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FOREWORD 

An expvivratory 2xper lmect~l  acd t h e o r e t i c a l  invest igat ion of  gaseous nuclear 
rocket technology i s  being conducted by the  United Aircraf t  Corporation Research 
Laboratories under Contract NASw-847 with the  j o i n t  AEC-NASA Space Nuclear Propul- 
s ion Office. The Technical Supervisor of t he  Contract for NASA was Captain w. A. 
Yingling (USAF) f o r  t he  f irst  port ion of the  contract  performance period and was 
Captain C .  E .  Franklin (USAF) f o r  the  l a s t  port ion of t he  contract  performance 
period. 
between September 15, 1965 and September 15, 1967 are described i n  the  following 
s i x  repor t s  ( including the  present report)  which comprise the required s ix th  
Interim Summary Technical Report under the Contract: 

Results of  portions of  the  invest igat ion conducted during the  period 

1. Travers, A , :  Experimental Investigation o f  Radial-Inflow Vortexes i n  Jet-  
In j ec t ion  and Rotating-Peripheral-Wall Water Vortex Tubes. 
Research Laboratories Report F-910091-14, September 1967. 

United Aircraf t  

2.  Kendall, J. S. : Experimental Invest igat ion of Heavy-Gas Containment i n  
Constant-Temperature Radial-Inflow Vortexes. United Aircraf t  Research Labor- 
a t o r i e s  Report F-910091-15, September 1967. 

3. Douglas, F. C . ,  R .  Gagosz, and M. A. DeCrescente: Optical  Absorption i n  
Transparent Materials Following High-Temperature Reactor I r r ad ia t ion .  United 
Research Laboratories Report F-910485-2, September 1967. 

4. Gagosz, R . ,  J. Waters, F. C .  Imuglas, and M. A. DeCrescente: Optical  
Absorption i n  Fused S i l i c a  During TRIGA Reactor Pulse I r rad ia t ions .  United 
Aircraf t  Research Laboratories Report F-910485-1, September 1967. 

5 .  Latham, T. S.:  Nuclear C r i t i c a l i t y  Studies of Specif ic  Nuclear Light Bulb 
and Open-Cycle Gaseous Nuclear Rocket Engines. United Aircraf t  Research 
Laboratories Report F-910375-2, September 1967. (present report  ) 

/- 
0 .  McLafferty, G. H. and H. E. Bauer: Studies of Specif ic  Nuclear Light Bulb 

and Open-Cycle Vortex-Stabilized Gaseous Nuclear Rocket Engines. 
Ai rcraf t  Research Laboratories Report F-910093-37, September 1967. 

United 
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Report F-910375-2 

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 

SUMMARY 

Analyti 31 s t u d i  we re  nducted t o  determ-ne t h e  U-233 c r i t i c a l  mass require- 
ments f o r  two spec i f i c  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 ind r i ca l  cav i ty  having both a length and a diameter of 6 f t .  The speci-  
f i c  nuclear light bulb engine employs seven separate cav i t i e s ,  each having a length 
of 6 .ft; the t o t a l  volume of a l l  seven cavi t ies  approximately equals the volume of 
the s ing le  cavi ty  of the open-cycle engine. The nuclear l i g h t  bulb engine employs 
beryllium oxide between the  unit cavi t ies ,  l ayers  of beryllium oxide and graphite 
surrounding the assembly of seven un i t  cav i t i e s ,  a r e l a t i v e l y  la rge  amount of 
neutron-absorbing s t r u c t u r a l  mater ia l  i n  the end walls, seven separate  exhaust 
nozzles, f u e l  and propellant i n j ec t ion  ducts, and hot gases i n  the  propel lant  and 
f u e l  regions.  The open-cycle engine employs layers  of beryllium oxide, graphite,  
and heavy water surrounding the cavity; various st .ructura1 materials;  an annular 
exhaust nozzle; f u e l  and propellant in jec t ion  ducts; and hot gases i n  t h e  propellant 
and f u e l  regions. 

Studies were also made t o  determine the  e f f e c 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 i c  engines. For 
t h e  nuclear l i g h t  bulb engine, these included addi t ion of impurit ies t o  the moderator 
mater ia ls ,  changes i n  the end-wall portions of t h e  moderator, and changes i n  mater ia l  
and gas temperatures. For the  open-cycle engine, these included changes i n  the  
nozzle-approach configuration, changes i n  the cavi ty  l i n e r  mater ia ls ,  el imination 
of heavy water from the reflector-moderator, and subs t i tu t ion  of 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 &-group two- 
dimensional t ransport  theory and 24-group one-dimensional t ranspor t  theory. 
analyses of t h e  open-cycle engine were made using &-group two-dimensional d i f fus ion  
theory and 24-group one-dimensional diffusion and t ransport  theor ies .  

The 
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RESULTS AND CONCLUSIONS 

Nuclear Light Bulb Engine 

1. A U-233 c r i t i c a l  mass of 43.5 l b  w a s  determined f o r  the reference config- 
urat ion on the basis o f  two-dimensional neutron t ranspor t  theory. 

2. The addition of specif ied impurit ies t o  the  beryllium oxide and graphi te  
moderator materials caused an increase i n  c r i t i c a l  mass of approximately 35% 
r e l a t i v e  t o  the reference configuration. 

3. The c r i t i c a l  mass could be reduced subs t an t i a l ly  by a reduction i n  the  
amount of neutron-absorbing materials i n  the end w a l l s  and nozzle-approach regions, 
s ince the  macroscopic neutron-absorption cross sec t ion  of these  mater ia ls  i s  
approximately t e n  times t h a t  f o r  the impurit ies introduced in to  the  moderator 
materials. 

4 .  Replacement of graphi te  i n  the  upper an2 lower end w a l l s  and the nozzle- 
approach regions by equal volumes of beryllium oxide caused a decrease i n  c r i t i c a l  
mass of approximately 6% r e l a t i v e  t o  the  reference configuration. 

5. A doubling of t h e  mass of beryllium oxide i n  the  lower-end-wall and nozzle- 
approach regions caused a decrease i n  c r i t i c a l  mass of approximately 12% r e l a t i v e  t o  
the  reference configuration. 

6. 
changes i n  c r i t i c a l  mass i n  some instances on the  basis  of one-dimensional t ranspor t  
theory. 

Changes i n  moderator and gas temperatures resu l ted  i n  r e l a t i v e l y  l a rge  

Open-Cyc l e  Engine 

7. A U-233 c r i t i c a l  mass of 43.1 l b  w a s  determined f o r  the  reference config- 
ura t ion  on the  basis of two-dimensional d i f fus ion  theory. 
14% less than t h a t  calculated i n  a preceding study i n  which the  volume of the  
exhaust-nozzle approach s l o t  was  twice that f o r  t he  reference configuration. ) 

(This c r i t i c a l  mass is  

8 .  The c r i t i c a l  mass was reduced 12% r e l a t i v e  t o  the  reference configuration 
as a r e s u l t  of t h e  following modifications: 
tubes with NbC-coated, pyrolytic-graphite-insulated,  beryllium tubes; elimination 
of the  heavy-water moderator; and subs t i t u t ion  of  hydrogen f o r  helium i n  the  
moderator coolant c i r cu i t .  

replacement of t h e  tungsten l i n e r  

2 



'Fne Researcii Laboratories n f  LTnFted Ai rcraf t  Corporation are invest igat ing 
various aspects  of gaseous nuclear rocket technology under Contract NASw-847 w i t h  
t h e  j o i n t  AEC-NASA Space Nuclear Propulsion Office. These invest igat ions have 
appl ica t ion  t o  determining the  f e a s i b i l i t y  of two d i f f e ren t  vortex-stabil ized 
gaseous nuclear rocket engine concepts: 
open-cycle engine concept. 
by thermal rad ia t ion  t o  seeded hydrogen propellant from gaseous nuclear f u e l  
suspended i n  a vortex. The open-cycle engine employs a vortex driven by the  
tangent ia l  in jec t ion  of propellant flow and r e l i e s  e n t i r e l y  on f l u i d  c i rcu la t ion  
phenomena f o r  p re fe ren t i a l  f u e l  Containment. 
an internally-cooled transparent w a l l  between the fuel-containment and propellant 
regions, and employs a vortex driven by tangent ia l  neon in j ec t ion  t o  provide a 
buffer  region between the  f u e l  and the  transparent wall. 
concept o f f e r s  the po ten t i a l  of perfect  containment of f u e l  and f i s s i o n  products. 
From a geometrical point of view, the  two engine concepts d i f f e r  i n  that the  open- 
cycle engine employs a s ingle  cavity,  w h i l e  t h e  nuclear l i g h t  bulb engine appears 
t o  be more p r a c t i c a l  i n  a seven-cavity configuration. 

a nuclear light bulb engine concept and an 
Both engine concepts a r e  based on the  t r ans fe r  of energy 

The nuclear l ight  bulb engine employs 

The nuclear l i g h t  bulb 

The work under Contract NEW-847 has included invest igat ions of the f l u i d  
mechanics of vortex flow, radiant heat t ransfer ,  and rad ia t ion  damage t o  transparent 
materials. Also included are ana ly t ica l  invest igat ions t o  provide information 
needed t o  in t e rp re t  the r e s u l t s  of t h e  other  invest igat ions i n  terms of the  per- 
formance of fu l l - s ca l e  engines. 
were devoted t o  the  open-cycle engine (Ref. 1). 
studies  obtained ea r ly  i n  1967, along with in te rpre ta t ion  of these r e s u l t s  i n  terms 
of t he  f u e l  l o s s  rates i n  fu l l - sca le  engines ( R e f .  2 ) ,  indicated t h a t  t he  f u e l  loss 
rates i n  the  open-cycle engine would be too grea t  f o r  economical engine operation. 
As a r e s u l t ,  the emphasis i n  the  studies described i n  the  present report  was sh i f t ed  
from the  open-cycle engine t o  the  nuclear l i g h t  bulb engine ea r ly  i n  1967. However, 
the present  report  includes the  resu l t s  of t he  c r i t i c a l i t y  work on the  open-cycle 
engine because of the  possible application of these r e s u l t s  t o  other  engine concepts. 

I n i t i a l  c r i t i c a l i t y  s tudies  of fu l l - s ca l e  engines 
However, r e su l t s  of f l u i d  mechanics 

Calculations of c r i t i c a l  masses required i n  cavi ty  reactors  were reported f i r s t  
i n  R e f s .  3 and 4, and fur ther  work has been reported in R e f s .  5 through 14. 
Experimental measurements of c r i t i c a l  mass requirements f o r  selected cavi ty  reactor  
configurations are reported i n  Refs. 15 through 17. 
ana ly t i ca l  work and the  experimental measurements were made f o r  idealized spherical  
cav i t i e s  or f o r  cy l indr ica l  configurations with length-to-diameter r a t i o s  of 1.0. 
Moderator materials employed f o r  these measurements and calculat ions were a l s o  
ideal (no voids fo r  coolant o r  propellant passage and no s t r u c t u r a l  materials) and 

In  most instances,  both the  

were graphite,  beryllium oxide, heavy 
t a in ing  l i t t l e  or no neutron poisons. 

water, o r  combinations of these three  con- 
However, some calculat ions and measurements 
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have been performed which include f ac to r s  which should be considered i n  cavi ty  
reactors  f o r  nuclear rocket appl icat ions.  
made which include the  effects on c r i t i c a l  mass re su l t i ng  from t h e  addi t ion  of heat-  
and pressure-resis tant  l i n i n g  materials on the  inner  cav i ty  w a l l  (Refs. 1, 7, 9 ,  10, 
and 14) and by the presence of an exhaust nozzle penetrat ing the  reflector-moderator 
(Refs. 1, 8, and 9 ) .  Experimental measurements have been made of t he  e f f e c t s  of 
an exhaust nozzle penetrat ing the reflector-moderator of a heavy-water-reflected 
cavi ty  (Refs. 1 5  and 17). In  the  recent experiments of Ref. 17, measurements were 
a l s o  made of t h e  e f fec ts  of t he  following: va r i a t ion  i n  f u e l  radius; va r i a t ion  i n  
heavy water temperature; inser t ion  of a simulated f u e l  i n j ec t ion  duct; the  presence 
of a s t e e l  cav i ty  w a l l  l i n e r ;  and the  addi t ion of beryllium moderator a t  d i f f e r e n t  
radial locat ions within the  heavy-water reflector-moderator. Additional ca lcu la t ions  
have been performed t o  estimate the  e f f e c t s  of hot hydrogen on the  neutron spec t ra  
and c r i t i c a l  masses f o r  cav i ty  reactors  ( R e f s .  1 and 12). 
ments w e r e  calculated i n  Ref. 1 f o r  a specif ic  engine design which includes coolant 
voids, plumbing s t ructure ,  cav i ty  l i n i n g  material, exhaust nozzle holes penetrat ing 
the reflector-moderator and pressure vessel ,  hot hydrogen, a spec i f ic  f u e l  densi ty  
p ro f i l e ,  and a fue l  i n j ec t ion  duct surrounded by a sleeve made of a s t rong neutron 
poison t o  prevent excessive heating of the  f u e l  and l o c a l  moderator volume during 
f u e l  in jec t ion .  The nuclear calculat ions i n  the present report  f o r  t h e  open-cycle 
engine a r e  extensions of the work reported i n  R e f .  1. The calculat ions f o r  the  
nuclear light bulb engine a r e  made f o r  an integrated c l u s t e r  of seven uni t  cav i t i e s ,  
amounting e s sen t i a l ly  t o  a la rge  cavi ty  reactor  with in t e rna l  moderation. The 
object  of the  present study is t o  e s t ab l i sh  the  c r i t i c a l  mass of a reasonable 
geometrical configuration with proper simulation of exhaust nozzle geometry, hot 
propellant gases, neutron poisons due t o  s t r u c t u r a l  and plumbing mater ia ls ,  and 
moderator volume f rac t ions .  I n  addi t ion,  attempts are made t o  e s t ab l i sh  a method 
f o r  calculat ing few-group cross  sections from one-dimensional inultigroup r e s u l t s  
which can be used with confidence i n  two-dimensional calculat ions.  Final ly ,  attempts 
a r e  a l s o  made i n  t h e  present study t o  e s t ab l i sh  r e l i a b l e  buckling correct ion 
fac tors  so  that invest igat ion of the  e f f ec t s  of changes i n  parameters such as 
moderator temperature can be performed using the more economical one-dimensional 
codes. 

I n  p a r t i c u l a r ,  ca lcu la t ions  have been 

C r i t i c a l  mass require-  
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.Syec.if i ca t ions  and Nuclear Configurations 

The nuclear l i g h t  bulb engine design used as a bas is  f o r  nuclear c r i t i c a l i t y  
calculat ions is described i n  R e f .  2, and a preliminary layout of t h e  engine i s  
shown i n  Fig. 4 of R e f .  2.  
dimensions, and geometry of the  conceptual engine design f o r  nuclear calculat ions 
was obtained from an early configuration considered i n  the  s tud ies  described i n  
R e f .  2, bu t  agrees i n  e s s e n t i a l  d e t a i l s  with the f i n a l  design with the following 
exceptions: (1) a pressure vessel  made of s teel  instead of a glass-fiber-wound 
pressure vesse l  was used f o r  the  nuclear calculat ions,  and (2 )  subs tan t ia l ly  grea te r  
masses of na tura l  tungsten and steel  were present i n  the  lower and upper end walls 
and i n  t h e  nozzle-approach regions f o r  the nuclear calculat ions than were employed 
i n  the  f i n a l  design of R e f .  2. 
pressure vesse l  with a fiber-wound pressure vessel  should be negl igible .  However, 
t h e  presence of subs tan t ia l ly  greater  masses of na tura l  tungsten and s teel  i n  t h e  
upper and lower end walls and i n  the  nozzle-approach regions does have a la rge  
e f f e c t  on the  c r i t i c a l  mass because the r e l a t ive ly  la rge  amount of thermal neutron 
absorption ser ious ly  reduces the  neutron r e f l ec t ion  e f f ic iency  i n  both end w a l l s .  

The configuration used t o  approximate the compositions, 

The e f f ec t  on c r i t i c a l  mass of replacing a s t e e l  

Figure 1 shows the  basic cy l indr ica l  geometry used f o r  two-dimensional ca l -  
culat ions of the nuclear l ight  bulb engine. Details of t he  dimensions and temper- 
a tures  of the various regions and the  number of r a d i a l  and axial mesh points  
employed i n  both one-dimensional and two-dimensional calculat ions f o r  t h i s  config- 
urat ion a r e  contained i n  Table I. 

I n  order  t o  describe the  charac te r i s t ics  of t h e  f u e l  regions of the nuclear 
light bulb engine, it was necessary t o  develop a u n i t  c e l l  i n  which the  f u e l  regions 
and the  various layers  of hot gases and transparent wall were described i n  d e t a i l .  
A cross sec t ion  of a de ta i led  unit c e l l  i s  shown i n  Fig. 2, and the  dimensions and 
composition of materials employed in  t h e  de ta i led  unit c e l l  are contained i n  Tables 
I1 and 111. 

Previous experience w i t h  the  calculation of U-233 c r i t i c a l  masses i n  spherical  
assemblies (Ref. 12) has indicated that c r i t i c a l  masses are r e l a t i v e l y  insens i t ive  
t o  homogenization and the  resu l t ing  uniform d i s t r ibu t ion  of the  f u e l  and hot gases 
throughout t he  cavity.  Therefore, i n  order t o  save computation time i n  two- 
dimensional t ransport  theory calculations,  it was decided t o  homogenize the  un i t  
c e l l  by volume-weighting each of the ten pr inc ipa l  regions. 

Additional regions which were homogenized t o  reduce computation time i n  two- 
dimensional calculat ions include t h e  s t ructure  and plumbing region above the  upper 
end w a l l ,  the  upper end wa l l ,  t he  lower end walls, and t h e  nozzle-approach regions. 

5 
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The s t ruc ture  and plumbing, region 20 of Fig. 1, contains a s t e e l  s t r u c t u r a l  p l a t e  
t o  car ry  the  grav i ta t iona l  load of the reactor  core,  hafnium f u e l  i n j ec t ion  ducts,  
pumps, heat exchangers,^and piping containing propel lant  and coolant f l u i d s .  
addi t ion,  unoccupied portions of  region 20 a r e  pressurized with hydrogen t o  500 a t m .  
The upper end w a l l ,  region 21  of Fig.  1, contains graphi te  or Be0 and various 
manifolds f o r  coolant and propel lant ,plus  hafnium fuel i n j ec t ion  ducts. 
approaches, regions 22 and 23 of Fig. 1, contain the  hot gases being expelled 
through the  nozzle, plus  the nozzle-approach l i n e r  mater ia l ,  and na tu ra l  tungsten 
supports for the  graphite or Be0 end plugs a t  t h e  ends of t h e  u n i t  c e l l s .  
lower end walls, regions 24 t o  27 of Fig. 1, contain add i t iona l  plumbing and 
manifolding s t ruc ture  as w e l l  as some graphi te  or Be0 moderating mater ia l  i n  
i n t e r s t i t i a l  zones. Since the  end plugs a t  the  end of t he  u n i t  c e l l s ,  shown i n  
Figs.  4 and 5 of Ref. 2 ,  were of a l a rge r  diameter than the  fuel-containing region, 
it w a s  f e l t  t h a t  homogenization of t he  nozzle approach d id  not subs t an t i a l ly  a l ter  
t h e  neutron leakage cha rac t e r i s t i c s  through that region. Homogenization of t he  
o ther  zones mentioned above should not a f f e c t  t h e  accuracy of calculat ions of t he  
nuclear charac te r i s t ics  of t he  system t o  any subs t an t i a l  degree. 

I n  

The nozzle 

The 

Table IV contains the  composition of a l l  of the various regions employed f o r  
both one- and two-dimensional calculat ions f o r  t he  nuclear l i g h t  bulb engine. 
Figure 3 shows the cross  sec t ion  a t  the  mid-plane of t he  nuclear l i g h t  bulb engine 
employed for a l l  one-dimensional calculat ions.  Table V gives a summary of t h e  
various configurations which were used f o r  t h e  nuclear calculat ions and includes 
severa l  var ia t ions i n  the  configuration, p r inc ipa l ly  due t o  the replacement of 
graphi te  with Be0 i n  various amounts i n  the end walls and nozzle approaches. 
dens i t i e s  and t o t a l  masses of materials employed i n  t h e  two-dimensional con- 
f igu ra t ion  are contained i n  Table V I .  The weights of mater ia ls  employed are i n  
subs t an t i a l  agreement with those l i s t e d  i n  Table X of Ref. 2 with the  previously 
mentioned exceptions of replacement of the s t e e l  pressure vesse l  with a f i b e r -  
wound s h e l l  and removal of la rge  quant i t ies  of na tu ra l  tungsten and s t e e l ,  both 
p a r a s i t i c  neutron absorbers, from the  end-wall and nozzle-approach regions. 

The 

Steps i n  Analysis 

The configuration used f o r  nuclear calculat ions which has been described i n  
the  preceeding sect ion includes adjacent zones with widely d i f f e r ing  neutron 
sca t t e r ing  and absoqkion  propert ies .  Such a configuration requires a la rge  
number of mesh points for two-dimensional neutron t ranspor t  theory ca lcu la t ions .  
Therefore, i n  order t o  remain within the limits of reasonable computation time, 
the  following s teps  were followed i n  the  nuclear ana lys i s .  

F i r s t ,  the  minimum order of angular quadrature w a s  es tabl ished by performing 
a series of one-dimensional, in f in i te -cy l inder  calculat ions f o r  the de ta i led  u n i t  

6 
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c e l l  described i n  an& 111 ~ n d  Fig .  2 .  The D T F - I 1  code ( R e f .  18) was used 
f o r  these c a l c d a t i o n s ,  and the  r e su l t s  indicated that fluxes and eigenvalues 
remained e s s e n t i a l l y  the  same f o r  S4, ~ 6 ,  and S8 angular quadrature. 
or? th5s basis t o  use S4 angular quadrature f o r  a l l  succeeding calculat ions.  

It was decided 

There was a l so  a need t o  minimize the  number of neutron energy groups and, i f  
possible,  eliminate t h e  use of up-scattering cross sect ions from the  two-dimensional 
calculat ions.  This  t a s k  was accomplished by performing one-dimensional, i n f in i t e -  
cylinder calculat ions using 24 neutron energy groups with down-scatter t o  11 groups 
and up-scat ter  t o  13 groups f o r  configurations A and B of Table V. The ANISN code 
( R e f .  19) was used f o r  these calculations,  and the  option which calculates  flux- 
and volume-weighted few-group cross  sections was employed t o  produce a bg roup  
cross sec t ion  set .  Up-scatter was removed by employing t h e  addi t ional  option i n  
t h e  few-group calculations by the ANISN code which accomplishes removal of up- 
s c a t t e r  by modification of the  down-scatter cross sect ions i n  a manner which 
conserves t h e  net  t r ans fe r  of neutrons. 
sect ions,  they were reused i n  calculations for t h e  same one-dimensional configuration 
f r o m  which they were generated, and comparisons of eigenvalues, f luxes,  leakages, 
and absorptions by region were made w i t h  t he  o r ig ina l  24-group resu l t s .  

T o  ensure the  accuracy of the &-group cross 

"Two-dimensional calculations were carried out f o r  configurations D through J 
described i n  Table V using the  4-group cross sect ions and S4 angular quadrature i n  
the  DOT code ( R e f .  20). 

I n  order  t o  perform addi t iona l  exploratory calculat ions economically, such as 
computation of the var ia t ion  of c r i t i c a l  mass with moderator temperature, it was 
necessary t o  e s t ab l i sh  a buckling correction f o r  t h e  one-dimensional cy l indr ica l  
configuration C of Table V such t h a t  c r i t i c a l  f u e l  loadings and r a d i a l  neutron 
f lux  d i s t r ibu t ions  would duplicate accurately those from the  corresponding two- 
dimensional r e su l t s .  Once t h i s  buckling correct ion was establ ished i n  the  form 
of an e f fec t ive  cylinder height, the above-mentioned exploratory calculat ions were 
car r ied  out  using the one-dimensional ANISN code with 24 neutron energy groups. 

Neutron Cross See t ions  

It was necessary t o  employ several  thermal neutron energy groups i n  the range 
from 0 t o  1.125 ev i n  order t o  calculate t he  neutron absorptions and spectra  
accurately f o r  adjacent regions i n  the  moderator at qui te  d i f f e ren t  temperatures. 
I n  addi t ion,  i n  order  t o  calculate  t he  e f f e c t s  of  neutron up-scattering by the 
presence of hydrogen and hot neon i n  temperatures ranges from 2000 t o  12,000 R i n  
the gaseous f u e l  regions, it was a l s o  necesary t o  add severa l  thermal neutron 
energy groups i n  the  range between 1 and 29 ev. 
groups was  chosen with 14 of the  groups covering the  range from 0 t o  29 ev and the  
remaining groups covering t h e  range from 29 t o  lo7 ev. 
energy boundaries of t he  24-group s t r u c t u r e .  

The basic set of 24 neutron energy 

Table V I 1  contains the  
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The fast neutron cross  sec t ions  were calculated using the  GAM-I code (Ref. 21) 
with slowing-down spectra  calculated f o r  the  various l o c a l  moderator materials. 
The slowing-down spectrum i n  the  cavi ty  regions w a s  assumed t o  be t h a t  of t h e  
beryllium oxide moderator, the  material i n  l a r g e s t  quant i ty  adjacent t o  the  
cav i t i e s .  

Thermal neutron absorption cross sect ions were calculated using t h e  TEMPEST 
code (Ref. 22) with the spectra  again chosen f o r  the  temperatures and materials 
of t h e  l o c a l  moderator regions. Up- and down-scattering p robab i l i t i e s  within the  
thermal neutron energy groups were calculated using the  SOPHIST-I code ( R e f .  23). 
The SOPHIST-I code includes i n  the up- and down-scattering p robab i l i t i e s  t he  
enhancement of reaction rates due t o  r e l a t i v e  ve loc i ty  between the  neutron and the  
sca t t e re r ;  t h i s  effect  was included i n  the  ca lcu la t ion  of t h e  t ranspor t  cross sec t ions  
f o r  the various materials.  

Treatment of t h e  t ranspor t  cross  sec t ion  i n  t h e  spec ia l  cases of atomic and 
molecular hydrogen and hot neon follows t h a t  reported i n  R e f .  1 with t h e  addi t ion  
o f  dependence of the sca t te r ing  cross sec t ion  of molecular hydrogen on t h e  energy 
of in te rac t ion ,  a function of r e l a t i v e  veloci ty .  
cross sec t ion  i s  given below. 

The equation f o r  t he  t ranspor t  

The sum of p l J  is  the  sum of the  up- and down-scattering p robab i l i t i e s  f o r  energy 
group i t o  a l l  energy groups j ,  cos9 i s  the mean value of t h e  cosine of t h e  sca t t e r ing  
angle (which includes consideration of the  motion of t he  s c a t t e r e r  as w e l l  as the 
incident neutron as described i n  Ref. l), and 0: allows f o r  t he  r e l a t i v e  ve loc i ty  
dependence necessary t o  cor rec t  f o r  the e f f e c t s  of molecular binding on t h e  
sca t t e r ing  cross  section at low in te rac t ion  energies.  

- 

In  order  t o  calculate  two-dimensional configurations economically, t he  24- 
group cross sections used i n  the  one-dimensional in f in i te -cy l inder  calculat ions 
were used t o  generate volume- and flux-weighted 4-group cross sect ions.  
neutron energy boundaries of the 4-group set  are a l s o  shown i n  Table V I I .  The 
boundary between groups 3 and 4 i n  the  b g r o u p  set  i s  a t  8.32 ev, and some up- 
sca t t e r ing  of neutrons from group 4 t o  group 3 did occur. I n  order t o  eliminate 
up-scattering probabi l i t i es  from t h e  two-dimensional problems, the  option i n  t h e  
ANISN code ( R e f .  19) which subt rac ts  t he  up-scattering from the down-scattering and 
thereby maintains the balance of t r ans fe r  of neutrons between adjacent groups was 
used t o  c rea t e  a 4-group cross sec t ion  set which had only down-scattering. 

The 
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To evaluate  t h i s  technique for generating b g m i q  c x s s  sec t inns  in the one- 
dimensional case, companion problems were m n  f o r  the  cy l ind r i ca l  configuration A 
of Table V using f irst  the 24-group s e t  and then the  4-group set generated from the  
&group c a i c - i k t ~ o n .  %ble TILT contains comparisons of e f f ec t ive  mult ipl icat ion 
f ac to r s ,  absorptions,  and leakages by region between these two calculat ions.  
can be seen that t h e  mult ipl icat ion fac tor  was reproduced very accurately and that 
there  is c lose  correspondence between absorptions, leakages, and integrated f luxes 
by regions f o r  each of the  4 energygroups, 

It 

The close correspondence between the 
24- 
use 

and 4-group calculat ions f o r  ident ica l  configurations created confidence i n  the  
of t h e  4-group cross  sect ions f o r  two-dimensional ca lcu la t ions .  

Results of Initial One-Dimensional Calculations 

The i n i t i a l  one-dimensional calculat ions were car r ied  out using the 24-group 
cross  sec t ion  s e t  and S4 angular quadrature i n  the ANISN neutron t ransport  theory 
code. Using a U-233 f u e l  loading equivalent t o  22.2 l b  i n  the  two-dimensional 
configuration, hff  ' s  of 0.966 and 1.169 were calculated f o r  t h e  i n f i n i t e  cy l ind r i ca l  
configurations A and B of Table V, respectively.  
i n  the  Be0 and graphite moderator materials, while configuration B did not.  
20% reduction i n  h f f  due t o  the  presence of impurit ies demonstrates the  s e n s i t i v i t y  
of cavi ty  reac tor  systems t o  p a r a s i t i c  neutron absorbers. 
l i s t i n g  of the  impurit ies included i n  the Be0 and graphite.  

Configuration A had impurit ies 
The 

Table M contains a 

The f luxes and volumes from these calculat ions were used t o  produce weighted 
4-group cross  sect ions as described previously. 
and 24-group calculat ions have a l so  been mentioned previously and a r e  shown i n  
Table V I I I .  

The comparisons between 4-group 

Figure 4 contains a comparison of integrated f luxes  from t h e  ca lcu la t ion  f o r  
configuration A i n  the  two f u e l  regions and the  intervening beryllium oxide. It 
can be seen that the inner f u e l  region has a s o f t e r  spectrum than the  outer  f u e l  
region i n  t h i s  configuration. 
of t he  f i s s i o n  neutron source or iginates  i n  the  outer  f u e l  region, and the  f i s s i o n  
neutrons must t raverse  and be moderated by the  intervening Be0 zone before enter ing 
the inner  f u e l  region. 
between the two f u e l  regions tends t o  soften t h e  f l u x  considerably, s ince t h e  inner 
Be0 flux spectrum is s o f t e r  than e i ther  of the f u e l  spectra .  

This difference occurs because approximately 80% 

It can a l so  be seen that t h e  presence of the moderator 

I n  the i n t e r e s t  of equalizing power output per  u n i t  c e l l ,  it is  evident t h a t  
some of t h e  inner Be0 may have t o  be movedto the  outer  Be0 region i n  l a t e r  design 
var ia t ions  because the  f i s s i o n  neutron source and integrated f lux  per  u n i t  c e l l  
a r e  approximately 1.5 times l a rge r  i n  the  cen t r a l  f u e l  c e l l  than i n  the six outer  
f u e l  c e l l s .  
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Results of Two-Dimensional Calculations 

Two-dimens,ma , Ic-group, S4 neutron t ranspor t  theory calcu-ations were 
car r ied  out using t h e  DOT code (Ref. 20) t o  determine the  c r i t i c a l  masses of 
severa l  two-dimensional configurations.  The reference configuration is t h a t  
described by Tables I t o  N and Fig. 1. 
i n  t h e  basic  configuration which were examined. 
of Be0 and graphite moderator both with and without impuri t ies ,  the  removal of 
hafnium f u e l  in jec t ion  ducts from t he  upper end w a l l  and s t r u c t u r a l  support regions, 
t he  replacement of graphite by an equal volume of Be0 i n  both the  upper and lower 
end w a l l s  and nozzle approaches, and then a doubling of the  Be0 mass i n  t h e  lower 
end-wall and nozzle approaches. The r e s u l t s  of these  calculat ions a r e  summarized 
i n  the  last  column of Table V and a r e  shown graphical ly  i n  Fig. 5 f o r  configurations 
without impurities and i n  Fig. 6 f o r  configurations with impuri t ies .  

Table V contains a l i s t i n g  of var ia t ions  
These var ia t ions  included the  use 

It can be seen t h a t  the inclusion of impuri t ies  i n  t h e  p r inc ipa l  moderator 
regions has a d ras t i c  e f f e c t  on the  U-233 c r i t i c a l  mass, increasing the c r i t i c a l  
mass from 43.5 l b  f o r  t he  reference configuration (configurat ion D )  t o  58.3 l b  f o r  
configuration E, and causing increases of s imi la r  magnitude i n  changing from 
configurations G to  H and I t o  J. The tremendous s e n s i t i v i t y  t o  impurit ies is 
cha rac t e r i s t i c  of cav i ty  reactors;  however, the  pa r t i cu la r  configurations under 
study a r e  even more sens i t i ve  t o  impurit ies due t o  t h e  l a rge  l o s s  of neutrons t o  
both end re f lec tors .  Replacing the o r ig ina l  graphi te  end-wall material with Be0 
reduces the  U-233 c r i t i c a l  mass as does a doubling of the  volume of  Be0 placed i n  
the  lower end wall and i n  the nozzle approaches; the  f inal  change y ie lds  the  lowest 
c r i t i c a l  mass requirement of 38.3 lb with no impurit ies i n  the  moderator materials. 
Linear interpolat ion indicates  t h a t  t he  Be0 material coef f ic ien ts  (AM/& )/A&,, f o r  
t h e  nozzle approaches and lower end w a l l  are -8.145 x Id6 lb-I and -7.344 x 
lb-I f o r  configurations with and without impurit ies,  respect ively.  

The removal of t he  hafnium f u e l  i n j ec t ion  ducts was considered only i n  con- 
I n  t h i s  

i s  

f igu ra t ion  F i n  which impurit ies were present i n  t h e  moderator regions. 
case, t h e  removal o f  t he  hafnium ducts caused l i t t l e  change i n  c r i t i c a l  mass. 
Linear interpolat ion indicates  that the Hf material coef f ic ien t ,  ( AM/& ) /AM, 
1.767 x 
the  f u e l  i n j ec t ion  ducts t o  prevent melting or vaporization of t h e  f u e l  during 
in jec t ion  was  based on the  r e su l t s  of Ref. 24. 
hafnium i n  the present configuration i s  small, possibly because of t h e  la rge  
amount of poison due t o  s t r u c t u r a l  mater ia ls  i n  t h e  end walls ( see  Table X ) .  
The addi t ion  of hafnium t o  a configuration i n  which the amount of neutron poisons 
w a s  i n i t i a l l y  lower i s  much grea te r  (Ref. 24) because of t he  r e su l t i ng  increased 
neutron f lux  i n  the end-wall regions.  

lb-’. The choice of the  t o t a l  hafnium weight required t o  surround 

The e f f e c t  of the  presence of 

I n  order t o  i l l u s t r a t e  the  r e l a t i v e  importance of impurit ies i n  the  beryllium 
oxide and graphite and the  e f f ec t s  of heavy absorbers such as na tura l  tungsten 
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and s t e e l  i n  the end walls, Tabie X was coristr-ictzd t o  c m t a i n  a sunmaq of the  
absorption cha rac t e r i s t i c s  i n  the  moderator and c e l l  regions of the nuclear l ight 
bulb engine. It can be seen from t h i s  table that the  presence of impurit ies causes 
more t k n  8 f = u r = f e l 5  k c r ~ a s e  i n  the macroscopic absorption cross sec t ion  of these 
p r inc ipa l  moderating mater ia ls .  
i s t i c s  i n  the  end-wall regions of the two-dimensional nuclear l i g h t  bulb con- 
f igura t ions  ind ica te  that the  presence of s t e e l  and na tu ra l  tungsten causes the  
macroscopic absorption cross sect ions i n  these regions t o  be about t e n  times grea te r  
than the  absorpt ion i n  the  impure moderator mater ia ls .  
and steel  i n  the  end walls and nozzle approaches is so dominant that l i t t l e  change 
i s  apparent i n  the macroscopic cross sections of these regions when impurit ies a r e  
removed from t h e  Be0 o r  graphite.  This would ind ica te  that the  region thickness 
measured i n  absorption mean-free-paths of t h e  end-wall materials would cause the 
end walls t o  have l i t t l e  o r  no e f f ec t  i n  r e f l ec t ing  neutrons back in to  the system. 
This is  t h e  pr inc ipa l  reason f o r  the c r i t i c a l  masses being as high as they are and, 
i n  addi t ion,  general ly  higher than the c r i t i c a l  masses f o r  a s ingle  cavi ty .  
r e s u l t  is  contrary to  the  expected r e su l t  i n  which in t e rna l  moderation should lower 
the  c r i t i c a l  f u e l  loading f o r  a cavi ty  reactor.  Preliminary d i f fus ion  theory ca l -  
culations ind ica te  that s l i g h t  i n t e rna l  moderation should cause c r i t i c a l  masses t o  
be approximately 25$ lower than those required f o r  a s ing le  cavi ty  of equal volume. 
O f  p a r t i c u l a r  note is  the r a the r  high neutron absorption i n  the nozzle-approach 
regions. This is  due pr inc ipa l ly  t o  the r a t h e r  heavy tungsten s t r u c t u r a l  mater ia ls  
which were placed i n  t h e  nozzle-approach regions t o  support the end plug i n  an e a r l y  
engine design conceived p r i o r  t o  the f i n a l  design of Ref. 2. 
a rea  i n  t h e  end-wall and nozzle-approach regions i s  approximately t en  times that 
added by the  impurit ies shown i n  Table M. 
t h e  s t r u c t u r a l  mater ia ls  i n  these regions should r e s u l t  i n  a la rge  reduction i n  
c r i t i c a l  mass. 
amount of  s t r u c t u r a l  materials required i n  these regions. 

Further examination of the  absorption character-  

The absorptions by tungsten 

This 

The t o t a l  absorbing 

Therefore, a reduction i n  the mass of  

The magnitude of t h i s  reduction w i l l  require a reassessment of t h e  

Results of Additional One-Dimensional Calculations 

One-dimensional, 24-group, E& neutron t ransport  calculat ions were performed 
t o  e s t ab l i sh  an equivalent height t o  be employed i n  the  one-dimensional calcula- 
t i o n  t o  simulate two-dimensional resu l t s  for configuration I. 
38.3 l b  of  U-233 were placed i n  the  fue l  regions and the height of the  cylinder 
was varied u n t i l  a value of & i f  of 1 .0  was reached. 
es tabl ished a t  268.5 cm ( see  Fig. 7 ) ,  a 4-group ca lcu la t ion  was made with the  same 
one-dimensional geometry, configuration C of Table V, t o  compare the bg roup  and 
24-group r e su l t s .  The 
1.006654, respect ively.  

I n  these calculat ions,  

When t h i s  height was 

f o r  t he  4- and 2bgroup cases were 0.999730 and 

I 

An add i t iona l  r e s u l t  from the  one-dimensional calculat ions was the computation 
of the  fast neutron spectrum i n  the v i c in i ty  of t he  transparent wall within the 
u n i t  c e l l .  This spectrum is  of i n t e re s t  i n  determining the e f f ec t s  of rad ia t ion  
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damage on t h e  transmission cha rac t e r i s t i c s  Of the  t ransparent  w a l l  t o  t he  block- 
body thermal radiat ion from the  hot f u e l  Cloud. 
neutron f lux above 0.111 Mev i n  the  t ransparent  w a l l  region ca lcu la ted  f o r  nuclear 
l i g h t  bulb engine configuration C .  
one f o r  the  neutron f lux  normalized t o  a production i n  t h e  f u e l  region of 1 neutron 
per  second, and t h e  other  f o r  the neutron flu normalized t o  a nominal power l e v e l  
of 4600 Mw (see Ref. 2 ) .  

Table X I  contains the  in tegra ted  

Two columns of f l u x  are included i n  Table X I ,  

Using the  established ef fec t ive  height f o r  configuration C of 268.5 em, the  

The f i r s t  two var ia t ions  i n  temperature were changes 
behavior of the  c r i t i c a l  mass re su l t i ng  from var ia t ions  i n  temperature and hot gas 
temperatures was examined. 
i n  the Be0 and graphite temperatures of *lo$ about t h e  normal operating conditions 
w i t h  no o ther  accompanying changes i n  the  system. 
a r e  shown i n  Table X I 1  and indicate  a r e l a t i v e l y  small e f f e c t  on c r i t i c a l  mass due 
t o  s m a l l  changes in moderator temperature. 

The results of these calculat ions 

Another calculat ion was made i n  which t h e  graphite and Be0 temperatures were 
halved, and the h o t  hydrogen i n  region 8 of t h e  f u e l  region was reduced i n  
temperature from 12,000 R t o  8000 R. 
G f f  dropped t o  0.846, and the  required c r i t i c a l  mass rose t o  59.6 l b .  
f o r  t h i s  la rge  increase i n  mass can be shown by examining Table X I 1 1  which contains 
average cross sections i n  group 4 f o r  t he  various mater ia ls  used under these 
var ia t ions  i n  temperature. The t ab le  ind ica tes  that t h e  absorption of t he  f u e l  
changed upward s l i g h t l y  from 2.56 x 
temperature t o  half t he  normal operating l eve l ,  while the  moderator absorptions 
increased with approximately ( 1/T)1’2 dependence. 
of the system grew worse w i t h  the  pa r t i cu la r  temperature change of t h e  moderating 
mater ia l .  
f o r  beryllium oxide, vC, f o r  U-233 r i s e s  only s l i g h t l y  f r o m  4.84 x t o  5.10 x 
cm . 

For the constant f u e l  loading of 38.3 l b ,  
The reason 

em-’ t o  2.73 x cm-l w i t h  the  decrease i n  

Thus, the  thermal u t i l i z a t i o n  

It should a l s o  be noted t h a t ,  between the temperatures of 2533 and 1265 R 

-1 The combination of these e f f e c t s  causes t h e  increase i n  c r i t i c a l  mass. 

The f ina l  one-dimensional ca lcu la t ion  was ca r r i ed  out f o r  the case i n  which a l l  
of the materials i n  t h e  reactor  w e r e  a t  room temperature, 540 R.  
constant f u e l  loading o f  38.3 l b  of U-233,&,, rose t o  1.087, while t h e  c r i t i c a l  
mass decreased t o  27.6 l b .  
increased approximately as (l/T)1’2 , v& and absorption i n  the f u e l  regions a l s o  
rose d r a s t i c a l l y  above that f o r  t h e  case where t h e  moderator temperatures were 
1265 R.  
2.73 x Id3 t o  4.01 x 
i n  var ia t ions  of cross sections shown i n  Table X I I I .  

I n  t h i s  case, f o r  

I n  t h i s  instance, while t he  moderator absorption 

VC, rose t o  8.77 x 10-3cm-1 while C, i n  the f u e l  region rose from 
The trends indicat ing t h i s  va r i a t ion  can a l s o  be seen 

Flux Plo ts  f o r  One- and Two-Dimensional Calculations 

Radial mid-plane neutron flux p lo t s  from both one- and two-dimensional Ic-group, 
S4 calculat ions a r e  compared i n  Fig. 8. These calculat ions were done f o r  
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configuration I which had twice <ne mass an6 v d i i s  sf E& ir, the lower end w a l l  
and nozzle approach regions than vas use6 i n  corxeiguration D. 
these f l u x  p l o t s  f o r  groups 3 and 4 that the  shapes of the r a d i a l  flux p lo t s  a r e  
veyY- s2~6lzr fer hnth groiip with the fluxes being s l i g h t l y  higher f o r  the  one- 
dimensional cy l ind r i ca l  assembly than f o r  the two-dimensional case. Features t o  
note i n  these f lux  p l o t s  a r e  the  buildup of thermal flux i n  the beryllium oxide 
moderator regions, the much higher f lux  l e v e l  i n  the cen t r a l  un i t  c e l l ,  and the 
apparent self shielding i n  group 4 i n  both the cen t r a l  c e l l  and i n  the outer  f u e l  
region. The phrase "apparent s e l f  shielding" i s  used because it i s  the la rge  
e f f ec t ive  sca t t e r ing  cross sec t ion  o f  the hot gases, ( Z t r  
regions) r a t h e r  than absorption which creates a d i f fus ion  b a r r i e r  f o r  group-4 
neutrons i n  the  f u e l  region. "his effect ive s e l f  shielding due t o  sca t t e r ing  may 
cause addi t iona l  increases i n  c r i t i c a l  mass when more de ta i led  calculat ions of t he  
u n i t  c e l l  described i n  Tables I1 and I11 and Fig. 2 a r e  performed. 

It can be seen from 

3OC, i n  the f u e l  

Figure 9 contains f l u x  p lo t s  f o r  a l l  four  energy groups from two-dimensional 
c r i t i c a l  mass calculat ions f o r  configuration H. These f lux  p lo t s  a r e  a t  the r ad ia l  
mid-plane and contain e s s e n t i a l l y  the features discussed i n  the  previous p lo t s  of 
Fig. 8. Figure 10 contains axial neutron flux p lo t s  down the  center l ine  of the 
two-dimensional configuration H. The principal  f ea tu re  t o  be noted here is the 
l a rge  amount of leakage in to  the  end walls i n  a l l  groups, indicat ing the  r e l a t i v e  
ineffect iveness  of t he  end walls i n  re f lec t ing  neutrons back in to  the  system. It 
i s  expected that removal of t he  heavy absorption by na tura l  tungsten and s t e e l  i n  
the  end-wall regions w i l l  improve the  re f lec t ing  propert ies  t o  the  extent that 
the  group-4 flux w i l l  build up i n  these regions r a the r  than follow the outward 
axial leakage of o ther  energy Q~QUPS. 

Figure 11 contains r a d i a l  neutron f lux  plots . through the nozzle-approach 
regions. 
and 4 f luxes i n  the  moderator regions and the  peaking of the  groups 1 and 2 f luxes 
i n  the  nozzle-approach regions, indicating continuing neutron moderation i n  the 
lower end wall and nozzle approaches and some streaming of f a s t  neutrons through 
the  nozzle approaches and nozzle throats .  It should be noted, however, that t h e  
magnitudes of the fluxes i n  t h i s  region, espec ia l ly  i n  the  nozzle-approach region, 
a r e  an  order  of magnitude below those in  the  f u e l  region. 

The pr inc ipa l  charac te r i s t ics  t o  be noted a r e  the  peaking of t he  groups 3 

Figure 12 contains r a d i a l  neutron flux p l o t s  through the nozzle throa t  regions. 
Once, again,  the groups 1 and 2 fluxes a r e  peaked over t h e  nozzle throa t  regions, 
while the  groups 3 and 4 f luxes a re  r e l a t ive ly  f l a t  and behave as though they were 
i n  a homogenous moderator region. It should be noted here a l so  that t h e  f luxes in 
these regions a r e  two orders of magnitude lower than those i n  the  f u e l  region. 
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OPEN-CYCX ENGINE CRITICALITY CALCULATIONS I 

C r i t i c a l i t y  calculat ions were made for a modified version of t he  engine design 
of Refs. 1 and25 in  which the  s i z e  of t he  exhaust nozzle approach s l o t  was reduced 
by 50%. Two-dimensional d i f fus ion  theory ca lcu la t ions  using the  TWENTY GRAND code 
(Ref. 26) indicated a c r i t i c a l  mass f o r  t h i s  configuration of 43.1 l b  of U-233 
r e l a t i v e  t o  a value of 50.1 l b  for the  configuration with t h e  l a r g e r  nozzle-approach 
region i n  Ref. 1. This mass of 43.1 l b  compares w e l l  with a predicted mass of 
42.2 l b  from R e f .  1 which was  based on in te rpola t ion  from other  configurations.  

1 

Three addi t ional  changes t o  the  spec i f i c  gaseous nuclear rocket configuration 
as presented i n  Refs .  1 and 25 were invest igated t o  determine t h e i r  e f f e c t s  on 
c r i t i c a l  mass. 
tubes with pyrolytic-graphite-coated beryllium tubes,  2 )  e l iminat ion of t h e  heavy 
water moderator, and 3) subs t i t u t ion  of hydrogen f o r  helium i n  the  moderator coolant 
c i r c u i t .  Using t h e  equivalent spher ica l  geometry employed i n  R e f .  1, one-dimensional, 
24-Group, neutron t ransport  theory and d i f fus ion  theory calculat ions w e r e  performed 
f o r  t h i s  par t icu lar  configuration incorporating a l l  th ree  of t h e  above changes. 
S4 angular quadrature i n  the neutron t ranspor t  theory calculat ions was  determined 
t o  be s u f f i c i e n t  for  the spher ica l  configuration by the  same procedure employed 
f o r  the nuclear light bulb ca lcu la t ions .  
spherical  assembly. 
employed i n  the  various regions of t h e  spher ica l  assembly. 
calculat ions a r e  shown i n  Figs. 14 and 15.  
f luxes from t h e  transport  theory calculat ions i n  t h e  regions i n  the center  of t he  
sphere and i n  t h e  moderator regions are shown. 
the  very hot hydrogen a t  100,000 R cause the spectrum t o  become very hard i n  the  
center  f u e l  region, region 2.  
region of cool hydrogen i n  region 5 causes the  spectrum t o  sof ten  considerably and 
t h a t  the  beryllium oxide innermost reflector-moderator causes the  spectrum t o  be 
s o f t e r  than i n  a l l  o f  t he  o ther  th ree  regions. 

These modifications were: 1) replacement of t h e  tungsten l i n e r  

I 
I 
I 
1 
1 
I 
1 
1 
I 
1 

Figure 13 shows the  geometry of t h i s  
Tables X N  and XV contain the  dimensions and compositions 

The r e su l t s  of these  
In  Fig.  14, the  integrated neutron 

It can be seen that the  e f f e c t s  of 

It can a l s o  be seen that t h e  r e l a t i v e l y  narrow 

Figure 1 5  contains the r e su l t s  of severa l  one-dimensional ca lcu la t ions .  Pre- 
liminary diffusion theory calculat ions were made using the  ULCER code (Ref. 27) 
without hydrogen coolant i n  the  reflector-moderator materials. The r e s u l t s  of 
these  calculat ions ind ica te  a c r i t i c a l  mass of 28.0 l b  i n  the  spher ica l  assembly. 
Further calculations were made using the  same cross  sect ions f o r  t he  neutron 
t ranspor t  theory code DTF-I1 ( R e f .  18). I n  the  t ranspor t  theory calculat ions the  
reflector-moderator materials sometimes included hydrogen coolant and sometimes 
omitted it. 
coolant w a s  removed f r o m  the  reflector-moderator. The r e s u l t s  of t h e  t ranspor t  
theory calculat ions with hydrogen indicate  a c r i t i c a l  mass i n  t h e  spher ica l  assembly 
of 32.3 lb. 

In  these cases the re  was an increase of 230 i n  L t r  when hydrogen 

Applying an equivalent correct ion t o  t h e  d i f fus ion  theory r e s u l t s  t o  

14 



aiiew f o r  t kc  p ~ s e x e  nf hydrogen in  the reflector-moderator ra i sed  t h e  d i f fus ion  
theory c r i t i c a l  mass t o  31.3 l b .  
t ranspor t  theory and diffusion theory indicates that t h e  two-dimensional r e s u l t s  
from d i f fus ion  theory can be assumed to  be reasonably accurate.  

This ra ther  c lose correspondence between 54 

Earlier, it had been indicated t h a t  a c r i t i c a l  mass of 43. 1 lb could be 
achieved i n  a modification of the engine design of R e f .  25 which consisted of 
cu t t ing  t h e  exhaust nozzle approach s l o t  volume i n  half. C r i t i c a l  mass f o r  t he  
equivalent spher ica l  configuration was  37.25 l b  (see Fig. 10 of Ref. 1). 
applying the same sca l ing  f a c t o r  t o  the present  spher ica l  calculat ions t o  estimate 
a two-dimensional r e s u l t ,  the indicated c r i t i c a l  mass f o r  t h e  two-dimensional 
counterpart  of the  configuration with the three  modifications specif ied above would 
be 37.5 l b  of U-233. 

By 



COMPARISON OF NUCLEAR LIGHT BULB AND OPEN-CYCIE ENGINE RESULTS 

The lowest U-233 c r i t i c a l  mass calculated f o r  t he  nuclear l i g h t  bulb engine 
i s  38.3 l b  f o r  configuration I. 
open-cycle engine design is 37.5 lb .  
impurit ies i n  e i the r  the Be0 or graphite but did have d i f f e r e n t  amounts of 
s t ruc ture ,  plumbing, and NbC coatings within the moderator regions. 

The c r i t i c a l  mass of U-233 f o r  the. most recent 
Both of these configurations had no 

The major differences between the  two configurations a re  (1) the  nuclear 
light bulb has in te rna l  moderation, and ( 2 )  thermal neutron absorption i n  the  end 
walls of the  nuclear light bulb engine is  much g rea t e r  than f o r  the open-cycle 
engine. 
i n  the nuclear l i gh t  bulb engine is equal t o  the s ingle  cavi ty  volume of the  open- 
cycle engine. 

The engines are similar i n  that the  t o t a l  cav i ty  volume o f  the  seven u n i t s  

Preliminary d i f  fus ion theory calculat ions have indicated tha t ,  f o r  equal 
moderator and cavity volumes, a cavi ty  reac tor  with some i n t e r n a l  moderation 
should require c r i t i c a l  masses as much as 25% lower than the  c r i t i c a l  mass required 
i n  a s ingle  cavity.  Comparison of axial and r a d i a l  neutron f lux  p lo t s  i n  Figs.  9 
and 10 reveals t ha t  there  is a bui ld  up and inward flow of Group-4 neutrons from 
the Be0 region into the f u e l  regions i n  the  r a d i a l  d i rec t ion ,  while i n  the  axial 
d i r ec t ion  there  appears t o  be aggravated absorption of thermal neutrons i n  the  
end walls causing large outward axial leakage. A comparison of absorption propert ies  
of the nuclear l i g h t  bulb and open-cycle end walls can be made by ca lcu la t ing  the  
thicknesses of t he  regions i n  group-4 neutron absorption mean-free-paths, &,a. 
r e su l t s  of  t h i s  calculat ion indicate  t h a t  & A  = 1.37 x lo-" f o r  the  open-cycle end 
walls and 4.50 x 10'' f o r  the  nuclear l i g h t  bulb end walls. Further r e s u l t s  from 
Table X indicate  t h a t  the r ad ia l  thickness of the  outer  Be0 and graphite regions 
of the nuclear l i g h t  bulb engine i n  group-4 neutron absorption mean-free-paths is  
C,a = 4.91 x 

The 

two orders of magnitude l e s s  than the  end-wall value. 

It is  d i f f i c u l t  t o  estimate how much lower the  U-233 c r i t i c a l  mass can be i n  
the  nuclear l i g h t  bulb engine. 
m u s t  be examined more thoroughly. F i r s t ,  two fac tors  will tend t o  increase the  
c r i t i c a l  mass calculated f o r  configuration I, namely, (1) the inclusion of 
impurit ies i n  far lower concentrations than indicated i n  Table IX i n  the  Be0 and 
graphite,  and ( 2 )  the e f f e c t  of apparent shelf  shielding when the U-233 is  not 
d i s t r ibu ted  uniformly i n  the cavi ty  regions. Conflicting with these trends w i l l  
be the strong tendency t o  decrease c r i t i c a l  mass by removing absorbers f r o m  the 
end walls and improving axial re f lec t ion .  

The conf l ic t ing  f ac to r s  which a f f e c t  c r i t i c a l i t y  

Figure 16 shows a comparison of t he  integrated U-233 f i s s i o n  neutrons sources 
from t he  one-dimensional t ransport  theory calculat ions f o r  the  open-cycle engine 
and the  nuclear l i gh t  bulb configuration C .  It can be seen from these f igures  that 

16 
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t h e  hot hydmge;: at the ~ e q  much higher temDerature and the  absence of i n t e rna l  I 
noderation 
open-c yc l e  I 
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cause more of the neutron source t o  be generated above 0.5 ev i n  the 
engine than i n  the  nuclear light bulb engine. 
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M e m  v a l i ~  of t h e  cosine of the sca t t e r ing  angle f o r  neutrons i n  the 
laboratory coordinate system, dimensionless 

Neutron energy i n  e lec t ron  vol ts ,  ev 

Effect ive cylinder height, cm 

Effect ive mult ipl icat ion factor ,  dimens ionless  

Region thickness,  axial o r  rad ia l  as noted, em o r  i n .  

Mass, l b  

C r i t i c a l  Mass, l b  

Temperature, deg R or  deg K 

Probabi l i ty  f o r  neutron energy t r ans fe r  by sca t t e r ing  from neutron 
energy group i t o  j ,  dimensionless 

Macroscopic f i s s i o n  neutron production cross sect ion,  cm -1 

-1 Macroscopic absorption cross sect ion,  cm 

Macroscopic t ransport  cross sec t ion ,  em-' 

Microscopic sca t t e r ing  cross sec t ion  f o r  neutrons 
barns 

Microscopic t ransport  cross sec t ion  for neutrons 

Neutron flux, neutrons/cm2-see 

Total  neutron flux integrated over e n t i r e  reactor  

21  

i n  energy group 

n energy group , iarns 

2 volume, neutrons/cm -see 
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TABLE V 

I E f f e c t i v e  Cyl inder  
' zon f igu ra t  i on  Height 
r 

A I n f i n i t e  

SUMMARY OF N U C W  LIGHT BULB ENGINE CONF'IGURATIONS USED FOR 

ONE- AND TWO-DIMENSIONAL S4 CALCULATIONS 

U-233 Fuel Loading f 

I m o u r i t i e s  I n  I n  Equ iva len t  2-D 
Be0 & Graph i t e  C o n f i g w a t i o n ,  lb K e l p  

Yes 22.2 0.966 

- D e s c r i p t i o n  of Conf igura t ions  Given 
I n  Tab les  I t o  I V  and F ig .  1 t o  3 

I n f i n i t e  
Varied 

L 
1 

B 
C 

- 

One-Dimensional Conf igu ra t ions  

22.2 1.L 
Varied Vzr i ed 

_. 

I m c u r i t i e s  I n  Poisons Due Hafnuim. Fuel -  End-lJal1 
Be0 & Graphi te  To S t ruc t i i r e  I - j e r t i o n  Ducts I n  Mod e r a  -L or 

Upper End Wall Conf igu ra t ion  
.___- 

Yes Yes Reference 
Yes Rcfcrenc c 
N O  Reference  

I Yes Yes Same as G 

Yes Same as I 

Yes I Yes x-x 

Yes 
Yes 

I 
I 

Yes *x* i 
I 

No 
Yes 
Yes 
NO 

Yes 
Iu' 0 

Yes 
- 

!ho-Diciens i o n a l  Conf igu ra t ions  

U-233 
Criti-a1 Mass 

?.ic -1b 

43 7 

58.3 
58.1 
40.11 
55.4 
36.3 

.I 

51.8 

IY 
E 
F 
G 
H 
I 

t J  _ _  -~ - -  

* Rei'erence Conrigunaijon O f  Nuclear L i g h t  Bulb Engine 

** Graph i t e  Replaced By Equal Volume o f  Be0 I n  End Walls And Nozzle Approaches, 
Regions 2 1  Through 27 

*** Be0 Mass Doubled I n  Lower End Wall and Nozzle Approaches, Regions 22 Through 27 
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TABIX VI 

DENSITIES AND WEIGHTS OF IWCEBIALS EMPLOYED I N  

NUCLEAR LIGHT BULB CRITICALITY CALCULATIONS 

Dimensions of Regions Given i n  Tables I and I1 
Composition of Regions Given i n  Tables I11 and IV 

Geometry of Regions Shown i n  Fig. 1 t o  3 

Material 

Neon, T = 15,000 R 
Neon, T = 2000 R 
Hydrogen, T = 12,000 R 
Hydrogen, T = 4000 R 
Hydrogen, T = 2000 R 
Hydrogen, T = 540 R 
NbC 
Be 
S i O a  
Be0 
Pyrolyt i c  Graphite 
Graphite 
S ta in l e s s  S t e e l  
Natural Tungsten 
Hafnium 

~ 

Atom Density, N 
:Atoms/cm3) x 

4.417 x lom4 
3.312 x 
7.26 x io-* 
3.30 
6.60 x id3 
1.9 x lo-2 
4.27 x 
1.23 x 10-1 
2.526 x loq2 
7.240 x Id2 
1.000 x 10-1 
9.25 x 
9.01 x 
6.09 x 
4.45 x 

27 

Mass Density 

0.0148 
0.111 
0.0012 
0.0058 
0.011 
0.022 
7.46 
1.84 
2.52 
3.0 
2.0 
1.84 
8.02 
18.8 
13.2 

lb / f t3  

0.9435 
6.926 
0.0749 
0.3420 
0.6864 
0 - 1373 
465 5 
114.8 
157 * 3 
187.2 
124.8 
114.8 
500.4 
1173 
823.7 

Total  Mass I n  
All Regions lb s  

2.109 
6.676 
2.889 
25.666 
93.36 
8.972 
103.5 
115.8 
76.20 
9,628 
go. 311 
23,383 
71,163 
5 , 618 
1.948 
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TABLF: V I 3  

NEUTRON EKEBGY GROUP STRUCTlTRES USED I N  

BOTH OPEN CYCLE AlTD NUCLEAR =GIFT BUG3 ENGINE 

CRITICALITY CALCULATIONS 

Ne u t  r on 
Energy Group 

1 
2 
3 
4 
5 
6 
7 

9 
10 
11 
12 
1-3 
14 
15 

17 

19 
20 
21 
22 
23 
24 

a 

16 

l a  

Upper Ehergy 
L i m i t  

ev 

1.0 x lo7 
2.865 x lo6 
1.35 x lo6 
8.21 x io5 
3.88 x lo5 
1.11 x io5 
1.50 io4 
3.35 x io3 

1.01 x lo2 
5.83 x 13 

29 .O 
8.32 
3.06 
2.38 
1.86 
1.44 
1.125 
0.685 
0.414 
0.3 
0.2 
0.1 

0.015 
o .05 

Lower Energy 
L i m i t  

ev 

2.865 10" 

8.21 io5 

1.11 lo5 
1.50 io4 
3.35 x io3 

1.01 x 102 

8.32 
3.06 
2.38 
1.86 

0.685 

1.35 x lo6 

3.88 x lo5 

5.83 x 10" 

29.0 

1.44 
1.125 

0.414 
0.3 
0 2 
0.1 
0.05 
0.015 
0 .o 

2% 

Group Number, 
Four -Group 

Structure  Used 
For Nuclear Light 

Bulb Engine ' 
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COMPARISON OF .RESULTS OF ONE-DIIENSIONAL 2 4 4 R O U P  AND 

4-GROUP 54 CALCULATIONS FOR NUCLEAR LIGHT BUG? ITJGINE CONFTGURhTION A 

- C o n f i e u r a t i o n  Descr ibed  I n  T a b l e s  I11 t o  V h d  7 i g .  3 

- I n p u r i t i e s  In BeO and Grapnise 

- Cj- l inder  Height fic;i;med I n f i n i t e  

- U-233 Fuel Loadin& E q d i m l e n t  '"0 22.2 It 
ir, ha _.I_ 2 ., n. r..o- n:.. --.. -,> -..-I -Inn., Confi;.'r??ior 

E f f e c t i v e  M u l t i i l i c a t i o n  F a z t o r ,  q f ,  
Pea;: ?a:!er/i- era:e ?over 

Neut rsn  AbsorLr ion  by F o l I o u i n E  Reg:ors 
r u e 1  & Iiju:oger, 
I:'JPTa'.3TS 

Tmg-tPn P1, s: F r e s s u r c  Vessel 

i:et IJeiLron LcaP.agc i i ,  311 
Fuel % 'iydrsgi:. 
Made r a t o  rs 
Tungsten Plmbing  & Prezsure Vessel 

L i n  Fallz.virg Region; 

Fuel R 1igdr;go:; 
M;deramrs 
' h n g s t e n  F h m b i n g  I Fr ' e s sxc  'Jesse1 

Neut ron  Flux  fa r .  Graup 3 i n  Fo1lswi:ig Fegions  
(8.32 - 3.35 x 12' ev)  

Fuel & Hydrogen 
Modera tors  
T ~ , ~ s : c ~  r>;;bicg % P ~ ~ ~ ~ , ~ T ~  V P - W ~  

Xedtrcc ?PLY fsr G r  

Fuel & Hydrogm 
Modera tors  
Tungs ten  F l w b i n g  Sr P r e s s u r e  Vessel 

2 F?1 l o w i n n  R c i r i J n s  
(3 .35 x 10' - 3.88 x lo" w)  

Neutron Flux f o r  Group 1 i n  F o l l o w i r e  Regions 
(3 .88 x 10" - l.G x 1c" ev) 

F u e l  8: Hydrsgcn 
Modera tors  
Tungs ten  Plumbing Sr F r u s s u r c  Vcszel 

l u x  i n  F a l l o w i n g  Frgians 
(C - 1.0 x 10' C " )  

F u ~ l  & HyJroger. 
Modera tors  
Tungsteu F l j r b i s g  ir F r c s s u c  V c s i c l  

F i s s i o n  I i ru t ron  F r o d u c t i o n  F r a c t i o n  i n  F u c l  Region  
C e n t e r  Fu.1 
Outer Fuel 

29 
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L i  
Be 
B 
N a  
Mg 
A1 
S i  
K 
C a  
T i  
V 
Mn 
Fe 
N i  
cu 
Zn 

TABU IX 

IMPURITY SPECIFICATIONS FOR 
BERYLLIUM OXIDE AND GRAPHITE 

- Be0 Impurity Specif icat ions Taken From 
CANEL Specif icat ion CS-2040A of 
April  29, 1959 

- Graphite Impurity Spec i f ica t ion  Obtained 
From Los Alamos S c i e n t i f i c  Laboratory, 
Pr iva te  Communications 

Be0 

1 
- 
3 
50 
50 
100 
20 

50 
- 

- 
- 
10 
20 
20 
5 
- 

C 
n 

1 
1 
1 
10 
1 
3 

30 
1 5  
3 
5 
3 
1 
3 
3 
3 
15 

h p u r  i t y 

St 
Z r  
Nb 
Mo 
C d  
Sn 
Ba 
Hf 
Ta. 
W 
Pb 
B i  
Cr 
U 
co 

Be0 C 
ppm 

- !  5 
10 
10 
10 
1 
3 
5 

30 
30 
30 

3 
3 
- 
- 
- 
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TAB- X I  

NEUTRON FLUX ABOVE 0.111 MeV I N  TRAl!JsPAFd3NT WALL FBGION 

OF NUCLEAR LIGHT BULB ENGINE CONFIGURATION C 

- Desc r ip t ion  O f  Configuration Given In  
Tables I To V And Fig .  3 

- Fluxes Taken From Center Uni t  Cel l  Fuel 
Region O f  One-Dimensional, 24-Group, 
~4 Calcula t ion  

- No Impurities I n  Be0 And Graphite 

- Effect ive Cylinder Height = 268.5 c m  

- Fht io  O f  Center Fuel  Region Flux To Outer 
Fuel Region Flux Pe r  Unit C e l l  = 1.477 

Energy Range 
Mev 

2.865 -+ 10.0 

1.350 .+ 2.865 

0.821 -+ 1.350 

0.383 -+ 3.821 

0.111 -+ 0.388 

Neutron Flux Normalized 
To Production In  Fuel 
Regions O f  1 Neut ron/Sec 

- 
2.692 x ioe6 

5.047 x 

3.495 x 

3.588 x 

4.540 x 

Neitron Flux Normalized 
To Power Level O f  4600 M w  

9.635 x io1* 

1.807 x 1015 

1.251 1015 

1.284 1015 

1.625 10’’ 
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Variation i n  Material 
Temperature 

None , 
C = 4068 R 
Be0 = 2533 R 
Hot Hydrogen, Reg 8 = 12,000 R 

TABLE X I 1  

Effective Multiplication 
Factor f o r  Constant U-233 

Mass of 38.3 l b  

1.0000 

VARIATION OF EFFECTIVE MULTIPLICATION FACTOR AND U-233 CRITICAL MASS 
W I T H  MATERIAL TEMPERATURES FROM ONE-Dl3ENSIONAL 24-GROUP, & 

CALCULATIONS FOR NUCLEAR LIGHT BULB ENGINE CONFIGURATION C 

A l l  Regions 540 R 

- Configuration Described In  Tables I To V 
And Fig. 3 

- No Impurities I n  Be0 And Graphite 

Effective Cylinder Height = 268.5 em - 

- G a s  Densities Constant For A l l  Temperatures 

1.087 

C = 4475 R 
Be0 = 2781 R 

C = 3661 R 
Be0 = 2277 R 

C = 2034 R 
Be0 = 1265 R 
Hot Hydrogen, Reg 8 = 8000 R 

0 -996 

0.995 

0.846 

33 

Cr i t ica l  
Mass, M,-lb 

38.3 

38.6 

39.0 

59.6 

27.6 
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TABU X I 1 1  

SUMMARY OF ABSORPTION CHARACTEBISTICS I N  MODEBATOR AND CELL REGIONS OF 

.NUCLEAR LIGHT BULB ENGINE FOR VARIOUS MATERIAL TENPERATURES 

- Configuration Described I n  Tables I To V And Fig. 3 

- No Impurities In  Be0 And Graphite 

- Effective Cylinder Height = 268.5 ern 

- G a s  Densities Constant For All Temperatures 

- K e f f  For Constant U-233 Mass And Mc From 1-D Calculations 
Given In Table X I 1  

Region 
le s c r i p t  ion 

Center Fuel* 
Center F u e l w  
Center Fuel- 
Inner  Be0 
Inner Be0 
Inner Be0 
Inner Be0 
Inner Be0  
Outer Fuel* 
Outer Fuel- 
O u t e r  F u e l w  
Outer Be0  
Outer Be0 
O u t e r  B e 0  
O u t e r  Be0 
O u t e r  Be0 
Graphite 
Graphite 

- 
NO * 

- 
11 
11 
11 
I2 
I2 
I 2  
12 
I2 
13 
13 
13 
14 
14 
14 
14 
14 
1.5 
15 

Graphite i 15 

Graph it e 15 
Graphite j 15 

Rad ia  1 
rhicknes s ,  

A-cm 

34.991 
34.991. 
34 991 
18.166 
18.166 
18.166 
18.166 
18.166 
47.183 
47.183 
47 183 

5 883 
5 0883 
5 -883 
5 -883 
29 9 535 

5 0883 

29 0535 
29 0535 
29 535 
29.535 

Region Temperature 
R K 

Macroscopic 
Abs orpt ion 
Cross Section 
I n  Group 4, 

C, -ern-’ 

2.551 x ld3 
2,723 x id3 

2.791 x 
2.700 x 
2.862 x ld4 
3.498 x loe4 
4.241 x 
2 367 x 
2.727 x 
4,007 x 

2.596 x ld4 
2,729 x 
30342 x 
4,326 x loe4 
1.134 x loe4 

3.943 x 1d3 

2.661 x 

1.111 
1,176 x 
1.470 x 
2.082 x 

* Region 11 And 13 Composition A s  Specified I n  Tables 111 

Region - m i c h e s s  
I n  Absorption 

Mean-F’ree-Paths, 
ca  a 

8.926 x io-“ 
9.528 x lo-“ 
1.380 x 10-l 
5.070 x 
4.905 x 
5.199 x 
6.345 x 
7.704 x 
1.211 x lo-l 
1.287 x 10-1 
1,891 x 10-l 
1.565 x 
1.527 x 
1.605 x 

2.545 x loe3 
3.340 x 

3.485 x 
4.342 x 
6.149 x 

~ 9 6 6  x 

3.281 x id3 

Hydrogen A t  12,000 R Replaced By Hydrogen A t  8000 R 
Be0 A t  1265 R,  C A t  2034 R 
A l l  Hydrogen A t  540 R, Be0 And C At 540 R 

I n  Regions 11 And 13, 

I * 

34 
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1 
8 
I 

1 
1 
1 
I 
I 
I 
t 
1 
1 
I 
1 
I 
I 
1 

n 
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29.535- - 47.183 

8 

4 

i I 
1 
i 
I 
I 

i 
W 

-I 
U 
W 
I- 
Z 
W 
U 
-I < 
X 
4 
I 

z 

- 

-34.99 1 4 

8 

135.758 I 
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CROSS SECTION OF DETAILED UNIT CELL FOR 
NUCLEAR LIGHT BULB ENGINE 

CIRCLED NUMBERS INDICATE REGIONS DESCRIBED IN TABLES II  AND I l l  

A L L  DIMENSIONS IN CM 

FIG. 2 

LINER 

COOL HYDROGEN 

HOTHYDROGEN 

COLD HYDROGEN 

TRANSPARENT WALL 

COLD NEON 

HOT NEON 

OUTER F U E L  

C E N T E R F U E L  

INNER F U E L  

38 
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FIG. 3 

CROSS SECTION A T  AXIAL MID-PLANE OF BASIC CYLINDRICAL 
GEOMETRY USED FOR ONE-DIMENSIONAL CALCULATIONS 

FOR NUCLEAR LIGIiT BULB ENG!ME 

CIRCLED NUMBERS INDICATE REGIONS DESCRIBED IN TABLES I TO IV  

DOTTED LINES INDICATE ADJACENT REGIONS HOMOGENIZED 

A L L  DIMENSIONS IN CM 

PRESSURE VESSEL 

I 
I 
I 
I 

1 
I 
I ------ 

1 
I 

BERYLLIUM OXIDE 

BERYLLIUM OXIDE 

1 NSPARENT WALL 

-- -_ - - 

I 
1 39 
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INTEGRATED FLUXES FROM ONE-DIMENSIONAL, 24-GROUP, 
S4 CALCULATIONS FOR NUCLEAR LIGHT BULB ENGINE CONFIGURATION A 

CONFIGURATION A DESCRIPTION GIVEN IN TABLES I TO V AND FiG. 3 

CYLINDER HEIGHT ASSUMED INFINITE 

U-233 FUEL LOADING EQUIVALENT TO 22.2 L B  IN TWO-DIMENSIONAL CONFIGURATION 

1 .o 

0.8 
I . _ .  

0.6 

0.4 

0.2 

0 
10-2 10” 1 oo 10’ 102 

ENERGY, E - ev 

1 
t 
1 
I 
I 
1 
I 

1 
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F-910375-2 FIG. 5 

RESULTS OF TWO-DIMENSIONAL, 4-GROUP, S4 CALCULATIONS 
FOR NUCLEAR LIGHT BULB ENGINE WITH NO IMPURITIES 

IN Be0 AND GRAPHITE 

DESCRIPTION OF CONFIGURATIONS GIVEN IN TABLES I TO V AND FIG. 1 

EIGENVALUE CONVERGENCE <, 0.0005 

CONFIGURATION CHANGES FROM REFERENCE I I ( S E E T A B L E  V)  I CONFIGURATION 

t- D NONE 43.5 - 
40.4 - G 

GRAPHITE REPLACED B Y  EQUAL 
VOLUME OF Be0 IN END WALLS 
AND NOZZLE APPROACHES, REGIONS 
21 THROUGH 27 

0 I 
B e 0  MASS DOUBLED IN LOWER END 
WALL AND NOZZLE APPROACHES, I 
REGIONS 22 THROUGH 27 

38.3 1 0.563 

1.1 

1 .o 

0.9 
20 30 40 50 60 

MASS OF U-233, M-LB 

41 

70 
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A F 

FIG. 6 

1 

-- 

58.1 - HAFNIUM F U E L  INJECTION DUCTS 
REMOVED FROM REGIONS 20 8 21 

RESULTS OF TWO-DIMENSIONAL, 4-GROUP, S4 CALCULATIONS 
FOR NUCLEAR LIGHT BULB ENGINE WITH IMPURITIES 

IN Be0 AND GRAPHITE 

1 
GRAPHITE REPLACED BY EQUAL 

AND N O Z Z L E  APPROACHES, REGIONS 
21 THROUGH 27. 

H VOLUME OF B e 0  IN END WALLS 55.4 - 0 

DESCRIPTION OF CONFIGURATIONS GIVEN IN  TABLES I TO V AND FIG. 1 

IMPURITIES IN Be0  AND GRAPHITE L ISTED IN T A B L E  I X  

EIGENVALUE CONVERGENCE 5 0.0005 

0 

l Q l  E I NONE I 58.3 I 0.389 I 

51.8 1 0.588 I B e 0  MASS DOUBLED IN LOWER END 
WALL A N D N O Z Z L E  APPROACHES, 
REGIONS 22 THROUGH 27 

J 

1.1 

1 .o 

0.9 
20 30 40 50 60 70 

MASS OF U-233, M-LB 

42 
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FIG. 7 F -9 10375-2 
I .  
1 
I 
8 

VARIATION OF EFFECTIVE MULTIPLICATION FACTOR WiTH EFFECTIVE 

I!! NUCLE!!!? L!GHT BULB ENGINE CONFIGURATION C 

CYLINDER HEIGHT FOR ONE-DIMENSIONAL, 24-GROUP, S4 
CRITICALITY CALCULATIONS USING CONSTANT U-233 MASS LOADING 

M, = 38.3 FROM RESULTS OF 2-D CALCULATIONS FOR CONFIGURATION I (SEE TABLE V) 

DESCRIPTION OF 1-D CONFIGURATION GIVEN IN TABLES I TO V AND FIG. 3 

1.1 

cr- 
0 
I- 
U 
4 
LL 

v u 
LL 
w 

oa 

0.7 ~ 

100 150 200 250 

EFFECTIVE CYLINDER HEIGHT, H-CM 

300 
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1.4 

1.2 

1 .o 

0.8 

0.6 
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I 
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FIG. 8 

COMPARISON OF MID-PLANE RADIAL NEUTRON F L U X  PLOTS FROM 
ONE-AND TWO-DIMENSIONAL, 4 4 R O U P ,  S4 CALCULATIONS FOR 

NUCLEAR LIGHT BULB ENGINE 
CONFIGURATIONS C AND I 

M, = 38.3 L B  FOR BOTH 1-D AND 2-D CALCULATIONS 

1-D CONFIGURATION C DESCRIBED IN TABLES I TO V AND FIG. 3 WITH EFFECTIVE 
CYLINDER HEIGHT OF 268.5 CM 

2-D CONFIGURATION I DESCRIBED IN TABLES I TO V AND FIG. 1 

2-D FLUXES NORMALIZED SUCH THAT NEUTRON PRODUCTION IN  F U E L  REGIONS = 1 NEUTRON/SEC, 1-D FLUXES 
NORMALIZED SUCH THAT MID-POINT GROUP-4 F L U X  EQUALED THAT FROM 2-D CALCULATION 

0 50 100 

RADIAL DISTANC E-CM 

150 
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~~ 

FIG. 9 

MID-PLANE RADIAL NEUTRON FLUX PLOTS FROM TWO-DiMENSiONAi, 
4-GROUP, S4 CALCULATIONS FOR NUCLEAR LIGHT BULB ENGINE CONFIGURATION H 

M, = 55.4 L B  FOR C O N F I G U R A T I O N  H , ( S E E  T A B L E  V )  WITH I M P U R I T I E S  IN B e 0  AND G R A P H I T E  

DESCRIPTION OF CONFIGURATION H GIVEN IN TABLES I TO V 

FLUXES NORMALIZED SUCH THAT NEUTRON PRODUCTION IN' FUEL REGIONS= 1 NEUTRON/SEC 

0 
0 50 100 

RADIAL DISTANCE - CM 

45 
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* F-9 10375-2 FIG. 11 

RADIAL NEUTRON FLUX PLOTS THROUGH AXIAL MID-PLANE 
ur I n  ~ d c n  ea Liiu W A I  w n L L  I n8.u ANn F Y U A I I C T  L r \ a I . . V I I  NO771 ..----- F .APPROACHES 
FROM TWO-DIMENSIONAL, 4-GROUP, S4 CALCULATIONS FOR 

NUCLEAR LIGHT BULB ENGINE CONFIGURATION H 

M, = 55.4 L B  FOR CONFIGURATION H(SEE TABLE V )  WITH IMPURITIES IN B e 0  AND GRAPHITE 

DESCRIPTION OF CONFIGURATION H GIVEN IN  TABLES I TO V AND FIG. 1 

FLUXES NORMALIZED SUCH THAT NEUTRON PRODUCTION IN F U E L  REGIONS = 1 NEUTRON/SEC 
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RADIAL NEUTRON FLUX PLOTS THROUGH AXIAL MID-PLANE 
OF NOZZLE THROAT REGIONS FROM TWO-DIMENSIONAL, 

$-GROUP, S4 CALCULATIONS FOR NUCLEAR LIGHT BULB ENGINE CONFIGURATION H 
M, = 55.4 LB FOR CONFIGURATION H(SEE TABLE V) WITH IMPURITIES IN Be0 AND GRAPHITE 

DESCRIPTION OF CONFIGURATION H GIVEN IN TABLES I TO V AND FIG. 1 

FLUXES NORMALIZED SUCH THAT NEUTRON PRODUCTION IN F U E L  REGIONS = 1 NEUTRON/SEC 
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FIG. 13 

BASIC SPHERICAL GEOMETRY USED IN ONE-DIMENSIONAL, 
24-GROUP, S4 CALCULATIONS FOR OPEN-CYCLE ENGINE 

CIRCLED NUMBERS INDICATE REGIONS DESCRIBED IN TABLES XIV AND xv 

ALL DIMENSIONS IN CM 

PRESSURE VESSEL 
a HEAT EXCHANGER 

GRAPHITE 

BERYLLIUM OXIDE 
LINER 

HYDROGEN 

F U E L  

49 



F-9 10375-2 FIG. 14 

INTEGRATED FLUXES FROM ONE-DIMENSIONAL, 24-GROUP 
S4 CALCULATIONS FOR OPEN-CYCLE ENGINE 

DESCRIPTION OF CONFIGURATION GIVEN IN TABLES XIV AND XV AND FIG. 13 

STEPPED F U E L  DENSITY PROFILE USED AS DESCRIBED IN FIG. 6 OF REF. 1 
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EQUIVALENT 
2-D, ME -LB CASE 1-D, M, - L B  

U-233 C R IT IC A L MASS D ET E RMlN AT I ON F R OM ON E-D i MENS i ON AL 
24-GROUP CALCULATIONS FOR EQUIVALENT SPHERICAL 

CONFIGURATION FOR OPEN-CYCLE ENGINE 

DIFFUSION THEORY CORRECTED FOR H2  
COOLANT IN REFLECTOR-MODERATOR 31.30 --- 

DESCRIPTION OF CONFIGURATION GIVEN IN ' TABLES XIV AND XV AND FIG. 13 

STEPPED F U E L  DENSITY PROFILE USED AS DESCRIBED IN FIG. 6 OF REF. 1 

36.30 

I _ _ - _ _  I DIFFUSION THEORY I 28.01 I 32.50 I 

I I S A  TRANSPORT THEORY I 32.30 I 37.50 I 

1.05 

1 .oo 

0.95 
25 30 35 

MASS OF U-233 IN EQUIVALENT SPHERICAL CONFIGURATION, 14-LB 
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COMPARISON OF INTEGRATED U-233 FISSION NEUTRON SOURCES 
FROM ONE-DIMENSIONAL, 24-GROUP, S4 CALCULATIONS 
F O R  NUCLEAR LIGHT BULB AND OPEN-CYCLE ENGINE 

FISSION NEUTRON SOURCES NORMALIZED SUCH THAT PRODUCTION IN F U E L  REGIONS = 1 NEUTRON/SEC 

DESCRIPTION OF NUCLEAR LIGHT BULB CONFIGURATION GIVEN IN TABLES I TO V AND FIG.  3 

DESCRIPTION OF OPEN-CYCLE CONFIGURATION GIVEN IN TABLES XIV AND XV AND FIG. 13 
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