conducted a s  p a r t  of a  program t o  e s t a b l i s h  t h e  
f e a s i b i l i t y  of  a  v o r t e x - s t a b i l i z e d  gaseous nuc lear  rocke t .  Helium of a i r  was 
employed a s  t h e  l i g h t  gas and was i n j e c t e d  i n t o  t h e  c y l i n d r i c a l  vor tex  tube  
through a t a n g e n t i a l  i n j e c t i o n  s l o t  extending t h e  l eng th  of t h e  vo r t ex  tube .  A 
mixture of iod ine  and a  heavy f luorocarbon w a s  employed as t h e  heavy gas  and was 
i n j e c t e d  i n t o  t h e  vo r t ex  tube  through a  porous tube  l o c a t e d  on t h e  vo r t ex  tube  
c e n t e r l i n e .  Tes ts  were conducted i n  both t h e  bas ic  vo r t ex  tube ( i . e . ,  a vo r t ex  
tube i n  which a l l  t h e  i n j e c t e d  gas exhausted through a  pe r fo ra t ed  p l a t e  on t h e  
vo r t ex  tube  p e r i p h e r a l  w a l l )  and t h e  ax i a l - f low vor tex  tube  ( i . e . ,  a vo r t ex  tube  
i n  which a l l  t h e  i n j e c t e d  gas exhausted through an annulus i n  one end w a l l ) .  
The amount of heavy gas conta ined  and t h e  l o s s  r a t e  of t h i s  heavy gas were found 
t o  depend on t h e  r a t e  of i t s  i n j e c t i o n  i n t o  t h e  vo r t ex  tube,  on t h e  r a t e  of  
i n j e c t i o n  of t h e  l i g h t  gas i n t o  t h e  vo r t ex  tube and on t h e  method of  exhaus t ing  
gas  from t h e  vo r t ex  tube .  The h ighes t  r a t i o s  of average heavy-gas d e n s i t y  t o  
i n j e c t i o n  l i g h t - g a s  d e n s i t y  (approximately 1 2 )  were obta ined  i n  t e s t s  i n  t h e  
bas ic  vo r t ex  tube at low i n j e c t i o n  Reynolds numbers us ing  helium a s  t h e  l i g h t  
gas .  



H-910093-46 Reference 16 

Williamson, H.  A., H. H. Michels, and S. B. Schneiderman: Theore t ica l  I n v e s t i -  
g a t i o n  of  t h e  Lowest Five Ion iza t ion  P o t e n t i a l s  of Uranium. UARL Report 
D-910099-2, September 1965. Also i ssued as NASA CR-69002. 

SUMMARY 

Ion iza t ion  p o t e n t i a l s  were ca lcu la t ed  f o r  uranium and i t s  f i rs t  four  
pos i t ive  ions using approximate quantum mechanical methods. A range of va lues  
was obtained f o r  each ion iza t ion  po ten t i a l ,  with the  ind iv idua l  values depending 
upon t h e  approximations en te r ing  i n t o  t h e  c a l c u l a t i o n s .  The f i n a l  suggested 
values a re :  U(I) - 6.11 e .v . ;  U(II) - 17.5 e .v . ;  U(III) - 37.5 e x . ;  U(IV)  - 
61 e.v.;  U(V)  - 118 e .v .  

Ion iza t ion  p o t e n t i a l s  f o r  U ( I  ) through ~ ( 1 1 1  ), d i f f e r i n g  only s l i g h t l y  from 
these  f i n a l  suggested values, were employed i n  an evalua t ion  of the  fol lowing 
p roper t i e s  of equil ibr ium mixtures of hydrogen and uranium: species  concentra- 
t i o n ,  coeflf i c i e n t s  of v i s c o s i t y  and d i f fus ion ,  and e f f e c t i v e  Schmidt number. 
The ca lcu la t ions  were performed a t  pressures  of 100, 500, and 1000 atm., temper- 
a t u r e s  of 20,000 K, 60,000 K, and 100,000 K, and f u e l  p a r t i a l  pressure f r a c t i o n s  
of 0.09, O q l ,  0.233, 0.367, 0.5, 0.633, 0.767, and 0.9. The r e s u l t s  of t h e s e  
c a l c u l a t i o n s  ind ica te  t h a t  t h e  uranium ions of lower valency p lay  an  important 
r o l e  i n  t h e  determinat ion of t h e  p roper t i e s  of t h e  mixture up t o  temperatures 
h igher  than  had been indica ted  i n  preceding s tudies ,  thereby r a i s i n g  s i g n i f i -  
c a n t l y  both t h e  mixture v i s c o s i t y  and e f f e c t i v e  hydrogen-uranium binary  d i f f u s -  
i v i t y  a t  tempera ture  below about 60,000 K.  Since the  changes i n  these  two 
q u a n t i t i e s  a r e  i n  t h e  same d i rec t ion ,  however, changes i n  t h e  e f f e c t i v e  Schmidt 
number a r e  small.  
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UARL Report D-910092-4, September 1965. Also i s sued  as NASA CR-69001. 

A t h e o r e t i c a l  i n v e s t i g a t i o n  was conducted t o  determine t h e  composition, 
s p e c t r a l  absorp t ion  c o e f f i c i e n t s  and Rosseland mean opac i ty  of gaseous nuc lea r  
f u e l  and tungs ten  us ing  a  semi-empirical heavy-atom a n a l y t i c a l  model i n  o rde r  t o  
ob ta in  information app l i cab le  t o  gaseous nuc lear  rocke t s .  The c h a r a c t e r i s t i c s  
of t h e  nuc lear  f u e l  were determined f o r  a  range of  va lues  of each of t h e  
fo l lowing  parameters which must be assumed i n  using t h e  heavy-atom model; 
i o n i z a t i o n  p o t e n t i a l s ,  energy l e v e l  spacings, t o t a l  o s c i l l a t o r  s t r eng ths ,  and 
t h e  r a t i o  of p a r t  it ion  func t ions  f o r  successive i o n i z a t i o n  spec i e s .  Included i n  
t h e s e  ranges of va lues  were c a l c u l a t e d  i o n i z a t i o n  p o t e n t i a l s  and p a r t i t i o n  
func t ion  r a t i o s .  The g r e a t e s t  changes i n  Rosseland mean opac i ty  a t  a g iven  
pressure  and temperature r e s u l t e d  from t h e  c a l c u l a t e d  changes i n  f u e l  i o n i z a t i o n  
p o t e n t i a l s  . The Rosseland mean opac i ty  of gaseous tungs ten  was c a l c u l a t e d  on 
t h e  b a s i s  of  completely overlapped l i n e s  (which would r e s u l t  from l i n e  broaden- 
ing due t o  t h e  presence of  a per turb ing  gas a t  i n f i n i t e  p re s su re ) ,  and f o r  
f i n i t e - w i d t h  s p e c t r a l  l i n e s  due t o  t h e  presence of s p e c i f i e d  va lues  of hydrogen 
p a r t i a l  p re s su re .  
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Kesten, A.  S. ,  and R.  B. Kinney: Theore t i ca l  E f fec t  of Changes i n  Cons t i tuent  
Opaci t ies  on Radiant Heat Transfer  i n  a Vortex-Stabi l ized Gaseous Nuclear 
Rocket. UARL Report D-910092-5, September 1965. 

SUMMARY 

A t h e o r e t i c a l  i n v e s t i g a t i o n  w a s  conducted t o  determine t h e  e f f e c t  of 
changes i n  c o n s t i t u e n t  o p a c i t i e s  on t h e  r a d i a n t  hea t  t r a n s f e r  c h a r a c t e r i s t i c s  
and temperature d i s t r i b u t i o n s  i n  both t h e  hydrogen-propellant and f u e l -  
containment reg ions  of  a v o r t e x - s t a b i l i z e d  gaseous nuc lear  rocke t .  Two changes 
from preceding c a l c u l a t i o n s  were made which inf luenced  p r imar i ly  t h e  o p a c i t i e s  
i n  t h e  p rope l l an t  reg ion  a t  temperatures  between 10,000 and 15,000 R. The f i r s t  
change c o n s i s t e d  of  adding t h e  opac i ty  c o n t r i b u t i o n  of vaporized tungs t en  seeds 
whose s p e c t r a l  l i n e s  a r e  broadened by t h e  presence of  high-pressure hydrogen 
p r o p e l l a n t .  The second change cons i s t ed  of neg lec t ing  t h e  opac i ty  due t o  t h e  
Lyman-4l ine i n  hydrogen, and was made because of recent  experimental  i n f o r -  
mation on opac i ty  i n  t h e  f a r  l i n e  wings of  monatomic gases .  The r e s u l t s  o f  t h e  
p rope l l an t  - reg ion  c a l c u l a t i o n s  i n d i c a t e  t h a t  t h e  inc lus ion  of t h e  opac i ty  of  
vapor ized  tungs t en  seeds r e s u l t e d  i n  a s u b s t a n t i a l  reduct ion  i n  t h e  d i s t a n c e  
r equ i r ed  t o  absorb t h e  inc iden t  r a d i a n t  energy. 

Temperature d i s t r i b u t i o n s  i n  t h e  fuel-containment reg ion  were determined 
f o r  f u e l  o p a c i t i e s  equal  t o  h a l f  and twice those  which have been employed i n  
preceding c a l c u l a t i o n s  and f o r  o p a c i t i e s  which were determined from r e c e n t  
t l i eo re - t i ca l  determinat ions of f u e l  i o n i z a t i o n  p o t e n t i a l s .  The f u e l  temperatures  
near  t h e  c e n t e r l i n e  of  t h e  vo r t ex  were found t o  be r e l a t i v e l y  i n s e n s i t i v e  t o  
changes i n  f u e l  opac i ty .  
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UARL 'Report D-910092-6, September 1965. Also i s sued  as NASA CR-68865. 

SUMMARY 

An app l i ed  r e sea rch  program was conducted t o  determine t h e  absorpt ion,  
s c a t t e r i n g ,  and e x t i n c t i o n  parameters of small s p h e r i c a l  metal  p a r t i c l e s  which 
might be employed a s  seeding  agents  t o  c o n t r o l  r a d i a n t  hea t  t r a n s f e r  i n  gaseous 
nuc lea r  rocket  engines.  This  program cons i s t ed  of both experimental  and 
t h e o r e t i c a l  phases.  Under t h e  experimental  phase of t h e  program, measurements 
were made us ing  an  e l l i p s o m e t r i c  technique t o  determine t h e  complex r e f r a c t i v e  
ind ices  of hafnium, molybdenum, n icke l ,  and tungs t en  i n  t h e  wavelength range 
between 0 .2  and 0 .7  microns. Under t h e  t h e o r e t i c a l  phase of t h e  program, ca lcu-  
l a t i o n s  were made us ing  t h e  Mie theo ry  t o  determine s p e c t r a l  absorpt ion,  
s c a t t e r i n g ,  and e x t i n c t i o n  parameters of small s p h e r i c a l  p a r t i c l e s  made from 
nine d i f f e r e n t  meta ls .  These c a l c u l a t i o n s  were made us ing  values of t h e  complex 
r e f r a c t i v e  ind ices  of t h e  f o u r  meta ls  i nves t iga t ed  i n  t h e  experimental  phase of 
t h e  program and t h e  complex r e f r a c t i v e  ind ices  f o r  coba l t ,  i ron ,  t i t an ium,  
vanadium, and zirconium determined from t h e  cu r r en t  l i t e r a t u r e .  Calcu la t ions  
were a l s o  made of t h e  Rosseland mean opac i ty  parameter of 0.05p-radius t ungs t en  
p a r t i c l e s  us ing  s p e c t r a l  absorp t ion  parameters determined from t h e  Mie theory .  
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McLafferty, G. H., H. H,  Michels, T .  S.  Latham, and R .  Roback: Ana ly t i ca l  Study 
of Hydrogen Turbopump Cycles f o r  Advanced Nuclear Rockets. UARL Report 
D-910093-19, September 1965. 

SUMMARY 

An a n a l y t i c a l  s tudy  was conducted t o  determine t h e  c h a r a c t e r i s t i c s  of t h r e e  
d i f f e r e n t  turbopump cyc le s  which might be employed t o  o b t a i n  t h e  h igh  engine 
i n l e t  p re s su re s  which a r e  expected t o  e x i s t  i n  advanced nuclear  rocke t s .  The 
t h r e e  c y c l e s  considered were: a topping cycle ,  i n  which t h e  power r equ i r ed  t o  
d r ive  t h e  pump i s  ob ta ined  by passing a l l  of  t h e  pump-exit flow through a 
t u r b i n e  before  t h i s  flow e n t e r s  t h e  engine; a b leed  cycle ,  i n  which a l l  of t h e  
pump power i s  ob ta ined  by d ischarg ing  a f r a c t i o n  of  t h e  pump-exit f low through a 
b l eed  t u r b i n e  with an  expansion pressure  r a t i o  of  0.01; and a mixed cyc le ,  i n  
which h a l f  o f  t h e  power t o  d r ive  t h e  pump i s  ob ta ined  from a primary t u r b i n e  and 
h a l f  from a b leed  t u r b i n e .  The s t u d i e s  were conducted f o r  a range of t u r b i n e  
i n l e t  temperatures  between 1400 and 3800 R, f o r  a range of  t u r b i n e  i n l e t  
p re s su re s  between 200 and 5000 atm, f o r  pressure  drops between t h e  pump e x i t  and 
t h e  t u r b i n e  i n l e t  of zero and 50 atm, and f o r  t h r e e  d i f f e r e n t  combinations of 
pump and t u r b i n e  e f f i c i e n c y .  The r e s u l t s  of  t h e  s tudy i n d i c a t e  t h e  e f f e c t  of 
engine i n l e t  p ressure  on t h e  t u r b i n e  pressure  drop and/or t h e  b leed  f low 
f r a c t i o n  f o r  each cyc le .  

Three s t u d i e s  not connected wi th  hydrogen turbopumps a r e  descr ibed  i n  t h e  
Appendixes. These a r e :  an a n a l y s i s  of t h e  approximate temperature d i s t r i b u t i o n  
i n  t h e  fuel-containment reg ion  of a coaxia l - f low gaseous nuc lear  rocke t  
(APPENDIX I);  a change i n  form of  heavy-gas containment d a t a  obta ined  from RASA 
Lewis coaxial-f low t e s t s  (APPENDIX 11); and an  a n a l y s i s  of  t h e  hea t  gene ra t ion  
r a t e  i n  f u e l  passing through a f u e l  i n j e c t i o n  duct l oca t ed  i n  t h e  moderator of a 
gaseous nuc lear  rocket  engine (APPENDIX 111 ) . 
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McLafferty, G. H. : A n a l y t i c a l  Study of  t h e  Performance C h a r a c t e r i s t i c s  of 
Vor tex-Stabi l ized  Gaseous Nuclear Rocket Engines. UARL Report D-910093-20, 
september 1965. 

SUMMARY 

An a n a l y t i c a l  s tudy  of t h e  performance c h a r a c t e r i s t i c s  of v o r t e x - s t a b i l i z e d  
gaseous nuc lear  rocke t  engines was conducted t o  provide information f o r  use i n  
t h e  eva lua t ion  of t h e  r e s u l t s  of  vor tex  heavy-gas containment t e s t s .  An engine 
of t h i s  type i s  based on t h e  t r a n s f e r  of energy by thermal  r a d i a t i o n  from 
gaseous nuclear  f u e l  h e l d  i n  a  vo r t ex  t o  seeded p rope l l an t  passing over t h e  
fuel-containment r eg ion .  The s tudy  included a n a l y s i s  of  t h e  e f f e c t  on s p e c i f i c  
impulse and approximate engine weight of  changes i n  t h e  fol lowing:  engine s i z e ,  
c a v i t y  pressure,  engine power l e v e l  (engine thrus t - to-weight  r a t i o ) ,  temperature 
of p rope l l an t  i n j e c t e d  i n t o  t h e  cav i ty ,  f u e l  d e n s i t y  r a t i o  ( r a t i o  of t h e  average 
f u e l  dens i ty  r equ i r ed  f o r  c r i t i c a l i t y  t o  t h e  dens i ty  of  t h e  l i g h t  gas  a t  t h e  
ou t s ide  edge of t h e  fuel-containment reg ion) ,  and t h e  a d d i t i o n  of a space 
r a d i a t o r .  Est imates  were a l s o  made of payloads and d i r e c t  mission c o s t s  which 
would r e s u l t  from use  of some of  t h e  engine conf igu ra t ions  wi th  a Sa turn  S-IC 
launch veh ic l e  f o r  a mission r equ i r ing  a t o t a l  payload v e l o c i t y  50,000 f t / s e c  
g r e a t e r  than  e a r t h  o r b i t a l  v e l o c i t y .  The r e s u l t s  of t h e  c a l c u l a t i o n s  i n d i c a t e  
t h a t  t h e  payload per  Sa turn  S-IC launch us ing  a gaseous nuc lear  rocke t  w i l l  be 
f i v e  t o  t e n  t imes g r e a t e r  than  those  using so l id-core  nuc lear  rocke ts  (and t h e  
d i r e c t  cos t  per  pound of  payload approximately f i v e  t imes l e s s )  i f  f u e l  d e n s i t y  
r a t i o s  of  approximately f i v e  and dimensionless f u e l  time cons tan ts  of approxi- 
mately 0.003 can be a t t a i n e d  i n  t h e  gaseous nuc lear  rocket  a t  ax ia l - f low 
Reynolds numbers of  approximately 5 x 105. 
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Krasce l l a ,  N.  L. : Theore t i ca l  I n v e s t i g a t i o n  of  t h e  Absorptive P rope r t i e s  of  
Small P a r t i c l e s  and Heavy-Atom Gases. UARL Report E-910092-7, September 1965. 
Also i s sued  a s  NASA CR-693. 

SUMMARY 

A t h e o r e t i c a l  i n v e s t i g a t i o n  was conducted t o  determine t h e  s p e c t r a l  and 
mean absorp t ion  c h a r a c t e r i s t i c s  of  s o l i d  and gaseous e lementa l  m a t e r i a l s  which 
might be u t i l i z e d  t o  c o n t r o l  t h e  t r a n s f e r  of  r a d i a n t  energy i n  t h e  p rope l l an t  
r eg ion  of  a gaseous nuc lear  rocke t  engine.  S p e c t r a l  ex t inc t ion ,  abso rp t ion  and 
s c a t t e r i n g  parameters were ca l cu la t ed ,  based on t h e  Mie theory,  f o r  s p h e r i c a l  
molybdenum, niobium, tantalum and cadmium p a r t i c l e s  having r a d i i  of 0.01, 0.05, 
0.10, and 0 . 5 0 ~ .  S imi l a r  c a l c u l a t i o n s  were made f o r  s p h e r i c a l  tungs ten  
p a r t i c l e s  at f i v e  temperatures  between 1600 K (2880 R )  and 2 4 ~ 0  K (4320 R ) .  The 
tungs t en  c a l c u l a t i o n s  were based on a n a l y t i c a l l y  ex t r apo la t ed  r e f r a c t i v e  ind ices  
f o r  wavelengths between 0 . 1  and 3 0 ~  at each temperature.  The Rosseland mean 
absorp t ion  parameter of  s p h e r i c a l  t ungs t en  p a r t i c l e s  having a r ad ius  of 0.05 
was c a l c u l a t e d  f o r  temperatures  between 1000 K (1800 R )  and 5600 K (10,080 R )  . 
I n  add i t i on ,  t h e  s p e c t r a l  absorp t ion  parameters and normal s p e c t r a l  r e f l e c t i -  
v i t i e s  of  bu lk  aluminum, cadmium, carbon, coba l t ,  hafnium, i r idium, i ron,  
molybdenum, niobium, n i cke l ,  palladium, platinum, s i l i c o n ,  tantalum, tha l l ium,  
t i t an ium,  tungsten,  vanadium, and zirconium were c a l c u l a t e d .  The bulk 
abso rp t ion  parameters apply t o  seeds i n  t h e  form of t h i n  p l a t e s  and a r e  
g e n e r a l l y  h igher  t han  those  f o r  seeds i n  t h e  form of  s p h e r i c a l  p a r t i c l e s .  
Average r e f l e c t i v i t i e s  f o r  normally inc iden t  r ad i a t ion ,  determined by weighting 
t h e  normal s p e c t r a l  r e f l e c t i v i t i e s  wi th  r e spec t  t o  t h e  black-body r a d i a t i o n  
func t ion ,  were computed f o r  aluminum, copper, gold, n icke l ,  s i l v e r  and tungs ten .  

The s p e c t r a l  absorp t ion  c o e f f i c i e n t s  and Rosseland mean opac i ty  of gaseous 
tungs t en  were re -eva lua ted  us ing  t h e  UARL heavy-atom model wi th  a modified 
o s c i l l a t o r  s t r e n g t h  d i s t r i b u t i o n  func t ion .  Addi t iona l  average l o c a l  l i n e  
spacing and l o c a l  l i n e  i n t e n s i t i e s  f o r  m a t e r i a l s  which might be used as gaseous 
seed  agents  were c a l c u l a t e d .  These m a t e r i a l s  included n e u t r a l  i ron ,  s i l i c o n ,  
uranium, and vanadium as we l l  as s i n g l y  ion ized  niobium, tungsten,  and vanadium. 
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Kinney, R .  B. : T h e o r e t i c a l  Ef fec t  of Seed Opacity and Turbulence on Temperature 
D i s t r ibu t ions  i n  t h e  P rope l l an t  Region of  a Vor tex-Stabi l ized  Gaseous Nuclear 
~ o c k e t  . UARL Report E-910092-8, September 1966, Also i ssued  a s  NASA CR-694. 

SUMMARY 

A t h e o r e t i c a l  i n v e s t i g a t i o n  sms conducted t o  determine t h e  e f f e c t  on t h e  
temperature and r a d i a n t  hea t  t r a n s f e r  d i s t r i b u t i o n s  i n  t h e  propel lan t  r eg ion  o f  
a v o r t e x - s t a b i l i z e d  gaseous nuc lear  rocke t  which r e s u l t  from: t h e  use of newly 
def ined  opac i ty  c h a r a c t e r i s t i c s  of s o l i d  and vaporized tungs t en  seed; and t h e  
in t roduc t ion  of tu rbulence  i n  t h e  reg ion  ad jacent  t o  t h e  pe r iphe ra l  w a l l .  I n  
determining t h e  e f f e c t  of  tu rbulence  l e v e l  on t h e  temperature d i s t r i b u t i o n ,  
va lues  of  t rubulence  l e v e l  were used which bracket  t h a t  which i s  expected i n  a 
s p e c i f i c  v o r t e x - s t a b i l i z e d  gaseous nuc lear  rocke t  engine conf igu ra t ion  under 
s tudy  at t h e  Research Labora tor ies .  The turbulence  c a l c u l a t i o n s  include 
allowance f o r  t h e  s t a b i l i z i n g  e f f e c t  of  r a d i a l  temperature g rad ien t s  and r a d i a l  
c i r c u l a t i o n  g r a d i e n t s  on t h e  b a s i s  of hypotheses by G. I. Taylor and L. P r a n d t l  
concerning t h e  e f f e c t  of  Richardson number on turbulence .  
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Kesten, A. S. and N .  L. Krascel la :  Theore t ica l  Inves t iga t ion  of Radiant Heat 
Transfer  i n  the  Fuel  Region of a  Gaseous Nuclear Rocket Engine. UARL Report 
E-910092-9, September 1966. Also i ssued a s  NASA CR-695. 

SUMMARY 

A s e r i e s  of ca l cu la t ions  were made t o  determine temperature d i s t r i b u t i o n s  
i n  t h e  fuel-containment region of gaseous nuclear  rocket engines which a r e  based 
on t h e  t r a n s f e r  of energy by thermal  r a d i a t i o n  from the  f u e l  t o  the  p rope l l an t .  
Temperature d i s t r i b u t i o n s  were determined f o r  two s e t s  of f u e l  opac i t i e s ;  t h e  
o p a c i t i e s  i n  each of these  s e t s  were ca lcu la t ed  from an a n a l y t i c a l  heavy-atom 
model using two recent  t h e o r e t i c a l  es t imates  of f u e l  ion iza t ion  p o t e n t i a l s .  The 
temperatures near  t h e  c e n t e r l i n e  of t h e  fuel-containment region  were found t o  be 
high and r e l a t i v e l y  i n s e n s i t i v e  t o  changes i n  f u e l  opaci ty .  
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McLafferty, G. H., H. E. Bauer and D. E. Sheldon: Prel iminary Conceptual Design 
Study of  a  Spec i f ic -Vor tex-Stabi l ized  Gaseous Nuclear Rocket Engine. UARL 
Report E-910093-29, September 1966. Also i s sued  as NASA CR-698. 

SUMMARY 

A s tudy  of a s p e c i f i c  gaseous nuc lear  rocke t  engine conf igu ra t ion  w a s  made 
t o  determine t h e  approximate weight o f  t h e  primary components of t h e  engine and 
t o  determine t h e  dimensions necessary f o r  t h e  de te rmina t ion  of t h e  c r i t i c a l  mass 
of nuc lear  f u e l  r equ i r ed .  The v o r t e x - s t a b i l i z e d  engine concept considered is  
based on t h e  t r a n s f e r  of  hea t  by thermal  r a d i a t i o n  from gaseous nuc lear  f u e l  
suspended i n  a vo r t ex  t o  seeded p rope l l an t  pass ing  a x i a l l y  over  t h e  fue l -conta in-  
ment reg ion .  The conf igu ra t ion  employed i n  t h e  s tudy  i s  assumed t o  have bo th  a 
c a v i t y  diameter and c a v i t y  l eng th  of 6 f t  and a  moderator composed of  success ive  
l a y e r s  of beryl l ium, beryl l ium oxide, g raph i t e ,  and heavy water ,  The energy 
depos i ted  i n  t h e  moderator i s  assumed t o  be removed by a  helium coolant  and 
t r a n s f e r r e d  through e x t e r n a l  hea t  exchangers t o  t h e  p rope l l an t .  The engine i s  
es t imated  t o  have t h e  fol lowing c h a r a c t e r i s t i c s :  s p e c i f i c  impulse, 2186 sec;  

6 t h r u s t ,  1 .45  x 1 0  lb ;  and weight of major components, between 113,000 and 
211,000 l b .  The a n a l y s i s  of  t h e  engine conf igu ra t ion  covered only design-point  
opera t  ion .  

The appendixes t o  t h e  r epo r t  include r e s u l t s  of s t u d i e s  of  t h e  fol lowing:  
t h e  approximate cond i t i ons  i n  t h e  engine during t h e  s t a r t - u p  process; t h e  e f f e c t  
of changes i n  c r i t i c a l  mass and average c a v i t y  propel lan t  en tha lpy  on engine 
c h a r a c t e r i s t i c s ;  and a c r i t e r i a  f o r  laminar-flow i n s t a b i l i t y  i n  t h e  s p i r a l - h o l e  
conf igura t ion  employed f o r  cool ing  t h e  moderator. 
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E-910093- 30, September 1966. Also i s sued  a s  NASA CR-696. 

Theore t i ca l  performance parameters f o r  rocke t  engines u t i l i z i n g  normal 
gaseous hydrogen i n  t h e  i d e a l  s t a t e  were c a l c u l a t e d  us ing  two d i f f e r e n t  assump- 
t i o n s :  f i r s t ,  t h a t  t h e  chemical composition remained i n  equi l ibr ium dur ing  t h e  
i s e n t r o p i c  expansion through t h e  engine exhaust  nozzle; and, second, t h a t  t h e  
chemical  composition remained f i x e d  ( f r o z e n )  during t h e  expansion. Data a r e  
presented  f o r  s t a g n a t i o n  temperatures  ranging from 5000 t o  200,000 R, s t a g n a t i o n  
p re s su res  ranging from 1 t o  2000 a t m ,  and r a t i o s  of exhaust pressure  t o  s tagna-  
t i o n  pressure  ranging from 1 t o  10-7. The fol lowing performance parameters were 
c a l c u l a t e d  a s  a f u n c t i o n  of  t h e  r a t i o  of  nozzle exhaust pressure  t o  s t a g n a t i o n  
pressure :  temperature,  enthalpy,  entropy, molecular weight, dens i ty ,  v e l o c i t y ,  
Mach number, s p e c i f i c  impulse and r a t i o  of  nozz le-ex i t  a r e a  t o  t h r o a t  a r e a .  
Also c a l c u l a t e d  were s e v e r a l  o t h e r  p r o p e r t i e s  of t h e  gaseous mixture at t h e  
t h r o a t  of  t h e  nozzle,  such as t h e  weight flow per  u n i t  a r e a  and a t h r o a t  f low 
parameter def ined a s  t h e  product of t h e  weight f low per  u n i t  a r e a  a t  t h e  t h r o a t  
and t h e  square r o o t  o f  t h e  s t agna t ion  temperature d iv ided  by t h e  s t agna t ion  
pressure ,  ( W  A* P ~ ) .  
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Latham, T.  S . :  Nuclear C r i t i c a l i t y  Study of a Spec i f i c  Vor tex-Stabi l ized  Gaseous 
Nuclear Rocket Engine. UARL Report E-910375-1, September 1966. Also i s sued  a s  
NASA ' CR- 697. 

SUMMARY 

An a n a l y t i c a l  s tudy  was conducted us ing  one- and two-dimensional d i f f u s i o n  
theory  t o  determine t h e  c r i t i c a l  mass requirements of a s p e c i f i c  re ference  
v o r t e x - s t a b i l i z e d  gaseous nuc lear  rocket  engine conf igu ra t ion  having a c a v i t y  
l eng th  and diameter equa l  t o  6 f t ,  a c a v i t y  l i n e r  composed of tubes  made from 
W-184, and a surrounding moderator reg ion  made of  successive l a y e r s  of  beryl l ium, 
bery l l ium oxide, g raph i t e ,  and heavy water .  The c a l c u l a t i o n s  made allowance f o r  
t h e  fol lowing:  an annular  passa,ge leading  from t h e  c a v i t y  t o  t h e  exhaust 
nozzles,  a f u e l - i n j e c t i o n  duct  passing through t h e  moderator, voids and W-184 
s t r u c t u r e  i n  t h e  moderator, a r a d i a l  d i s t r i b u t i o n  of hydrogen temperature i n  t h e  
cav i ty ,  and a r a d i a l  f u e l  dens i ty  d i s t r i b u t i o n .  I n  add i t i on ,  t h e  moderator was 
considered t o  be surrounded by l a y e r s  of n a t u r a l  tungs ten  and i r o n  t o  s imula te  
t h e  e x t e r n a l  p ip ing  and pressure  v e s s e l .  

The r e s u l t s  of  t h e  c a l c u l a t i o n s  i n d i c a t e  t h a t  a c r i t i c a l  mass of  50 .1  l b  of 
U-233 f u e l  would be r equ i r ed  f o r  t h e  r e f e rence  engine design used i n  t h e  p re sen t  
s tudy .  This mass could  be reduced by a decrease i n  t h e  volume of t h e  nozzle- 
approach annulus, a n  increase  i n  re f lec tor -modera tor  mass, o r  a reduct ion  i n  t h e  
volume of  neutron-absorbing s t r u c t u r e  w i th in  t h e  c a v i t y  l i n e r  and r e f l e c t o r -  
moderator.  For ins tance ,  one-dimensional c a l c u l a t i o n s  i n d i c a t e  t h a t  t h e  c r i t i c a l  
mass could be reduced by approximately 40% by s u b s t i t u t i o n  of beryl l ium w a l l  
l i n e r  t ubes  covered wi th  niobium-carbide-coated g raph i t e  s l eeves  f o r  t h e  W-184 
w a l l  l i n e r  tubes  assumed i n  t he  s tudy .  

One-dimensional c a l c u l a t i o n s  were performed t o  genera te  4-group c ros s  
s e c t  ions  f o r  subsequent two-dimensional c a l c u l a t i o n s  and a l s o  t o  provide i n f o r -  
mation on t r e n d s  i n  c r i t i c a l  mass v a r i a t i o n  with v a r i a t i o n s  i n  moderator v o i d  
f r a c t i o n s ,  s t r u c t u r e  f r a c t i o n s ,  dimension of  var ious  regions,  and s e l e c t  i o n  of 
nuc lear  f u e l .  The two-dimensional c a l c u l a t i o n s  provide c r i t i c a l  mass e s t ima te s  
f o r  con f igu ra t ions  wi th  and without exhaust nozzles  and f u e l - i n j e c t i o n  duct ,  and 
with d i f f e r e n t  amounts of s t r u c t u r e  w i th in  t h e  exhaust nozzle reg ion .  
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SUMMARY 

Experiments were conducted us ing  a water vo r t ex  t o  i n v e s t i g a t e  t h e  condi- 
t i o n s  under which turbulence  e x i s t s  i n  rad ia l -out f low vor texes  wi th  and without  
superimposed a x i a l  flow. The vo r t ex  t e s t  appara tus  used had a 10- in . -d ia  by 
30-in.-long r o t a t i n g  porous p e r i p h e r a l  w a l l ,  a  1 .0 - in . -d i a  r o t a t i n g  inne r  porous 
tube  loca t ed  on t h e  c e n t e r l i n e ,  and end walls t h a t  could be r o t a t e d  wi th  t h e  
p e r i p h e r a l  w a l l  o r  h e l d  s t a t i o n a r y .  I n  t h e  t e s t s  without superimposed a x i a l  
f low (bas i c  vo r t ex  conf igura t ion) ,  p l a i n  end walls were used. Flow was i n j e c t e d  
through t h e  inne r  porous tube,  flowed r a d i a l l y  outward, and was withdrawn 
through t h e  r o t a t i n g  porous p e r i p h e r a l  w a l l .  I n  t h e  t e s t s  wi th  superimposed 
a x i a l  flow (ax ia l - f low vor t ex  conf igu ra t ion ) ,  one p l a i n  end w a l l  and one end 
wall wi th  a 314-in.-wide annulus near  i t s  o u t e r  edge were used. Flow w a s  with-  
drawn through t h e  annulus and was i n j e c t e d  e i t h e r  ( 1 )  only through t h e  i n n e r  
porous tube,  ( 2 )  through both  t h e  inner  porous tube  and t h e  r o t a t i n g  porous 
p e r i p h e r a l  wal l ,  o r  ( 3 )  only through t h e  r o t a t i n g  porous p e r i p h e r a l  w a l l .  

The c h a r a c t e r i s t i c s  of t h e  flow were determined from observa t ions  and 
microflash photographs of  dye p a t t e r n s  f o r  d i f f e r e n t  combinations of t h e  f low 
condi t ions  (va lues  of  t a n g e n t i a l ,  r a d i a l  and ax ia l - f low Reynolds numbers) and 
t h e  per iphera l -wal l ,  inner-porous-tube and end-wall r o t a t i o n  speeds. Tangen t i a l  
v e l o c i t y  p r o f i l e s  were measured f o r  some bas ic -vor tex  flow condi t ions  by means 
of a  photographic p a r t i c l e - t r a c e  method us ing  small ,  n e u t r a l l y  buoyant 
polystyrene spheres .  Summary p l o t s  i n d i c a t i n g  c r i t e r i a  f o r  t h e  f low cond i t i ons  
t h a t  l e a d  t o  laminar,  a l t e r n a t i n g  laminar  and tu rbu len t ,  and t u r b u l e n t  f low 
p a t t e r n s  were cons t ruc t ed  f o r  bo th  vo r t ex  conf igu ra t ions .  

The r e s u l t s  of  t h e  t e s t s  i n d i c a t e  t h a t  rad ia l -out f low vor texes  a r e  
gene ra l ly  c h a r a c t e r i z e d  by turbulence  wi th  l a r g e  eddies  t h a t  convect f l u i d  from 
t h e  c e n t r a l  r eg ion  of t h e  vo r t ex  t o  near  t h e  p e r i p h e r a l  w a l l .  These f low 
p a t t e r n s  e x i s t  f o r  bo th  bas i c  and ax ia l - f low vor tex  conf igura t ions  and f o r  wide 
ranges of t h e  f low cond i t i ons .  Laminar flow was encountered only wi th  low r a t e s  
of r a d i a l  outf low and low superimposed a x i a l  v e l o c i t i e s .  Rota t ion  of  t h e  end 
walls had a s i g n i f i c a n t  e f f e c t  on t h e  f low p a t t e r n s  i n  t h e  bas i c  vo r t ex  conf ig-  
u r a t i o n  f o r  a l i m i t e d  range of t h e  f low condi t ions ;  r o t a t i o n  of t h e  inner  porous 
tube  had no s i g n i f i c a n t  e f f e c t .  Rota t ion  of t h e  inner  porous tube  and end w a l l s  
had no s i g n i f i c a n t  e f f e c t  on t h e  flow p a t t e r n s  i n  t h e  ax ia l - f low vor t ex  conf ig-  
urah i o n ,  
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Exploratory f l u i d  mechanics experiments were performed t o  ob ta in  information 
app l i cab le  t o  an  open-cycle, vo r t ex - s t ab i l i zed ,  gaseous-core nuc lear  rocke t .  The 
containment c h a r a c t e r i s t i c s  of  confined rad ia l -out f low vor texes  wi th  superimposed 
a x i a l  flow were s t u d i e d  t o  determine whether h igh  average s imula ted- fue l  dens i -  
t i e s  and high r a t i o s  of s imula ted  p rope l l an t - to - fue l  flow r a t e s  could  be obta ined .  
The experiments concent ra ted  on two f a c t o r s  t h a t  in f luence  s imula ted- fue l  
containment : (1) simulated-propel lant  i n j e c t i o n  methods i n  which t h e  f low is 
i n j e c t e d  from t h e  p e r i p h e r a l  w a l l  o f  an  ax ia l - f low vor tex  tube with both a x i a l  
and t a n g e n t i a l  ( c i r c u m f e r e n t i a l )  components of  ve loc i ty ,  and ( 2 )  s imula ted- fue l  
i n j e c t i o n  methods. The experiments were performed i n  10- in . -d ia  by 30-in.-long 
vor tex  tubes .  Simulated p rope l l an t  was i n j e c t e d  a t  t h e  p e r i p h e r a l  w a l l  through 
600 d i r e c t e d  w a l l  j e t s  t h a t  could  be ad jus t ed  t o  any i n j e c t i o n  flow angle between 
t h e  t a n g e n t i a l  and a x i a l  d i r e c t i o n s .  

Flow v i s u a l i z a t i o n  t e s t s  were performed us ing  water wi th  dye as a t r a c e  
f l u i d .  The dye p a t t e r n s  showed t h a t  l a rge - sca l e  t u rbu len t  mixing occurred be- 
tween t h e  c e n t r a l  reg ion  and t h e  pe r iphe ra l -wa l l  reg ion  when t h e  s imulated f u e l  
was i n j e c t e d  from ducts  a t  t h e  c e n t e r s  of  both end wal l s  ( r a d i a l  ou t f low) .  
Veloci ty measurements were made us ing  a i r  a s  t h e  working f l u i d .  These measure- 
ments i nd ica t ed  t h a t  i n j e c t  ion  a t  t h e  p e r i p h e r a l  w a l l  wi th  both a x i a l  and 
t a n g e n t i a l  components of v e l o c i t y  w i l l  s u b s t a n t i a l l y  decrease t h e  average a x i a l  
v e l o c i t i e s  i n  t h e  c e n t r a l  reg ion  and w i l l  c r e a t e  a  l a r g e r  volume wi th in  t h e  
vo r t ex  t h a t  i s  p o t e n t i a l l y  a v a i l a b l e  f o r  containment of f u e l .  Containment t e s t s  
t o  determine t h e  average dwell  t ime of  s imulated f u e l  i n  t h e  vo r t ex  tube were 
performed us ing  a  heavy gas t o  s imulate  f u e l  and a l i g h t  gas t o  s imulate  propel-  
l a n t .  Compared wi th  t h e  containment t imes  measured wi th  no a x i a l  component of  
i n j e c t i o n  ve loc i ty ,  improvements i n  containment t ime of as much a s  a f a c t o r  of 
three-and-one-half were obta ined  i n  t h i s  i n v e s t i g a t i o n  us ing  i n j e c t i o n  wi th  both 
a x i a l  and t a n g e n t i a l  components of  v e l o c i t y .  The improvements t h a t  can be 
obta ined  us ing  d i f f e r e n t  f u e l  i n j e c t i o n  methods a r e  smal le r .  However, t h e  
maximum containment t imes t h a t  were measured were approximately one t o  two o rde r s  
of magnitude l e s s  t han  t h e  value now es t imated  t o  be r equ i r ed  f o r  an  economically 
p r a c t i c a l ,  open-cycle, gaseous-core nuc lear  rocke t .  
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SUMMARY 

An experimental  i n v e s t i g a t i o n  was conducted t o  determine t h e  heavy-gas 
containment c h a r a c t e r i s t i c s  of rad ia l -out f low vor texes  f o r  p o t e n t i a l  a p p l i c a t i o n  
t o  a vo r t ex - s t ab i l i zed ,  open-cycle gaseous nuc lear  rocke t  engine. Tes t s  were 
conducted i n  a constant- temperature vo r t ex  wi th  Reynolds numbers based on t h e  
superimposed a x i a l  f low up t o  t hose  expected i n  a f u l l - s c a l e  engine. A i r  was 
employed t o  s imulate  t h e  seeded hydrogen p rope l l an t  and a heavy f luorocarbon was 
used i n  most t e s t s  t o  s imulate  t h e  gaseous nuc lear  f u e l .  The e f f e c t s  on heavy- 
gas  containment of  changes i n  t h e  vor tex  tube length-to-diameter  r a t i o ,  t h e  
l i g h t - g a s  i n j e c t i o n  geometry and area ,  t h e  r a t i o  of average heavy-gas d e n s i t y  t o  
l i g h t - g a s  dens i ty ,  and t h e  dens i ty  of t h e  heavy gas a t  i n j e c t i o n  were s t u d i e d .  

The heavy-gas containment parameters ob ta ined  were one t o  two o r d e r  o f  
magnitude l e s s  t han  a r e  p r e s e n t l y  es t imated  t o  be r equ i r ed  f o r  an economically 
p r a c t i c a l  open-c y c l e  engine.  The containment parameters v a r i e d  s i g n i f i c a n t l y  
only wi th  vo r t ex  tube  length-to-diameter  r a t i o  and t h e  r a t i o  of  average heavy- 
gas  d e n s i t y  t o  l i g h t - g a s  dens i ty .  The r e s u l t s  of  some t e s t s  us ing  helium 
i n j e c t e d  near  t h e  c e n t e r l i n e  of t h e  vo r t ex  ind ica t ed  t h a t  t h e  presence of  a 
l i g h t  gas  i n  t h e  c e n t r a l  reg ion  of  t h e  vo r t ex  has a s i g n i f i c a n t  favorable  e f f e c t  
on containment c h a r a c t e r i s t i c s ;  t hese  r e s u l t s  have p o t e n t i a l  a p p l i c a t i o n  t o  t h e  
nuc lear  l i g h t  bu lb  engine.  
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SUMMARY 

An extens ive  experimental  and a n a l y t i c a l  i n v e s t i g a t i o n  of  t h e  cha rac t e r -  
i s t i c s  of  vo r t ex  flows was conducted t o  o b t a i n  information r equ i r ed  f o r  
eva lua t ing  t h e  f e a s i b i l i t y  of  two v o r t e x - s t a b i l i z e d  gaseous nuc lear  rocke t  
engine concepts ,  While most of t h e  f l u i d  mechanics r e sea rch  w a s  d i r e c t e d  toward 
t h e  v o r t e x - s t a b i l i z e d  open-cycle concept, t h e  r e s u l t s  a r e  a l s o  app l i cab le  t o  t h e  
closed-cycle  nuc lear  l i g h t  bulb concept.  Both of t h e s e  concepts a r e  based on 
t h e  t r a n s f e r  of  energy by thermal  r a d i a t i o n  from gaseous nuc lear  f u e l  conta ined  
i n  a vo r t ex  t o  seeded hydrogen p rope l l an t .  I n  t h e  open-cycle engine, p rope l l an t  
i s  i n j e c t e d  at t h e  p e r i p h e r a l  w a l l  o f  t h e  c a v i t y  t o  d r i v e  t h e  vo r t ex  and t h e n  
s p i r a l s  a x i a l l y  around t h e  fuel-containment reg ion  toward t h e  exhaust nozzle .  
Nuclear f u e l  i s  i n j e c t e d  i n t o  t h e  c e n t r a l  reg ion  of  t h e  c a v i t y  where it is  
conta ined  f o r  a pe r iod  of  t ime by t h e  vo r t ex  f low f i e l d .  I n  t h e  nuc lear  l i g h t  
bu lb  engine, t h e  p rope l l an t  and vo r t ex  regions a r e  s epa ra t ed  by an  i n t e r n a l l y  
cooled t r anspa ren t  w a l l .  Neon c o l l a n t  i s  i n j e c t e d  tangent  t o  t h e  inne r  su r f ace  
of t h e  t r anspa ren t  w a l l  t o  d r ive  t h e  vor tex  and t o  provide a b u f f e r  reg ion  t o  
i s o l a t e  t h e  gaseous nuc lear  f u e l  from t h e  t r anspa ren t  w a l l .  The purpose o f  t h i s  
r epo r t  i s  t o  summarize t h e  p r i n c i p a l  r e s u l t s  of  t h e  f l u i d  mechanics i nves t iga -  
t i o n  and t o  i n t e r p r e t  them i n  terms of t h e  requirements of  t h e s e  two engines .  

Containment t e s t s  were conducted us ing  gases  having d i f f e r e n t  molecular  
weights t o  s imulate  t h e  gaseous nuc lear  f u e l  and e i t h e r  t h e  p rope l l an t  o r  t h e  
neon coo lan t .  I n  addi t ion ,  flow v i s u a l i z a t i o n  t e s t s  were conducted and flow- 
f i e l d  v e l o c i t y  measurements were made us ing  water and a i r  vor texes  t o  o b t a i n  
fundamental information on vo r t ex  flow p a t t e r n s .  The p r i n c i p a l  geometr ica l  
parameters i nves t iga t ed  i n  t h e  program were ( 1 )  t h e  length-to-diameter  rat .  i o  of 
t h e  vo r t ex  tube, ( 2 )  t h e  geometry of t h e  system used t o  i n j e c t  l i g h t  gas  a t  t h e  
p e r i p h e r a l  w a l l ,  ( 3 )  t h e  geometry of t he  system used t o  i n j e c t  heavy gas,  ( 4 )  
t he  l o c a t i o n s  and s i z e s  of t h e  p o r t s  f o r  removing flow ( a n  annulus a t  the  o u t e r  
edge of one end vall, p o r t s  at t h e  c e n t e r s  of  t h e  end walls, and p o r t s  at t h e  
p e r i p h e r a l  w a l l ) ,  and ( 5 )  end-wall  boundary l a y e r  c o n t r o l .  The f low cond i t i ons  
t e s t e d  included Reynolds numbers up t o  those  es t imated  t o  be r equ i r ed  f o r  f u l l -  
s c a l e  engines.  
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SUMMARY 

Experiments were conducted i n  water vortex tubes t o  determine t he  e f f ec t s  of 
peripheral-wall in jec t ion  area  and a x i a l  bypass on t he  flow pat tern  and locat ion 
of t he  r ad i a l  stagnation surface i n  radial-inflow vortexes. The par t i cu la r  type 
of flow pat tern  investigated contains a cen t ra l  c e l l  region which i s  bounded on 
t he  outside by a r ad i a l  stagnation surface which appears t o  be laminar. A t  t he  
radius of t h e  r ad i a l  stagnation surface,  a l l  r ad i a l  flow passes through the  end 
w a l l  boundary layers .  The flow i n  t h e  vortex i s  laminar f o r  r a d i i  l e s s  than t h a t  
of the  r ad i a l  stagnation surface and i s  turbulent  a t  l a rger  r a d i i .  

Two 10-in.-dia by 30-in.-long l u c i t e  vortex tubes were used: a je t - in ject ion 
vortex tube and a rotating-peripheral-wall vortex tube. I n  t e s t s  with the  je t - in jec-  
t i o n  vortex tube, flow was in jected through the  peripheral-wall and was removed (1) 
through two ax i a l  bypass exhaust annuli  (a 118-in. -wide annulus was located a t  the  
outer edge of each end w a l l )  and two 1.0-in.-dia thru-flow ports  located a t  the  
centers of t he  end walls, or ( 2 )  through only the  thru-flow ports. This vortex 
tube was t e s t ed  with d i f fe ren t  peripheral-wall in ject ion areas. I n  t e s t s  with the  
rotating-peripheral-wall vortex tube where there  was no provision f o r  a x i a l  bypass, 
the  flow w a s  in jec ted  through the  ro ta t ing  peripheral  wall and was withdrawn through 
t h e  thru-flow por ts .  

Tests were conducted with d i f fe ren t  combinations of tangent ia l  in jec t ion  and 
r ad i a l  Reynolds numbers, d i f fe ren t  amounts of bypass flow, and d i f fe ren t  peripheral-  
w a l l  i n jec t ion  areas.  The charac te r i s t i cs  of t he  flow and the  radius of t he  r ad i a l  
stagnation surface were determined from observations and photographs of dye pat terns .  
The resu l t s  of t he  experiments were compared with the  r e su l t s  of a previous theore t i -  
c a l  invest igat ion of confined vortex flows. 
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Kendall, J. S.: Experimental Inves t igat ion of Heavy-Gas Containment i n  Constant- 
Temperature Radial-Inflow Vortexes. UARL Report F-910091-15, September 1967. 
Also issued a s  NASA CR-1029. 

SUMMARY 

An experimental inves t iga t ion  was conducted t o  determine t h e  containment 
c h a r a c t e r i s t i c s  of radial- inflow vortexes f o r  p o t e n t i a l  appl ica t ion t o  a vortex- 
s t a b i l i z e d  nuclear l i g h t  bulb engine. This engine concept i s  based on the  t r a n s -  
f e r  of energy by thermal r ad ia t ion  from gaseous nuclear f u e l  contained i n  a vor tex  
through an i n t e r n a l l y  cooled t ransparent  wal l  t o  seeded hydrogen propellant .  A 
t ransparent  buffer  gas would be in jec ted  a t  t h e  inner surface of t h e  t ransparent  
wall t o  dr ive  the  vor tex  and t o  i s o l a t e  t h e  wal l  f r o m t h e  f u e l  and f i s s i o n  products. 

Tests  were conducted using 10-in.-dia by 30-in.-long vortex tubes.  A i r  used 
t o  simulate the  buffer  gas was in jec ted  through por ts  i n  the  per iphera l  walls  of t h e  
vortex tubes. Iodine mixed with one of four other gases (helium, ni trogen,  s u l f u r  
hexafluoride or  a heavy fluorocarbon, FC-77) was used t o  simulate t h e  gaseous nuclear 
f u e l .  The simulated f u e l  was in jec ted  a t  severa l  d i f f e r e n t  locat ions :  at one end 
w a l l  without s w i r l  through 10 small tubes; a t  one end wall  with s w i r l  through 10 
wall j e t s ;  or  r a d i a l l y  inward from t h e  per iphera l  w a l l  through 12 small tubes a-t 
t h e  a x i a l  mid-plane of t h e  vortex tube. Flow was removedthrough 1.0-in.-dia thru-  
flow por ts  a t  the  center  of one or  both end walls. Flow a l s o  w a s  removed through 
118-in.-wide annuli  a t  t h e  outer  edges of both end walls  ( a x i a l  bypass) o r  through 
por t s  a t  t h e  per iphera l  w a l l  (per iphera l  bypass). The amount and r a d i a l  d i s t r i b u t i o n  
of simulated f u e l  contained i n  t h e  vortex were determined using an a x i a l  l i g h t  beam 
absorption technique. 

The e f f e c t s  on containment of changes i n  t h e  following were inves t igated:  (1) 
t h e  geometry of t h e  simulated-fuel in jec t ion  configurat ions,  ( 2 )  t h e  number of t h r u -  
flow p o r t s  used, (3)  t h e  r a d i a l  Reynolds number ( a  measure of t h e  amount of flow 
withdrawn through the  thru-flow por t s )  and t h e  corresponding amount of bypass flow, 
and (4) t h e  molecular weight of t h e  simulated f u e l .  
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Douglas, F, C . ,  R e  Gagosz, and M, A. BCrescente: Optical  Absorption i n  Transparent 
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September 1967. Also issued a s  XASA CR-1031. 

SUMMARY 

An experimental invest igat ion was conducted t o  determine t he  op t ica l  absorption 
leve l s  induced i n  fused s i l i c a  as  a r e s u l t  of exposure t o  nuclear reactor i r r ad i a t i on  
over a range of f a s t  neutron fluxes,  f a s t  neutron doses, and reactor  temperatures. 
Also included i n  t h e  invest igat ion were a l imited number of specimens made from 
alumina, hot-pressed be ry l l i a ,  and s ing le  c ry s t a l  be ry l l i a .  Measurements of t he  
u l t r av io l e t  transmittance spectrum were made pr io r  t o  the  reactor  i r r ad i a t i on ,  a f t e r  
t he  reactor  i r rad ia t ion ,  and a f t e r  a s e r i e s  of cobalt-60 gamma i r rad ia t ions .  Measure- 
ments were a l s o  made during and a f t e r  heat  treatments a t  elevated temperatures. The 
induced absorption coeff ic ients  were determined from these measurements a t  the  centers  
of absorption bands located a t  0.215 and 0.163 microns. 
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Gagosz, R., J. Waters, F. C. Douglas, and M. A. BCrescente: Optical  Absorption i n  
Fused 'S i l i ca  During TRIGA Reactor Pulse I r rad ia t ions .  UARL Report F-910485-1, 
September 1967, Also issued a s  NASA CR-1032. 

SUMMARY 

An experimental invest igat ion was conducted t o  determine the  spec t ra l  t r a n s -  
mission charac te r i s t i cs  of fused s i l i c a  before, during and a f t e r  exposure t o  reactor  
i r r ad i a t i on  pulses. The t r a n s ~ i s s i o n  measurements were ca r r ied  out a t  th ree  wave- 
lengths (0.215, 0.625 and 1.0 microns) and a t  a range of temperatures from ambient 
t o  900 C. Corning 7940 fused s i l i c a  specimens i n  a corner cube configuration were 
mounted next t o  t he  reactor  core face of t he  University of I l l i n o i s '  TRIGA Mark I1 
reactor.  Peak neutron and gamma fluxes obtained from t h i s  reactor  were approxi- 
mately 5.4 x 1016 n/cm2-sec and 6 ,1  x lo7 ~ / s e c ,  respectively. Neutron and gamma 
doses associated with these  pulses were 2.3 x 1014 n/cm2 and 2.6 x lo6 R, respec- 
t ive ly .  The e f fec t ive  time of the  pulse obtained by dividing t h e  t o t a l  dose by the  
peak f l ux  was approximately 0.043 see. The transmission measurements were made 
immediately before, during and a f t e r  the  reactor  pulses t o  monitor both the  c r e -  
a t ion  of i r rad ia t ion  induced and t he  decay of the  induced absorption 
a f t e r  t h e  pulse. 
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Latham, T. S.: Nuclear C r i t i c a l i t y  Studies of Specific Nuclear Light Bulb and Open- 
Cycle'Gaseous Nuclear Rocket Engines. UARZ Report F-910375-2, September 1967. 

SUMMARY 

Analytical  s tud ies  were conducted t o  determine t he  U-233 c r i t i c a l  mass require-  
ments f o r  two spec i f ic  vortex-stabil ized gaseous nuclear rocket engines: a nuclear 
l i g h t  bulb engine and an open-cycle engine. The spec i f ic  open-cycle engine employs 
a s ingle  cy l indr ica l  cavi ty  having both a length and a dia.meter of 6 f t .  The speci-  
f i c  nuclear l i g h t  bulb engine employs seven separate cav i t i es ,  each having a length 
of 6 f t ;  t he  t o t a l  volume of a l l  seven cav i t i e s  approximately equals t he  volume of 
t he  s ing le  cavi ty  of t he  open-cycle engine. The nuclear l i g h t  bulb engine employs 
beryllium oxide between t he  un i t  cav i t i es ,  layers of beryllium oxide and graphite 
surrounding t he  assembly of seven un i t  c av i t i e s ,  a r e l a t i ve ly  large  amount of 
neutron-absorbing s t ruc tu r a l  material  i n  the  end walls ,  seven separate exhaust 
nozzles, f ue l  and propellant  in jec t ion  ducts, and hot  gases i n  t he  propellant  and 
f u e l  regions. The open-cycle engine employs layers of beryllium oxide, graphite,  
and heavy water surrounding the  cavity;  various s t ruc tu r a l  materials; an annular 
exhaust nozzle; f ue l  and propellant in jec t ion  ducts; and hot gases i n  the  propellant  
and fue l  regions. 

Studies were a l s o  made t o  determine t h e  e f f ec t  on c r i t i c a l i t y  of various 
modifications t o  a reference configuration f o r  each of the  spec i f ic  engines. For 
t h e  nuclear l i g h t  bulb engine, these  included addit ion of impurities t o  t h e  moderator 
materials ,  changes i n  the  end-wall portions of the  moderator, and changes i n  material  
and gas temperatures. For t he  open-cycle engine, these  included changes i n . t h e  
nozzle-approach configuration, changes i n  the  cavity l i n e r  materials ,  elimination 
of heavy water from t h e  reflector-moderator, and subst i tu t ion cf hydrogen f o r  helium 
i n  the  moderator coolant c i r c u i t ,  

The analyses of t h e  nuclear l i g h t  bulb engine were made using 4-group two 
dimensional transport  theory and 24-group one-dimensional t ranspor t  theory, The 
analyses of the  open-cycle engine were made using 4-group two-dimensional diffusion 
theory and 24-group one-dimensional d i f fus ion and t ranspor t  theor ies .  
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McLafferty, G. H. and H. E. Bauer: Studies of Specif ic  Nuclear Light Bulb and Open- 
Cycle .Vortex-Stabilized Gaseous Nuclear Rocket Engines. UARL Report F-910093-37, 
September 1967. Also issued as  NASA CR-1030. 

SUMMARY 

Analytical  s tudies  were conducted t o  determine t he  charac te r i s t i cs  of two 
spec i f ic  vortex-stabil ized gaseous nuclear rocket engines: a nuclear l i g h t  bulb 
engine and an open-cycle engine. Both engines a r e  based on the  t rans fe r  of energy 
by thermal radia t ion from gaseous nuclear f u e l  suspended i n  a vortex t o  seeded hydro- 
gen propellant. The two engines d i f f e r  i n  t h a t  t h e  nuclear l i g h t  bulb engine employs 
an internally-cooled transparent  w a l l  t o  separate the  fuel-containing vortex region 
from the  propellant region, while the  open-cycle engine r e l i e s  en t i r e ly  on f l u i d  
mechanics containment f o r  p re fe ren t ia l  re tent ion of t h e  nuclear fuel .  The majority 
of t he  work has been di rected toward t he  nuclear l i g h t  bulb engine, since recent 
f l u i d  mechanics r e s u l t s  indicate  t h a t  the  fue l  re tent ion charac te r i s t i cs  of an open- 
cycle vortex-stabil ized engine a r e  insuf f ic ien t  t o  provide economic fue l  containment. 
The nuclear l i g h t  bulb engine offers  t he  pos s ib i l i t y  of providing e s sen t i a l l y  per-  
f e c t  containment of t he  nuclear f ue l ,  

One specif ic  nuclear l i g h t  bulb engine and one spec i f ic  open-cycle engine have 
been se lected f o r  study. Both engines have a cavity volume of 170 cu f t .  The open- 
cycle engine employs a s ingle  cavi ty  having both a diameter and a length of 6 f t ;  
t he  nuclear l i g h t  bulb engine employs seven separate cav i t i es ,  each having a length 
of 6 f t .  The s tudies  indicate  approximate values of the  t h ru s t ,  weight, and speci-  
f i c  impulse of both configurations. The s tudies  have been made only i n  s u f f i c i e n t  
d e t a i l  t o  provide information necessary fo r  guidance of t he  research e f f o r t s  which 
a r e  being conducted t o  determine t he  f e a s i b i l i t y  of t he  engines. 

The appendixes t o  the  report  describe: an analysis  by the  United Technology 
Center, a division of United Aircraf t  Corporation, of t he  weight of a filament- 
wound pressure vessel  f o r  a nuclear l i g h t  bulb engine, and an analysis  of t h e  
radiant  energy emitted from the  propellant stream of a nuclear l i g h t  bulb engine. 
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Gagosz, R. M. and J, Waters: Optical Absorption and Fluorescence i n  Fused S i l i c a  
During' TRIM Pulse I r rad ia t ion .  UARL Report ~910485-3 ,  Apri l  1968. Also issued 
as NASA CR-1191. 

SUMMARY 

An experimental invest igat ion was conducted a t  t h e  University of I l l i n o i s '  
T R I G .  Mark I1 pulse reactor  t o  determine t he  spec t r a l  transmission charac te r i s t i cs  
during and a f t e r  an i r r ad i a t i on  pulse and t o  determine t h e  cause of t h e  apparent 

' inc rease  i n  transmission during t h e  pulse and the  apparent decrease of transmission 
a f t e r  t he  pulse which had been observed i n  the  previous t e s t  program. A t o t a l  of 
91 experiments were performed on s i x  specimens at  a range of temperatures from 500 
t o  900 C. Transmission measurements were made a t  two wavelengths, 2150 and 3021 2. 
Corning 7940 fused s i l i c a  specimens i n  a corner cube configurat'  on were mounted 
next t o  t h e  reac tor  core face a t  t h e  i n t e rna l  end of a reac tor  beam port .  Peak 
neutron and gamma f luxes  obtained from t h i s  reac tor  were approximately 5.4 x 1015 
n/cm2-sec and 6.1 x lo7 ~ / s e c ,  respectively.  Neutron and gamma doses associated 

6 with these  pulses were 2.3 x 1014 n/cm2 and 2.0 x 10 R, respectively.  I n  addi t ion 
t o  t he  transmittance t e s t s ,  bypass and op t i ca l  instrumentation t e s t s  were conducted 
t o  examine t h e  influence of the  op t i ca l  alignment parameters upon system operation. 
Fluorescent t e s t s  were a l so  conducted t o  obtain an applicable correction t o  the  
transmittance runs. 
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Johnson, B. V.: Experimental Study of Multi-Component Coaxial-Flow J e t s  i n  Short 
Chambers. UARL Report G-910091-16, Apr i l  1968. Also i ssued as  NASA m-1190. 

F l u i d  mechanics experiments were performed t o  o b t a i n  information app l i cab le  t o  
an open-cycle, coaxial-flow, gaseous nuclear  rocket engine. I n  t h i s  engine concept, 
gaseous nuclear  f u e l  and a surrounding stream of seeded hydrogen propel lant  pass 
coaxia l ly  through a r e a c t o r  chanber. The f low was simulated i n  t h e  present  exper i -  
ments by multi-component, const ant-temperature, coaxial-flow j e t s  i n  shor t  chambers. 
The flow was s tud ied  using flow v i s u a l i z a t i o n  techniques and concentrat ion measure- 
ments. 

A l l  t e s t s  were performed i n  LO-in.-dia chambers having lengths  (from i n l e t  plane 
t o  exhaust nozzle t h r o a t )  between 7.5 and 12.5 i n .  The fol lowing flow and geometric 
va r i ab les  were inves t iga ted :  ( 1 )  an intermediate-veloci ty buf fe r  stream between t h e  
high-veloci ty outer-stream (simulated p rope l l an t )  and t h e  low-velocity inner  j e t  
(s imulated f u e l ) ,  ( 2 )  t h e  r a t i o  of average outer-stream and buffer-stream v e l o c i t y  
t o  inne r - j e t  ve loc i ty ,  ( 3 )  t h e  absolu te  i n l e t  v e l o c i t i e s  of t h e  outer  stream, b u f f e r  
stream and inner  j e t ,  ( 4 )  t h e  r a t i o  of inne r - j e t  gas dens i ty  t o  outer-stream and 
buffer-stream gas densi ty,  ( 5 )  t h e  r a t i o s  of buffer-gas dens i ty  t o  outer-stream gas 
dens i ty  and t o  inner-  j e t  gas densi ty,  (6)  t h e  r a t i o s  of inner-  j e t  i n l e t  r ad ius  and 
buffer-stream i n l e t  r ad ius  t o  chamber radius ,  ( 7 )  t h e  r a t i o  of chamber l eng th  t o  
diameter, and (8)  t h e  r a t i o  of exhaust nozzle t h r o a t  diameter t o  chamber diameter.  
A i r  was used a s  t h e  outer-stream gas; a i r  and Freon- l lwere  used a s  buffer-stream 
gases; and a i r ,  Freon-12. and FC-77 were used a s  i n n e r - j e t  gases,  The t e s t s  were 
conducted a t  Reynolds numbers up t o  those expected f o r  a f u l l - s c a l e  engine. 

The r e s u l t s  i n d i c a t e  t h a t  t h e  containment of inne r - j e t  gas i s  s t rong ly  a f f e c t e d  
by the  occurrence of r e c i r c u l a t i o n  o r  reverse  flow i n  t h e  inne r - j e t  region.  For a 
high r a t i o  of average outer-stream and buffer-stream i n l e t  v e l o c i t y  t o  inne r - j e t  
i n l e t  ve loc i ty ,  t h e  f low r e c i r u c l a t e s  behind t h e  inne r  j e t  l i k e  flow behind a b l u f f  
body, and t h e  containment i s  poor. For flow condit ions with moderate va lues  o f  t h i s  
v e l o c i t y  r a t i o  (on t h e  order  of 2O), a reduced l e v e l  of tu rbu len t  mixing occurs 
b e t ~ ~ e e n  t h e  ou te r  stream, buf fe r  stream and inner  j e t ,  and the  inner- j e t  core extends 
t o  t h e  exhaust nozzle; under these  condit ions,  t h e  amount of inne r - j e t  gas contained 
approached t h e  amount t h a t  would be contained i n  a cyl inder  of radius  equal  t o  t h e  
inne r - j e t  i n l e t  r ad ius  and length  equal  t o  t h e  chamber length .  
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I n i t i a l  experiments were conducted t o  develop an intense radiant  energy source 
which would eventually be capable of producing radiant  energy f luxes  equal t o  those 
expected i n  a f 'ull-scale nuclear l i g h t  bulb engine. The t e s t  program was conducted 
using t he  UARL 1.2-megw r - f  induction heater  a t  d-c input power l eve l s  up t o  approxi- 
mately 250 kw t o  supply energy t o  t h e  simulated fuel-containment region of a vortex. 
The primary objective of the  experimental program was t o  determine the  e f f ec t  of 
various parmete rs  on t h e  power radia ted from the  vortex, the  power deposited i n  t he  
per ipheral  wal l  of t he  vortex tube, and t he  power ca r r ied  away by convection from 
t h e  vortex,  Both argon discharges with no seed and argon discharges seeded with 
submicron carbon and tungsten pa r t i c l e s  were employed. Tests were conducted at 

' discharge pressures up t o  6.0 a t m  abs and with up t o  85 kw of power deposited i n  the  
discharge; of t h i s ,  35 kw was radia ted through a water-cooled transparent  w a l l  
surrounding t he  discharge. The 35 kw of radiant  energy represents a radiant  energy 
f l u x  of about 12.0 k ~ / i n . ~  (1.86 kw/cm2), which corresponds t o  an equivalent black- 
body radia t ing temperature of 7600 R. For comparison, t h e  design radiant  f l u x  l e v e l  
at  t he  edge of the  fuel-containment region of a representative nuclear l i g h t  bulb 
engine is  178 kw/ine2, which corresponds t o  an equivalent black-body rad ia t ing  tem- 
perature of 15,000 R . 

A second objective of the  investigation was t o  design, fabr icate ,  and t e s t  th in ,  
internally-cooled transparent-wall models. SeveraL d i f fe ren t  types of models were 
t e s t e d  around t h e  radiant  energy source. Additional supporting research was con- 
ducted using t he  UARL 80-kw r-f  induction heater, t he  two-component isothermal gas 
vortex t e s t  f a c i l i t y ,  and various small water vortex models. This supporting research 
i s  described i n  t he  appendixes of t he  report .  
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Theoretical analyses were made to investigate the power deposition and energy 
removal in radio-frequency induction heated plasmas. These investigations were 
directed toward the high-power, high-pressure, radiating r-f plasmas that are being 
used to simulate the thermal environment of the nuclear light bulb reactor. 

Two related investigations are described in this report. In one, the power 
deposition and energy dissipation characteristics of infinite-cylinder r-f heated 
argon plasmas at pressures of 1.0 and 10 atm were studied. It was assumed that the 
thermal and electrical conductivities varied with temperature, that the gas radiation 
per unit volume varied with both temperature and pressure, and that the plasma was 
optically thin. The electromagnetic field equations, energy equation, and heat con- 
duction equation were integrated numerically starting with specified values of tem- 
perature and axial magnetic field at the centerline. Generalized curves suitable 
for design and analysis of experiments were constructed. These curves show the 
relationships between the radius of the plasma, the axial magnetic field external 
to the plasma, the power radiated, and the radiation efficiency (the power radiated 
divided by the sum of the power radiated and the power conducted away from the 
plasma). The results also show the importance of gas radiation on the character- 
istics of the plasmas. 

In the second investigation, the coupling between the plasma discharge and the 
r-f generator was studied using an infinite-cylinder, constant-conductivity model. 
Analyses performed by other investigators were combined and extended to develop an 
analysis more useful in the nuclear light bulb reactor simulation program. The 
analysis was used to investigate the effects of discharge power, reactive power, 
and discharge size on the surface radiation heat flux and to examine the effect of 
r-f frequency shifts on matching. In addition, an expression was derived from which 
the magnetic pressure at the center of an r-f discharge can be calculated. 
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SUMMARY 

A t heo re t i c a l  invest igat ion was conducted t o  determine t he  composition and 
in tegra ted  l i n e  emission cha rac t e r i s t i c s  of various ionizat ion species of tungsten, 
uranium, and argon. The study was made t o  f a c i l i t a t e  radiant  heat t r a n s f e r  analys is  
i n  t he  seeded propellant  and nuclear f u e l  regions of gaseous-core nuclear rocket 
engines and t o  provide a bas i s  of comparison f o r  a concurrent experimental program 
designed t o  examine l i n e  emission cha rac t e r i s t i c s  of gaseous tungsten and uranium 
over a wide spec t r a l  range. 

Estimates were made of t he  composition as  a function of temperature f o r  m i x -  
t u r e s  of Ar.with tungsten hexafluoride and uranium hexafluoride using an ex i s t i ng  

'UARL machine composition program t o  asce r ta in  t h e  decomposition products of WF6 and 
UF6. For temperatures g r ea t e r  than 5000 K, a machine program was wr i t t en  t o  describe 
t he  concentrations of  heavy-metal ionizat ion species present based on the  Saha 
equations. Calculations were made f o r  mass r a t i o s  of W o r  U t o  A r  of 1.0 x low3, 
1.0 x 10-5, and 1.0 x 10-7 f o r  a t o t a l  pressure of 1.0 a t m  and f o r  temperatures i n  
the  range from 3000 t o  10,000 K.  

Data generated with the  composition rout ines  were used as  input t o  a l i n e  
i n t ens i t y  machine program designed t o  compute t h e  in tegrated l i n e  i n t e n s i t i e s  f o r  
c l a s s i f i e d  W, U, and A r  s pec t r a l  l i n e s  of known or  estimated o s c i l l a t o r  s t rength .  
Lines from two ionizat ion species of A r  ( neu t r a l  argon and s ingly  ionized argon) as 
wel l  a s  t he  corresponding species i n  W and U were considered i n  the  l i n e  i n t e n s i t y  
program. Integrated l i n e  i n t e n s i t i e s  summed over wavelength in te rva l s  of 100 8 were 

0 
calcula ted i n  t h e  spec t r a l  region between wavelengths of 1700 and 10,000 A .  W-to-Ar 
o r  U-to-Ar mass r a t i o s  of 1 .0  x lom3, 1 .0  x 10-5, and 1.0 x 10-7 were considered at 
temperatures of 5000, 7000, and 9000 K. The t o t a l  pressure i n  a l l  cases was 1.0 a t m .  
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Marteney, P. J., A. E. Mensing, and N.  L. Krascella: Experimental Investigation of 
the Spectral Eknission Characteristics of Argon-Tungsten and Argon-Uranium Induction 
Heated Plasmas. UARL Report G-910092-11, September 1968. Also issued as NASA 
CR- 1314. 

SUMMARY 

An experimental study was conducted to determine the emission characteristics 
of gaseous tungsten and uranium located in an rf induction-heated, vortex-stabilized 
argon discharge. The tungsten and uranium were introduced into the discharge in 
the form of tungsten hexafluoride or uranium hexafluoride at heavy-atom to argon 
mass ratios of approximately 1.0 x 10'~ and a total pressure of one atmosphere. 

Temperatures in the heavy-atom seeded discharges were determined to be approx- 
imately 8500 deg K, and were ascertained by measuring neutral argon atom relative 
line intensity ratios by the Boltzmann method. Temperatures determined by this 
method were confirmed by measurements of absolute neutral argon atom line intensities 
and absolute argon ion continuum intensities. 

Spectra were obtained for pure argon, tungsten hexafluoride-argon, and uranium 
hexafluoride-argon systems in the wavelength region from 1250 8 (0.125 micron) to 
100,000 8 (10 micron). The experimental data were reduced to obtain integrated 
continuum and line intensities over intervals of 100 8 for pure argon. Integrated 
line intensities were obtained over wavelength intervals of 100 a for tungsten and 
uranium after correcting the experimental results for the contribution to total in- 
tensity due to argon continuum and lines. 

Experimental integrated line intensities over 100 8 wavelength intervals for 
argon, tungsten and uranium were subsequently compared t8 similar anglytical results 
calculated for the visible region of the spectrum (2000 A to 10,000 A). The cor- 
relation between experimental and analytical results for Zungsten was generally poor, 
particularly at wavelengths less than approxkmately 4000 A, although fairly poor 
agreement was noted between 4000 2 and 6000 A. The correlation between experimental 
and analytical results for uranium is somewhat better than that for tungsten, and 
is best in the region between approximately 2000 8 and 4000 8. The agreement be- 
tween experimental and analytical results for argon is excellent in all wavelength 
intervals of comparison. 



Reference 44 

Latham, T. S.: Nuclear Studies  of the  Nuclear Light Bulb Rocket Engine. UARL 
Report.  G-910375-3, September 1968. Also i ssued as  NASA CR.-1315, 

SUMMARY 

Analyt ica l  s tud ies  were conducted t o  determine U-233 c r i t i c a l  mass requi re-  
ments, neutron k i n e t i c  behavior, and neutron and gamma ray  heat ing r a t e s  f o r  t h e  
nuclear  l i g h t  bulb rocket  engine. The nuclear  l i g h t  bulb i s  a mul t ip le-cavi ty  
gaseous nuclear  rocket  engine i n  which energy i s  t r ans fe r red  by thermal r a d i a t i o n  
from gaseous nuclear f u e l  through i n t e r n a l l y  cooled t ransparent  wal ls  t o  seeded 
hydrogen propel lant .  The engine considered i n  t h i s  r epor t  employs seven separa te  
c a v i t i e s ,  each having a length  of 6 f t  and an average diameter of 2.3 f t .  Beryl- 
lium oxide i s  employed between the  u n i t  c a v i t i e s ,  and l aye r s  of Be0 and g raph i t e  
surround the  seven u n i t s  t o  provide neutron r e f l e c t i o n .  

The c r i t i c a l i t y  ana lys i s  allowed the  e f f e c t s  of engine design changes on 
c r i t i c a l  mass t o  be inves t iga ted .  Among the  f a c t o r s  t h a t  were var ied  were the  
t o t a l  moderator mass, t h e  mount  of Be0 between u n i t  cav i t i e s ,  t h e  d i s t r i b u t i o n  of 
moderator mass, the  amount of tungsten seed i n  the  hydrogen propel lant ,  and the  
amount of hafnium required t o  sh ie ld  the  f u e l  i n j e c t i o n  and r e c i r c u l a t i o n  system 
ducts .  The analys is  a l s o  considered f a c t o r s  a f f e c t i n g  the  k i n e t i c  behavior of a 
nuclear  l i g h t  bulb engine. The e f f e c t s  of v a r i a t i o n s  i n  f u e l  region radius ,  
mixed-mean propel lant  temperature, nominal system operat ing temperature, system 
operat ing pressure, and the  proport ion by weight of tungsten seed i n  the  hydrogen 
propel lant  were inves t iga ted .  For one s p e c i f i c  nuclear  l i g h t  bulb engine con- 
f igura t ion ,  prompt neutron l i f e t i m e  was ca lcula ted ,  and comparisons of c r i t i c a l  
masses were made f o r  U-233, U-235, and Pu-239. 

Neutron k i n e t i c  equations were formulated which allowed f o r  va r i ab le  l o s s  r a t e s  
of both nuclear  f u e l  and delayed neutron precursors,  Power l e v e l  responses t o  

s t ep ,  ramp, and o s c i l l a t o r y  v a r i a t i o n s  i n  both r e a c t i v i t y  and f u e l  l o s s  r a t e  were 
obtained. 

Neutron and gamma ray  heat ing r a t e s  were ca lcula ted  f o r  a s p e c i f i c  nuclear  
l i g h t  bulb engine t o  provide information on requirements f o r  cooling engine com- 
ponents and t h e  loca t ion  and design of heat  exchangers. Radiation dose r a t e s  i n  
t h e  t ransparent  wa l l  ma te r i a l s  were ca lcula ted  and compared with the  dose r a t e s  of 
various t e s t  r eac to r s .  Dosages i n  the  filament-wound f i b e r g l a s s  pressure v e s s e l  
were a l s o  ca lcula ted  t o  evaluate the  p o t e n t i a l  f o r  degradation of pressure v e s s e l  
s t r eng th  due t o  r a d i a t i o n  damage. 
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Roman, W. C . ,  J. F. Klein, and P. G .  Vogt: Experimental Investigations t o  
Simulate the  Thermal Environment, Transparent Walls and Propellant  Heating i n  a 
Nuclear Light Bulb Engine. UARL Report H-910091-19, September 1969. To be issued 
a s  NASA CR repor t .  

SUMMARY 

Experiments were conducted t o  develop an intense radiant  energy source capable 
of producing radiant  energy fluxes within the range expected i n  nuclear l i g h t  bulb 
engines. Concurrently, small-scale in te rna l ly  cooled fused s i l i c a  models s imilar  
t o  the  transparent walls  proposed f o r  the  engine were developed and tes ted .  
Experiments t o  demonstrate heating of a seeded simulated propellant  by thermal 
radia t ion passing through the transparent  wal l  were a l so  i n i t i a t e d .  

The major port ion of the t e s t  program was conducted using the UARL 1.2-megw 
radio-frequency induction heater  a t  d-c input power levels  up t o  approximately 600 
kw. R-F energy was supplied t o  an argon plasma within a radial-inflow vortex.  
The e f f ec t s  of several  important parameters on the  power radiated from the  plasma, 
the  power deposited i n  the surrounding water-cooled transparent peripheral  wall ,  
and the  power carr ied away from the vortex by convection were investigated.  Tests 
were conducted with argon a t  pressures up t o  16 atm and with up t o  216 kw of power 
deposited i n  the steady-state plasma discharge. A maximum of 156 kw was radiated 
through a 2.24-in. ins ide  diameter water-cooled transparent peripheral  wall .  The 
maximum radiant  energy f lux  a t  the edge of the  plasma was 36.7 kw/in.2, which cor- 
responds t o  an equivalent black-body radia t ing temperature of 10,200 R. For 
reference, the  range of edge-of-fuel radiant  energy fluxes of i n t e r e s t  f o r  f u l l -  
sca le  nuclear l i gh t  bulb engines i s  from 177.8 k w ~ i n . ~  f o r  a reference engine t o  
14.4 kw/in.* f o r  a derated engine; the  corresponding equivalent black-body radia t ing 
temperatures a re  15,000 R and 8000 R, respectively.  

Transparent-wall models having multiple a x i a l  coolant tubes up t o  10 i n .  long 
and peripheral-wall vortex in jec t ion  were fabricated and tes ted i n  the 1.2-megw r-f  
induction heater .  These models, with ins ide  diameters of 1.26 and 0.95 in . ,  were 
constructed from many individual  tubes having i n t e rna l  diameters of 0.040 i n .  and 
wal l  thicknesses down t o  0.005 in . ,  the estimated thickness required i n  the f u l l -  
sca le  engine. One of these models was tes ted a t  power levels  up t o  55 kw; higher 
power l eve l s  resul ted i n  localized melting of the argon-cooled vortex in jec tors .  

Both the  UARL 1.2-megw r - f  induction heater  and the  d-c a rc  heater  were used i n  
the  propellant  heating t e s t  s . The propellant heating configurations used were 
generally s imilar  t o  the  geometries of the  components expected t o  be employed i n  the  
nuclear l i g h t  bulb engine. Argon seeded with micron-sized carbon pa r t i c l e s  was used 
as t he  simulated propellant. A t  the  low radiant  energy source power l eve l s  of up 



t o  3 kw t h a t  were used i n  these  i n i t i a l  t e s t s ,  temperature r i s e s  up t o  223 R were 
obtained. Further increases i n  simulated propellant  temperature r i s e  w i l l  be obtained 
primarily by means o f  increased power, improved pa r t i c l e  deagglomeration t o  increase 
absorption, and more e f fec t ive  buffer  layers  t o  reduce the  coating of pa r t i c l e s  on 
the  transparent  walls. 
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Mensing, A. E., and J, F. Jaminet: Ekperimental Investigations of Heavy-Gas 
Containment in R-F Heated and Unheated Two-Component Vortexes. UARL Report 
H-910091-20, September 1969. To be issued as NASA CR report. 

SUMMARY 

Experimental investigations were conducted in which the amount of heavy gas 
contained in light-gas vortexes was measured for both heated and unheated (iso- 
thermal) vortex flows. In the vortex flows with heat addition, power was added to 
the flow by r-f induction heating of the gas within the vortex chamber. The light 
gas, argon, was injected in a tangential direction either from the end walls or 
from the peripheral wall of the vortex chamber. The vortex flow rates, plasma 
diameter, and power addition were such as to provide a radial gradient of tempera- 
ture of approximately 50,000 deg  i in. near the outer edge of the plasma. Xenon 
was employed as the heavy gas and was injected into the vortex at several different 
locations. Spectroscopic techniques were used to determine both the temperature 
distribution and the xenon partial pressures within the plasma. 

Tests conducted with unheated vortex flows employed a vortex tube much larger 
than, but geometrically similar to, the vortex tube used in the heated tests. Air 
was used as the light gas and mixtures of iodine with helium, nitrogen or sulfur 
hexafluoride were used as heavy gases. Several different heavy- and light-gas in- 
jection configurations were used, and the weight flow rates of both the heavy and 
light gases were varied. The volume-averaged partial pressures of the heavy gas 
within the vortexes were determined, as were the radial distributions of the heavy- 
gas partial pressure. 

Comparisons were made of the heavy-gas partial pressures in the heated and 
unheated flows. For similar geometries and the same light-gas weight flows, the 
heated vortexes had larger values of the heavy-gas partial pressure in the central 
regions of the vortex, but less heavy-gas partial pressure at the greater radii. 
Under the same conditions, the volume averaged heavy-gas partial pressures were 
about equal in both heated and unheated flows. Radial gradients of static pres- 
sure in the heated vortexes were much less than in,unheated vortexes having the 
same flow rates. 
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Krascella, N. L,: Theoretical  Invest igat ion of t he  Radiant m i s s i o n  Spectrum from 
the  ~ u e l  Region of a  Nuclear Light Bulb Engine, United Aircraf t  Research Labora- 
t o r i e s  Report H-910092-12, September 1969* To be issued a s  ESASA CR report .  

SUMMARY 

A t heo re t i c a l  invest igat ion was conducted t o  determine the  spec t r a l  emission 
charac te r i s t i cs  of t h e  f u e l  region of a nuclear l i g h t  bulb engine and hence t he  
spec t r a l  rad ia t ive  f l ux  incident upon t h e  transparent  containment walls  o r  upon the  
r e f l ec t i ve  end walls of such an engine. The analysis  was performed f o r  a spec i f ied  
engine configuration and f o r  a  spec i f i c  nuclear f u e l  p a r t i a l  pressure d i s t r ibu t ion .  
Estimates of the  spec t r a l  rad ia t ive  f l ux  emanating from the  nuclear f u e l  region were 
made f o r  a t o t a l  radia ted f l ux  of 24,300 Btu/ft2-sec (2.757 x  lo1' erg/cm2-sec), 
which corresponds t o  an effect ive  black-body rad ia t ing  temperature of 15,000 R 
(8333 K )  

Six cases were considered i n  which the  e f f ec t s  of changes i n  the  heavy-atom 
absorption coeff ic ient  model parameters, t h e  addi t ion of a seeding gas, and changes 
i n  end-wall r e f l e c t i v i t i e s  on the  spec t r a l  rad ia t ive  f l ux  emitted from the  nuclear 
f u e l  region were examined. m r e e  cases involved parametric var ia t ions  of t h e  heavy- 
atom model i n  e i t h e r  t he  f'uel species ionizat ion potent ia ls  o r  i n  t he  o s c i l l a t o r  
s t rength  d i s t r i bu t i on  functions describing l i n e  t rans i t ions .  I n  t h e  four th  case, 
the  effect  of  hydrogen a s  a  seed gas on the  emitted spec t r a l  rad ia t ive  f lwr  was 
studied. The effect  on the  emitted f l u x  of a uniform end-wall spec t r a l  r e f l e c t i v i t y  
of 0.5 was examined i n  t he  f i f t h  case; similar calculations were made i n  t h e  s i x t h  
case using t h e  spec t r a l  r e f l e c t i v i t y  of aluminum. 
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Latham, T, S o ,  H. E, Bauer, and R e  J. Rodgers: Studies of Nuclear Light m l b  Start-up 
conditions and Engine Dynamics. UARL Report H-910375-4, September 1969* To be 
issued a s  EASA CR repor t ,  

Analytical  s tudies  were conducted t o  determine the  operating conditions of a 
nuclear l i g h t  bulb engine during s tar t -up and t he  t rans ien t  response of the  engine 
t o  various perturbations a t  t he  nominal full-power operating leve l .  The basic  
nuclear l i g h t  bulb engine design was refined, where necessary, t o  include modifi- 
cations which resu l ted  from recent c r i t i c a l i t y  s tudies  and t e s t  program r e su l t s .  

The s tar t -up study was performed using a s impl i f ied ana ly t ica l  model of t he  
basic engine. Three l i n e a r  power ramps were used and t h e  general engine response, 
aux i l i a ry  power requirements and thermal s t r e s s  l eve l s  *re investigated. The cal-  
culated responses i n  temperature and pressure were s imilar  f o r  a l l  of the  power 
ramps, It appears t h a t  there  w i l l  be no major problems with engine control  o r  with 
excessive thermal s t r e s s  l eve l s  during start-up.  Some type of auxi l iary  power w i l l  
be required f o r  the  turbopump uni t  during start-up.  

Finite-difference approximations t o  the  time-dependent thermal, f l u i d  m a m i c s  
and neutron k ine t ics  equations were used t o  describe the operating charac te r i s t i cs  
of the  engine. These equations were programmed on a UIUVAC 1108 d i g i t a l  computer t o  
construct a dynamic simulation f o r  predicting t he  response of t he  engine t o  se lec ted  
per tmbat ions  occurring a t  t h e  nominal full-power operating condition, A preliminary 
t rans ien t  analysis  was performed using the  model, which simulates an uncontrolled 
engine, t o  determine t he  basic s t a b i l i t y  charac te r i s t i cs  and t o  iden t i fy  the  param- 
e t e r s  which would provide the  most e f fec t ive  control  mechanisms, Responses t o  
pel-turbations i n  the  uncontrolled system can be characterized by e i t h e r  steady-state 
o r  damped osc i l l a t ions  with a charac te r i s t i c  frequency of about 1 cycle/sec, It 
was concluded t ha t  control  of the  engine could be achieved primarily by control  of 
f u e l  in jec t ion  ra te .  
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Johnson, B. V , :  Ekploratory Experimental Study of the Effects of Inlet Conditions 
on the%Flow and Containment Characteristics of Coaxial Flows. UARL Report 
H-91Q091-21, September 1969. To be issued as NASA CR report. 

SUMMARY 

Fluid mechanics experiments were performed to investigate the factors which 
influence the formation and growth of the large eddy structure in developing co- 
axial shear flows. Information from these experiments was used to develop inlet 
configurations and inlet flow conditions in order to improve containment of the 
inner-jet ges for application to the open-cycle gaseous-core nuclear rockets and 
to improve film cooling flow characteristics for application to closed-cycle nuclear 
light bulb rockets. 

The tests were performed in a LO-in.-dia chamber with lengths of 10 in. and 
30 in. The inlet to the chamber had provision for two- or three-stream operation. 
.Air or  reo on-11 was used for the inner-jet gas, and air was used for the buffer- 
stream gas (if used) and outer-stream gas. Flow visualization was obtained by 
coloring the inner-jet gas with iodine gas and photographing the flow with high- 
speed motion pictures. Hot-wire and pitot probes were used to obtain average and 
fluctuating velocity data in the chamber. Film-cooling flow visualization tests 
were also performed with a 5-in.-dia cylinder in the center of the 10-in.-dia 
chamber. 

The results from these tests indicate that the large eddies, characteristic of 
the interface between coaxial flows, could be essentially eliminated for flows in 
short chambers. This was done by decreasing the velocity gradient between the two 
streams at the coaxial-flow inlet so that any disturbances in the system would be 
convected from the chamber before developing into large waves or eddies. The best 
apparent inner-jet gas containment obtained with a modified inlet configuration in 
the short chamber was better than was obtained from previous tests. Tests with 
the centerbody and 30-in.-length configuration indicated that the disturbances from 
both the inlet and the exhaust systems need to be damped to prevent noticeable 
waves from forming in the chamber and developing into eddies. 
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Palma, G. E. and R. M e  Gagosz: Measurement of Optical  Transmission During Reactor 
~ r r a d i a t i o n .  UARL Report H-930709-1, October I-969* To be issued as  NASA CR repor t .  

I n  s i t u  o p t i c a l  experiments were conducted t o  determine the  l e v e l  of 
irradiat ion-induced o p t i c a l  absorption t h a t  e x i s t s  i n  Corning Grade 7940 fused 
s i l i c a  a t  elevated temperatures during 1.5-Mev e lec t ron  i r r ad i a t i on  and during 
nuclear reac to r  i r r ad i a t i on .  The op t i c a l  absorption was measured a t  the peak of 
the  strong irradiat ion-induced absorption band i n  fused s i l i c a  centered at  2150 8 
over a range of specimen temperatures from 170 t o  900 C. Several add i t iona l  measure- 
ments were made at longer wavelengths (2700 and 4500 a )  t o  invest igate  the  width of 
t h e  absorption band and t o  check the  absorption where strong absorption bands a r e  
not expected t o  ex i s t .  

The e lect ron i r r a d i a t i o n  experiments were conducted a t  the  NASA Langley Research 
Center using a Dynamitron e lect ron accelera tor  as  a source of 1.5 Mev e lect rons .  
The accelera tor  provided current  dens i t i e s  i n  t he  range 20 t o  150 microamp/cm2 cor- 

6 responding t o  estimated ionizing dose r a t e s  of 2.7 t o  20 x 10 ~ / s e c  deposited i n  
t he  specimen. The induced absorption and specimen temperature were measured before, 
during, and a f t e r  t he  i r r ad i a t i on  and t rans ien t ,  as  w e l l  as  steady s t a t e ,  da ta  were 
obtained. The nominal i r r ad i a t i on  time f o r  t he  e lec t ron  i r r ad i a t i on  experiments was 
1000 sec. 

The reactor  i r r ad i a t i on  experiments were conducted a t  the  A i r  Force I n s t i t u t e  
of Technology using a 1 0  megw, swimming pool reactor  as a source of f a s t  neutrons 
and gamma rays. The f a s t  neutron f l ux  ( E  > 0.75 ~ e v )  and ionizing dose r a t e  a t  fill 
power were 1.7 x 1 0 ~ ~ / c m ~ - s e c  and 0.02 x lo6 ~ / s e c ,  respectively,  a t  the  loca t ion  
of the  specimen. The induced absorption was measured during t he  i r r ad i a t i on  a t  con- 
s t an t  reactor  power and specimen temperature i n  order t o  obtain equilibrium values.  
The nominal i r r ad i a t i on  time fo r  the  reac to r  experiments was 3.5 x 105 sec ,  
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FIG. 1 

SKETCHES ILLUSTRATING PRINCIPLE OF OPERATION OF NUCLEAR LIGHT BULB ENGINE 

a) OVERALL CONFIGURATION ,-- MODERATOR FLOW DIVIDER 

U P P E R  END 
-MODERATOR 7 A 

/ NOZZLES,  SECTION A-A 

. . 
PLUMBING, SEPARATORS, ETC.  

U N I T  C A V I T Y  1 

b) CONFIGURATION OF UNlT  CAVITY 
SECTION B-B 

SEEDED 
HYDROGEN C A V I T Y  L I N E R  WITH 

P R O P E L L A N T  R E F L E C T I N G  WAL MODERATOR 

F U E L  INJECTOR TRANSPARENT 

................ ................ ................. .................... ..................... ..................... ..................... 
.-.-..a 

HERMAL RADIATION 
NEON INJ E C T I O N  PORT 

/ - GASEOUS NUCLEAR F U E L  



DUMENSJONS OF UNlT CAVITY IN REFERENCE NUCLEAR LIGHT BULB ENGINE 

COMPLETE ENGINE COMPOSED OF SEVEN UNIT CAVITIES 

ALL DIMENSIONS IN F T  

VOLUME OF UNlT CAVITY - :( (0.9 1 1 ) ~  t (1.32)~) (6.0) = 24.2 FT 

VOLUME WITHIN UNlT VORTEX = v (0.802)~ (6.0) = 12.1 F T  

FLOW CONDITIONS GIVEN IN FIG. 3 

,--PROPELLANT REGION 



FLOW CONDITIONS IN UNIT CAVITY OF REFERENCE NUCLEAR LIGHT BULB ENGlNE 

PRESSURE = 500 ATM 

DIMENSIONS GIVEN I N  FIG. 2 

FLOW RATES THROUGH EACH UNIT:  

HYDROGEN - 6.04 LB/SEC 
NEON - 2.96 LB/SEC 

F U E L  - 0.19 LB/SEC 

NEON CONDITIONS A T  EDGE OF F U E L  , - 
HYDROGEN I N L E T  CONDITIONS T = 15,000 R 

p = 0.924 L B / F T ~  
HYDROGEN EXIT  CONDITIONS 

p = 2.6 x l(r4 LB/SEC - F T  T = 12,000 R 
T - 4050 R 

VZ = 1.95 FT/SEC H = 1.033 x l o 5  BTU/LB 
p = 0.0756 L B / F T ~  

NEON CONDITIONS AT PERIPHFRY 
T = 2000 R 

p = 6.93 L B / F T ~  
p = 0.575 x 1U4 LB/SEC-FT 



FIG. 4 



H-910093-46 FIG. 5 
EFFECT OF PROPELLANT HEATING MECHANISM AND PROPELLANT INLET 

TEMPERATURE ON SPECIFIC IMPULSE 

SEE TEXT FOR ASSUMPTIONS 

0.5 0.4 0.3 0,2 0.1 0 
FRACTION OF ENERGY TWANSFED TO PROPELLANT BEFORE INJECTION INTO CAVITY 



PHOTOGRAPHS OF  B Y E  PATTERNS I N  RADIAL - INFLOW WATER VORTEXES 

PHOTOGRAPHS FROM REF, 13 TAKEN AT INDICATED 
TIMES AFTER CESSATION OF DYE INJECTION 

THROUGH END WALLS 

SINGLE-SLOT INJECTION - 3.0 MIN 

FIG. 6 

2144 - PORT INJ ECTION - 3.0 MIN 



FIG. 7 

E F F E C T  OF SIMULATED-FUEL DENSITY A T  INJECTION 
ON THE RADIAL DISTRIBUTION OF SIMULATED-FUEL PARTIAL  PRESSURE 

IN  AM AIR VORTEX 

DATA FROM REF, 3 1  

1.0 0.8 0.6 0.4 0.2 0 0.4 0.6 0.8 1.0 
RADIUS RATIO, r / r ,  

UPPER TRAVERSE LOWER TRAVERSE 



H-9 10093-46 FIG, 8 
SKETCH OF END VrlALLS AND R-F PLASMA DISCHARGE 

SHOWING POWER LOSSES FOR HIGHEST 
POWER OPERATING POINT 

1.2-MEGW R-F INDUCTION HEATER 

D A T A  FROM REF, 45 

7 R - F  WORK COILS- 

VORTEX 
INJECTORS 

8 0.10-IN. 
-ID TUBES TOTAL DISCHARGE POWER, Q T =  216 KW 

' PERIPHERAL - 
WALL 

WATER-DYE 
COOLANT FLOW 

1 WC = 35 GPM 

AT = 28.5 R 
\ 

Q ,,,= 147 KW 

END-WALL 

COOLANT FLOW; 
BOTH ENDS 

Wc = 10 GPM 

RADIOMETER 

READING = 2.09X103MV 

Q, = (8.6X10-3 KW/MV) (2 .09~103 MV) = 18 KW 

TOTAL D-C INPUT POWER, 4 = 600 KW AT 5.51 MHz 

TOTAL DISCHARGE POWER, Q, = 147 + 47 + 3.9 + 18 = 216 KW 

R-F SYSTEM COUPLING EFFICIENCY, q =  ?16/600= 36% 

PROBABLE MAXIMUM POWER CONDUCTED THROUGH PERIPHERAL WALL, Qc=9.0 KW (SEE REF. 4 5 )  

T O T A L  POWER RADIATED THROUGH INNER PERIPHERAL WALL, QR,T = 1 4 7 - 9  + 18 = 156 KW 

4 ,  = Q R , T / A S =  1561'4.26 = 36.7 KW/IN,~ ( T *  = 10,200 R) 

FRACTION OF DISCHARGE POWER RADIATED THROUGH INNER PERIPHERAL WALL 

Q,,,/Q,= 156/216 = 0.72 



H -910093-46 FIG. 9 

VARIATION OF RADIANT ENERGY FLUX WITH T O T A L  R-F DISCHARGE POWER 

1.2-MEGW R-F INDUCTION HEATER 
RANGE OF CHAMBER PRESSURE, PD = 2 TO 16 ATM 

RANGE OF ARGON WEIGHT FLOW, W A =  0.010 TO 0.041 LB/SEC 

DATA FROM REF. 45 

50 I00 200 300 

TOTAL DISCHARGE POWER, Q T  - KW 



H.-9 10093-46 
FIG, 10 

PHOTOGRAPHS OF TRANSPARENT-WALL AXIAL COOLANT-TUBE MODELS EMPLOYED 
IN R-F PLASMA TESTS 

MODELS EMPLOYED IN TESTS DESCRIBED IN REF. 45 

a) DETAILS OF 1.26-IN.-ID MODEL 

b) DETAILS OF 0.95-IN.-ID MODEL 



FIG. 1 1  

EFFECT OF INLET FLOW CONDITIONS ON WAVE DISTURBANCE 
CHARACTERISTICS FOR COAXIAL JETS 

PHOTOGRAPHS FROM REF. 49 

SCREEN INLET FOAM INLET 

t = O  SEC 

t = 0.003 
SEC 

t = 0.006 
SEC 



FIG. 12 
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FIG. 13 

EFFECT OF RESERVOIR PRESSURE ON THE EXTINCTION PARAFJETER 
OF DISPERSED TUNGSTEN POWDER AT A WAVELENGTH OF Q435 MICRONS 

D A T A  FROM REF. 6 

NOMINAL P A R T I C L E  RADIUS, R p=  0.01 MICRONS 

PASSAGE D IAMETER 70.020 IN, 

0 - H E L I U M  CARRIER GAS 

A - NITROGEN CARRIER GAS 

2 5 3 5 45 
RESERVOI R PRESSURE - PSIA 



FIG. 14 

FRACTIONAL DISTRIBUTION OF BLACK-BODY ENERGY SPECTRUM FOR 

SEVERAL RADIATING TEMPERATURES 

WAVELENGTH,h - MICRONS 



FIG. 15 

MEASURED TRANSMISSION CHARACTERISTICS OF FUSED SILICA 

DATA FROM REF. 52  FOR CORNING 7940 AND THERMAL AMERICAN SPECTROSIL 



COMPARISON OF EXPERIMENTAL AND CALCULATED ABSORPTION 
COEFFICIENTS IN FUSED SILICA 

* 
IONIZING DOSE RATE, D - MRAD/SEC 
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