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Studies of Specif ic  Nuclear  Light Eulb and 

Open-Cycle Vortex-Stabi l ized Gaseous zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. ~- Nuclear . Rocket  Engines zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
SUMMARY 

Analy t ica l   s tud ies were conducted t o  determine t h e   c h a r a c t e r i s t i c s  of  two 
speci f ic   vortex-stabi l ized  gaseous  nuclear  rocket  engines: a nuclear   l ight   bu lb 
engine  and  an  open-cycle  engine. Both engines are based on t h e   t r a n s f e r  o f  energy 
by thermal   rad iat ion from  gaseous  nuclear  fuel  suspended i n  a vortex  to  seeded  hydro- 
gen  propellant. The two eng ines   d i f fe r   in   tha t   the   nuc lear   l igh t   bu lb   eng ine  employs 
an  internal ly-cooled  transparent zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAwall to separate  the  fuel-containing  vortex  region 
from the  propellant  region,  while  the  open-cycle  engine rel ies e n t i r e l y  on f l u i d  
mechanics  conta inment   for   preferent ia l   re tent ion  o f   the  nuc lear   fue l .  The major i ty  
o f   the work has  been  directed  toward  the  nuclear  l ight   bulb  engine,  s ince  recent 
f l u i d  mechanics r e s u l t s   i n d i c a t e   t h a t   t h e  f u e l  r e t e n t i o n   c h a r a c t e r i s t i c s   o f   a n  open- 
cycle  vortex-stabi l ized  engine are i nsu f f i c ien t   to   p rov ide  economic fuel   containment.  
The nuclear   l ight   bu lb  engine  o f fers   the  poss ib i l i ty   o f   prov id ing  essent ia l ly   per-  
fect   conta inment   o f   the  nuc lear   fue l .  

One speci f ic   nuc lear   l ight   bu lb  engine  and one specific  open-cycle  engine  have 
been  selected  for   study. Both engines have a cav i t y  volume of 170 cu ft. The open- 
cycle  engine employs a single  cavi ty  having  both a d iamte r   and  a length  of  6 f t ;  
the  nuclear  l ight   bulb  engine employs seven  separate  cavit ies,  each  having a length 
of 6 f t .  The studies  indicate  approximate  values  of   the  thrust ,   weight,   and  speci-  
f i c  impulse  of  both  configurations. The s tud ies  have  been made only i n  s u f f i c i e n t  
detai l   to  provide  informat ion  necessary  for   guidance of t he   research   e f fo r t s  which 
are being  conducted t o  determine  the  feas ib i l i ty   o f   the  engines.  

The appendixes to   t he   repo r t   desc r ibe :   an   ana lys i s  by t h e  United Technology 
Center, a d iv i s ion  of United  Aircraft  Corporation,  of  the  weight of a f i lament- 
wound pressure vessel for a nuclear  l ight   bulb  engine,  and an analys is   o f   the 
radiant  energy  emit ted from the  propel lant  stream of a nuclear  l ight   bulb  engine. 
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RESULTS 

1. A typ ica l   vor tex-s tab i l ized  nuc lear   l ight   bu lb  rocket   engine  might  have the  
fo l lowing  character is t ics :  

a. Cavity  configuration zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA-- seven sepaxate  cavi t ies  having a t o t a l   o v e r a l l  
volume of 170 f t 3  and  each  having a length of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6 T ' t .  

b.  Cavity  pressure -- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA500 atm. 

c . Specif ic  impulse -- 1870 sec . 

d. Tota l   propel lant   f low  ( inc lud ing  seed  and  nozz le  t ranspi ra t ion  coolant  
f low) -- 49.3 lb/sec . 

e.  Thrust ,  92, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA000 l b .  

f .  Engine power -- 4600 megw.  

g. Engine  weight -- 70,000 l b .  

h.   Rat io of average  densi ty  in  fuel-containment  region  to neon densi ty 
at edge of f u e l  -- 0.7. 

i. Equivalent  axial   f low Reynolds number i n  neon vortex -- 5000. 

2. A typical  open-cycle  vortex-stabi l ized  engine  might have the  fol lowing 
charac ter is t i cs   (no te   tha t   f lu id   mechan ics  tests have indicated  that   such  an  engine 
would not  provide economic fuel   containment) :  

a. Cavity  configuration -- single  cyl indr ical   engine  cavi ty  having  both 
length  and  diameter  of 6 f t  and volume of 170 f t  . 3 

b.  Cavity  pressure -- 1000 atm. 

c . Specific  impulse -- 2190 sec . 

d. Prgpel lant   f low -- 660 lb/sec.  

e.  Thrust -- 1.45 x 10' l b .  

f . Engine power -- 90,000  mew. 
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g.  Engine  weight zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA-- 140,000 l b .  

h.  Ratio of average  densi ty   in   f ie l -conta inment   reg ion  to   propel lant  
densi ty  at edge o f   f u e l  -- 10.0. 

i . Equivalent axial zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAflow Reynolds number i n   vo r tex  -- 480,000. 

3. The use of a var iab le- throat -area  nozz le  in  a nuc lear   l igh t  bulb engine 
ra the r   t han  a f ixed-throat-area  nozzle w i l l  r e s u l t   i n  a major  decrease  in  required 
cavity  pressure  during the star tup  process.  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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INTRODUCTION 

One of   the most in terest ing  propuls ion  concepts  for   fu ture  space t ravel  is t h e  
gaseous  nuclear  rocket  engine  in which heat  is t ransferred  f rom a gaseous  f iss ioning 
f u e l  by  thermal  radiat ion  to  seeded  hydrogen  propel lant .  Because of   the  h igh tem- 
peratures  obta inable  in   the  gaseous  nuc lear   fue l ,   such an engine  can  theoret ica l ly  
provide a value  of  specif ic  impulse on the  order  of  1500 t o  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3000 sec  and a t h rus t -  
to-weight   ra t io   greater   than  un i ty .   Successfu l  development of  a gaseous  nuclear 
rocket   engine  hav ing  these  character is t ics  would resul t   in  orders-of-magnitude 
decreases  in   the  cost  of  many space  missions. 

Investigations  of  various  phases  of  gaseous  nuclear  rocket  technology are being 
conducted at the  United  Aircraft  Corporation  Research  Laboratories  under  Contract 
NASw-847 with  the  Space  Nuclear  Propulsion  Office.  These  investigations are 
des igned  to   ob ta in   in fo rmat ion   app l i cab le   to   de termin ing   the   feas ib i l i t y   o f   th ree  
dif ferent  gaseous  nuclear  rocket  concepts:  the  coaxial-f low  reactor (Ref. 1); the  
vortex-stabi l ized  nuclear  l ight   bulb  reactor;   and  the  open-cycle  vortex-stabi l ized 
reac to r .  The most recent work conducted  under  th is  contract  is descr ibed  in  
Refs. 2 through 16. The present  report   a long  wi th  Refs.  12 through 16 descr ibe  the 
progress   in   cer ta in   o f   the   techn ica l  areas made through  September 16, 1967. 

The major i ty   o f   the work under  Contract NASw-847 up t o  1967 has  been  directed 
tom'rd  determin ing  the  f lu id   mechanics  character is t ics   o f  two-component gas 
vortexes. The information  determined  from  these  investigations i s  e s s e n t i a l   i n  
determin ing  the  feas ib i l i ty   o f   the  open-cyc le  vor tex-s tab i l ized  engine,   s ince  the 
open-cycle  engine re l ies on f l u i d  mechanics phenomena for   preferent ia l   conta inment  
of the  nuc lear  fuel.  This  f luid  mechanics  information i s  a lso   impor tan t   i n   t he  
nuclear  l ight   bulb  engine  because  the  character ist ics  of   vortex  f low  appear  to be 
i dea l l y   su i ted  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAfor providing  separat ion  between  the  gaseous  nuclear  fuel   and  the 
t ransparent wall. Results  of   f lu id  mechanics  tests  conducted at Reynolds numbers 
approximately  equal t o   t h o s e   i n  a fu l l -scale  open-cycle  engine (Refs. 2 and 3)  
i nd i ca te   t ha t   t he   f ue l - re ten t i on   cha rac te r i s t i cs   o f  a vor tex at h igh   dens i ty   ra t ios  
and  high  Reynolds numbers are   insu f f i c ien t   to   p rov ide  economic containment o f  f u e l  
i n  a fu l l -scale  open-cycle  engine. As a r e s u l t ,   t h e  program has  been  redirected so 
that   the  vor tex  f lu id   mechanics  and  o ther  related programs w i l l  provide  information 
app l icab le   to   the   nuc lear   l igh t   bu lb   vor tex-s tab i l i zed   eng ine .  

The work descr ibed  in   the   fo l low ing   sec t ions  i s  part   of  a continuing program 
t o  provide  information which can be used  in   in te rpre t ing   the   resu l ts   o f   the   research  
programs i n  terms of   the   charac ter is t i cs   o f  a fu l l -sca le   eng ine  (see Refs. 9, 10, 
11, 14, and 1.7). The major i ty o f  t he  work descr ibed  in   the  fo l lowing  sect ions is 
app l i cab le   t o  a nuclear  l ight   bulb  engine. However, the  analyses which were d i rected 
toward  the  open-cycle  engine  and which were employed in  Ref.  2 i n   eva lua t ing   the  
fue l - re tent ion  character is t ics   o f   th is   engine  are  inc luded  because o f  t he i r   poss ib le  
appl icat ion  to   o ther   concepts.  
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VORTEX-STABILIZED J!JUCLFAR LIGHT BULB ENGINE 

Pr inc ip le  of  Operation 

Sketches   i l l us t ra t ing   the   p r inc ip le  of operat ion of the  nuc lear   l ight   bu lb 
engine  are  g iven  in   F ig .  1. Energy i s  t ransferred  by  thermal   rad iat ion from 
gaseous  nuclear  fuel   suspended  in a neon vortex  to  seeded  hydrogen  propel lant .  
The vor tex  and  propel lant   reg ions  are  separated by an internal ly-cooled  t ransparent 
wall. A seven-cavity  configuration i s  shown in   F ig .  1 ra ther   than a s ing le-cav i ty  
con f igu ra t i on   i n   o rde r   t o   i nc rease   t he   t o ta l   su r face   rad ia t i ng  area a t  the  edge  of 
the   fue l .  The to ta l   rad ia t ing   sur face   a rea   fo r   the   seven-un i t   con f igura t ion  i s  
approximately 2.2 t imes  tha t   fo r  a single-uni t   cavi ty  conf igurat ion  having  the same 
t o t a l   c a v i t y  volume. 

Neon i s  in jected  to   dr ive  the  vor tex,   passes  ax ia l ly   toward  the  end walls, 
and i s  removed through a por t  a t  the  center of  one zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAor both  end walls. The 
resu l t i ng  aerodyrmmic conf igurat ion i s  r e f e r r e d   t o  as a "radial   inf low"  vortex  (see 
Refs. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 through 5 ) .  The neon discharging from the  cavity,  along  with  any  entrained 
fue l   and  f iss ion  products ,  i s  cooled  by  being mixed with  low-temperature  neon, 
thus  causing  condensation of the  nuclear  fuel   into  l iquid  form. The l i qu id  fuel i s  
cent r i fuga l l y   separa ted  from the neon and pumped back in to  the  vor tex  reg ion.  The 
neon i s  then  fur ther  cooled  and pumped back to   d r ive   the   vor tex .  

Reference  Configuration a t  Design Point 

A reference  engine  design has been  chosen  for  use i n   eva lua t i ng   t he   resu l t s  
of various component s t u d i e s   i n  terms of the  character is t ics   o f  a fu l l -sca le  nuc lear  
l ight   bulb  rocket  engine. The general   conf igurat ion of the  reference  design i s  
based on seven  decisions  which,  although somewhat a rb i t ra ry   in   na ture ,   appear  
l og i ca l  on the basis of  engine  studies made using  the component informat ion  avai l -  
ab le   t o   da te .  These  seven  decisions  are: 

Overal l   configuration:  seven  separate  unit   cavit ies  with  moderator- 
re f lec to r   mater ia l   loca ted  between  each  cavity  and  surrounding  the 
assembly  of  cavities. 

Size:  length of ind iv idua l   cav i ty   equa l   to  6.0 f t  and volume of a l l  
seven  cav i t ies  equal   to  169.8 f t 3  (equa l   t o   t he  volume of a s ing le  
cavity  having a diameter  of 6 f t  and a length of 6 f t ) .  

Vortex volume for   seven  cav i t ies:   equal  t o  hal f  of t h e   t o t a l   c a v i t y  
volume or 84.9 f t 3 .  The corresponding volume wi th in   the  t ransparent  
w a l l  of  each  of  the  seven  unit  cavities i s  12.1 f t3.  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Sketches 

Cavity  pressure: a value of cavi ty   pressure of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA500 atm i s  chosen on the  
basis of c r i t i c a l i t y   a n d  me1 dens i t y   ra t i o   cons ide ra t i ons  (see fol lowing 
sec t ion) .  

Fuel-containment  region:  the  radius of the  fuel-containment  region i s  
assumed t o   b e  85 percent of the   rad ius  of the  t ransparent  wall. 

Fuel  radiat ing  temperature:  assumed t o  be  equa l   to  15,000 R.  

Propel lant   ex i t   temperature:  assumed t o  be e q u a l   t o  80 percent of the 
fue l   rad iat ing  temperature,  o r  12,000 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAR. 

showing the  dimensions  and  conditions i n  a un i t   cav i t y  of the  reference 
nuclear  l ight   bulb  engine are given i n  Figs. 2 and 3. A s ide  view  drawing  of the 
complete  reference  engine  configuration i s  g iven  in   F ig .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 and  cross-sect ional  
views  showing d e t a i l s  of the  engine  are  g iven  in   F igs.  5, 6, and 7. 

Engine Power 

The black-body  heat flux a t  the  outside  edge  of  the  fuel-containment  region 
fo r   t he  assumed  black-body  radiating  temperature  of 15,000 R i s  24,300 Btu/sec-ft2. 
The "surface  area" a t  the edge  of the  cyl indr ical   fuel-containment  region of a l l  
seven  un i t   cav i t ies i s  179.8 f t2 .   There fore ,   the   to ta l   ener  y rad ia ted  outward  from 
the   f ue l  i s  the  product  of  these two quant i t ies  or 4.37 x 10 % Btu/sec (4600 megw) . 

Surface  re f lect ion at  the  t ransparent  walls w i l l  resu l t   in   approx imate ly  15 
percent of the  incident  energy  being  ref lected  back  toward  the  fuel-containment 
region. Thus, the  net   heat   t ransfer   by  rad iat ion  through  the  t ransparent  wall t o  
the  propel lant   reg ion w i l l  be 85 percent of tha t   ind ica ted   in   the   p reced ing  
paragraph. However, the  energy  lost  from the  fuel-containment  region  by  thermal 
radiat ion  represents  only  approximately 85 percent of t he   t o ta l   ene rgy   c rea ted   i n  
the  f iss ion  process.  The remaining 15 percent of the   energy   c rea ted   in   the   f i ss ion  
process i s  convected away from the  fuel-containment  region  by neon flow  (see 
fol lowing  sect ions) or i s  deposi ted i n  the  moderator walls by  neutrons  and gamma 
rays.  Therefore, it has  been  assumed tha t   t he   t o ta l   ene rgy   c rea ted   i n   t he   eng ine  
i s  equal   to   that   corresponding  to   b lack-body  rad iat ion a t  15,000 R (i .e. ,  a t o t a l  
power of 4.37 x lo6 Btu/sec or  4600 megw). The engine  size  and  radiat ing  temper- 
a tu re  chosen  provide  an  engine power which i s  approx imate ly   equal   to   that  
considered  for  advanced  sol id  core  nuclear  rockets.  Therefore, many of the 
f a c i l i t i e s   t h a t   a r e   t o  be  developed  for  the Rover program  and t h a t   a r e   s i z e d  by 
engine power leve l   should  be  appl icable  to   the  re ference  nuc lear   l ight   bu lb 
conf igurat ion.  

Hydrogen Propellant  Stream  Propert ies 

A t  the assumed  hydrogen exit  temperature  of  12,000 R, the  enthalpy  according zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
6 



t o  R e f .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA9 i s  1.033 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAx lo5 Btu/lb. If t he   t o ta l   eng ine  power is d iv ided  by   th is  
value  of  hydrogen  enthalpy, a resu l t i ng  hydrogen  flow r a t e  of 42.3 lb/sec i s  
i nd ica ted   fo r  a l l  seven units, which y ie lds  a value  of 6.04 lb/sec  for   each unit 
cavi ty .  

Since  the  hydrogen  propellant must absorb  approximately 15 percent of the  
to ta l   energy   c rea ted   in   the   p rocess   o f  removing heat  from the  engine walls and  the 
neon recyc le system, the  hydrogen in le t   en tha lpy  must  be 15 percent  of  the  hydrogen 
exi t  enthalpy, or  15,500 Btu/lb (see Fig. 3). The corresponding  hydrogen i n l e t  
temperature  according  to R e f .  9 i s  4050 R. This  temperature i s  approximately  the 
same as tha t   cons idered  fo r   the  hydrogen exi t   temperature in sol id-core  nuclear 
rockets.  

The hydrogen  f low  cross-sect ional   area  in  the  'propel lant   region has been 
assumed t o  be propor t iona l   to   the   loca l   average hydrogen  enthalpy. Thus, the 
cross-sect ional   area at  t h e   i n l e t  i s  15 percent of the  cross-sect ional   area a t  the 
e x i t .  The corresponding  values of  hydrogen ve loc i ty  a t  t h e   i n l e t   a n d   e x i t   a r e  
35.5 and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA23.7 f t /sec  respect ive ly   (F ig .  3).  It might  be  desirable to   inc rease  the  
i n l e t  area and  decrease  the  exi t  area in   o rder   to   p rov ide  a uniform  hydrogen 
ve loc i ty  of approximately 30 f t / sec   in   the   p rope l lan t   reg ion .  However, i nsu f f i c i en t  
information i s  ava i lab le  a t  present  to  proper ly  design  the  geometry of the 
propel lant   reg ion.  

The ca lcu la ted  dynamic pressure of the  hydrogen at  t h e   i n l e t   t o   t h e   p r o p e l l a n t  
region i s  l ess   t han  0.05 ps i   (see  F ig .  3).  Note t h a t   t h i s  dynamic pressure i s  much 
less   t han  that usual ly   cons idered  in   so l id-core  nuc lear   rockets .  The dynamic 
pressure a t  t h e   e x i t  of the  propel lant   reg ion i s  l e s s   t h a n   t h a t  a t  the  entrance of 
the  propellant  region  because of the change  of  hydrogen densi ty.  

Propel lant  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. .  . .. . Seed ~ Charac ter is t i cs  

It i s  assumed in   the  fo l lowing  d iscuss ion that the  requi red zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAnormal o p t i c a l  
depth of the  seeds a t  t he   p rope l l an t   i n le t   s ta t i on  i s  3.0. I f  a l l  of the   l i gh t  
emit ted from the  fuel-containment  region  passed  only  in a d i rec t ion  normal t o   t h e  
propel lant   region,  the  energy  t ransmit ted  through  the  propel lant   region would  be 
l/e3, or 5 percent of the  incident  energy.  However, many of   the  l ight   rays 
emit ted from the  fuel-containment  region  pass  in  an  obl ique  direct ion  through  the 
propel lant   region.  According  to  Fig.  3 of R e f .  19, the  percentage of l i g h t  which 
i s  emit ted from a black body and  which  would  pass  through a region  having  an 
opt ica l   depth of 3.0 i s  approximately 2 percent of the  incident  energy.  It i s  
also  expected that a la rge  por t ion of the  energy which passes  through  the  seeded 
propellant  region  and  impinges on the  outer wall w i l l  be  re f lec ted  back i n to   t he  
propel lant   stream  (see Appendix B)  . 

It i s  a l s o  assumed in   the   fo l low ing   d iscuss ion  that the hydrogen  seed i s  
composed of tungsten  par t ic les  hav ing a diameter of 0.05  micron.  Information on 
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the   absorp t ion   charac ter is t i cs  of such  tungsten  part ic les i s  given i n  Fig. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA19 of 
R e f .  6. In tegrat ion  o f   the  spect ra l   absorpt ion  parameters  in   th is   f igure  y ie lds 
an  .average  absorption  parameter  weighted  by  the  black-body  spectrum a t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA15,000 R of 
approximately zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5000 cm2/g or 2440 ft2/lb. The distance  across  the  propel lant   stream 
a t  t he   duc t   i n le t  i s  0.0931 f t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAor 2.84 ern (see  Fig.  2 ) .  Thus, the   absor   t ion  
coef f i c ien t   requ i red   to   p rov ide   an   op t ica l   depth   o f  3.0 must  be 1.06 em or 32.2 
ft''. The required  seed  densi ty,   obtained  by  d iv id ing  the  required  absorpt ion 
coeff ic ient   by  the  absorpt ion  parameter,  i s  1.32 x loe2 lb/ f t3.   This  seed  densi ty 
i s  e q u a l   t o  3.9 percent of the   in le t   p rope l lan t   dens i ty .  

-Y 

A s  noted i n  Ref. 6, it i s  expected  that   the  opaci ty  obtainable  by  using  th in 
p la tes  w i l l  be greater   than  that   obta inable  by  us ing  spher ica l   par t ic les.  However, 
the  data 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   t h a n   f l a t   p l a t e s  has been  used  in  the 
preceding  analysis  because no information i s  ava i lab le  on the  absorpt ion  character-  
i s t i c s  of these  th in  f la t  p la tes ,  whereas  data on absorpt ion of l i gh t   i n   s t reams  
conta in ing  spher ica l   tungsten  par t ic les i s  ava i lab le   in   Refs .  20, 21, and  22. 

Neon Charac ter is t i cs  

The reason  fo r   in jec t ing  neon coolant  between  the  nuclear fuel and  the 
t ransparent  wall i s  to   p revent   d i f fus ion  of the  nuclear  fuel   toward  the wall, 
thereby  prevent ing  fuel   p lat ing on the wall and  prevent ing  f iss ion  f ragments from 
impinging on the w a l l .  If the neon coolant i s  to   serve  th is   purpose,   the  th ickness 
of   the  d i f fus ion layer a t  the  outs ide edge  of  the  fuel-containment  region must  be 
less   than  the   d is tance between  the  edge  of  the  fuel-containment  region  and  the 
t ransparent  w a l l .  This   d i f fus ion layer thickness i s  re la ted   t o   t he   t h i ckness  of 
the  v iscous  layer   in   th is   reg ion.   In   the  fo l lowing  ca lcu lat ions it i s  assumed 
that the  th ickness of the  v iscous  layer  evaluated on the   bas is  of the  condi t ions 
at  the  edge  of  the  fuel-containment  region i s  0.05 f t .  The ac tua l   th ickness  of 
the  v iscous  layer would  be considerably   less  than 0.05 f t  because  of  the  decrease 
i n  temperature  (and  the  corresponding  decrease  in   d i f fus iv i ty )   w i th   increas ing 
rad ius   in   th is   reg ion .   In   add i t ion ,   the   th ickness   o f   the   d i f fus ion   layer  w i l l  be 
less  than  the  thickness  of  the  viscous  boundary  layer  because  the Schmidt number i s  
greater   than  un i ty   fo r  low fuel   concentrat ions  (see  Ref.   23).  

The thickness of the  viscous  boundary  layer at  the  outside  edge  of  the 
fuel-containment  region i s  a funct ion of t he   ax ia l   ve loc i t y   i n   t h i s   reg ion   and   t he  
turbulence  leve l  of the  f low. It i s  assumed in   the   fo l low ing   d iscuss ion   tha t   the  
flow i n   t h i s   r e g i o n  i s  laminar  because of t he   s tab i l i z i ng   e f fec t   o f  radial temper- 
a tu re   g rad ien ts .  It was determined on the  basis of the  ca lcu lat ions  procedures  in  
Ref.  24 t h a t  a viscous  boundary  layer  thickness at  the edge of the   fue l   reg ion  of 
0.05 f t  would requ i re   an   ax ia l   ve loc i t y   i n   t h i s   reg ion   o f  1.95 f t /sec  near  the  end 
walls. (The ax ia l   ve loc i t y   i nc reases   l i nea r l y  from zero a t  the  midplane t o  a 
speci f ied  value  near  the  end wall according  to  the  analysis  of  Ref.  24.) It was 
a l s o  assumed i n   t h e   a n a l y s i s  of R e f .  24 t h a t   t h e   a x i a l  dynamic pressure i s  constant 
i n  the  region  between  the  outside  edge  of  the  fuel-containment  region  and  the 
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per iphera l  wall (neglect ing  boundary  layer  ef fects a t  both  boundar ies  of   th is 
region).   Since  densi ty  increases  by a factor   o f  7.5 between  the  outside  edge  of 
the  fuel-containment  region  and  the  peripheral wall, the   ve loc i ty  must decrease  by 
a factor   o f  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(7.5)'*5 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 2.74 i n   o r d e r   t o   p r o v i d e  a cons tan t   ax ia l  dynamic pressure. 
The corresponding  axial   veloci ty  of   the neon nex t   t o   t he   pe r iphe ra l  wall i s  0.71 
f t / sec .  

Insuf f ic ient   in format ion i s  ava i lab le  at  present   to   determine  the  var ia t ion 
of   temperature  wi th  radius  in  the neon region  ( th is  temperature  d istr ibut ion  can 
be cont ro l led   by   p roper   se lec t ion   o f   seeds   in   the   neon) .  However, sample calcu- 
l a t i ons  were car r ied   ou t  assuming a l i near   var ia t ion  of  temperature  with  radius 
between  the  values  of 15,000  deg R a t  the edge  of the   fue l   and 2000 deg R at  the 
w a l l .  This assumed va r ia t i on  of temperature  permit ted  calculat ion of a var ia t ion  
of density  with  radius  and,  from  the  assumption of constant axial dynamic pressure,  
a var ia t ion  of ax ia l   ve loc i ty   w i th   rad ius .  The total   f low  passing  towards  both  end 
walls, obta ined  by  in tegrat ing  the  resul t ing mass f low  distr ibut ion,  i s  equa l   t o  
2.96  lb/sec  per  cavity. The to ta l   ene rgy   ca r r i ed  away by t h i s   f l u i d  was determined 
by  integrat ing  the  product of dens i ty ,   ax ia l   ve loc i ty ,   spec i f i c   heat ,   and  the  neon 
temperature  r ise as a funct ion of rad ius.  The to ta l   ene rgy   ca r r i ed  away from  each 
u n i t  by  the  propellant  f low  passing  towards  both  end walls zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAwas determined t o  be 
4120 Btu/sec (a constant neon speci f ic   heat  of 0.253 w a s  assumed i n   t h i s   a n a l y s i s ) .  
The to ta l   ene rgy   ca r r i ed  away by  the neon i n  a l l  seven  uni ts i s  equa l   t o  28,900 
Btu/sec.  This  energy  removal  rate i s  approximately  0.7  percent of the   to ta l   energy  
created  in   the  engine.  

A n  axial- f low Reynolds number of 5500 was ca lcu la ted  on the basis of t h e   a x i a l  
neon ve loc i ty  of 1.95 f t / sec ,   the   rad ius  of the  inside  edge of the  t ransparent  wall, 
and  the  densi ty  and  v iscosi ty of neon a t  the edge  of the  fuel-containment  region. 
Note that the  rad ius of the  fuel-containment  region i s  assumed t o  be e q u a l   t o  85 
percent of the  t ransparent  wall rad ius  accord ing  to   F ig .  2. I n   s tud ies  of the 
cha rac te r i s t i cs  of  an  open-cycle  vortex-stabil ized  engine  (Ref. l 7 ) ,  the edge of 
the  fuel-containment  region  has  been  assumed t o  be equal  to 75 percent of the  rad ius 
of the  vortex  tube. If the neon  flow  of 2.96 lb/sec were passed  through  th is 
increased-area  annular  region,  the  equivalent  axial-f low Reynolds number would be 

3500 

It w i l l  probably be necessary  to  provide a tangent ia l   ve loc i ty   wi th in   the 
t ransparent  w a l l  of  the  nuclear  l ight  bulb  engine which i s  somewhat greater   than 
t h e   a x i a l  neon ve loc i ty   in   o rder   to   p rov ide   the   s tab i l i z ing   e f fec t   necessary   to  
c rea te  laminar flow a t  the  edge  of  the  fuel-containment  region. It has  been 
a r b i t r a r i l y  assumed i n  the fo l lowing  calculat ions that 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 l s e c ,  or approximately zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 times the maximum axial ve loc i ty .  The corresponding 
dynamic pressure of the neon a t  the  ins ide edge of the  t ransparent  w a l l  i s  
approximately  0.075  lb/in. 2 .  

The cent r i fuga l   acce le ra t ion   cor respond ing   to   the   tangent ia l   ve loc i ty  a t  the 
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i ns ide  edge of  the  t ransparent w a l l  i s  3.9 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAg ' s .  Insuf f ic ient   in format ion i s  
ava i lab le  a t  present  to  determine  whether this cent r i fuga l   acce le ra t ion  i s  
su f f i c i en t   t o   p reven t  problems resu l t i ng  from ax ia l   veh ic le   acce le ra t i ons .  If such 
problems  should  arise, it w i l l  be necessary  to   increase  the  tangent ia l   ve loc i ty  a t  
the  outer  periphery  of  the  vortex  tube. However, the  dynamic pressures a t  i n j ec t i on  
are s u f f i c i e n t l y  low i n  the  present   re ference  des ign that re la t i ve ly   la rge   inc reases  
i n   ve loc i t y   can  be to le ra ted   w i thout   encounter ing   in to le rab ly   h igh  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 .  

Fuel  Region  Characterist ics 

Corporate-sponsored  studies  have  indicated a c r i t i c a l  mass requirement  for  the 
reference  engine  of  approximately 25 l b .  (More de ta i led   s tud ies   descr ibed  in   Ref .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
14 i n d i c a t e   t h a t   t h i s  mass may be somewhat low, but  it has been  used i n   t h e  
ca l cu la t i on   desc r ibed   i n   t he   p resen t   repo r t . )   Th i s   c r i t i ca l  mass i s  l ess   than that 
for  the  open-cycle  engine  because  of  the  moderating  effect of the  mater ia l   located 
between  adjacent  cavities  (the  open-cycle  engine i s  assumed t o  have a s ing le  cav i ty  
ra ther   than  seven  separate  cav i t ies) .  The average  f ie1  densi ty   based on the volume 
ins ide   the  edge of the  fuel-containment  region  of   the  seven  cavi t ies  in  the  reference 
engine i s  0.409 lb/ft3. Thus, the  average  densi ty  of   the  fuel  i s  only 44 percent of 
the  densi ty  of the neon a t  the  outside  edge  of  the  fuel-containment  region. The 
gases  in  the  fuel-containment  region  are  considerably  hot ter   than  the  gases a t  the 
outside  edge  of  the  fuel-containment  region. On the   bas is  of the  s tud ies of  Ref. 
8, the  average  temperature  in  the  fuel-containment  region i s  approximately 42,000 R. 
The resul t ing  average neon densi ty  in  the  fuel-containment  region i s  approximately 
0.24 l b / f t3   (account ing   fo r   the   fue l   par t ia l   p ressure   bu t   neg lec t ing  neon ion i za t i on ) .  
Thus, the   average  to ta l   dens i ty   ( the  sum of  average  fuel  density  and  average neon 
densi ty)   in   the  fue l -conta inment   reg ion i s  approximately  0.65  lb/ f t3.   This  total  
densi ty  is only 70 percent of the  densi ty  of the  neon a t  the  outside  edge of the 
fuel-containment  region. On the  basis  of   resul ts  obtained  under  the  f lu id  mechanics 
por t ion of the work under  Contract NASw-847 (see  Refs. 2, 3, 4, 5, 15 and 16), it i s  
bel ieved that t h i s  low value of t h e   r a t i o  of   average  densi ty  in  the  fuel-containment 
reg ion  to   edge-of - fue l   densi ty  w i l l  resu l t   i n   g rea te r   s tab i l i t y   i n   t he   f l ow   i n  a 
nuclear  l ight   bulb  engine  than  in  an  open-cycle  engine, where the  corresponding 
requ i red   dens i t y   ra t i o  i s  approximately 10. 

The volume flow  of neon passing  through  the  cavi ty  obtained by div id ing  the 
neon mass flow  of  2.96  lb/sec  by  the neon densi ty  a t  the  outs ide edge  of the  fue l -  
containment  region  of  0.924  lb/ft3 i s  3.2  f t3/sec.  The resul t ing  average neon 
dwell   t ime  obtained  by  dividing  the  vortex volume of 12.1 ft3 by  the neon  volume 
f low  ra te i s  3.8 see. If the  average  fuel  dwell   t ime i s  equa l   t o  5 t imes  the 
average neon dwell  t ime  (see  Refs. 2, 3, 4, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 ,  1-5 and 16), the  average  fuel   dwel l  
time would  be approximately 19 see.  Since  the  nuclear  fuel mass per   un i t  i s  
approximately 3.6 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 ue l   f l ow   ra te  
of  approximately zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 . l9 lb /sec  per   un i t   cav i ty .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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An est imate  of   the  energy  carr ied away by  the fuel passing  through  the 
cavi ty  can  be  obtained  by  mult ip ly ing  the  fuel   f low rate by   the   average  fue l   ex i t  
enthalpy.  This  average fuel ex i t   en tha lpy   can  be estimated by  mult ip ly ing  the 
average  fuel  temperature  of 42,000 R by a speci f ic   heat   o f  0.1 Btu/lb-deg R. The 
corresponding  energy  removal rate  is approximately 800 Btu/sec  per  uni t ,  or 5600 
Btu/sec  for   the  seven  uni t   cavi t ies.   This  energy  removal   rate i s  approximately zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0.13 percent of t he   t o ta l   ene rgy   c rea t i on  rate i n   the   eng ine .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

; Specific  Impulse  and  Thrust 

The exhaust   ve loc i ty  which  would  be created  by  convert ing a l l  of the  hydrogen 
enthalpy  of 1.033 x lo5 Btu / lb   to   k ine t ic   energy  would  be  71,900 f t /sec.   Th is  
exhaust   ve loc i ty  would  correspond t o  a specific  impulse  of 2230 see.   Th is   ideal  
specif ic  impulse  has  been  reduced  to  account  for  the  fol lowing  factors: 

(1) The specif ic  impulse  has  been  reduced  by 8 per,  nent t o   a l l o w   f o r  
incomplete  expansion due t o  an   a rea   ra t i o  of 545 ra the r   t han   i n f i n i t y  
(corresponding  pressure  ra t io   equals  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1000, see  Ref. 9 ) .  

(2 )  The specif ic  impulse has been  reduced  by 6 percent   to   account   for   the 
requirement  for  approximately 12 percent  t ranspirat ion  coolant  f low  for  
the  nozzle  (see  Ref. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 5 ) .  

(3) The specif ic  impulse has been  reduced  by 1.95 percent   to   a l low  fo r   the  
3.9 percent mass f r a c t i o n  of tungsten  seeds. 

(4)  The specific  impulse  has  been  reduced  by 1 percent   to   a l low  fo r   f r i c t ion  
and  recombination  losses i n   t he   nozz le .  

The f ina l   spec i f ic   impulse on the basis of these  four  correct ions i s  84 percent 
of the  ideal   speci f ic   impulse,  or  1870 see.  

The total   f low  passing  through  the  nozzle  exi t   ( including  an  al lowance  for  
3.9 percent  seed  and 12 percent   t ranspi ra t ion  cool ing  for   the  nozz le)  i s  49.3 lb/sec.  
The thrust   produced  by  th is  f low a t  a specif ic  impulse of  1870  sec  would  be zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA92,000 
l b  . 

According t o  Ref. 9, the  hydrogen  f low  per  unit   area a t  the   th roa t   fo r  a 
stagnation  temperature of 12,000 R and a stagnat ion  pressure of  500 atm i s  1062 
lb /sec- f t2 .  If the  f low  area  occupied  by  the  seed  f low i s  neglected,  and  half  of 
the  t ranspirat ion  coolant  f low i s  assumed t o  be  injected  upstream of the  throat ,  
the  corresponding  throat  f low  area would  be  0.0422 f t 2 .  If a single  nozzle were 
employed, the  throat  d iameter would  be  0.232 f t  . For the   nozz le   a rea   ra t io  of 545 
assumed i n   c a l c u l a t i n g  a l oss  i n   s p e c i f i c  impulse due t o  a f i n i t e  area ra t i o ,   t he  
nozz le   ex i t   a rea  would  be  23.0 f t 2 .  The corresponding  diameter  of  the exit of a 
single  nozzle i s  5.40 f t ,  which i s  subs tan t i a l l y  less than  the  overa l l   engine 

11 



diameter.  For  the  seven-nozzle  configuration shown i n   F i g s .  2 through 7, t he  
th roa t  and exi t   d iameters would be 0,0875 f t  (1.05 i n . )  and 2.04 f t ,  respect ive ly .  

Moderator  Cooling C i rcu i ts  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
"- """ 
Heat  De-position Rates  

Heat i s  depos i ted   in   var ious   por t ions  of the  engine  by a number of d i f f e ren t  
mechanisms: neutron  and g a m  ray  heat ing;   convect ion  and  thermal  radiat ion from 
the  hot  gases;  convective  cool ing of the   fue l   recyc le  system;  and  conduction  from 
one por t ion of the   s t ruc tu re   to   another .  The r e s u l t s  of a pre l im inary   ana lys is   to  
determine  the  magnitude of the  net  energy  deposi ted  in  each  port ion of  the 
reference  engine  design i s  given  in   Table I. I n  some regions, more complete 
ana lys is  of the  spec i f ic   conf igurat ion shown i n  Figs.  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 through 7 has   l ed   t o  
d i f fe ren t   heat   depos i t ion   ra tes   than  those shown i n  Table I. In   o ther   reg ions ,  
insuf f ic ient   in format ion i s  ava i lab le   to   permi t  a more accurate  est imate of heat 
depos i t ion   ra tes .  However, the  heat   deposi t ion  ra tes shown i n  Table I are   be l ieved 
t o  be su f f i c ien t ly   accura te  for the  purposes  of   th is  report ,  which i s  to   p rov ide  
only a pre l iminary  ind icat ion of a possible  engine  conf igurat ion.  More complete 
information on the  energy  deposi ted  by  thermal  radiat ion  in  the  t ransparent walls 
i s  given  in   Ref .  26, and on the  energy  deposi ted  by  thermal  radiat ion  in  the 
re f l ec t i ng  walls i s  g i v e n   i n  Appendix B. 

The moderator i s  cooled  by two hydrogen circuits,  the  primary  hydrogen 
propel lant   c i rcu i t   and  the  secondary  c losed  hydrogen  c i rcu i t .  A schematic  flow 
diagram i s  shown i n  Fig. 8. The pr imary  hydrogen  c i rcui t   enters  the  pressure 
vessel   and i s  pumped t o  a pressure of approximately 708 atm. It then  passes  through 
a s e r i e s  of heat  exchangers  and  then  through a turbine  which  provides  the power fo r  
the  primary  hydrogen,  secondary  hydrogen,  neon  and  fuel  recycle pumps. After 
ex i t i ng  from the  turbine,  the  primary hydrogen  flow  cools  the  solid  moderator 
regions  (beryl l ium  oxide  and  graphite)  and  then i s  i n j ec ted  between  the  cavity  l iner 
and  the  t ransparent   s t ructure.  The tempera tu re   and   p ressu re   l eve l s   i n   t h i s   c i r cu i t  
a r e  shown i n  Table 11. 

The hydrogen in   the   secondary   c i rcu i t  has a minimum temperature of 
approximately zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA300 R a t  t h e   e x i t  of the  secondary  c i rcu i t  pump. This  hydrogen i s  
f i rst  used  to  cool   the  pressure  vessel ,   the  sol id  moderator flow d iv ide r ,   t he   t i e  
rods  and  the  cav i ty   l iner   tubes.   Af ter   cool ing  the  cav i ty   l iner   tubes  the 
secondary  hydrogen circui t   passes  through a hydrogen-neon heat  exchanger where it 
extracts   the  heat   generated  in   the  fue l   recyc le  system  and  then  passes  through  the 
t ransparent   s t ructure.  The heat  absorbed  by  the  secondary  circuit  i s  r e j e c t e d   t o  
the  pr imary  hydrogen  c i rcui t   in a s e r i e s  of heat   exchangers.   Af ter   ex i t ing from 
the  hydrogen-hydrogen heat  exchanger,  the  secondary  hydrogen  circuit  passes  through 



the  secondary  c i rcui t  pump and  then  repeats  the same c i r c u i t .  The temperature  and 
pressure   leve ls   in   the   secondary   c losed  c i rcu i t  are shown i n  Table 111. The vent 
at  the   ex i t   o f   the   t ransparent   s t ruc tu re   reg ion   (S ta t ion  13 on Fig. 8) connects  the 
secondary  hydrogen  circuit  a t  that point  with  the  primary  hydrogen  circuit  a t  i t s  
po in t   o f   in jec t ion   in to   the   cav i ty   (S ta t ion  6 on Fig. 8).  The pressure a t  these 
two s ta t i ons  i s  equal  during  design-point  operation  and  the  vent i s  provided t o  
reduce  the  poss ib i l i ty  of overpressure  in   the  t ransparent   s t ructure  dur ing start 
up zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAor in   the  event   o f   o ther   f low or pressure  var ia t ions.  

It i s  assumed in   t he   p resen t   s tudy   t ha t   t he   en t i re   t ransparen t   s t ruc tu re  i s  
made from  high-qual i ty  fused  s i l ica.   This  t ransparent  structure i s  d iv ided  in to  
three  segments  within  each  unit   cavity,  with  each segment  occupying 120 deg  of the 
to ta l   c i rcumference of  each  cavity, as shown in   F ig .  7. Each  segment  of the 
t ransparent   s t ruc tu re  i s  d iv ided  in to  two regions: a hydrogen-cooled  region  and a 
neon-cooled  region. The hydrogen-cooled  region  consists  of a feeder  pipe  and a 
co l lec to r   p ipe  which are  connected  by a s e r i e s  of t ransparent  tubes. Each o f ' t h e  
t ransparent  tubes  passes  radial ly  inward  through one s t r u t ,   p a s s e s   i n  a circumfer- 
e n t i a l   d i r e c t i o n  between  the  vortex  region  and  the  propellant  region,  and  then 
passes   rad ia l l y  outward  through a second  strut.   Table zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAIV l is ts the   spec i f i ca t ions  
and  operating  condit ions of the  hydrogen-cooled  portion of the  t ransparent  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
s t r uc   t u re  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. 

The neon-cooled  port ion  of   the  t ransparent  structure  consists of a feeder  p ipe 
and a s e r i e s  of  neon in jec t ion   tubes .  The neon in ject ion  tubes  pass  rad ia l ly   inward 
from the  feeder  pipe  through a s t ru t   i n to   t he   vo r tex   reg ion .  These tubes  are  used 
t o   i n j e c t  neon tangent ia l ly   a long  the  inner   sur face of the  hydrogen-cooled  portion 
of  the   s t ruc tu re .  The neon passes  through  the  vortex  and  exi ts from the  vor tex 
chamber through  the  forward  end  plug. 

The cav i t y   l i ne r  i s  constructed from a s e r i e s  of beryl l ium  tubes which a r e  
internal ly  cooled  by  the  secondary  hydrogen  c i rcui t .  The tubes  are  coated on the 
outside  wi th a t h in   l aye r  of aluminum t o  provide a h igh   re f lec t i v i t y   fo r   inc ident  
thermal   rad iat ion  (see Appendix B) . The maximum surface  temperature of the   cav i ty  
l iner   tubes  i s  approximately 1360 R which i s  considerably  lower  than  the  melting 
point  of aluminum (1670 R ) .  If necessary,   the  temperature  of   the  cavi ty  l iner  could 
Se fur ther   reduced  by  cool ing  the  cav i ty   l iner   before  the  t ie   rod  and  the  d iv ider  
between  the  beryllium  oxide  and  graphite.  Although  the  use  of an aluminum w a l l  
ra ther   than a wall made from a higher  temperature  material w i l l  increase  the 
convect ive  heat   t ransfer   to   the w a l l ,  the   resu l t ing  change in   convect ive  heat  
t rans fe r  i s  small because  the change i n  w a l l  temperature i s  small r e l a t i v e   t o   t h e  
difference  between  stream  temperature  and w a l l  temperature. The speci f icat ions  o f  



the   cav i ty  l iner  and i t s  components are l i s t e d   i n   T a b l e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAV, and a sec t ion  of the 
l iner   reg ion  i s  shown in Fig. 7. 

The so l id   moderator   reg ion  cons is ts  of a beryl l ium  oxide  region zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAsurrounding 
each  cavity  and a graphi te  region  surrounding  the  seven-cavi ty  array (see Figs. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 
and 6) .  In add i t ion  t o  the  cyl indrical  moderator  regions  surrounding  the  cavit ies, 
there  are end  plugs of graphite  moderator on both  ends  of each cavi ty .  The 
cy l indr ica l   bery l l ium  ox ide  and  graphi te   reg ions  are  separated by  an  annulus  formed 
by two insulated  bery l l ium walls. These walls serve as a f low  div ider  for   the 
sol id  moderator  regions  and as a container for the  graphi te  and  beryl l ium  oxide. 

The sol id  moderator  region i s  cooled  by  passing  hydrogen  through a s e r i e s  of 
axial   coolant  passages. The coolant  enters  the  beryl l ium  oxide a t  the  forward  end 
of the  reactor,   passes  through  the  beryl l ium  oxide,  and  returns  to  the  forward  end 
through  the  graphite. The  number and  spacing of coo lan t   ho les   in   the   so l id  
moderator  regions i s  determined  by  the  internal   heat  generat ion  rates,   desired 
coolant- to-wal l   temperature  d i f ference  and  the  cool ing  hole  or ientat ion.  The 
cha rac te r i s t i cs  a t  the  se lected  des ign  po int   are shown i n  Table VI. 

The s t r u c t u r a l  components  which support  the  moderator  and  separate it from 
other   por t ions of the  engine  are:  a g r i d  a t  both  ends of the  reactor ;  a s e r i e s  of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
24 t ie  rods  connecting  the  grids;  an  annular  f low  divider  between  the  beryl l ium 
oxide  and  graphite;  and a tungsten  l iner  surrounding  the  graphite  region. The g r i d  
on the a f t  end of the   reac tor  i s  at tached  to   the   p ressure   vesse l  by a s e r i e s  of 
r i b s  as shown i n   F i g .  4. The des ign   c r i te r ia  which was used t.3 determine  the  size 
of   the  gr ids  and  t ie   rods was an  accelerat ion  load of 10 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAg ' s  with  the  reactor a t  
ambient  temperatures (- 530 R )  and 1 g a t  operating  temperature (1700 t o  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2700 R 
depending upon loca t i on ) .  

The forward  gr id may be  constructed of inconel  or some similar a l l oy   s ince  
the  temperature  in  the  forward  region i s  approximately 1800 R and  the  gr id  i s  
external   to   the  moderator  so  that the  neutron  absorpt ion  character is t ics   are  not  
c r i t i c a l .  Those por t ions of t he   rea r   g r i d  which  support  the  moderator  end  plugs 
must  be insu lated  s ince  they  are  exposed  to   the  propel lant   s t ream a t  t he   ex i t .  

The t i e   rods   a re   cons t ruc ted  from beryl l ium  insulated  wi th  pyrolyt ic  graphi te 
and  internal ly  cooled  by  the  secondary  hydrogen  c i rcui t .  The t i e   r o d s  were s ized  
f o r  a 10 g accelerat ion  load a t  ambient  temperature  and  their  specif icat ions  and 
opera t i ng   cond i t i ons   a re   l i s ted   i n  Table VII. 

The sol id  moderator  f low  div ider i s  an  i r regular  shaped  structure  fo l lowing 



the  outer  contours of the  beryll ium  oxide  region. The s t ruc tu re  i s  formed by two 
beryl l ium walls with  pyro ly t ic   graphi te   insu lat ion on the  outside  and  hydrogen 
coolant  passing  between  the  beryl l ium walls. The speci f icat ions  and  operat ing 
condi t ions are shown i n  Table VIII. 

The external   graphi te   conta iner  i s  a th in-wal led  tungsten  l iner which serves 
pr imar i ly  as a f low  divider  between  the  graphite  and  the  pressure  vessel. It a l s o  
prov ides  suppor t   to   the  graphi te   p ieces  in   the  external   moderator .  

The secondary  hydrogen  c i rcu i t   t ransfers   the  energy  absorbed  in   cool ing  the 
pressure  vessel ,   support   structure,   beryl l ium  oxide-graphi te  f low  div ider,   cavi ty 
l i ner ,  t ransparent  walls and fuel recycle  system  to  the  pr imary  hydrogen  c i rcui t  
v ia  a s e r i e s  of  hydrogen-to-hydrogen  heat  exchangers. The spec i f i ca t ions   fo r   these 
heat  exchangers are shown i n  Table zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAIX. Seven heat  exchangers were used  s ince   th is  
al lows  the  f low  f rom  each  cavi ty  to  be  p iped  direct ly  to a heat  exchanger  without 
addi t ional   manifolding;  a lso,   the  s ize of the  heat  exchangers i s  such tha t   t hey  
may be ins ta l led   in   the   space between  the pumps and  the  pressure  vessel .  The high 
pressure  port ion of the  primary  hydrogen  circuit (P zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- TOO a t m )  i s  on the  tube  side 
of the  heat  exchangers  and  the  secondary  hydrogen  circuit zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(P - 500 atm) i s  on the 
s h e l l   s i d e   i n   o r d e r   t o  minimize she l l   th ickness .  

The present  coolant  f low scheme requires  an  extremely complex piping  and 
manifolding  system a s  ind i ca ted   i n   F igs .  4 and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 .  A t  present   the  pressure  losses 
and  insulat ion  requirements  for   the  p iping have  been  estimated. The insu la t ion  
thickness  has  been  est imated  based on a 1775 R operating  temperature in   the  forward 
region  and  pyrolyt ic  graphi te  insulat ion.  The approximate  thickness  of  insulation 
requi red i s  0.025 inches of insu lat ion  per   inch of p ipe  rad ius,   and  th is  
approximation was used  to  est imate  the  insulat ion  weight  required. 

The secondary  hydrogen c i r cu i t   p ip ing  may be beryl l ium from the  pump t o   t h e  
fuel  recycle  heat  exchanger  entrance,  since  the  coolant  temperature i s  low ( < 1100 R )  . 
The mani fo ld ing  f rom  the  graphi te   out le t   to   the  propel lant   in le t   reg ion must  be 
tungsten  since  the  coolant  temperature i s  above 4000 R. The intermediate-temperature 
piping,  the  f ie1  recycle  heat  exchanger  and  the  hydrogen-to-hydrogen  heat  exchanger 
(1600 R t o  2000 R temperature  range) may be  constructed from s t a i n l e s s   s t e e l   a l l o y s .  

Engine  Weight 

Resul ts of a study  to  determine  the  weight of a nuclear   l ight   bu lb  engine  are 
g iven  in   Table X. The weight  of most  of the components i n  Table X were made on the 
bas i s  of conf igurat ions  d iscussed  in  preceding  sect ions.  The turbopump weight was 
determined.from  the turbopump weight  given  in  Ref. 11 with  an  al lowance  for   d i f fer-  
ences  in  engine  pressure  and  hydrogen  f low. The miscellaneous  weight  noted in 



Table X includes  an  al lowance  for   exhaust  nozzles,   fuel   recycle  systems,  and  the 
equipment  necessary  to  provide a magnetic f i e l d   w i t h i n   t h e   c a v i t y   t o   p r e v e n t  
impingement  of b e t a   p a r t i c l e s  on the   cav i ty  walls (see Ref.  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA27) .  

Par t i cu la r   a t ten t i on  was devoted in   t h i s   s tudy   t o   de te rm in ing   t he   we igh t  of 
the  pressure  vessel  because of the   uncer ta in ty   in   p ressure   vesse l   we igh t   no ted   in  
Ref. 11. The present   s tudy was based on an  analysis  which i s  desc r ibed   i n  
Appendix A and  which was made by  the  United  Technology  Center, a d iv is ion  of 
United  Aircraft  Corporation. Of four   pressure  shel l   conf igurat ions which a r e  
cons idered  in  Appendix A, the  conf igurat ion of g r e a t e s t   i n t e r e s t  i s  the one which zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
has a contour  approximately similar to  the  contour shown i n   F i g .  4 and which 
contains  seven  separate  holes  in  the a f t  end zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAfor passage  of  separate  nozzles from 
each of the  seven  uni t   cavi t ies.  The a c t u a l  volume enclosed  by  the  pressure  shel l  
cons idered  in  Appendix A i s  l ess   t han   t ha t   i n   F ig .  4. The pressure   she l l  from 
Appendix A was es t ima ted   t o  weigh  19k400 l b   f o r   a n   i n t e r n a l   p r e s s u r e  of  500 atm 
and a t o ta l   enc losed  volume of 559 f t s .  
i s  therefore 

The shel l   weight  parameter,  Z (see  Ref. ll), 

(1) 

This  value of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAZs i s  approximately 40 percent  less  than  the  value of Zs of 0.116 f o r  
a cy l i nd r i ca l  maraging s tee l   p ressu re   vesse l  from  Ref. 11. 

One of the  problems  noted i n  Appendix A i s  the   h igh   ax ia l   load   per   un i t  
c i rcumferent ia l   leng th   in   the   jo in t   separa t ing   the  two halves  of   the  pressure  shel l .  
This  load  per  unit   length  could  be  reduced  by  employing more than two separate 
pressure  shel ls   (again,  with a cont ro l   sys tem  to   se t   the   p ressure  between  adjacent 
she l l sso  as t o   equa l i ze   t he   s t resses  i n  each   she l l ) .  The use of more than two 
s h e l l s  would a lso  reduce  shel l   weight .  For instance,  use of four   she l l s   ra ther  
than two s h e l l s  would  reduce  the  weight  associated  with  the  joints  by a fac to r  of 
2 from 2350 lb t o  1175 lb .   Th is   represents  a reduc t ion   in   overa l l   she l l   we igh t  of 
approximately 6 percent .  I n  add i t i on ,   t he   resu l t i ng   ra t i o  of wall t h i ckness   t o  
shel l   d iameter  would  be  reduced,  with a resu l t i ng   dec rease   i n   t he   f ac to r   assoc ia ted  
w i th   t he   f i n i t e   she l l   t h i ckness   ( see  Appendix A ) .  A reduction  by a f ac to r  of two i n  
the   she l l   th ickness  would r e s u l t   i n  a reduct ion  in   shel l   weight   by  approx imate ly  9 
percent.  Thus, the  overa l l   reduct ion  in   weight   resul t ing from the  use of four 
ra ther   than two s h e l l s  would  be  approximately 15 percent.  

It i s  a l s o   n o t e d   i n  Appendix A that no allowance has been rnade f o r   r a d i a t i o n  
damage t o   t h e   s h e l l   m a t e r i a l  or f o r   f a t i gue  due t o  many pressure  cycles  wi th in  the 
shel l .   Therefore,  it has  been  a rb i t ra r i l y   dec ided  to  employ the 15 percent   factor  
of sa fe ty  which  would r e s u l t  from using  four  rather  than two pressure   she l l s  as an 
a l lowance  for   rad iat ion damage and  pressure  cycl ing  ef fects.  

The pressure   she l l  shown i n   F i g .  4 also has a l a rge r   i n te rna l  volume than  the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
16 



pressure  shel l   cons idered  in  Appendix A by a f ac to r  of  approximately 1.57. 
Therefore, on the   bas is  of Eq. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(l), the  pressure  vessel   weight  should  be  increased 
by a factor   o f  1.57 to  approximately 30,500 lb. This  pressure  vessel  weight i s  
shown i n  Table X. 

Reference  Configuration  During  Startup zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Two analyses  have  been made t o  determine  the  s tar tup  character is t ics   o f   the 

reference  engine  discussed i n  preceding  sections. The f i rst  ana lys is  i s  based on 
the  use of a f ixed  nozz le  throat  area of 0.0398 f t 2  (excluding  the  al lowance  for 
half of the  t ranspirat ion  coolant  f low -- see  preceding  sect ion).  The second 
ana lys is  i s  based on the  use  of a variable-throat-area  nozzle which w i l l  maintain 
a f i xed  neon densi ty  at  the  outs ide edge  of the  fuel-containment  region.  Results 
of  these two analyses  are  descr ibed  in  the  fo l lowing two subsections. 

Engine Startup  wi th  Fixed Nozzle Throat Area 

The mass f low  passing  through  the  throat  area  of  the  reference  engine 
discussed i n  the  preceding  section i s  a funct ion of t he   t o ta l   p ressu re   and   t o ta l  
temperature  of  the  hydrogen  propellant  upstream of the  throat .   Resul ts  of calcu- 
l a t i o n s  of th is  weight  f low made using  the  parameters  tabulated  in  Ref.  9 are  g iven 
i n   F i g .  9. The engine power obtained  by  multiplying  the  nozzle  f low i n  Fig. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA9 by 
the  enthalpy  determined from  Ref. 9 i s  shown in   F ig .  10. 

The power c rea ted   in   the   eng ine  i s  propor t i ona l   t o   t he   f ou r th  power of  the 
fue l   rad ia t i ng   t empera tu re   i f   t he   ra t i o  of rad ia ted   energy   to   to ta l   energy  i s  
independent  of  engine power. Fuel   rad iat ing  temperatures  ca lcu lated on t h i s   b a s i s  
us ing   the   to ta l   eng ine  powers g iven  in   F ig .  10 are  shown i n   F i g .  11. The combi- 
nat ions of condi t ions  in   F ig .  11 which l e a d   t o  a propel lant   ex i t   temperature  equal  
t o  80 percent of the  fue l   rad iat ing  temperature  are  a lso  ind icated on Figs.  9 and 10. 

The densi ty  of the neon a t  the edge of t he   f ue l  i s  propor t ional   to   engine 
pressure  and  inversely  proport ional  to  fuel  radiat ing  temperature.  Values of neon 
densi ty  a t  the edge of the  fuel   determined from the  temperatures  and  pressures  in 
Fig.  11 are  g iven  in   F ig .  12. A s  noted on th is   f igure   and  in   p reced ing   f igures ,  
the  design  value of edge-of-fuel  density i s  0.924 lb/f t3. The condi t ions which 
lead  to   th is   edge-o f - fue l   dens i ty   a re   a lso   no ted  on the  curves  in   F igs.  9 through 11. 

The f u e l   d e n s i t y   r e q u i r e d   f o r   c r i t i c a l i t y  w i l l  probably  not be s ign i f i can t l y  
d i f fe ren t   dur ing   s ta r tup   than it i s  during  operation a t  the  engine  design  point .  
S ince  the  ra t io   o f   average  fue l   densi ty  t o  edge-of-fuel  density  during  design-point 
operat ion w i l l  probably be c lose   t o   t he  maximum value  al lowable from f l u i d  
mechanics s tab i l i t y   cons idera t ions ,  it w i l l  probably  not   be  possible  to  operate 
with a reduced  edge-of-fuel  density  during  engine  startup. It can be seen  from 
Fig. 12 that   operat ing  wi th  a prope l lan t   ex i t   tempera ture   equa l   to  80 percent of 
the  edge-of- fuel   temperature  resul ts  in  very low edge-of- fuel   densi t ies  dur ing 



s tar tup .  If the   dens i ty  a t  the edge of f u e l  i s  f i xed  a t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.924 lb/f t2 during 
startup,  the  engine  pressures  and  weight  f lows become extremely  high.  This  can  be 
par t ia l ly   avo ided  by  the  use of a variable-throat-area  nozzle as d iscussed  in   the  
fo l lowing  subsect ion.  

Engine Startup  wi th  Var iable Nozzle  Throat  Area 
. - .. - - -~ 

With a var iab le  nozz le  throat   area,  it i s  poss ib le   t o   ad jus t   t he   dens i t y  a t  
the edge  o f   the  fue l -conta inment   reg ion  to   any  arb i t rar i ly   spec i f ied  va lue 
independent  of   the  character ist ics of the  propel lant   stream. The engine  pressure 
required  to  maintain  an  edge-of- fuel   densi ty of 0.924 l b / f t 3  i s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAshown i n   F i g .  13 
as a funct ion of fue l   rad iat ing  temperature  (pressure is  i nverse ly   p ropor t iona l   to  
fue l   rad iat ing  temperature  in   th is   example) .  The energy  created  in   the  reactor  i s  
a l s o  shown in   F ig .  13 and i s  propor t iona l   to   the   four th  power of f ue l   rad ia t i ng  
temperature  (see  preceding  sect ion).  The hydrogen propel lant   f low  rate  passing 
through  the  reactor i s  a funct ion of t h e   t o t a l  power and   t he   ra t i o  of propel lant  
ex i t   temperature  to   fue l   rad iat ing  temperature,  Te/Tx. The e f f e c t  of f u e l  
radiat ing  temperature on th is   weight   f low i s  shown i n  Fig.  14 for   values of Te/T* 
of 0.5 and 0.8. These  weight  flows were determined  by  d iv id ing  the  total  power by 
the  enthalpy  corresponding  to  the  propel lant   exi t   temperature.  

The exhaust   nozz le  throat   area  requi red  to   pass  the  propel lant   f low  ind icated 
i n  Fig. 14 i s  a l s o  shown i n   t h i s  same f igure.  This  nozzle  area was determined on 
the  bas is  of the  informat ion  tabulated i n  Ref. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA9. It can  be  seen  from  Fig. 14 
t h a t  a reduct ion  in   rad iat ing  temperature  by a f ac to r  of 2 (with a corresponding 
reduct ion  in   engine power by a fac to r  of 16) w i l l  r e s u l t   i n  a required  reduct ion 
in   nozz le  throat   area  by a fac to r  of  approximately 3. The mechanism requ i red   t o  
vary  the  throat   area must withstand a high  pressure  d i f ferent ia l ;  however, s ince 
the  absolute  areas  involved  are zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAsmall, t h i s  mechanism should  not be extremely  heavy. 
It might  be  desirable t o  employ  two d i f f e ren t   t h roa ts :  a f ixed-geometry  t ranspirat ion- 
cooled  throat for use a t  high  temperatures  and a variable-geometry  throat  located 
downstream  of the  f ixed-geometry  throat  for   use a t  lower temperatures. 

Values of specif ic  impulse  corresponding  to  the  temperatures  and  pressures 
shown i n  Figs. 13 and 14 are  g iven  in   F ig .  15. Values  of  engine  thrust  determined 
by  mult iplying  weight  f low  by  specif ic  impulse  are  also shown in   F ig .  15. These 
values of t h r u s t  were corrected  to   a l low for the  thrust   o f   the  t ranspi ra t ion 
coolant  f low i n  the same manner as described in a preceding  section. 
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VORTEX-STABILLZED O€!EN-CYCLE ENGINE 

Principle  of  Operation 

The principle  of  operation  of  an  open-cycle  vortex-stabi l ized  engine (Refs. 2, 
11 and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA24) i s  the same as that f o r  a vor tex-s tab i l ized  nuc lear   l ight  bulb engine 
except that the  open-cycle  engine  does  not employ a physica l   t ransparent  wall 
between  the  fuel-containment  and  propellant  regions. The open-cycle  engine  rel ies 
e n t i r e l y  on f l u i d  mechanics phenomena t o  p rov ide   p re fe ren t ia l   re ten t ion  of the 
nuc lear   fue l .  Because  of t h i s  , the  primary  problems i n  such  an  engine are f l u i d  
mechanic i n   na tu re .  As  a resu l t ,   the   inves t iga t ion  of the  character is t ics   o f   an 
open-cycle  vortex-stabi l ized  engine which w a s  i n i t i a t e d  a t  the  UAC Research 
Labora tor ies   in  1959 have concentrated on t h e   f l u i d  mechanics cha rac te r i s t i cs  of 
vortex  f low.  Extensive  invest igat ions of the  character ist ics  of   vortex  f low have 
ind icated that t he   f ue l   re ten t i on   cha rac te r i s t i cs  of t h i s   eng ine   a re  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAlower than   a re  
requi red from  economic considerat ions.  Summaries  of t hese   f l u id  mechanics inves t i -  
gat ions  are  g iven  in   Refs .  2, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3, 4 and 5. Although this  engine  does  not  appear  to 
be  feas ib le  a t  the  present  t ime,  the  resul ts of s tud ies  of the   charac ter is t i cs  of 
the  engine  are  described  in  the  fol lowing  sections  because of the  poss ib le   appl i -  
ca t ion  of th is   in format ion  to   o ther   engine  concepts.  

Specif ic  Configuration a t  Design Point 

The r e s u l t s  of   studies of the   charac ter is t i cs   o f  a speci f ic   conf igurat ion of 
an  open-cycle  vortex-stabi l ized  engine  are  given i n  Refs. 10 and 11. A sketch of 
the  configuration  chosen i s  given i n  Fig. 16. The diameter  of  the  cavity i n   t h i s  
engine i s  6 f t  and  the  average  cavity  length i s  6 f t .  The cond i t ions   in   the   cav i ty  
of the  reference  engine  design  are  given i n  Table X I .  This  engine was determined 
t o  have a specif ic  impulse of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2190 see  and a t h rus t  of 1.45 x lo6 lb accord ing  to  
Ref. 11. The f u e l   d e n s i t y   r a t i o   i n   R e f .  11 was based on a c r i t i c a l   f u e l  mass of 
18.1 lb .  However, e a r l y   r e s u l t s  of more recent  studies  (Ref.  14) have ind icated 
t h a t   t h e   a c t u a l   c r i t i c a l   f u e l  mass i s  approximately  twice  this  value , or 36.2 l b .  
Therefore,   the  corresponding  fue l   densi ty   ra t io  i s  10.0 ra ther   than  the  va lue of 
5 .O noted  in  Ref.  10. 

Moderator  Configuration 

Three  modifications to  the  moderator  conf igurat ion of the  speci f ic   gaseous 
nuclear  rocket  engine  configuration  presented  in  Ref. 11 were inves t i ga ted   t o  
determine  the i r   e f fects  on overall  design  and  performance.  These  modifications 
were (1) replacement of the  tungsten  l iner   tubes  wi th   pyro ly t ic -graphi te-coated 
beryl l ium  tubes, (2) el iminat ion of the  heavy  water  moderator,  and (3) subs t i t u t i on  
of hydrogen f o r  helium in  the  moderator zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAcoolant c i r c u i t .  The specif ic  combinations 
of these  modif icat ions which  were i n v e s t i g a t e d   a r e   l i s t e d   i n   T a b l e  XII. Configu- 
r a t i o n  A represents   the  or ig ina l   des ign of  Ref. 11, Configuration B incorporates 



modif icat ion (1) above;  Configuration C incorporates  modif icat ions (1) and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(2), 
Configuration D incorporates  modif icat ions (1) and (3); and  Configuration E incor- 
porates a l l  t h e e  of  the  modif icat ions. The e f f e c t s  on the moderator  configuration, 
operating  conditions,  and  engine  weight,  exclusive  of  pressure  vessel,  are  discussed. 

The use  of   beryl l ium  l iner  tubes  reduces  the amount of   tungsten  in  the  inner 
l iner  region  and  el iminates  the  b imetal l ic   tungsten-beryl l ium  jo ints where the 
tubes   jo in   the   bery l l ium  l iner .  The basic  conf igurat ion  of   the  l iner  tubes i s  
s imi lar   to   the  or ig ina l   des ign  and i s  shown i n   F i g .  8 of  Ref. 11. 

Because  of the  h igh  cav i ty  w a l l  temperatures ( -  5000 R )  and  the  h igh  radiant 
and  convective  heat flux ( -  2360 Btu/sec-ft2),  the  beryl l ium  tubes must  be 
surrounded  by  an  insulator  such as pyro ly t ic   graphi te .  The pyro ly t ic   graphi te  i s  
coated wi th  niobium  carbide t o   p r o t e c t  it from the  hot  hydrogen i n  the cavi ty .  It 
i s  assumed that  the pyro ly t i c   g raph i te  i s  deposi ted on the  beryl l ium  tubes  in  such 
a manner that the  thermal  conduct iv i ty i s  low i n   t h e  radial d i rec t ion  (- 1.8 x zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAlom4 
Btu/sec-ft-deg R )  and i s  high  in   the  c i rcumferent ia l   d i rect ion ( -  1.7 x lom2 Btu/sec- 
f t-deg R ) .  The r a t i o  of pyro ly t i c   g raph i te   th ickness   to  half circumference i s  on 
the  order  of 0.3, and a comparison  of  the  quotient of the  thermal  conductivi ty  and 
d is tance  predic ts  a re la t ive ly   un i form  c i rcumferent ia l   temperature  d is t r ibut ion.  
The en t i re   sur face   a rea  of the  l iner   tube was used as a h e a t   t r a n s f e r   a r e a   i n   t h e  
ca lcu la t ion  of the f i l m  temperature  drop  and  the  required  tube  diameter. 

A comparison  of   the  design  character ist ics  of   the  l iner  tubes  for   the  var ious 
conf igurat ions i s  shown i n  Table XIII. The operat ing  condi t ions  for   the  bery l l ium 
tube  conf igurat ions  are  based on a m a x i m u m  beryl l ium  temperature of 1500 R .  

Referr ing  to   Conf igurat ion B, where helium i s  used as a moderator  coolant  and 
the  heavy  water  moderator i s  present,   the  calculat ions  predict   an  extremely  h igh 
pressure loss i n   t he   t ubes .  The heat  generated  in  the  heavy  water  moderator 
increases  the minimum in le t   t empera tu re   t o   t he   t ubes   t o  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA900 R and  allows  only 600 R 
f o r  a f i l m  temperature  drop i n   t he   t ubes .  The requ i red  f i lm temperature  drop  can 
be achieved  only  by a small tube  diameter (- 0 .O3l i n .  ) with a high  dynakc 
pressure (- 8 atm) or a change i n  tube  length which  would  modify the  inner   l iner  
conf igurat ion.  If the  heavy  water i s  removed, the  in le t   temperature i s  reduced  to 
564 R and  the  resul t ing  conf igurat ion i s  shown as Configuration C. 

If hydrogen i s  used as a coo lan t ,   the   to ta l   p ressure  l o s s  i n   t he   t ubes  
decreases  by a f ac to r  of 10, and  the  beryl l ium  tubes  could be used wi th  the  heavy 
water  present  (Configuration D )  or with the  heavy  water removed (Configuration E ) .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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The heat   genera ted   in   the  heavy water region of the  moderator i s  approximately zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
9.0 x zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAlo5 Btu/sec and, since  the  heavy  water must  be maintained at  a temperature 
below 1000 R, it represents  a relat ively  low-temperature  heat  source. The heavy 
water must  be cooled  by  the  moderator  coolant  before it en te rs   t he  l i ner  tubes,  and 
the  combined heat  from the  pressure  vessel   and  the D20 raises t he   coo lan t   i n le t  
temperature  to  903 R. Elimination  of  the D20 lowers  the  tube  in le t   temperature  to  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
564 R, el iminates  the D20 heat  exchangers  and  circulat ion  system,  and  el iminates 
the  outer  containment  shel l  of the  D20 region. The thickness  of  the  beryl l ium 
oxide  and  graphite  regions i s  increased i n  order   to   ma in ta in   the  4500 R o u t l e t  
temperature. 

The cha rac te r i s t i cs  of the  moderator  region  with  the  heavy  water removed 
(Configurations C and E )  a r e  compared with  the  design of R e f .  11 i n  Table XIV.  I n  
addi t ion  to   the  weight   sav ing  in   the  so l id   moderator  which i s  shown i n   t h e   t a b l e ,  
there  i s  a decrease of 4.3 i n .   i n   t h e   i n s i d e   r a d i u s  of the  pressure  vessel  which 
would  reduce  the  pressure  vessel  weight. 

The use  of  hydrogen as a moderator  coolant  permits a reduct ion by a f ac to r  of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
3.2 i n  the  moderator  coolant  f low rates i f  the  temperature  levels  are  maintained at  
the  same leve ls  as spec i f ied   in   the   p re l im inary   des ign .   Th is   reduc t ion   in   f low 
r a t e  i s  more than enough to   o f f se t   t he   dec reases   i n   f l u id   dens i t y ,   and   t he  dynamic 
pressure i s  reduced  by a f ac to r  of 5 t o  10 depending on the  f lu id   temperature.  If 
a l l  of the  cool ing  hole  and  piping  dimensions  are  held  constant,  the  total  coolant 
pressure  drop would  be reduced from 35 t o  7 a t m  and  the pumping power requirements 
reduced.  Another  alternative i s  t o  reduce  the  piping  and  heat  exchanger  dimensions 
in  order  to  reduce  the  engine  weight.  A comparison of piping  sizes  and  weights i s  
shown i n  Table XV. A redesign of the  high-temperature  heat  exchanger showed a 40 
percent   reduct ion  in   the  weight  was possible  wi th a hydrogen  moderator  coolant. 

The use  of  hydrogen as a moderator  coolant makes it necessary   to   coa t   the  
graphite  moderator  with  niobium  carbide i n   o r d e r   t o   p r o t e c t  it from a t tack  by  the 
hot  hydrogen. The quant i ty  of niobium carbide  necessary as a funct ion of pressure 
drop in   the   g raph i te   reg ion  i s  shown i n   F i g .  17. This   p lo t  i s  based on the 
graphite  thickness  used  in  engine  Configuration D (8.7 in . )   and a 0.002 i n .  
niobium  carbide  coating on the   coo l ing   ho le   sur faces .   In   add i t ion   to   the  niobium 
carbide on the  cool ing  passages,  approximately 15 l b   a r e   r e q u i r e d   t o   c o a t   t h e  
graphi te  i n  the  reg ion  o f   the  propel lant   and  coolant   in le ts .  

Engine  Weight 

A comparison  of to ta l   engine  weight   exc lus ive  o f   pressure  shel l   for   the 
conf igurat ions  invest igated i s  shown i n  Table XVI. I n   a d d i t i o n   t o   t o t a l   w e i g h t s ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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the  absorbing  area of the  tungsten-184  and  niobium  carbide are l is ted t o  show the 
r e l a t i v e  amounts  of  neutron  absorbillg materials present   in   the  var ious  conf igu-  
ra t i ons .  

The l a rges t   uncer ta in ty   in   the   es t imate  of the  weight  of  the  overal l  
conf igurat ion zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAin Ref. 11 w a s  due to   uncer ta in ty   in   the   we igh t  of the  pressure 
vessel .  As no ted   i n  Table X I V  of  Ref. 11, the  est imates  of   pressure  vessel   weight 
var ied zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAfrom zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA30,000 t o  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA125,000 lb. The studies  conducted a t  the  United  Technology 
Center  Division  of  United  Aircraft  Corporation  (see Appendixq A)  permit a more 
accurate  est imate  to  be made of  the  pressure  vessel   weight.  These est imates of 
pressure  vessel   weight were made on the   bas is  of a value of the  parameter Z, D f  

a0695 lb/f t3-atm  (see Eq. (1)). The volumes w i th in   the   p ressure   she l l   requ i red   in  
the  est imat ion of pressure  vessel   weight  are  g iven  in  the  upper row o f  Table zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAXVII 
for   each of the  engine  configurations  noted  in  Table X I I .  The corresponding 
weights   o f   the  pressure  vessel   are shown i n   t h e  second row. The t h i r d  row contains 
weights of  components other  than  the  pressure  vessel  from  Table XVI. The four th  
and las t  row ind ica tes  the t o ta l   we igh t  of the  overa l l   conf igurat ion.  

I n te rp re ta t i on  of Fuel Loss Rate  Parameters 

Cr i ter ia   for   Acceptable  Fuel  Loss Rate 

In the  fol lowing  discussion, it i s  assumed that economics w i l l  govern  the 
minimum acceptable l o s s  r a t e  of nuclear   fue l  from a gaseous  nuclear  rocket  engine. 
In determining th is acceptab le   fue l  loss ra te ,  it i s  necessary   to   spec i fy  a mission 
for the  engine. In the  fol lowing  discussion,  the  mission  considered w i l l  be that 
of Ref. 17 i n  which the  gaseous-nuclear-rocket-powered  vehicle i s  boosted  by a 
Saturn I - C  launch  vehic le ,   a f ter  which the  gaseous  nuclear  rocket  engine i s  
employed to   acce le ra te   the   veh ic le   in to   o rb i t   and  thence  to  a ve loc i t y  50,000 f t / sec  
grea ter   than  o rb i ta l   ve loc i ty .  It i s  assumed tha t   t he re  i s  one gaseous  nuclear 
rocket  engine  stage  and two tankage  stages. The engine  cons idered  in   the  analyses 
i s  assumed t o  have the   charac ter is t i cs   d iscussed  in   the   p reced ing   sec t ion   (see  
Table XI). According to   F ig .  76 of Ref. 17, th is  engine  could be used   to  
acce le ra te  a payload of  285,000 lb  through  the  veloci ty  increment  considered. If 
there were no loss of nuc lear   fue l ,   the   to ta l   p rope l lan t  consumed by  the  gaseous 
nuclear  rocket would  be approximately 875,000 lb,   and  the  cost  would  be $225 per 
l b  of payload on the  bas is  of the  in format ion  in   F ig .  100 of  Ref. 17. 

The permiss ib le   fue l  loss r a t e  must be  judged on the basis of the  d i f ference 
i n  mission  costs  calculated  using  gaseous  nuclear  rockets  and  sol id-core  nuclear 
rockets.  According t o  Table V of  Ref. 17, the  cost  of using  four  stages of so l id-  
core  nuc lear   rockets   in  a suborb i t -s ta r t  mode would  be  $2,426 p e r   l b  of  payload for 
the same mission  considered  for  the  gaseous  nuclear  rocket. Thus the   po ten t ia l  
savings that could  be  accrued  by  using a gaseous-core  nuclear  rocket  providing 
perfect  containment  rather  than  sol id-core  nuclear  rockets i s  $2,426  minus $225 o r  
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$2,201 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAper l b  of  payload.  Since  the  payload  for  the  gaseous  nuclear  rocket i s  
285,000 lb, the  absolute  sav ings  per   f l ight  would  be $6.28  x zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAlo8. 

The f i rst  re fe rence   po in t   f o r   f ue l  loss r a t e  i n  a gaseous  nuclear  rocket i s  
ca lcu la ted  on the   bas is  that t h e   t o t a l   c o s t   p e r  pound  of payload  would  be the  same 
for  the  gaseous  nuclear  rocket as for   the  sol id-core  nuclear  rocket.  If t he   f ue l  
cos t  i s  assumed t o  be zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA$7,000 per  l b  (as i n  R e f .  l7), t h i s  break-even  cr i ter ia would 
permit loss of  89,700 lb of   nuc lear   fue l .   Therefore,   the  ra t io   o f   the  to ta l  
propel lant  employed t o   t o t a l   f u e l  loss would  be  875,000/89,700 or 9.76. The ac tua l  
r a t i o  of p rope l lan t   f low  to   fue l   f low would  have t o  be  considerably  greater  than 
t h i s   v a l u e   i n   o r d e r   t o   j u s t i f y   t h e  development  of a gaseous  nuclear  rocket. 

Next,  assume tha t   t he   cos ts   assoc ia ted   w i th   t he   f l i gh t  of a gaseous  nuclear 
rocket  must  be one-third of those  for  a so l id -core   nuc lear   rocke t   in   o rder   to  
jus t i f y   eng ine  development. Thus the  cost   per  pound of  payload  would  be  2426/3 
or  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA$808 per l b  of  payload. The al lowable  cost  of t he   f ue l  would  be $808 minus $225 
or $583 per  lb  of  payload, or  $1.66 x lo8. Proceeding as be fo re ,   t he   t o ta l   f ue l  
l o s s  would  be (1.66 x 108)/(7000) o r  23,700 lb, and  the   ra t io  of t h e   t o t a l  
p rope l l an t   used   t o   f ue l  loss would  be  875,000/23,700 or  36.9. 

In te rpre ta t ion  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA~ . ". . . . . of .- " AcceptabJe-&e& - . - - " - " Logs. Rates-in- Terms o f  Time Constant  Parameters 

A number of d i f f e r e n t   f u e l  l o s s  rate  parameters have  been  employed in the 
f l u i d  mechanics tes ts   desc r ibed   i n   Re fs .  2, 3, 4 and 16. One of these i s  t he   f ue l  
t ime  constant  parameter, tF, which i s  defined as t he   f ue l   s to red  (36.2 l b   f o r   t h e  
condi t ions of Table X I )  div ided  by  the  fue l   f low  ra te.   Fuel  or heavy-gas  time 
constants measured in t h e   f l u i d  mechanics t e s t s  of Refs. 2, 3, 4 and 16 have  been 
made dimensionless  by  dividing  by  the  parameter (p/,u)r:. I n   i n te rp re t i ng   t hese  
dimensionless  fuel   t ime  constants  in  terms of the   charac ter is t i cs  of a f u l l - sca le  
engine, it i s  necessary   to   se lec t   the   va lue  of p/,u which  has  the  greatest  inf luence 
on t he   f ue l  l o s s  ra te   i n   t he   f u l l - sca le   eng ine .  The s tud ies  of Ref. 17 employed a 
value o f p / p  determined on the   bas is  of the   p rope l lan t   charac ter is t i cs  a t  the  
center l ine  temperature  and  the  fue l   cav i ty   pressure.  As noted  in  Table X I ,  the 
resu l t ing   de f in i t ion   o f  (p/,u)rf provides a value  of  fuel  t ime  constant  parameter of 
1195 see. It i s  also  possible  to  def ine  the  fuel   t ime  constant  parameter on the 
basis of p/p a t  the  outside  edge  of  the  fuel-containment  region  (Stat ion 6) .  This 
second  choice  of p/p provides a value of (p/p)r :  of 2820 see as noted  in  Table XI. 

Some of the data i n   Re fs .  2, 3, 4 and 16 has also  been  p lo t ted  in   terms of the 
r a t i o  of fue l   t ime  cons tan t   to  a minimum time  constant  determined on the   bas is  of 
complete  mixing  of  the fuel and  propel lant  at  i n j ec t i on .  In convert ing  values of 

choice as t o   t he   dens i t y  employed in   ca l cu la t i ng  volume flow. In Table XI, t h i s  
volume flow, Y6r was determined  by  dividing  the  cavity  propellant  f low  by  the 
densi ty  at Sta t ion  6. As noted  by  the last i tem  in  Table XI, t h e   r e s u l t i n g   m i n i m  

from model t e s t s   t o   f u l l - s c a l e   e n g i n e s ,  it i s  a lso   necessa ry   t o  make a 



t ime  constant  determined  by  d iv id ing  the  cavi ty volume by the volume flow i s  equal 
t o  0.01546  see. 

The i n t e r r e l a t i o n  between  various  parameters  which  are a measure of f u e l  loss 
r a t e  or  containment  t ime  and  various  cr i ter ia  for  containment i s  given  in  Table 
XVIII. I n   a d d i t i o n   t o  the economics cr i ter ia   determined  in   the  preceding 
subsection, a l l  parameters  are  calculated on the   bas is  of t h r e e   a d d i t i o n a l   c r i t e r i a :  
fully-mixed  flow, a value of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAr of 0.01, and a r a t i o  of p rope l lan t   f low  to   fue l  
flow  of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA103. me  parameters t 
evaluat ing zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAColumns @ through%  of  Table X V I I I  were obtained from  Table XI. The 
constant employed i n   e v a l u a t i n g  Column zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 was obtained  by  mult iplying  the  cost  per 
pound  of f u e l  ($7,000 per   lb)   by  the  propel lant  consumed (875,000 l b )  and  dividing 
by  the  payload (285,000 l b ) .  The reduc t ion   in  hydrogen  propellant  weight  result ing 
from the  weight  of the f ue l   requ i red   ( i . e . ,   t he  change i n   s p e c i f i c  impulse  due t o  
the change in  molecular  weight)  i s  neglected. The constant of 225 used  in   evaluat ing 
Column @ represents   the  costs   exc lus ive of t he   f ue l   cos ts .  The economic c r i t e r i a  
which s t a t e s  that the   cos ts  must  be one-third of those  associated with a sol id-core 
nuclear  rocket  lead t o  values  of tF/t o f  150 o r  a value o f  r F  of 0.001942 a t  
an  ax ia l - f  low Reynolds number of 480,%! 

F1-8 
(P//1)6rf~ (p/p)8'1>wF  and WT used  in  

2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
N' 

1-8 

An ana lys is  similar t o  that descr ibed  in  the  preceding  paragraphs  for   the 
suborb i t -s ta r t   m iss ion   p ro f i le  was a lso   ca r r i ed   ou t  f o r  an  orb i t -s tar t   miss ion 
p r o f i l e .  If there  was no l o s s  of f u e l  from the  gaseous  nuclear  rocket,  the  cost 
per pound of  payload with o r b i t  start would  be $578 per l b  of  payload on the bas is  
of using  the same engine,  the same payload,  and  the same required  velocity  increment 
beyond o r b i t  as f o r   t he   suborb i t - s ta r t   p ro f i l e .  According t o  Table V of  Ref. 17, 
the   cos ts   w i th   o rb i t  start using  sol id-core  nuclear  rockets would  be  $2,703 per l b  

of payload. The requi red r a t i o  of fuel   t ime  constant t o  minimum fuel   t ime  constant 
to   p rov ide   overa l l   m iss ion   cos ts   equa l   to   those  fo r  a sol id-core  nuclear  rocket  and 
equal  t o  one-third of those f o r  a sol id-core  nuclear  rocket would  be  22.0  and 194, 
respec t ive ly  (the corresponding numbers f o r  suborb i t  start a r e  39.8 and  150, 
respect ively,   according t o  Table XVIII). 
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( Includes Symbols  Used i n  

Nozzle th roa t  area, ft2 

Surface area of opaque walls 

OF SYMBOLS 
Appendix B, but  not  Appendix A)  

surrounding  propellant  region, f t  2 

Radiat ing area at  edge o f  fuel-containment  region, f t 2  

Diameter of  engine  cavity, 2rl, ft 

Engine t h r u s t ,   l b  

Propel lant  or coolant  enthalpy,  Btu/lb 

Propel lant  exi t  enthalpy,  Btu/lb 

Specific  impulse,  sec 

Length  of  propellant  duct or engine  cavity, ft 

Engine pressure, atm 

Energy deposi ted  in  propel lant  by rad ia t i on  from the  fuel-containment 
region,  Btu/sec 

Engine power, Btu/sec 

Energy rad iated from propel lant   region and  absorbed  in opaque surrounding 
walls, Btu/sec 

Radius  of  vortex  tube, f t  or i n .  

Average r e f l e c t i v i t y   o f  opaque walls surrounding  propellant  region 

Axial-flow  Reynolds number in   fu l l -sca le  engine  (see  Ref .  17) 

Heavy-gas or fuel  time  constant,WF/WF,  sec 

Minimum time constant  based  on zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAp6, sec 

Temperature,  deg R 

Black-body radiat ing  temperature  of  incident  energy  spectrum, deg R 

Propel lant   exi t   temperature,  deg R 

Median temperature,  defined as temperature  in  propel lant  stream at  axial 
locat ion where Y = Ye/2, deg R 

Temperature at outside  edge  of  fuel-containment  region, deg R 

Centerline  temperature,  deg R 

Effective  black-body  radiat ing  temperature at edge of f'uel-containment 

region,  deg R zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Volume of   cavi ty  tube, f't3 or veloc i ty ,   f t /sec 

Axial neon ve loc i t y  at end of the  tube, f't/sec 

Cavity  propellant  f low,  lb/sec 

Fuel f low rate, lb/sec 

Hydrogen propellant  f low,  lb/sec 

Total  propellant  f low,  lb/sec 

Weight f low  per   un i t  area passing  through  nozzle  throat  (see  Ref. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA9), 
lb /sec- f t2  

Amount of fue l  s tored   in   eng ine   cav i ty ,   lb  

Cavity volume, f t 3  

Temperature  integral  parameter,  see Eq. (3)  i n  Appendix B 

Value of Y at  prope l l an t   ex i t   s ta t i on  

Cavity volume flow  based on f 6 ,  f t3 /sec  

Distance  from  upstream  end of propellant  duct, f t  

Pressure  shel l   weight  parameter (see Eq. (l)), lb/atm-ft3 

Effect ive  fuel   emissiv i ty;   rat io  of   radiant  energy  absorbed by propel lant  
t o   t h a t   r a d i a t e d  by f i e 1  

Propel lant   emissiv i ty;   rat io  of   energy  emit ted by propel lant   stream  to 
black-body  radiat ion at propellant  temperature 

Viscosi ty,   lb/sec-f t  

Viscosi ty at  outside edge of fuel-containment  region,  lb/sec-ft  
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Volume-averaged fue l  density, WF/V, l b / f t  3 

Neon or propel lant   densi ty at edge of  Puel-containment  region,  lb/ft 

Density  of  propellant a t  center l ine   cond i t ions ,   lb / f t3  

Stefan-Boltzman  constant, 0.48 x Btu/sec-ft - (deg R ) 4  
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APPENDIX A 

F I W - W O U N D  PRESSURE VESSEL DESIGN zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASTUDY 
FOR NUCLEAR  LIGHT E!ULB ENGINE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

m: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAF. G. Siedow zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- Senior Design  Engineer, Motor Case &sign Group 
C. H. Martin - Group Head, Motor Case Design Group 

Approved  by: D. A. North - Section  Chief,  Mechanical  Systems  &sign 
R.  A. Jankowski - Program Manager 

United  Technology  Center;  Division of United  Aircraft  Corporation 

Abstract 

A design  study was conducted t o  determine  the optimum conf igura t ion   fo r  a 
f i lament-wound  glass  pressure  shel l   for  a nuclear  rocket  engine. Also invest igated 
were the  var ious problem areas  associated  wi th  the  design  of  components, materials, 
f ab r i ca t i on  methods, and  s t ructura l   degradat ion due to   the  ant ic ipated  env i ronment .  

Design Speci f icat ions  (Furnished by UARL) 

It is des i rab le   to   ob ta in   p re l im inary  estimates of   the  s t ructura l   weight  of 
four   d i f ferent   pressure  shel l   des igns which are  shown in   F ig .  18. Configurations 
A and B are  spher ica l   and  enc lose a volume which i s  considerably   larger   than  the 
a c t u a l  volume of  the  major  engine  components.  Configurations C and D have a smaller 
envelope which i s  s l igh t ly   la rger   than  the   ma jor  components o f  a preliminary con- 
f igurat ion  cons idered at UARL. A l l  four  conf igurat ions have a zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.5 f t - d i a   h o l e   i n  
the  forward  end which w i l l  contain  the  duct  through which the  hydrogen i s  ca r r i ed  
into  the  engine.  Conf igurat ions A and C have a 1 f t - d ia   ho le   i n   t he  af t  end  of  the 
pressure   vesse l   to   permi t   inser t ion   o f  a single  exhaust  nozzle.  Configurations B 
and D have  seven  holes  in  the af t  end  of  the  pressure  vessel,  each  hole  having a 
diameter  of 0.4 ft, for   inser t ion  o f   seven  separate  nozz les  for   seven  separate 
u n i t   c a v i t i e s .  Each of   the  conf igurat ions would requi re a f lange  of some kind  near 
the  point   of  m a x i m u m  diameter t o  permi t   access  to   the  ins ide  o f   the  pressure  vessel .  
The des ign   cav i ty   p ressure   fo r  a l l  conf igurat ions is zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA500 a t m  (7350 p s i ) .  

The neutron  and gamma f lux  approaching  the  pressure  shel l  is approximately 
100 Btu/sec-ft2. If the  densi ty  of   the  pressure vessel is taken as 120 lb/ f t3,  
the   a t tenuat ion   coe f f i c ien t  is 1.8 ft-l. Thus the  energy  deposi t ion  per   un i t  volume 
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due to   absorpt ion  o f   neutron  and gamma energy  near   the  ins ide  sur face  o f   the  pres-  
su re   she l l  would  be 180 %tu/sec-ft3.  This  heat  deposition rate zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAwould decrease by a 
f ac to r   o f  l /e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAfor every 0.55 f t  of   d is tance  through  the  pressure  shel l .  

It is  necesss:-y t o  conduct  the  heat  deposi ted  wi th in  the volume of   the  pressure 
s h e l l   t o  a coolact   f lu id   located  on one side or the   o ther   o f   the   p ressure   she l l .  
This  conduct ion  of   heat  requires  that   the  temperature  in  the  center  of   the  shel l  
th ickness be greater  than  the  temperature on e i t h e r  side. This  temperature  dif-  
ference i s  a funct ion  of   the  th ickness  of   the  pressure  shel l .   Prel iminary  calcula- 
t i o n s  were made on t h e   b a s i s   t h a t   t h e   p r e s s u r e   s h e l l  was made from a series of 
ind iv idual   shel ls ,   w i th   the f irst she l l   hav ing  a th ickness of 2.0 i n .   I n  a s h e l l  
having a thickness  of  2.0  in.,   the  temperature at t he   cen te r  of t he   she l l   t h i ckness  
would be approximately 100 R higher  than  the  temperature at t h e  edge f o r  a thermal 
conduct iv i ty of Btu/sec-ft-deg R. If the  temperature a t  t h e  edge i s  taken 
as 400 R, the  center l ine  temperature would  be  500 R. The al lowable  thickness of 
each  succeeding  shel l  for t h e  same al lowable  temperature  dif ference would be 
g rea te r   t han   i n   t he  f i rst s h e l l .  

The major   por t ion  o f   the  energy  deposi ted  in   the  shel l  would  be  removed  by 
hydrogen  propellant  passing  along  the  inside  of  the  inner  shel l .  The energy removed 
from the  outer   por t ion  o f   the inner s h e l l  and  from  both sides of  any  succeeding 
s h e l l s  would  be depos i ted   in  hydrogen  which  would l a t e r  be used   f o r   t ransp i ra t i on  
cool ing  of  the  nozzle. The pressure between  each  layer zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof pressure   she l l  would  be 
contro l led so as to   p roper ly   d iv ide   the   burs t ing   load  on each  layer .  The outermost 
p ressure   she l l  would  be  cooled  almost  entirely  from i ts  ins ide  sur face.  It i s  
recommended t h a t   t h e   i n i t i a l   d e s i g n  employ two pressure  shel ls,   a l though more a re  
permissible. 

The fast neutron  f lux   inc ident  on the   i nne r   she l l  i s  approximately 2 x 
neutrons/cm2-sec. The burning  t ime  in a s i n g l e   f l i g h t  i s  approximately l o3  sec .  
There fore ,   the   to ta l  fast neutron  dose to   t he   i ns ide   su r face  o f  t he   p ressu re   she l l  
would be  approximately 2 x 1017 neutron/cm 2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. 

Summary and  Conclusions 

An oblate-ovaloid  shape, which general ly  fo l lows  the  motor  contour  and employs 
a s ing le  cent ra l ly   located  nozz le  opening,  was employed i n  a l l  studies  un less 
otherwise  speci f ied.  The des ign  conf igurat ion  se lected i s  shown i n   F i g .  19 and was 
derived from the   spec i f i ca t ions   g iven   in   F ig .   18c .  

A weight  and  cost summary of   the  four   conf igurat ions  g iven  in   F ig .  18 is pre- 
sented  in   Table XIX.  The weight o f  the   re fe rence  des ign   se lec ted   fo r   d iscuss ion   in  
t h i s  Appendix is 18,965 l b .  The est imated  uni t   cost   of   the  selected  design,  not  
including development cost ,  is approximately zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA$3OO,OOO. (Note tha t   the   con f igura t ion  
discussed i n  t he  text  i s  derived from Fig. 18d ra ther   than  18c . )  
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The i dea l i zed   g lass  stress level   chosen i s  400,000 psi ,   and  the  resul t ing 
des ign  a l lowable  s t ress  leve ls   are 251,000 p s i  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAfor t h e   h e l i c a l   f i b e r s   a n d  
270,000 p s i   f o r   t h e  hoop f i be r .  The inf luence  of   g lass  strength on weight  and  cost 
i s  shown in   F ig .  20. This  data  has  been  adapted from UTC experience  gained  in 
design  and  fabrication  of  f i lament-wound  structures  from 50 i n .   t o  158 i n .   d ia .  

Table X I X  i l l u s t r a t e s   t h a t   o v e r a l l  weight is not   over ly   sens i t ive  to   the  inc lu-  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
j s ion  of mult ip le aft  end  openings.  This i s  due t o   t h e   f a c t   t h a t   t h e   o p e n i n g   s i z e s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

;E,k are  small compared to   the   case  d iameter  and wall th ickness. .;q 
y 

Figure 21 i l l us t ra tes   t he   i n f l uence  of thermal  environments  on  f iberglas 
laminate  propert ies.  A t  the  temperatures  ant ic ipated, no strength  reduct ion  has 
been  considered. 

Design  Assumptions  and Limitat ions 

The des ign  spec i f icat ions employed i n   t h i s   s t u d y  were provided by United 
Aircraft  Research  Laboratories (UARL) (see  preceding  sect ion).   Since  several  
aspects  of  the  design  study were not  wi th in  current  industry  state-of- the-art ,  it 
became necessary  to  make certain  assumptions and s impl i f icat ions  in   order   to   complete 
the  study. The spec i f i ca t ions  assumed in   the   s tudy  have  been  summarized  below  and 
are  d iscussed  in  greater  detai l   in  subsequent  paragraphs. 

(1) A design  ult imate  pressure  of 7350 ps i .  

( 2 )  mdrogen  pressure  can be con t ro l l ed   t o  3675 p s i  between the  two pressure 
she l l s .  

( 3 )  The optimum dome contours shown in  Fig.  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA19 can  be  employed. 

( 4 )  The temperature at the  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAwall surface will be maintained at 400 R and t h a t  
a 100 R temperature  r ise w i l l  occur midway through  the  2- in.- th ick  g lass 
resin  composite wall. 

( 5 )  Mater ia l   proper t ies have  not  been  degraded f o r   f a t i g u e  or rad ia t ion  
e f fec ts .  

(6 )  Joint   mater ia l   proper t ies assumed fo r   the   bas ic   con f igura t ion   a re  
a t ta inab le   i n  a case o f  t h i s   s i z e .  

(7)  Fasteners   a re   ob ta inab le   in   the  300 KSI s t rength   leve l   w i th   suy f ic ien t  
toughness to   wi thstand  loading at t he  lower  temperature  l imits  of  the 
hydrogen  coolant. 

(8) Technical  problems  associated  with  fabrication  could be solved  given suf- 
f i c i en t   t ime  f o r  study. 
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(9) NO t rans ien t   cond i t ions  of pressure  and  temperature were  assumed during 
s t a r t u p  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAor shutdown. 

-sign  Considerations 

The success f i l   app l i ca t ion   o f   g lass   f i l ament   res in  composite  materials  for 
pressure  vessels   requi re   spec ia l   cons iderat ion  be  g iven  the  in f luence of case 
geometry  and t o t a l  environment  on  the  u l t imate  strength  capabi l i ty   of   the  mater ia ls.  
The ex ten t   t o  which these  considerations  inf luence  the  proposed  design  are  dis- 
cussed  b r ie f l y   in   the   fo l low ing   sec t ions .  

The strength  of  a s t rand (a bundle  of  continuous  f i laments  gathered  together 
i n   t h e  forming  operation) i s  genera l ly   less  than  the  pure  f i lament   s t rength by a 
f ac to r  of 20 t o  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA30 percent.  The strength  of a s t rand Composite t h a t  is act ing  as 
part   of  a filament-wound s t ruc tu re  is genera l ly  25 t o  30 percent less than   tha t  
determined from a s t r a n d   t e s t .  UTC design  exper ience  indicates  that  a pure  strand 
strength  of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5OO,OOO psi   can be consistent ly  obtained  wi th S-gOl glass.   This 
s t rength must  be fur ther  reduced by var ious  factors  d iscussed  in  fo l lowing  sect ions.  

Case  Geometry 

Filament-wound pressure  vessels  wi th small length-to-diameter  rat ios,   equal  
boss  opening  sizes,  and small boss-to-case  diameters are most e f f i c i e n t  when using 
a h e l i c a l  winding pa t te rn  employing a geodesic-ovaloid dome contour  (see  Ref. 28). 
Accordingly, a h e l i c a l  winding pattern  has  been  chosen  and  modif ied  sl ightly  to 
account fo r   the   unequa l  end  opening  diameters  and non-optimum winding  angle 
resu l t i ng  from the  unequal  dome s i z e s .  

Chamber wall th ickness  in f luences  the  rea l izable  f i lament   s t rength as a 
resul t   o f   the  h igher   s t resses  developed at the  inner   sur face  than at  the  outer  
surface due to   t he   t h i ck   sec t i on   and   a l so  by mandrel  shrinkage  during  fabrication 
which al lows  the  inner  windings  to  relax  during  winding  under  pretension.  This 
ef fect   can be  compensated f o r   i n   e i t h e r  of two ways: (1) by appl icat ion of Lame Is 
equat ions  to  determine  the amount of  winding  tension  required  to  produce  equal 
stress in  each  f i lament  layer  throughout  the wall; or, ( 2 )  by appl icat ion  of  a 
strength  reduct ion  factor  to  the  a l lowable  strand  strength  to  account  for   the 
resul t ing  degradat ion.  

Past  exper ience  has  indicated  that   there i s  some loss i n   s t rength   w i th  
increasing  diameter. The l oss  i n   e f f i c iency   has  been a t t r i bu ted   t o :  (1) the 
increased  th ickness i f  pressure  remains  constant; ( 2 )  the  increased  probabi l i ty  of 
the  presence of  s t ruc tu ra l   de fec ts  due t o   t h e  added volume of material  involved; 
and (3) l oads   a re   t rans fe r red   l ess   e f f i c i en t l y  between laye rs  of f ibers   in   very  
th ick  laminates.  Any s t resses   a re   man i fes ted   in   the  form  of shear   s t ress  between 
layers.   This  ef fect   has  been compensated f o r  by  appropriately  reducing  the  design 



Y zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
al lowable  strand  strength.  

When a sec t ion  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAor hole  has  been  cut  out  of a dome, the  membrane load must be 
transferred  along  another  path  surrounding  the removed mater ia l .  To prov ide   th is  
added  load  carry ing  capaci ty,   re inforcing media, g lass   c lo th ,   tape,   e tc .  must  be 
employed  between f i lament   layers  dur ing  fabr icat ion.  As a result of  the above, a 
s t rength   reduc t ion   fac to r  is genera l ly   appl ied  to   the  des ign  a l lowable  s t rand 
s t r e n g t h   t o   a c c o u n t   f o r   t h i s   e f f e c t .  1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAr ,  

tL To obta in  a ful l-diameter  opening  in a f i lament-wound  pressure  vessel,  the 
vesse l  must first be wound integral ly  and  then  sect ioned.  This  requires  that   the 
j o i n t   a r e a  be r e i n f o r c e d   t o  compensate fo r   t he   red i s t r i bu t i on  of forces  between  the 
f i laments  and  the  jo in ing medium, bo l ts ,   p ins,   e tc .   In   addi t ion,   loca l   d iscont inu-  

imposed  on adjacent  f i laments.  
' i t i e s   r e s u l t i n g  from the   d i f f e ren t   sec t i on   s i zes   resu l t   i n   add i t i ona l   l oads   be ing  

Environmental  Factors 

Elevated  temperature  affects  f i lament-wound  composites  essentially as shown 
in   F ig .  21. Since  the  temperature  in   the  f iberg las wall i n   t h i s   a p p l i c a t i o n  is 
est imated  to  be zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA500 R at the   cen ter  and 400 R at the  outs ide  surface, no s t rength  
degradation  has  been assumed for th is   des ign.  The above thermal  gradients w i l l  
r e s u l t   i n  a thermal  stress  of  approximately 560 p s i  i n   t h e  w a l l  which i s  
i ns ign i f i can t  . 

The exposure o f  f i lament-wound  structures  to low  temperatures  associated  with 
l i qu id  hydrogen dur ing  s tar tup is not deemed t o  be a problem (see  Ref. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA29). Results 
of a t e s t  program conducted by Stanford  Linear  Accelerator  Center,  Stanford 
University,  Stanford,  Cali fornia, on  UTC-prepared specimens  indicated  that  certain 
composi tes  are  ent i re ly   su i tab le for use at 50 R in   pressure  vessel   appl icat ions.  
(see  Ref. 30). Fa t igue   t es ts  at lo7 cycles and 9000 ps i   f lexura l   and 300 ps i   shear  
s t r e s s  showed tha t   t he  filament-wound s t ruc tu re  had  not l o s t  i ts  or ig ina l   p roper t ies .  

Gamma ray and par t i cu la te   rad ia t ion ,   espec ia l l y   tha t  above 1/2-1 MEV energy, 
are potent ia l ly   dangerous  to   f iberg las  laminates.  The epoxy matrix, being  an 
organic compound, can  be  attacked  and  degraded  in  several ways by both gamma rays 
and  neutrons. No attempt  has  been made to   est imate  the  in f luence  o f   rad iat ion on 
the  design  al lowable  g lass  strength.  

Glass- f iber   re in forced  p last ics   are  suscept ib le   to   degradat ion  in  a vacuum 
environment as a r e s u l t  of the  weakening  of  long  chain  polymeric compounds. 
=gradation i s  a function  of  temperature  and time, and is evidenced by a loss i n  
weight  and  associated  changes in  mechanical   propert ies.  The resu l ts   o f  R e f .  31 
i nd ica te   tha t ,  at elevated  temperature  in a vacuum, a 5 t o  10 percent  reduct ion  in 
strength  per  year  can be expected.  Accordingly,  the  mission  duration,  in  addit ion zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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to   ac tua l   opera t ing   dura t ion ,  must be  cons idered  in   cons ider ing  g lass-res in  
composite  designs  for  space  appl ication. 

F ina l   burs t   p ressure   fo r   any  chamber is s i g n i f i c a n t l y   a f f e c t e d  by t h e  number of  
p r io r   p ressur iza t ion   cyc les   and  the i r   dura t ion   and  the  rate of  pressur izat ion;   the 
f a s t e r  rates providing  higher  burst   values.  Accordingly,   to  assure  the maximum 
r e l i a b i l i t y   w i t h  a minimum of   s t ructura l   degradat ion,  it is UTC's p r a c t i c e   t o  employ 
a minimum fac to r   o f   sa fe ty   o f  1.25 t imes  proof  pressure  and t o  p roo f   tes t  from 8 t o  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
10 percent  above  the maximum expected  operating  pressure. This provides  adequate 
margin f o r  a zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 percent  degradation  during  proof  test ing  and  assures  successful 
operat ion at the  subsequent  operating  pressure. 

Description  of  Selected  Design 

The design employed i n  most o f   the  s tud ies i s  shown i n   F i g .  19. The oblate  shape 
is terminated by  modified  geodesic  isotensoid domes which are t h e  most e f f i c i e n t  
des ign  a t ta inable.  The single  end  openings were chosen  fo r   th is   s tudy   fo r  manu- 
factur ing  s impl ic i ty  and  weight  savings. The weight  increase  for  mult iple  openings 
would  be only a few percent,  but  costs  might be 8 t o  10 percent  higher.  Mult iple 
openings  require  the  addi t ion o f  special   re inforcements  surrounding  each  opening  to 
t rans fer   the   loads   a round  the   open ing ,   in   add i t ion   to   the   ex t ra   f i t t ings   requ i red .  

Weights are  presented  in  Table XIX for a l l  four  conf igurat ions shown i n  
Fig.  18. There are severa l   reasons  for   the  weight   increase  for   the  spher ica l   shel l  
conf igurat ion.  The f i r s t  i s  that   the  g lass  and  resin  weight,   and  therefore  weight 
performance, of a pure  vessel  of optimum isotensoid  design i s  d i r e c t l y   r e l a t e d   t o  
the  enclosed volume. Since  the volume of the  sphere i s  g r e a t e r   t h a n   t h a t   f o r   t h e  
oblate  shape,  the  basic  shel l   weights w i l l  a lso   be   g rea ter .   In   add i t ion ,   the   ob la te  
shape was chosen  over  the  spherical  shape  because a true  filament-wound  sphere  cannot 
be made because  of  manufacturing  considerations. It is  an  approximation  arr ived at 
with a succession  of  windings,  each at an  angle  and  thickness  corresponding  to i ts  
stress at the  h ighest   po int .  Each winding, then, i s  under-stressed a t  a l l  other  
points,   and  the  vessel  as a whole may be 20 t o  30 percent  heavier  than  an  ovaloidal 
vesse l .  

A fur ther  d isadvantage  of   the  spher ical   case is the  added  weight o f  t h e  f u l l -  
diameter  jo int .  The jo int   weight i s  increased  over  the  primary  design  because  of 
the   g rea ter   rad ius ,  as the  larger   rad ius  produces  larger   jo in t   loads  and  the  greater  
radius  contains more volume o f   s t ruc tu ra l  material i n   t h e   j o i n t .  The cos t   o f   the  
spher ica l   case is g r e a t e r  due t o   t h e  added  fabr icat ion  d i f f icu l t ies  caused by the  
di f ferent  winding  patterns  and  therefore machine setups  required  during  winding. 

End Domes 

The end domes are  geodesic  isotensoid  shapes,  modif ied  s l ight ly on the  aft  end 
t o   a l l o w  for the  inc lus ion  o f   jo in t   bu i ldups,   and on the  forward  end  to   a l low  for  



mismatches  between t h e  dome and  conical  case, non-optimum winding  angle,  and smaller 
forward  polar  opening. The aft  domes zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAwill be wound at a near ly  optimum angle zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
( 7 0 )  and  average  contour t o   s u i t   t h e   s h e l l   a n d   p o l a r   f i t t i n g  diameters. 

The forward domes are forced by case  geometry t o  be wound at a much higher- 
than-optimw  angle ( loo), and w i l l  have  modified COntOUrS t o  f i t  th is  Condi t ion,  
t h e   t r a n s i t i o n  from the  conica l   case zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAwall, and  the  Smal l  Po la r   f i t t i ng .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

B 
Conical  Sect  ion 

The center   sect ion  o f   the  vessel  i s  conical   in  shape,  taper ing from 60 i n .  
ins ide   rad ius  on t h e  af t  end t o  34.4 i n .   i ns ide   rad ius  on the  forward  end  with a 
84 in .   long  conica l   sect ion.  The ou te r   she l l  aft  i ns ide   rad ius  (65.6 i n . )  is 
s i zed   t o   c lea r   t he   i ns ide   she l l   j o in t   bu i l dup   and   t ape rs  down t o   c l e a r   t h e   i n n e r  
s h e l l  at  the  forward  end (37.4 i n .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA) . This  produces a tapered  gap  between  the 
s h e l l s  as t h e   o u t e r   s h e l l   h a s  a higher   cone  angle  than  the  inner   shel l .  

The winding  angle at t h e  a f t  end  matches  the aft  dome, increasing  toward  the 
forward  end as the  d iameter  decreases. The h e l i c a l  winding  thickness  increases 
toward  the  forward  end,  and  the hoop  winding  thickness i s  t a p e r e d   t o  compensate 
f o r   t h e s e  two e f fec ts   to   keep  we igh t  down.  The t o t a l  w a l l  th ickness i s  2.108 i n .  
aft  and 2.016 i n .  fwd fo r   t he   i nne r   she l l   and  2.308 i n .  af t  and 2.216 i n .  fwd f o r  
t he   ou te r   she l l .  

The design  al lowable  u l t imate  g lass stress i s  251,000 p s i   f o r   t h e   h e l i c a l  
windings  and 270,000 f o r   t h e  hoops. The maximum h e l i c a l  stress ( t h e o r e t i c a l )  i s  
near   the  jo in t   and  the hoop stress i s  uniform. The case is designed so  tha t   each 
shel l   wi thstands  hal f   the  pressure  load  wi th  the  hydrogen  coolant  located between 
the   she l l s  at half t h e  chamber.  pressure. 

The res in   content  i s  24 percent b w  which gives a laminate  density  of 
0.0705 l b / i n .  3. 

Jo in ts  

The jo in t   des ign was d i c ta ted  by the  very   h igh  ax ia l   loads  present  
(117,500 l b / i n .  ) .  This  load i s  near or above the  load/d iameter   ra t io  at which 
f i b e r g l a s   j o i n t s  become d i f f i cu l t   because  o f   the  low bear ing-shear   to   tens i le  
s t reng th   ra t i o .  If small b o l t s  are used,  the  bear ing,   shear,   and  bol t  stresses 
are too  h igh,   and  wi th   large  bo l ts   the  tens i le   and  shear  stress between t h e   b o l t s  
i s  too  h igh. 

The double-row  bolted  f lange  concept  allows enough bearing,  shear,  and  inter- 
b o l t   t e n s i l e  area with a moderately  thick  section,  and s t i l l  allows enough bo l t  
t e n s i l e  area by v i r ture  o f   the  double row of   bo l ts .   Bol ts  are spaced  every 4.2 i n .  
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average,  which means every two bo l t s   sha re  494,000 lb ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAor 247,000 l b   p e r   b o l t .  The 
b o l t s  are 1.125-in.-dia  studs made from a material having 287,000 p s i  min t e n s i l e  
y ie ld   s t reng th .  

The f i b e r g l a s  stress values are: bearing zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- 54,200 psi ,   shear - 17,850 ps i ,  
inter laminar  shear - about 3800 psi ,  and i n te r -bo l t   t ens i l e  - about 34,200 p s i .  
These are a l l  at the  upper  limit of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAUTC's present  f iberglas  jo int   technology,  and 
some development  would  have t o  be  done t o  verify and improve these  values. The 
jo int   problems  could  be  al leviated, i f  necessary,   by  the  use  of   three or more 
separa te   she l l s   ra the r   t han   t he  two s h e l l s  shown in   F ig .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA19.  

Usually, a double-c lev is   jo in t  i s  t h e  most e f f ic ient   because o f  t he   g rea te r  
ra t io   o f   in te r -p in   to   p in   d ia   d imens ions .   Th is   a l lows a grea te r  number of pins, 
reducing  the  f iberg las  bear ing stress and  the   p in   and  l ink   shear   s t resses .  With 
very  high  loading, however, t he   sec t i ons  become very   th ick  which is ev ident   in   the  
present  design shown i n  Fig. 19. There a r e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA90 2-in.-dia  pins  and 90 l i nks   fo r   each 
she l l ,  a l l  o f  3OO,OOO p s i  steel .  

The f i b e r g l a s  yoke thickness is 3.17 i n .  and  the  s t resses  are:   bear ing - 
40,000 psi ,   shear - 20,000 ps i ,   and  in ter -p in   tens i le  - 30,000 p s i .  These values 
are based  on UTC's present   jo in t   technology  for   th is   type  o f   const ruct ion,   and  can 
probably be raised  20  percent,   -possibly 30 percent, af ter  a s u i t a b l e  development 
program  aimed at opt imiz ing  th is   jo in t   des ign.  

The clevis  jo int   design,  a l though  heavier,  is probably  the more feas ib le  of 
t he  two based  on  present  technology  because  of  the  reasons  given i n   t h e  f i rst 
paragraph.  Weights  of   the  case  wi th  the  c levis  jo int  are given  in  Table XIX. 

Po la r   F i t t   i nns  

P o l a r   f i t t i n g s  are made from 7075-T6  aluminum, designed at an ult imate s t r e s s  
of  60,000 ps i ,   t o   a l l ow  a generous   sa fe ty   fac to r   fo r   poss ib le   heat ing  o s  rad ia t i on  
degradat ion  e f fects .  The p o l a r   f i t t i n g s  are designed so that   the  inner   and  outer  
f i t t ings   index  on each   o the r   t o   l oca te   t he   ou te r  dome concentr ic   to   the  inner  dome. 
The inner   po lar   f i t t ing  has  por ts   for   the  passage  o f   the  hydrogen  coolant  from 
between t h e   s h e l l s .  The outer   po lar   f i t t ing  has  thru-holes so  t h a t  it can be 
he ld   in   p lace  by t h e   b o l t s  which hold on the  nozzle or af t  c losure .  

Materials and  Fabrication  Techniques 

The g lass  f i laments  cons idered  in   th is   des ign  s tudy are Owens Corning S-9Ol zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAG 
s ize  f i laments.  These  have  been shown by UTC and many other  case  winders  to be 
the  highest  strength  and most consis tent   qual i ty   f i laments  avai lab le.  

The res in   system  used  for   th is   s tudy is Union Carbide FRL 2256 epoxy res in ,  



o r  other  similar low-viscosity  type  with  metaphenylenediamine or  similar aromatic 
polyamine hardener.  This  system  has  been shown by TJTC t o  produce the   s t ronges t  
filament-wound vessels i n   s i z e s  from zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 i n .   t o  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA14 f t  i n  diameter. 

The inner vessel would  be wound using  standard  winding  techniques using a 
h e l i c a l   p a t t e r n  and w e t  winding  (glass  rovings  impregnated  with  resin as they are 
wound onto  the  case) .  The aft dome would  be wound in tegra l   w i th   the  forward  par t  1 of t h e   c a s e   t o  be  cut   of f  after cure.  Joint  bui ldup  reinforcement zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAwould be  added 
i n   t h e   j o i n t   a r e a   a n d  wound i n  between the   he l i ca l   w ind ings .   In   the   case of a 

'!/ seven-nozzle  configuration,  reinforcements f o r  the  nozzles would also be added 
between t h e   h e l i c a l   l a y e r s .  These reinforcements, o f  spec ia l   o r i en ta t i on ,  are 
pre-wound  on a di f ferent   mandre l   and  kept   re f r igerated  unt i l   use.  

After the  completion  of  winding,  the  case would  be  B-staged  and  given  an 
i n i t i a l   c u r e  at approximately 200 F. Then it would  be overcoated  with  plaster  and 
swept to   the  proper   contour   for   wind ing  o f   the  outer   shel l .  The o u t e r   s h e l l  would 
then be wound over  the  p laster  overcoat ing,  €3-staged as above,  and  then  the whole 
mass cured  fu l ly .   In   the  bo l ted  f lange  vers ion,   the  case would then be cu t  open 
at the   f lange  in te r face ,   the   she l l s   separa ted  from  each  other,  and  then dr i l led 
and  back  spot faced  for   the  bo l t   ho les.   In   the  c lev is   jo in t   vers ion  a lso,   the  p in  
kioles  would probably be d r i l l e d  after the   case was cu t   apa r t .  

Problem Areas 

Conical Case 

Filament  winding  of  conical  cases  always  poses  problans  because of the  changing 
winding  angle from t h e   l a r g e   t o   t h e  small end. The angle  increases down the  cone, 
forc ing  the small dome t o   u s u a l l y  be wound with  too  h igh a winding  angle.  This 
er ror   can be neutra l ized by a l t e r i n g   t h e  dome contours,  but  can impose r e s t r i c t i o n s  
on diameter  rat ios,   d iameter- to- length  rat ios,   a l lowable w a l l  s t r e s s ,   e t c .  Cases 
of th is   t ype   a re   p roven  en t i re ly  by burs t  tests, and may turn  out   heavier  (or 
l i gh te r )   t han   an t i c ipa ted .  

In   add i t ion ,  it is v e r y   d i f f i c u l t   t o   u s e  hoop windings on conica l  walls; UTC 
has wound cases   up   to  15' half   angle,   but   only by semi -s tag ing   the   res in   un t i l  
very  tacky,  then  quickly  winding one  hoop layer .  When done properly,  the  windings 
can  be made t o   s t i c k   b u t ,  i f  not,   then  the  case  has  to  be  redesigned  wi th a lower 
cone  angle. The present  design  (with 15' and 16' ha l f  angles) i s  based  on  the 
possibi l i ty   of   winding on t h i s  cone  angle; however, the  forward  end  diameter 
muld  probably have t o  be increased  to   a l low a lower  cone  angle. 

Jo in t  

The present   jo in t   (both  des igns)  i s  at t h e   l i m i t  of known technology,  and, 
wh i le   based  on   ac tua l   s t rengths   rea l i zed   in  tests, may not   be  feas ib le   in   the  s ize 
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contemplated.  Thick  sections are not   a lways   s t ronger   in   re la t ion   to   the i r   th ick -  
ness  and may have t o  be operated at zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAlower stresses than   an t ic ipa ted .  As noted i n  
a preceding  section, many of t h e   j o i n t  problems  could  be alleviated by us ing  three 
or more ra the r   t han  two pressure   she l l s .  

In  the  present  design,  the  necessary hoops may be  impossible t o  wind i n  t h e  
j o i n t  area because of the  h igh  s lopes  on  the  bui ldups;  in  that   case,  h igh-angle 
h e l i c a l s  would be  used  in   the  bu i ldup  areas which would raise the  weight   s l ight ly .  

Thermal 

The l i ne r ,   f i be rg las ,   and   j o in t   bo l t s  might  be  cooled t o  36 R during  the 
pause  phases. While th is   has  been shown t o   a c t u a l l y   i n c r e a s e   t h e  performance  of 
t he   f i be rg las ,  it would embr i t t l e   t he   bo l t s   and   l i ne r ,   poss ib l y   t o   t he   po in t  of  
f a i l u r e  i f  full operat ing  pressure i s  reached  before  these materials can  heat  up. 
Sharp  thermal  gradients  dur ing  startup may create  thermal stresses unt i l   thermal  
equi l ibr ium is reached. 

Radiat ion  Ef fects 

Gamma ray   and  par t i cu la te   rad ia t ion ,   espec ia l l y   tha t  above 1/2-1 MEV energy, 
are potent ia l ly   dangerous  to  a f iberg las  laminate.  The epoxy matrix,  being  an 
organic compound, can be attacked  and  degraded  in several ways  by both gamma rays 
and  neutrons. 

Neutrons,  especial ly above 1-5 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAMEV energy,  displace whole  atoms or groups  of 
atoms  from the  molecule,  creating  broken  molecules which  combine i n   d i f f e r e n t  ways, 
or are permanently  terminated  depending on other   condi t ions.  If small groups  of 
atoms are broken  of f ,   these  can  be  l iberated as a gas, creat ing  gas  bubble problems 
in  addi t ion  to  destroying  the  chain  structure  of   the  polymer.   Neutrons  can,  in 
some cases,  also  produce  secondary  radiat ions,  such as be ta  or a lpha  par t i c les ,  
e t c .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA, which then c.an produce  secondary  radiation damage. 

Gamma rays  pr imari ly  produce  chain  s issions  ( ioniz ing) which produces  free 
rad i ca l s  which  can  recombine  with  other  such  radicals, or terminate i f  H atoms or 
ions are present.  This  changes  the  molecular  weight  and  type  of  the polymer, 
therefore  completely  changing i ts  proper t ies .  If primarily  recombination o f  t h e  
f ree   rad ica ls   occurs ,   then  the  polymer w i l l  gradual ly  increase  in  strength  and 
modulus and  decrease  in  e longat ion,   creat ing a b r i t t l e  material. A s  the  process 
continues,  the polymer  would start breaking  into  sub-uni ts  (degradat ion)  and 
s t rength  and  e longat ion would decrease  sharply. These e f f e c t s  would a l l  be reduced 
not iceably   in   the  f iberg las  laminate,   s ince  the  g lass  acts  as a f i l l e r  which  seems 
t o  reduce  the  rad iat ion damage e f f e c t s .  

Various  sources  have  reported damage threshold levels from 30 t o  1000 m a d  
(megarads: 1 Wad = 100 ergs/@-sec  absorbed) of gamma or fast neutron  rad iat ion.  



The general  consensus 
neutrons  above zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA50 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAMEV 
f iberg las  laminates.  

seems t o  be,  however, 
will begin t o  degrade 

It i s  poss ib le   a lso   tha t   these  in tense 

that  about 600 mad  o f  gamma rays  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAor 
epoxies,  and 1000 mad should  degrade 

rad iat ions will damage t h e   g l a s s  f i la- 
ments, espec ia l l y  when they are under stress. Absorpt ion  of   radiat ion i s  propor- 
t iona l   to   dens i ty ,   and  the   g lass   f i l aments  would thus  be  expected  to  absorb  the 
grea ter   por t ion  of the  rad iat ion  enter ing  the  laminate.   A l though  g lass i s  not 
c r y s t a l l i n e   i n   n a t u r e ,  it is held  together by polar, or associat ion bond-type, 
a t t r a c t i o n  between i ts  atoms,  and it i s  poss ib le   tha t  a s u f f i c i e n t  number o f  atom 
"dis locat ions,"  or dissoc iat ions or free elect rons,   could  degrade  the  s t rength  o f  
t he   g lass .  

If t he  combined gamma and  neutron  f lux   absorbed  in   the  f iberg las i s  180 Btu/sec- 
ft with  an  a t tenuat ion  factor   o f  1/e every 0.55 f t ,  approximately 0.47 times 
180  Btu/sec-ft3 w i l l  be  absorbed i n  5 in .   o f  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAwall th ickness. This corresponds t o  
84 Btu/sec-ft3, or 89 x 1010 erg/sec-ft3, o r  15.8 x lo7 erg/gm-sec, o r  1.58 Mradlsec 
absorbed  in   the wall. I n  a 1000 sec  run,   th is  means 1580 m a d  of   rad iat ion i s  
absorbed,  probably  l/3-l/2  of which i s  po ten t ia l l y  damaging rad ia t ion .  If these 
a re   t he   co r rec t   f i gu res ,   t hen   t he re  i s  a d e f i n i t e   r a d i a t i o n   e f f e c t   t o  be considered 
in   des ign ing   th is   she l l   o f   f iberg las .  

3 

Iksign  Analysis 

Glass St ress  

I n  a case  o f   th is   s ize  and  operat ing  pressure,   there are many fac to rs  which 
a f fec t   the   usab le   s t rength   o f  the glass  f i laments.  An ind iv idual   f iber   has a 
strength  of  over 650,000 ps i ;   ' in   s t rand form  about  500,000 ps i ;   and  in  a small 
optimum pressure vessel, about  400,000  psi zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAis rea l i zab le  (400,000 p s i  i s  termed 
" idea l i zed 'g lass  stress in   F ig .  20). A f e w  organizations  have  empir ical ly  defined 
the  al lowable  g lass stress as a function  of  various  parameters,  such as case 
diameter, wall th ickness,  winding  angle,   polar  opening  di f ferences,  etc.   In  th is 
study, we w i l l  use some design  factors   tabulated  in   Ref .   32.  

UTC has assumed an  average  composite  f i lament  strength  of 400,000 p s i  which 
has  been  mult ipl ied by the  fo l lowing  reduct   ion  factors :  

Hel ical   Factor Hoop Factor 

Case diameter (120 i n .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA) K = 0.85 0.90 
Wall th ickness/diameter  (2 - = 0.016) 

120 
K = 0.73 0.75 

Polar opening/diameter (18 = 0.15) K = 1.01 

Hel ica l   u l t imate  g lass stress: 400,000 x 0.85 x 0.73 x 1.01 = 251,000 p s i  
Hoop u l t imate  g lass stress: 400,000 x 0.90 x 0.75 = 270,000 p s i  

- 
120 

-" 
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If res in   con ten t  is assumed t o  be 24 percent bw, the   res in   bu l k   f ac to r ,  K, is 
1.68, and the  composi te  densi ty is 0.0705 l b / in .  3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. 
Dome Design 

Aft ins ide  dome : t = PR - - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3675 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAX 60 
GQ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2c cos2a  2 x 251,000 x 0.9825 = 0.447 i n .  

GQ 

tQ = tGQ 
= 0.447 x 1.68 = 0.750 i n .  

Aft outs ide dome : zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa = sin-' 7.9 = 6.8' 
" 

66.5 

t =  
GQ 

3675 x 65.6 = 0.487 i n .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2 . x  251,000 x 0.986 

t, = 0.487 x 1.68 = 0.818 i n .  

The dome contours w i l l  be ca lcu la ted   fo r   the  above  winding  angles  and w a l l  
thickness  and  modified t o  inc lude  the  jo in t   bu i ldups.  

Fwd i ns ide  dome: a = s i n  7.9 x 60.5 = 10.2' at dome-cone equator -1 
" 

60.5  44.4 

t = 0.447 x 60 = 0.604 in. ;  tQ = 0.604 x 1.68 = 1.015 i n .  
G Q  44,rc 

Fwd outside dome: a = sin-' 7.9 x 66.5 = 9.6' 
66.547.4 

t = 0.487 x 66.6 = 0.684 i n , ;  tQ = 0.684 x 1.68 = 1.148 i n .  
G, - 

47.4 

The contours  of  the fwd domes w i l l  have t o  be compromised t o  account   for   the 
actual  winding angle and  the optimum angle  required by the  forward  polar  opening 
s i z e .  The t h e o r e t i c a l  angles based on RE are: 

Ins ide   she l l :  01 = s i n  4.3 = 5.4 outs ide   she l l :  a = sin-' 4.3 = 5.1' -1 0 

m 48.4 
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Thus the  basic  contour  of   the  inside  shel l  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAwill be a 6 O  contour  adjusted  near 
t h e   p o l a r   f i t t i n g   f o r   t h e  smaller zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBARE, and near   the   equator   to  match a zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA10’ contour 
and 15’ con ica l  wall. The. outside  contour zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAwill be a 6’ contour   ad justed  s imi lar ly  
near  the  pole,  and  near  the  equator  for a zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA9O contour  and  the 1 6 O  conica l  wall. 

Conical Wall 

A t  t he  aft tangent   l ine zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA: 

Ins ide   she l l :  cy = 7.5 , t = 0.447  in., t, = 0.750 
Ga zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 

t = PR (1 - tan2:) = 3675 x 60 (1 - 0.1322) = 0.809 in .  
G€J - 2 270,000 2 

TGe 

t e  = K t = 1.68 x 0.809 = 1.358 i n .  
G e  

Outside  shel l :  a = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6 . 8 O ,  t G a  = 0.487 i n . ,  t, = 0.818  in. 

t = 3675 x 65.6 (1 - 0.1192 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 ) = 0.887 i n .  
Ge 270,000 2 

t o  = 1.68 x 0.887 = 1.490  in. 

A t  t h e  forward “ tangent  l ine”:  

Ins ide   she l l :  a = 10.2’, t = 0.604 i n . ,  to! = 1.015  in. 
Ga 

t = PR (1 - t a n  a) = 3675 x 44.4 (1 - 0.180 ) = 0.596 i n .  
2 2 

- - 
““e 2  270,000  2 

t8 = K t  = 1.68 x 0.596 = 1.001 i n .  

Outside  shel l :  cz = 9.6 , t = 0.684 i n . ,  ta = 1.148 i n .  
Ga 

Ge 
0 

t = 3675 x 47.4 (1 - 0.1691)= 0.636 i n .  
Ge 270,000 2 

t = 1.68 x 0.636 = 1.068  in. e 
Bolted  Flange  Joint 

Assume 1.125 i n .   b o l t s   i n  a double row with  2.2  in.  spot  face  dia  and  2.0  in. 
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space  between  spot  faces;  spacing zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 2.2 + 2.0 = 4.2  in.  

Joint  load, n = PR 3675 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAx 64 = 117,500 l b / i n .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- x  
2  2 

load/bolt = 117,500 x 4.2 = 247,000 l b  
2 

b o l t  ut = F F 247,000 
" zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A - r r m 2  = ~ / 4  x 1.053* = 284,000 p s i  

Fiberglas  bui ldup  stresses: 

Bearing: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAu = F - 247,000 = 54,200 p s i  - 
B 

x/& (Do' - Did) x/4 (2.2' - 1. 125j2) 

Bolt shear-out: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa;, = F = 247,000 = 17,850 p s i  
r D o t  2 .2  x 2.0 

I n t e r   b o l t   t e n s i l e :  ut F/2 b o l t s  
buildup t x spacing-spot  face  areas + 

shear area x usu - 
ct u 

494,000 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
x 4.5 x 4.2 - 2 ~ / 4  2.P2 + 4.2 x 6 x 4500 

36, ooo 
= 34,200 ps i  

Interlaminar  shear,  assuming 5 h e l i c a l   l a y e r s :   ( n  = 5 )  

Alternate Clevis Joint  

Assume the  fo l lowing  f iberg las yoke ul t imate stresses: 

Bearing cBV = 40,000  psi 

I n te r -bo l t   t ens i l e  otu = 30,000 p s i  

Bolt shear-out csu = 20,000 p s i  
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Use zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA90 pins,   2 .0   in .   d ia  

t zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= PTR2 3675 x  60 - = 6.60  in.   (2  yokes) 
2 - - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

J zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
utu (2rR - nd)  30,000 (27762 - 180) 

e = d cB - 1 = 2  40,000 - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 = 1.00 in .   (use  2 .0  in . )  - 
2 %  

- 
2 20,000 

t l i n k  = - F/ l ink  = 518,000 = 0.72  in.  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
u X w 300,000 x 2.4 
t u  

l ink   shear :  os = F = 518,000 = 133,000 p s i  
2 t e  2  x  0.72 x 2.7 (usu zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAM 180,000 p s i )  

l ink   bear ing:  u = F = 518,000 = 359,000 p s i  B -  
t d 0.72 X 2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAM 460,000 p s i )  

Po la r   F i t t i ngs  

&sign  can be quickly  approximated by f ind ing   the   ax ia l   load / inch  at  R 
assuming th i s   concen t ra ted   ha l f  way up the   f lange from %, and  so lv ing  for  

V, 

, consider ing a sect ion  o f   the  f lange 1 in .   i n   w id th .  

t u  

A f t  p o l a r   f i t t i n g :  Rv = 7.3; Rc = 9.68; Mat'l = 7075 - T6 aluminum 

u = 60,000 t u  
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n zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAP% = 3675 x 7.3 = 13,500 lb / in .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
e 

2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
x 13,500 x 1.19 = 

=tu zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAd 

t =  

Fwd po la r  fitting: = 4.0, 

46 



APPElYDIX B zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
ANALYSIS O F  RADIANT ENERGY EMITTED FROM PROPELLANT 

STREAM O F  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBANUCLEAR LIGHT BITE3 

A s impl i f ied  analys is  has been made t o  determine  the  approximate  magnitude 
of the  energy  which is emitted from the  propel lant   stream of a nuclear   l ight   bu lb 
and  which is absorbed  in  the  surrounding opaque walls ( i .e . ,  a l l  surrounding walls 
except  the  t ransparent walls). This  analysis  does  not  consider  energy  which is 
emitted from the f u e l  and  which  passes  through  the  seeded  propellant  region. It 
i s  assumed in   the   ana lys is  that the   p rope l lan t   duc t   leng th   in   the  flow d i rec t i on  
i s  l a r g e   r e l a t i v e   t o  i ts  width so that the  energy  incident on any sec t ion  of the  
w a l l  is determined by the  temperature of the   p rope l lan t   gases   ad jacent   to   the  
wall. It is a l s o  assumed that   the  temperature  across  each  ax ia l   s ta t ion i s  
constant. The t o t a l  energy  absorbed by the  opaque walls surrounding  the  propel lant  
stream i s  given by the  fol lowing  equation: 

In   th is   express ion ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAc p  i s  the  emissiv i ty of the  propel lant   gases and i s  approxi- 
mate ly   equal   to   un i ty  i f  t he re  i s  suf f i c ien t   seed  mater ia l   in   the   p rope l lan t   gases  
to   absorb a l a rge   f rac t ion  of the  energy  emitted from the  fuel-containment  region. 
In  the  fo l lowing  analysis,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAc p  i s  assumed independent  of   axial   posi t ion.  The 
r e f l e c t i v i t y  of the  w a l l  averaged  over  the  incident  energy  spectrum, R, i s  a l s o  
assumed to  be  independent of ax ia l   pos i t i on .  The sur face  area of t he  opaque wall 
i s  assumed t o  be  propor t ional   to   ax ia l   d is tance.   Therefore,  Eq. (1) becomes zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- 

The temperature  integral   parameter,  Y, is defined as fol lows: 

z/ L 

Y = ( T/Te )' d Z/L zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 

The value  of Y at  Z/L = 1.0 i s  denoted as Y, . Therefore, Eq. ( 2 )  becomes 
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It i s  assumed in   the   fo l low ing  analysis that the  enthalpy of the  propel lant  
s t ream  var ies   l inear ly   w i th   ax ia l   d is tance.  Such  an  assumption i s  val id  i f  t he  
heat   depos i t ion   ra te   in   the   p rope l lan t   s t ream i s  independent  of   axial   posi t ion zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
and i f  the   energy   los t  from the  propel lant   stream by convection  and  reradiat ion 
i s  negl ig ib le .  It is a l s o  assumed t h a t   t h e   i n i t i a l   e n t h a l p y  i s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA15 percent of 
the   ex i t   en tha lpy ,  which  corresponds t o  a removal of 1-5 percent of the  energy 
c rea ted   in   the   eng ine   s t ruc tu re  by the  hydrogen  propellant  before this propel lant  
i s  heated by thermal   rad iat ion.   Typica l   resul t ing  enthalpy  d is t r ibut ions  for  a 
pressure of 500 atm are  given  in  Fig.   23.  The ex i t   enthalp ies  noted on t h i s   f i g u r e  
were  determined  using  the  tables of  Ref. 9 for   the  ind icated  va lues of propel lant  
exit  temperature.  Corresponding  values of local   temperature  are  g iven  in  Fig.  24 
and were a lso  determined  us ing  the  tab les of Ref. 9. 

Values  of the  parameter, Y ( see  Eq. ( 3 ) ) ,  determined  by  graphical   integrat ion 
using  the  temperatures shown in   F ig .  24 are  g iven  in   F ig .  25. Exit   values of t h i s  
temperature  integral   parameter,  Ye zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA, are   g iven   in   F ig .  26 fo r   four   d i f fe ren t  hydrogen 
pressures as a funct ion of propel lant   exi t   temperature.  A s  noted on th i s   f i gu re ,  
Ye would be   equa l   to  0.235 i f   t he   spec i f i c   hea t   o f  hydrogen  were  constant  (i.e., if 

the  temperature  var ied  l inear ly from 0.15 T, t o  T, along  the  length of the  
tube) . 

The ave rage   re f l ec t i v i t y  of t h e  opaque wall ( see  Eq. ( 4 )  ) i s  determined by 
the  spectrum of the  radiat ion  approaching  the w a l l .  This  spectrum, i n   t u r n ,  is 
governed by the  propel lant   temperature and opaci ty.  A median propel lant  tem- 
perature,  T,, has  been  defined as the  temperature at  the   loca t ion  where Y i s  
equal   to   ha l f   o f  Ye. Values  of t h i s  median temperature  determined  from  information 
such as that given  in  Figs. 24  and 25 are   p lo t ted   in   F ig .   27 .  It can be  seen 
from Fig.   27  that   the median temperature  def ined  in   th is  manner i s  approximately 
equa l   t o  85 percent of the  propel lant   ex i t   temperature.  

The average  re f lec t i v i t y  of t h e  opaque w a l l  i s  determined by the w a l l  
mater ia l  employed. The ave rage   re f l ec t i v i t i es  of tungsten and  aluminum a r e  shown 
in   F ig .  28 as a funct ion of the  black-body  radiat ing  temperature of the  inc ident  
energy  spectrum . The informat ion  in  Fig.   28 was obtained  from  Fig.  29  of  Ref. 
6. The product  of Ye and the  average wall absorp t i v i t y   (equa l   t o  1-E) is plot ted 
in   F ig .   29.  The ave rage   re f l ec t i v i t i es  used in   ca lcu la t ing   F ig .  29 were  determined 
from Fig.  28  using  the median  temperatures  from  Fig.  27. 

It i s  now of i n t e r e s t   t o   d e t e r m i n e   t h e   r a t i o  of the  radiant  energy  absorbed 
by the  opaque w a l l  t o   t h e  energy  content of the  propel lant   s t ream. The t o t a l  
energy  which is emitted  from  the  fuel-containment  region  and  absorbed  by  the 
propellant  stream i s  given  by  the  following  equation: 



In   th is   express ion ,  the ef fec t i ve   fue l   emiss iv i ty ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA€ F ,  i s  less than unity  because 
of   ref lect ions  f rom  the  surfaces  of   the  t ransparent wall. Dividing Eq. ( 4 )  by 
Eq. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 5 )  y ie lds  

4 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
” $ w R  - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( L E )  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAY, 
Q F  

The preceeding  equation  has  been evaluated using  representat ive numbers from 
preceeding  analyses  and i s  p lo t ted   i n   F ig .  30. The parameter ( l -E )Ye  w a s  de te r -  
mined from  Fig. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA29. The emiss iv i t ies  ep and EF were assumed t o   b e   e q u a l   t o  1.0 
and 0.85, respect ive ly .  The area of the   ou ter   por t ion   o f   the   p rope l lan t   duc t  
wall and  the   s t ru ts   connect ing   th is   ou ter   p rope l lan t   duc t  wall, 4, is 2.O5A, 
fo r   the   eng ine  i n  Fig.  4. 

Information similar t o   t h a t   p r e s e n t e d   i n   F i g .  30 is given  in  Fig.  31 as a 
funct ion of w a l l  r e f l e c t i v i t y   f o r  a radiat ing  temperature,  W, of l5,OOO R,  t he  
standard  value  for  the  reference  engine  discussed i n  preceding  sections. The 
other  parameters employed in   eva lua t ing   F ig .  31  are t h e  same as those i n  Fig. 30. 
It i s  obvious ly   des i rab le  to   mainta in  as high a w a l l  r e f l e c t i v i t y  as poss ib le   i n  
o r d e r   t o  minimize t h e   f r a c t i o n  of the  propel lant   s t ream  energy  reradiated  to   the 
wall. 

A s  noted i n  a preceding  section, it w a s  assumed in   t he   ana lys i s  that the  
propel lant   temperature was constant  across  each axial s ta t i on .  However, it should 
be   poss ib le   t o   ad jus t   t he   seed   dens i t y   d i s t r i bu t i on  so that the   p rope l lan t  t e m -  
perature i s  constant  except Yn the  reg ions near the  surrounding walls. The pro- 
pel lant   reg ion  near   the  t ransparent  w a l l  would be l e f t  unseeded i n  o r d e r   t o  main- 
t a i n  a co ld   bu f fe r   layer   nex t   to   th is  wall. The propel lant   near   the opaque 
surrounding walls would be  highly  seeded  in  order  to  intercept  the  energy 
reradiated  f rom  the  propel lant   reg ion  before it i n te rcep ts   t he   pe r iphe ra l  w a l l .  
Such a prope l lan t   seed  d is t r ibu t ion   theore t ica l l y  would reduce   t he   ra t i o  of the  
energy  deposited i n  the  w a l l  t o  that depos i ted   in   the   p rope l lan t  from t h a t  shown 
in   F igs .  30 and 31. 



TABLE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI 

HEAT DEPOSITION zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA" J E S  I N  VARIOUS  REGIONS WITHIN NUCLEAR =GET BUIB ENGINE AT DESIGN  POINT 

Region 

Pressure  Vessel 

Tie Rods 

Flow Divider 

Cavity  Liner 

Transparent  Structure 

Fuel  Recycle System 

Beryllium Oxide 

Graphite zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

~ 

Mechanism of Heating 

Neutron & Gamma 

Neutron & Gamma and  Conduction zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I 1  I 1  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA11 I 1  11 

Thermal Radiation & Convection 

I 1  11 11 I 1  

Removal of  Heat  from Fuel 

Neutron & Gamma 

I 1  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI1 11 

TOTAL 

Heat Deposition  Rate 
Btu/sec 

o .40 x 105 

0.04 x 105 

0.189 x 105 

0.508 x 105 

0.812 x 105 

0.88 x 105 

1.601 x lo5 

2.14 x 105 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
6.57 x 105 

Coolant  Circuit 
Used t o  Remove 

Energy  Deposited 

Secondary 

I 1  

11 

11 

Primary 



Stat ion zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
" zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
1 

2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
3 

4 

5 

6 
~~ 

TABLE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI1 

TEMPERATURE AND PRESSURE LEXELS I N  F'FUMARY  HYDROGEN 

PROPELLANT  CIRCUIT OF NUCLEAR LIGHT BULB ENGINE 

Hydrogen Propel lant  Flow = 42.3 lb/sec 

NOTE: Sta t ion  Numbers Refer t o  Locations Shown i n   F i g .  8 
. -  

Location 
. ." 

Pump i n l e t  

Heat exchanger i n l e t  

Heat  exchanger o u t l e t  

Turbine  outlet 

Beryll ium  oxide  outlet 

Graphi te   out le t  
. .  - - - .~ . . _. 

Pres  sure 
a t m  

1 .o 

707 -6 

707 *5 

507.5 

501.4 

500 .o 
. ~~ 

Enthalpy 
Btu/ l b  

120 

550 

7200 

6650 

10 ) 440 

15 > 500 



TABLE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI11 

TEMPERATURE AND PRESSURE LEVELS I N  CLOSED  SECONDARY HYDROGEN CIRCUIT 

OF NUCLEAR LCGHT B U D  ENGINE 

Hydrogen Coolant  Circui t  Flow zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 42.3 lb/sec 

NOTE: S ta t ion  Numbers Refer t o  Locations Shown i n   F i g .  8 

Sta t ion  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
7 

8 

9 

10 

11 

12 

13 

14 

.~ 

Location 
~~ 

~~ 

~ 

Pressure   vesse l   l i ner   in le t  

T ie   rod   in le t  

Flow d i v i d e r   i n l e t  

Cav i t y   l i ne r   i n le t  

Fuel   cyc le   heat   exchanger   in le t  

Transparent w a l l  i n l e t  

Transparent wall o u t l e t  

Heat exchanger  outlet 

. . .  . - 

Total   Pressure Loss 15.1 atm 



TABLE I V  

TRANSPARENT  STRUCTUKE REGION CONFIGURATION AND OPERATING CONDITIONS 

FOR N U C U A R  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBALIGHT BULB ENGINE 

(Coolant  Stat ions zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA12 t o  13 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAon Fig. 8) 

Ins ide  rad ius of t ransparent   s t ructure,  f t  
Length of t ransparent   s t ructure,  f t  
Tube inside  diameter,   in.  
Tube wall th ickness ,   in .  
Tube outside  diameter,   in.  

Number of tubes  in   each 120 degree segment of  each  cavity 
Tota l  hydrogen  secondary  coolant  flow  per  cavity,  lb/sec 
Tota l   heat   deposi t ion  in   t ransparent   s t ructure  per   cav i ty ,   Btu/sec 
Coolant in let   temperature,  deg R 
Coolant  outlet  temperature, deg R 
Film  temperature  dif ference  inside  tubes, deg R 

Temperature  difference i n  w a l l ,  deg R 
Maximum tube  surface  temperature, deg R 
Dynamic pressure   in   tubes ,  a t m  
Total   pressure loss i n   t ubes ,  a t m  
RepoXds number i n   t ubes  

Feeder  and  collector  pipe  average  inside  diameter,  in. 
Average  dynamic pressure  in   feeder   and  co l lector   p ipes,  atm 
Pressure loss i n   feeder   p ipe ,  atm 
Pressure loss i n   co l l ec to r   p ipe ,  a t m  
Average  Reynolds number in   feeder   and  co l lector   p ipes 
Total   pressure loss i n   t ransparen t   s t ruc tu re ,  atm 

o zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA.802 
6 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA.o 

o .005 
o .076 

948 

0.066 

6.04 
11,600 
1665 
2160 
120 

90 
2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA370 
0 BO725 
0.71 
26,600 

1.0 
0.28 
0.625 
0.625 
1.03 x 106 
1.96 
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CAVITY LCNER CONFIGURATION AND OPERATING CONDITIONS 

FOR NUCLFIAR UGHT BULB ENGINE 

(Coolant  Stat ions 10 t o  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA11 on Fig. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8) 

Ins ide  rad ius of l i n e r  a t  prope l l an t   i n le t ,  f t  
Ins ide  rad ius of l i n e r  at  propel lant   out le t ,  f t  
Average rad ius  of l i ne r ,  f t  
Length of l iner   tubes,  f t  
Average l iner   tube  ins ide  d iameter ,   in .  
Average l iner  tube  outside  diameter,  in. 

Number of tubes  per   cav i ty  
Thickness of re f lec t i ve   coa t ing  on outside walls, in. 
Total  secondary  hydrogen  coolant  f low  per  cavity,  lb/sec 
Tota l   heat   deposi t ion  in   l iner   per   cav i ty ,   Btu/sec 
Coolant in le t   temperature,  deg R 
Coolant  outlet  temperature, deg R 

Fi lm  temperature  d i f ference  inside  tubes, deg R 
Temperature  difference in   bery l l ium wall, deg R 
Maximum tube  surface  temperature  adjacent  to  propel lant ,   deg R 
Dynamic pressure   in   tubes ,  atm 
Total   pressure loss in l i ner  tubes, atm 
Reynolds number i n   t u b e s  

0 .g11 
1.320 

1.1355 
13 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA*5  
0 440 
0.600 

72 
0.002 
6.04 
7260 
715 
1055 

280 
25 
1360 
0.012 
0.081 
2.23 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAX 105 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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TABLE V I  

S O L I D  MODERATOR COOUNG zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAREQUIREMENTS 

FOR NUCLFAR U G H "  BULB ENGINE 

(Coolant  Stat ions 4 t o  6 on Fig. 8) 

I tem 

Tota l  volume, f t 3  

Densi ty,   lb/ f t3 

Void f rac t i on  

Total  weight, lb 

Length, f t  

Cooling  passage  diameter,  in. 

Number of coolant  passages  per f t  

Coolant  passage  configuration 

Coolant  passage  spacing,  in. 

Coolant in le t   temperature,  deg R 

Coolant  outlet  temperature, deg R 

Temperature  difference,  coolant t o  wall, deg R 

Maximum temperature i n   s o l i d  moderator,  deg R 

Dynamic pressure 

Pressure loss, atm 

Reynolds number zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

2 

Beryllium Oxide Graphite 

52.5 193 

188.5 100.1 

0.05 0.05 

9440  18,460 

6.5 6 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA.O 

o .098 0 .og8 

946  946 

Circular  passages on t r iangu lar   p i tch  

0.417  0.417 

1845  2785 

2785  4050 

100 100 

3057 4306 

0.19 0.0341 

6.1 1.38 

50,500 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA17,100 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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d zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

TABLE VI1 

SPECIFICATIONS FOR  BERYLIXUM TIE RODS 

FOR NUCLEAR LIGHT B U D  ENGINE 

(Coolant  Stat ions 8 t o  9 on Fig. 8) 

Inside  diameter,   in.  

Outside  diameter,  in. 

F’yrolyt ic  graphite  insulat ion  thickness 

Overal l   diameter,  in. 

Number of rods 

Total   f low  per  rod,   lb/sec 

Total  heat  deposit ion  per  rod,  Btu/sec 

Coolant in le t   temperature,  deg R 

Coolant  outlet  temperature, deg R 

Fi lm  temperature  d i f ference  inside  rods, deg R 

Temperature  difference i n  beryl l ium wall, deg R 

Maximum beryll ium  temperature, deg R 

Dynamic pressure  in   rod,  atm 

Tota l   pressure loss i n   rod ,  a t m  

Reynolds number i n   r o d  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

1 .o 

1 358 

0.30 

1.958 

24 

1.76 

168 

5 70 

595 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
27 

190 

813 

0.308 

0 -67 

3-17 X 10 6 



I 

TABU zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAVI11 

S O L I D  MODERATOR zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAFLOW DIVIDER 

FOR NUCIEAR LIGHT BULB ENGINE 

(Coolant  Stat ions 9 t o  10 on Fig. 8) 

Beryll ium w a l l  th ickness,   in .  

Clearance  between walls, i n .  

Pyrolyt ic  graphi te  insulat ion  th ickness,  in.  

Beryllium  oxide  side 

Graphite  side 

Tota l   f low  in   d iv ider   reg ion,   lb /sec 

Total   f low area, i n .  

Total   heat  deposi t ion  rate,   Btu/sec 

2 

Coolant in le t   temperature,  deg R 

Coolant  outlet  temperature, deg R 

Film  temperature  difference, deg R 

Temperature  difference in   bery l l ium wall, deg R 

Maximum beryll ium  temperature, deg R 

Dynamic pressure, a t m  

Total   pressure l oss ,  atm 

Reynolds number 

0.048 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0.070 

0.221 

0.288 

42.3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
22.5 

18, goo 

5  95 

715 

110 

10 

8 35 

0.206 

4.13 

3000 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
57 



TABLE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI X  

HEAT EXCHANGEX SPECIFICATIONS 

FOR NUCLEAR LLGW BULB ENGINE 

(Coolant   Stat ions  2   to  3 and 13 t o  14 on Fig. 8) 

Number of heat  exchangers 7 

Hydrogen f low  ra te zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAper unit ,   lb/sec 

Heat transferred  per  unit ,   Btu/sec 

Tube inside  diameter,   in.  

Tube wall th ickness,   in .  

Tube spacing,  in. 

Number of tubes 

Length of tubes ,   in .  

Cross sec t iona l   a rea  of tube  bundle,  in.2 

Pressure loss, atm 

Tube wall mater ia l  

Wall mater ia l   densi ty ,   lb / f t3  

Tube weight zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 7  heat  exchangers),  lb 

6.04 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
3.777 x 10 

0.0625 

4 

0.01 

0.1145 

6300 

30 

31.3 

0.10 

Sta in less   S tee l  

500 

860 

Total  heat  exchanger  weight (1.1 x tube  weight) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA, l b  950 

OPERATING CONDITIONS 

Temperature , R 

Pressure, a t m  

I n l e t  
Tube  She 11 

90 2160 

707 6 500.1 

Out l e t  
Tube  She 11 

2000 300 

707 5 500 



Region 

Cavity  Liner 

Tie Rods 

Flow Divider 

Tungsten  Liner 

Sol id Moderator 

Heat  Exchangers 

Turbopump 

Piping zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA& Manifolding 

Pressure  Vessel 

Miscellaneous 

Sub-Total 

TABm X 

NUCLEAR LIGHT BULB ENGINE WEIGHT zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
All Weights i n  Lb 

Beryllium 

475 

80 

145 

400 

1100 

94-40 

94-40 

Fyrolytic 

Graphite  Graphite 

~ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA800 

17,470 

100 

Tungsten 

550 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Steel 

1900 

3000 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
300 

5200 

Sub-Total 

475 

270 

945 

500 

26,910 

1900 

,3000 

850 

30,500 

5000 

70,350 



TABLE X I  

CONDITIONS I N  CAVITY OF  REFERENCE OPEN-CYCm ENGINE  DESIGN 

Information  Obtained  from R e f .  11 Unless  Otherwise  Noted 

Cavity  diameter, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAD zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 6 .O f t  

Cavity  length, L = 6.0 f t  

Cavity volume, X = 169.8 f t 3  

Cavity  propellant  f low, WC = 236 lb/sec 

Total  propellant  f low, WT = 575 lb/sec 

C r i t i c a l  mss,wF = 36.2 l b   (see   tex t   and  Ref .  14) 

Average fue l   densi ty ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAp~~ = 36.2/169.5 = 0.214 1b/ f t3  

Cavity  pressure, P = 1000 a t m  

Temperature a t  outside  edge  of  fuel-containment  region, T6 = 102,000 R 

Density at  outside edge  of  fuel-containment  region, P6 = 0.0215 l b / f t 3  

Viscosi ty a t  outside  edge  of  fuel-containment  region, ,U6 = 6.85 x 10-5 lb/sec - f t  

Time constant  parameter  evaluated  using zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAp and ,u a t  Sta t ion  6, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(p/p)6rl2 = 2820 sec 

Centerl ine  temperature, T8 = 136,000 R 

Density  of  propellant at  center l ine  condi t ions,  p8 = 0.0158 l b / f t 2  

Viscosi ty of propel lant  a t  center l ine  condi t ions,  p 8  = 11.9 x 10-5 lb/sec - f t  

Time constant  parameter,   evaluated  using  center l ine  condi t ions,  @/,u)8r12 = 1195 sec 

Axial-flow  Reynolds number i n   a l l - s c a l e   e n g i n e ,  Re, = 480,000 

Cavity volume flow  based on ,062 ~6 = wC/,o6 = 10,960 f t  3 /see 

Minimum time  constant  based on p6, = x/y6 = 0.01546 SeC 

,- 



TABLE XI1 

DESIGNATION OF VARIOUS OPEN-CYCLE MOUERATOR CONFIGUFATIONS  INVESTIGATED 

Engine 
Configuration 

A 

B zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
C 

St ruc tu ra l  
Mater ia l  i n  

Coolant Liner Tubes 
Moderator 

Tungsten-184 Helium 

~.~ . ~. 

Beryll ium Helium 

Beryllium Helium 

Beryllium 

Beryllium Hydrogen 

~ . ~ ~~~~~ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI Hydrogen 

Heavy Water 
Moderator 

Ye s 

Ye s 

No 

Ye s 

No 

Remarks 

Original  design  configu- 
r a t i o n  of Ref. 11 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
D20 replaced  by  addi- 
t i ona l   g raph i te  

D20 replaced 'by addi- 
t i ona l   g raph i te  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

61 



TABLE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAXI11 

COMPARISON  OF LINER TUBE  CONFIGURATIONS 

FOR OPEN-CYCLE ENGINE 

Engine Configuration 
(Refer t o  Table XII) 

Tube a t e r i a l  

Coolant 

Tube Inside Diameter, i n .  

Tube zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAWall Thickaess zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA, i n .  

Fyrol i t ic  Graphite Thick- 
ness,  in.  

Niobium Carbide  Thickness, 
i n .  

Tube Outside  Diameter, i n .  

Number of  Tubes 

Coolant Flow per Tube, 
lb/sec 

Coolant  Specific  Heat, 
Btu/ lbdeg R 

I n l e t  Temperature, deg R 

Outlet  Temperature, deg R 

Total  Pressure Loss, atm 

Total Tube Weight, l b  

Tungsten-184 

Beryllium 

Pyrolytic  Graphite 

Niobium Carbide 

B 

Be 

He 

0.031 

0.005 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA.ow 

0 .002 

0.141 

8. 1 ~ 1 0 ~  

1.635~10~~ 

1.25 

90 3 

1175 

35 

1246 

- 

79 

945 

222 

C 

Be 

He 

0 -055 

o ,005 

0.048 

0.002 

0.165 

6.28~10 

1.821~10'~ 

4 

1.25 

564 

845 

3 -5 

1246 

- 

79 

945 

222 

D 

Be 

H2 

0.031 

0.005 

0 .om 

0.002 

0.141 

8. h104 

1.635x1cr2 

3-37 

903 

1175 

3.4 

1246 

- 

79 

945 

222 

E 

Be 

H2 

0.055 

0.005 

0 .ow 

0.002 

0.165 

6.28~10 

1 .821~10-~ 

4 

3.37 

845 

0.34 

1246 

79 

945 

222 

62 



TABU X I V  

COMPMISON zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAOF MODERATOR CONFIGURATIONS  FOR  OPEN CYCLE ENGINE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAWITH AND WITHOW zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAHEAVY WATER REGION zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

w zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAcn 

Radial Thickness 
Engine of Region - i n .  

c a v i t y  

Liner  Tubes 

Beryllium  Liner 
I I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

0 . 3  1 0.30 

Plenum 0.30 

Beryllium oxide 3.50 ' , zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Plenum 0.10 

Graphite ~ 8.70 ' 

Plenum 
~ 0.30 

, 

Beryllium Wall 

Heavy Water 

Beryllium Wall 

Heat txch & Pip ing  

0.3 

4.00 

0.10 

14.15 

0.30 

0.30 

0 

0 

10 .o 

Englne  confi@ratlon A,B,D - v l t h  heavy  water  region 
Engine  confi.+ration C , E  - no heavy vater   reg ion  

Volume, Void Frac t ion  Summation of Volume, 
3 Ft3  

Radius at Outside I Volme of  Region, 
of Revion - i n .  Ft3 l- 

i 
I 

J,E 1 A,B,D 

170 I 0 

9.0 , 0.47 

4.5 ~ 3.9 

4.5 I 0 

66.85 

2.14 

373.8 

10.18 

10.54 

0 

0 

407.36 

I 
I 

50.5 58.1  0.144 I 0.144 1 247 

0 0 , 1.0 ~ 1.0 ! 245.8 

170.2  327.0 0.123 0.123 ' 442.8 

0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 , 1.0 450.8 1.0 

8.2  10.54 

800 0 ii 0 10.46 

789.6 - 0.103 0 297.3 

459,6 0 0 

31.7 22.4 0.945 O.%5 1385 
* I  

254.4 

256.5 

620.3 

630.5 

641.0 

1048.4 

Densi t  , 
lb,ftS 

188.5 

100.1 

115.4 

63.0 

115.4 

Refer t o  Table XIII 

I 
I 

No Change 

Total   weight  reduct ion  in  sol id  moderators for  conr igura t ions  C & E = 2,540 lb 



COMPARISON  OF EXTERNAL PIPING  COITJ?IGURATIONS  FOR OPEN-CYCLE ENGINE 
WITH €!ELCUM AND HYDROGEN MODERATOR COOLANT 

Engine configuration A,B,C zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- helium  coolant 
Engine configuration D,E - hydrogen coolant 

Engine 
Configuration 

I D ,  i n .  

OD, i n .  

Length, f t  

Number 

Flow Rate,  lb/sec 

Fluid  Density,  lb/sec 

Dynamic Pressure, atrn 

Re 

(AP/q) Frict ion zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAD 

@/q) TlJrns 

AP Total, atm 

Inlet  Pressure, atm 

I n l e t  Temperature, deg R 

Inlet  Stat ion* 

Volume, f t 3  

Material  Density,  lb/ft3 

Material Weight, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAlb 

Insulat ion OD, i n .  

In  

A,B,C 

2 

2.2 

10 

44 

15.1 

8.46 

0.416 

7.8~10 6 

0.462 

0.80 

1002.2 

398 

13 

? .02 

115.4 

233 

2.5 

l e  Out l e t s  Connecti 

A,B, c 
~~ ~ .. ~ "~ 

2.25 

2.45 

10 

44 

30.1 

2.72 

3.21 

5 - 77x10 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 * 435 

1.5 

6.21 

981.7 

6 

2400 

22 

2.26 

5 40 

1359 

- 
~~ . - ~ 



Insulat ion  Densi ty,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
lb/ f t 

Insu la t ion  Weight, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAlb 

Total Weight, lb 

TABLE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAXV (Cont 'd) 

3-36 

124.8 

420 

65 3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
.. ~ 

Outlets 

5 *55 

124.8 

Connecting  Pipes 

1359 

Total  weight  saving for Configurations D or E = 2075 lb 

. ~ ~ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI 

* In le t   s ta t i ons  refer t o   F i g .  4 of Ref. 11 
.~ ~ 



TABLE XVI 

COMPARISON OF TOTAL WEIGHT OF OPEN-CYCm ENGINE: EXCLUSIVE OF PFESSURE VESSEL 
AND TOTAL QUANTITY OF NEUTRON ABSORBING zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAMATERIALS 

Engine Configuration 

Moderator zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA& Liner Tubes(') 

Tungsten-184 
Beryllium 
Beryllium Oxide 
Graphite 
Pyrolytic  Graphite 
Heavy Water 
Niobium Carbide 

Piping 

Heat  Exchangers 

Total 

Neutron  Absorbing Material 

Niobium Carbide 

Weight, l b  
Absorbing Area(2), cm2 

Tungsten-184 

Weight, l b  
Absorbing Area('), em2 

Total Absorbing  Area, em 2 

A 

1,171 
2,611 

9,530 
17,100 
1,015 
l8 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAJ 75' zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

0 

10,561 

13,462 

74,200 

0 
0 

1,171 
2,060 

2,060 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

W 

50 
2,760 

10,980 
32,800 
2,050 

0 
222 

10,561 

13 162 

72,585 

222 

390 

50 
88 

478 

D 

67,196 

270 
475 

50 
88 

563 

- 

(1) Includes a l l  in ter ior   p ip ing for moderator  coolant  and  propellant 

E 

(2) Based on neutron  absorbing  area of  3.67 x 10-3 cm2/gm f o r  N b C  and 
3.86 x 10-3 cm2/grn for W-184 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

66 



TABLE XVII zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
TOTAL WEIGHT OF OPEN-CYCU  ENGINE  CONFIGURATIONS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

I 

I -Item A 1-1 C D 
Configuration (See Tables XI1 through XVI) 

4 i d  
Pressure  vessel  internal volume, f t 3  

Pressure  vessel weight, lb 

137,796 163,  196 145 , 085  170,485  170,200 Total  engine weight 

65 , 296 67,196 72 , 585 74,485 74,200 pressure  vessel  (see Table XVI), lb 
Total weight of engine components excluding 

72,500 96,000 72,500 96,000 96 , zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA000 



TABLE XYIII 

RELATION BEWEEN zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAVARIOUS MEASURES OF FUEL zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBALOSS RATE FOR OFEN CYCLE ENGINE 

Infaruet ion  Obtained from Ref. 17 and  Table XI zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
1.0* 1 0.0000055 

39.8 1 0.000218 

Pay:oad E q u a l  t3 One- 
Tkird of that for  
So:i.l-:xe :iu:lear 
R x k e  t 

2.32 I 
150 o .00822 

1 
! 
I 

I 
Dimensi~nless T i m  
Z x s t a n t ,  T F , ~ ~  = 3.31 1 11.95 

I 
773 I 0.00424 

I . @ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA=o 
1195 

0.0000129 

0.000516 

0.0019'42 

0.01f 

0.0528 

: Rat io  of To ta l  
Fuel  Flov  Propellant  Flov 
Wp = */tF t o  Flow, (Fuel   Cost)  , $- 

l b / sec  i 'T/'F (Payload  Weight) l b  

2342 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
58.8 

15.6 

3.02 

0.575 

81,754 

2 x 1  

Payload  Weight)  lb 
(Mission  Cost) , $_ 

@ = 0 + 225 

81,979 

24261 

113 338 

I 21.5 246 
I 

Input  value zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

L 



TABLE X I X  

SUMMARY OF WEIGHTS OF F’RESSURE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAVESSELS 

See  Appendix A 

OBLATE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- OVALOIDAL CASE 
\ 1: I 

SPHERICAL CASE 

Forward Case Section: ; 
I 

A f t  Case Section: 

Pressure walls 
Joint  

Polar  Fitt ings 

Joint  Hardware 

Total 

Approximate case  cost 
exclusive of tooling 
and development 

18,965 lb 

$300,000 

3,303 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2 J  

220 

972 

2, 983 
6,060 

100 

5,430 

24,902 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAlb zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
$380,000 



FIG. 1 

SKETCHES ILLUSTRATING  PRINCIPLE OF OPERATION OF NUCLEAR  LIGHT  BULB  ENGINE 

a) OVERALL  CONFIGURATION 

MODERATOR 

NOZZLES SECTION A-A 

HEAT  EXCHANGERS. I 
PLUMBING,  SEPARATORS,  ETC. 

4 A  

UNIT  CAVITY 

b) CONFIGURATION  OF  UNIT  CAVITY 
SECTION B-B 

SEEDED 

MODERATOR  PROPELLANT 
REFLECTING  WALL 

TRANSPARENT zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
”- 

HERMAL  RADIATION 

NEON  INJECTION  PORT 

GASEOUS NUCLEAR  FUEL 



DIMENSIONS OF UNIT CAVITY IN REFERENCE  NUCLEAR LIGHT BULB ENGINE 

COMPLETE  ENGINE COMPOSED OF  SEVEN  UNIT  CAVtTlES 

A L L  DIMENSIONS  IN. F T  

VOLUME  OF  UNIT  CAVITY = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 L  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA((0.911)2+ (1.32)2 ) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(6.0) = 24.2 F$ 
2 

VOLUME  WITHIN  UNIT  VORTEX = ~(0.802)2 (6.0) = 12.1 F T 3  

FLOW  CONDITIONS  GIVEN  IN FIG. 3 

/ P R O P E L L A N T  REGION 

I- 6.0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAd 



FLOW CONDITIONS IN UNIT  CAVITY OF REFERENCE  NUCLEAR LIGHT BULB  ENGINE 

PRESSURE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 500 ATM 

DIMENSIONS GIVEN  IN  FIG. 2 

FLOW RATES  THROUGH  EACH  UNIT 

HYDROGEN - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6 .04  LB/SEC 

NEON - 2.96 LB/SEC 

FUEL - 0.19 LB/SEC 

NEON  CONDITIONS  AT  EDGE  OF  FUEL zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI 

w 



7- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

P 
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SECTOR OF REFERENCE NUCLEAR LIGHT BULB ENGINE  CONFIGURATION 

FIG. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

6 PRESSURE SHELLS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
75 



SEGMENT OF TRANSPARENT  STRUCTURE AND CAVITY LINER FOR NUCLEAR LIGHT BULB  ENGINE 

TYPICAL 120'SECTION OF  SINGLE  CAVITY 

HYDROGEN  COOLED 

TRANSPARENT  STRUCTURE 
NEON  INJECTION  PIPE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA/ 

F E E D E R  PIPE 

FOR  TRANSPARENT 

STRUCTURE  COOLANT 



SCHEMATIC DIAGRAM OF COOLING CIRCUITS FOR NUCLEAR  LIGHT  BULB ENGINE 
P  GIVEN  IN  ATM 

T  GIVEN  IN  DEG  R 

H  GIVEN  IN  BTU/LB -~ 

SECONDARY  CLOSED  CIRCUIT "- PRIMARY  PROPELLANT  CIRCUIT 

""""_ BERYLLIUM  OXIDE 

T = 1845 1.601 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAx 1 s  BTU/SEC zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
P = 507.5 
H = 6650 

5 P=501.4 1' 
GRAPHITE I 

I 
I 
I -0 
I T = 1665 

= 2ooo zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 I 

T = 4050 I 
P = 500 
H = 15,500 @I 

""- 
2.14 x l o 5  BTU/SEC 

""W 

PROPELLANT 

INJECTION P = 500 
T ~= 2160 - 
H = 7750 TRANSPARENT  STRUCTURE 

i 

0.812 x l o 5  BTU/SEC 

P= 707.5 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 
H = 7100 

P zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= T 2  
H =  5830 NEON  -HYDROGEN 

HEAT  EXCHANGER 

HYDROGEN-HYDROGEN 
HEAT  EXCHANGER T = 1055 

P = 507 

T = 300 LINER  TUBES 
P = 499.9 - 1 0.508 x l o 5  BTWSEC 

T = 90 T '715 @I 
MODERATOR FLOW DIVIDER 

P = 507.1 
H = 2590 0.189 X 105 BTWSEC zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 - 

I "@"- T I E  RODS 

- 
H = 2142 

1 - - 0.04 X lo5 BTU/SEC 

PRIMARY 0 T = 3 6  
CIRCUIT  P = 1.0 

H = 120 

T = 570 
P = 511.6 @ 
H = 2047 

INLET PRESSURE  VESSEL zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI 
T = 300 
P = 515 
H = 1100 

~ 0.4 X 105 BTUISEC 



FIG. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA9 
NUCLEAR  LIGHT  BULB  ENGINE WEIGHT FLOW DURING  STARTUP 

FOR FIXED  EXHAUST-NOZZLE  AREA 

NOZZLE  THROAT AREA, A T  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.0398 FT2  

(W/A), FROM  REF. 9 

DESIGN  WEIGHT  FLOW = 42.3 LB/SEC 

I- 
Z 

-I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
W zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 
Di 
a 

4 
a 

PROPELLANT-EXIT TEMPERATURE, Te - DEG R zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
78 



NUCLEAR  LIGHT  BULB  ENGINE POWER DURING  STARTUP 
FOR FIXED EXHAUST  NOZZLE  AREA 

FIG. 10 

Q =WpHe 

Wp FROM  FIG. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA9 

HeFROM REF. 9 

DESIGN POWER zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4.37 x lo6 BTU/SEC 

5 
1 o2 2 5 lo3 2 5 lo4 2 

PROPELLANT-EXIT TEMPERATURE,  Te - DEG R zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
79 



“a zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

K 

W zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(3 

n zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I 

*I- 

W‘ 
K 

n 
d 

l o4  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
5 

2 

lo3 
1 

REQUIRED  FUEL  RADIATING  TEMPERATURE DURING ENGINE  STARTUP 

FOR FIXED EXHAUST NOZZLE AREA FOR NUCLEAR  LIGHT  BULB ENGINE 

DESIGN  RADIATING  TEMPERATURE = 15,000 R zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
(-r = 4.37 x 106 

Q T  

GIT FROM  FIG. 10 

O 2  2 5 10: 2 5 lo4 2 1 
? 

PROPELLANT-EXIT  TEMPERATURE, T e  - DEG R 
d 

d 



FIG. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA12 

NEON  DENSITY  AT  EDGE  OF  FUEL DURING NUCLEAR  LIGHT  BULB  ENGINE  STARTUP 

FOR FIXED  EXHAUST  NOZZLE AREA 

NEON  DENSITY,  AT  EDGE  OF  FUEL  AT  DESIGN  POINT zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.924 L B / F T 3  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
p6 ’ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

P, = (0.924) ( zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA&J(7) 15,000 

P AND  T  FROM  FIG. 11 

2 5 lo3 2 5 lo4 2 

PROPELLANT-EXIT  TEMPERATURE, Te - DEG R 

81 



ENGINE  PRESSURE  AND  POWER  DURING  STARTUP 
FOR  VARIABLE  EXHAUST  NOZZLE  AREA  FOR  NUCLEAR  LIGHT  BULB ENGINE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAFIG. 13 

N O Z Z L E  AREA  SCHEDULE SHOWN IN FIG. 14 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
p zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 0.924 L B / F T 3  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

6 

2 5 lo4 

FUEL RADIATING  TEMPERATURE, T*  - DEG R 

82 

2 



I -  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

p = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.924 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBALB/FT3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
6 

t "- T ~ / T  = 0.8 
- 

Te/T* zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA7 0.5 

"I I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
f- 

2 5 lo4 

FUEL  RADlATlNG  TEMPERATURE, T* - DEG R 

83 



FIG. 15 

NUCLEAR LIGHT  BULB  ENGINE  THRUST AND SPECIFIC  IMPULSE  DURING  STARTUP 
FOR  VARIABLE  EXHAUST  NOZZLE AREA zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

* "- Te/T = 0.8 

T=/T* = 0.5 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
5 I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI -1" - 

NOZZLE AREA SCHEDULE SHOWN IN  FIG. 14 

.- 
103 2 5 lo4 2 

FUEL  RADIATING  TEMPERATURE,  T* - DEG R 

84 



LAYOUT DRAWING OF ENGINE  DESIGN  CONFIGURATION 

SEE  FIGS. 3, 6, AND 7 OF  REF. 1 1  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
[ FOR DETAILS OF THIS REGION 



VARIATION WITH COOLANT  HOLE  DIAMETER OF NIOBIUM  CARBIDE  COATING WEIGHT  AND TOTAL PRESSURE DROP 
IN GRAPHITE MODERATOR OF OPEN CYCLE ENGINE 

ENGINE CONFIGURATION D ( S E E  TABLE X I I )  AVERAGE  VOLUMETRIC  HEAT  DEPOSITION zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 

1.092 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAx zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAl o4  BTU/SEC- FT3  

NIOBIUM  THICKNESS ON SURFACE  OF  GRAPHITE 

TO PROTECT  GRAPHITE FROM ATTACK = 0.002 IN.  COOLANT  TO WALL TEMPERATURE  DIFFERENCE = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA200 R 

SPIRAL  COOLING  HOLES MAXIMUM TO WALL TEMPERATURE  DIFFERENCE = 100 R 

GRAPHITE  THICKNESS = 8.7 IN.  COOLANT  VOLUME  FRACTION = 0.02 
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w 45 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAe 
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FIG. 18 

POSSIBLE  PRESSURE SHELL CONFIGURATIONS 

SEE APPENDIX  A 

ALL DIMENSIONS I N   F T  

6) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

4 
1.0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
"f zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

O 7  

NOZZLES 

SIX 

AT 60° 

ON E 

LCONTOUR SAME AS IN  CONFIG.  C 



/ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBABOLT HOLE 1.13 DIA ) 
(47  BOLTSIROW) 

,,,- NUT RECESS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(2.2 DIA) 

FIBERGLAS  PRESSURE  VESSEL CONFIGURATION 

SEE APPENDIX A zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
ALL DIMENSIONS IN IN. 

r 3.16 TYP 

THICK) 

5.6 TYP 
2.1 

34.4 R 



I" zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
FIG. 20 

EFFECT OF IDEALIZED GLASS  STRESS ON WEIGHT AND COST  OF  PRESSURE  VESSEL zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
40 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

rn zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 
0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA30 

E 

l- 
I 

3 20 - 
W 
z 
W 
v) 

U zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 10 

- 

- 

- 

- 
- 

0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAt - 
200 300 400 500 600 

IDEALIZED GLASS STRESS LEVEL - l o 3  PSI 

400 

300 
0 z 
7 z 200 
U 
W 
v) 

U 
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100 
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SEE APPENDIX A 
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EFFECT OF  TEMPERATURE ON STRENGTH  OF  GLASS  FILAMENT zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- EPOXY  RESIN  COMPOSITES 

SEE  APPENDIX A zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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I- 
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n zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 
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- 
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I 
0 
0 
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I- 
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W 
K 
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U - 100 0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1. 

100 200 300 400 50 0 600 700 800 
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FIG. 22 

EXPLANATION OF FILAMENT zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- WINDING  TERMS 

t = TOTAL  WALL  THICKNESS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
ta = THICKNESS  OF  HELICAL WINDINGS 

to= THICKNESS  OF  HOOP  WINDINGS 

a = WINDING  ANGLE  AT  LARGEST  RADIUS 

Ra=  RADIUS  TO  CENTER  OF  HELICAL WINDINGS AT  TANGENT  L INE 

R = SMALLEST  RADIUS  AT  POLAR  OPENING zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
V 

Rc = LARGEST  RADIUS OF FIBERGLAS  SUPPORT  AT  T IP  OF  POLAR  F ITTING  FLANGE 

RE = RADIUS  TO  CENTER  OF  FILAMENT  BAND  AT  POLAR  OPENING 

K = RESIN  BULK  FACTOR 

Ow = W A L L  STRESS IN  FIBERGLAS  COMPOSITE 

G = STRESS IN  GLASS  FIBERS 

t zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAG= GLASS  THICKNESS 

SEE APPENDIX A 

I ,- TANGENT  L !NE 

HOOP 

POLAR  F ITT ING 



FIG. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA23 

VARIATION OF ENTHALPY WITH AXIAL  DISTANCE ASSUMED IN ANALYSIS OF RADIANT 

ENERGY  EMITTED FROM PROPELLANT STREAM OFlNUCLEAR  LIGHT  BULB  ENGINE 

SEE APPENDIX B 

P zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 500 ATM 

160,000 

140,000 

120,000 

100,000 

80,000 

60,000 

40,000 

20,000 

0 

0 0.2 0.4  0.6 0.8 

DIMENSIONLESS AXIAL  DISTANCE, Z/L zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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FIG. 24 

K zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
c3 
u 

w- 
K zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
u 

n 
E 
u zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
f 
I- 

VARIATION OF TEMPERATURE  WITH  AXIAL  DISTANCE  EMPLOYED  IN 

ANALYSIS  OF  RADIANT  ENERGY  EMITTED  FROM  PROPELLANT  STREAM 

OF  NUCLEAR  LIGHT  BULB  ENGINE 

P=500 ATM 

TEMPERATURE  DISTRIBUTION  DETERMINED  FROM  ENTHALPY 

DISTRIBUTION  OF  FIG.23  USING  TABLES  OF  REF. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA9 

SEE APPENDlX  B zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
20,000 

16,000 

12,000 

8000 

4000 

0 
0 0.2 0.4 0.6 0.8 1 .o 

DIMENSIONLESS AXIAL DISTANCE, Z/L zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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FIG. 25 

VARIATION OF TEMPERATURE  INTEGRAL  PARAMETER  WITH AXIAL DISTANCE 

DETERMINED FROM ANALYSIS OF ENERGY  EMITTED  FROM 

PROPELLANT  STREAM OF NUCLEAR  LIGHT  BULB  ENGINE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
SEE APPENDIX  B 

P zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 500 ATM 

DETERMINED  FROM  TEMPERATURE  DISTRIBUTIONS IN FIG. 24 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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EFFE 

r zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

FIG. 26 

IRAMETER 

6,000 10,000 14,000 18,000 22,000 

PROPELLANT-EXIT  TEMPERATURE, T, -DEG R zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
95 



FIG. 27 

EFFECT OF EXIT TEMPERATURE ON  MEDIAN  TEMPERATURE 

DETERMINED  FROM  ANALYSIS  OF  ENERGY  EMITTED 

FROM PROPELLANT  STREAM  OF  NUCLEAR  LIGHT zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBABULB ENGINE 

SEE APPENDIX B 

MEDIAN  TEMPERATURE, T,,DEFINED AS TEMPERATURE AT LOCATION WHERE Y=Y, /2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
18,O 00 

16,000 

14,000 

12,000 

10,000 

8000 

6000 

4000 
6000 10,000  14,000  18,000 22,000 

PROPELLANT-EXIT  TEMPERATURE, T, -DEG R 



FIG. 28 

1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA.o 

0.8 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0.6 

0.4 

0.2 

0 

EFFECT OF INCIDENT ENERGY  SPECTRUM ON AVERAGE REFLECTIVITIES 

OF TUNGSTEN AND ALUMINUM 

CURVES  OBTAINED  FROM  FIG. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA29 OF REF. 6 

SEE APPENDIX B 

so00 10,000 15,000 20,000 25,000 30,000 

BLACK-BODY RADIATING  TEMPERATURE OF INCIDENT ENERGY SPECTRUM, T,, - DEG R zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
97 



a 

FIG. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA29 

EFFECT OF EXIT TEMPERATURE ON WALL  ABSORPTION  PARAMETER  DETERMINED 

FROM  ANALYSIS OF ENERGY EMITTED  FROM  PROPELLANT 

STREAM  OF  NUCLEAR LIGHT  BULB  ENGINE 

DETERMINED  FROM Ye FROM  FIG. 26 AND  R  FROM  FIG. 28 USING  TmFROM  FIG. 27 

SEE  APPENDIX B 

0. 

K- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
c 
w 

Z zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

6000 10,000 14,000 18,000 22,000 

PROPELLANT-EXIT TEMPERATURE,  T zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- DEG R 



EFFECT OF zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
LLI zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

FIG. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA30 
EXIT TEMPERATURE ON FRACTION OF ENERGY ABSORBED IN WALL 

DETERMINED  FROM  ANALYSIS  OF ENERGY EMITTED 
FROMPROPELLANT  STREAM  OF  NUCLEAR  LIGHT  BULB 

(1  - E) Ye FROM FIG. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA29 

'P = 1.0; 'F = 0.85; A  /A = 2.05 
W 6  

- - - TUNGSTEN  WALL 

ALUMINUM  WALL 
SEE APPENDIX B zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

a 
U 

6000 10,000 14,000 18,000 20,000 

PROPELLANT-EXIT TEMPERATURE - DEG R zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
99 



? zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
FIG. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA31 

EFFECT OF  WALL REFLECTIVITY ON FRACTION  OF ENERGY ABSORBED IN  WALL 
DETERMINED  FROM  ANALYSIS  OF ENERGY EMITTED 

FROM  PROPELLANT  STREAM  OF  NUCLEAR  LIGHT  BULB  ENGINE 
SEE APPENDIX B 

T* = 15,000 R 
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Ep = 1.0; EF= 0.85; AW /A = 2.05 
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"The aeronautical  and  space activities of the United States  shall  be 
conducted so a.r to contribute . . . to the expansion of human knowl- 
edge of phenomena in the atmosphere and space. The Administration 
shall provide  for the widest practicable and appropriate dissemination 
of information concerning its activities and the results thereof." 
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NASA  SCIENTIFIC AND TECHNICAL  PUBLICATIONS 

TECHNICAL REPORTS:  Scientific and technical information considered 
important, complete, and a lasting contribution to existing .knowledge. 

TECHNICAL NOTES: Information less broad in scope but nevertheless of 
importance as a contribution to existing knowledge. 

TECHNICAL MEMORANDUMS: Information receiving limited distribu- 
tion because of preliminary data, security classification, or other reasons. 

CONTRAmOR REPORTS:  Scientific and technical information generated 
under a NASA contract or grant and considered an important contribution to 
existing knowledge. 

TECHNICAL TRANSLATIONS: Information published in a foreign 
language considered to merit NASA distribution in English. 

SPECIAL PUBLICATIONS: Information derived from or of value to NASA 
activities. Publications include conference proceedings, monographs, data 
compilations, handbooks, sourcebooks, and special bibliographies. 

TECHNOLOGY  UTILIZATION PUBLICATIONS: Information on tech- 
nology used by NASA that may  be  of particular intere; in commercial and  other 
non-aerospace applications. Publications include Tech Briefs, Technology 
Utilization Reports and Notes, and Technology Surveys. 
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SCIENTIFIC  AND  TECHNICAL  INFORMATION  DIVISION 

NATIONAL AERONAUTICS AND SPACE ADMINISTRA.TION 
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