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AIRBEATHING WCLEAR PROPULSION-A NEW LOOK 

Frank E. Rom 

NASA-Lewis Research Center 

Nuclear energy of fers  the poss ib i l i t y  of an a i r c r a f t  t ha t  could f l y  anywhere or, the 
surface of the ea r th  or remain a l o f t  fo r  weeks a t  a time without refuel ing.  The major 
obstacle t o  t h i s  accomplishment has been tha t  a i r c r a f t  have not been l a rge  enom t o  
carry the heavy nuclear powerplant required. This, and the f ac t  t ha t  it was desired to  
have supersonic dash capabi l i ty  was the basic reason tha t  the nat ion 's  a i r c r a f t  nuclear 
propulsion (MP) * ( see Ref. 1) program was abandoned a decade ago. Since then, the de- 
velopment and introduction in to  mi l i t a ry  and commercial service of the Locliheed C-5  and 
the Boeing 747 a i r c r a f t  have shown tha t  very la rge  subsonic a i r c r a f t  weighing almost one 
mil l ion pounds are  not only feas ib le  but prac t ica l ,  desirable,  and prof i tab le .  

Aircraf t  with gross weights of a t  l e a s t  one mil l ion pounds are  necessary t o  malie 
nuclear a i r c r a f t  prac t ica l .  A p rac t i ca l  nuclear a i r c r a f t  would have complete shielding 
so tha t  nei ther  the f l i g h t  and ground crew, nor passengers, receive radia t ion  doses s ign i f i -  
cantly greater  than tha t  normally received from natural. sources. It a l so  would have 
safe ty  provisions tha t  a re  designed t o  prevent the release of radioactive material  i n  the 
worst a i r c r a f t  accidents. 

Other features a re  required t o  make a nuclear a i r c r a f t  prac t ica l .  Among these are 
reac tors  which w i l l  permit operation of about 10,000 hours between refuel ings;  long-l i fe  
high-temperature oxidation r e s i s t an t  heat  exchangers t ha t  heat the a i r  of tIne turbofan 
engine; r e l i ab l e  lightweight long-l i fe  ppumps and valves tha t  can handle high-temperature 
heat- transfer  mediums which a re  used t o  t ransfer  heat t o  the propulsion engines. 

In  addit ion t o  v i r t u a l l y  unlimited range and f l i g h t  duration, nuclear a i r c r a f t  may 
a l so  have an economic a t t rac t ion .  Because energy from nuclear f u e l  costs only a f rac t ion  
of t ha t  fo r  f o s s i l  f u e l  ( see  Table I), nuclear'powered a i r c r a f t  could s igni f icant ly  re-  
duce the cost of a i r  transportation. This fac tor ,  i n  addit ion t o  the po ten t i a l  economy 
of construction and operation of very la rge  a i r c r a f t ,  could make a i r  t ransportat ion com- 
pe t i t i ve  with t ransport  by truck, r a i l ,  and general cargo ships. Inland c i t i e s  b u i l t  
around la rge  a i rpo r t s  could then become new world t rade centers. 

The increasing demand for  a i r  t ransportat ion w i l l  require la rger  and l a rge r  at incraft .  

* ~ o i n t  project  of the Atomic Energy Commission and A i r  Force, 1946-1961. 



Aircraf t  weighing several  thousand tons w i l l  probably be required t o  handle the t r a f f i c .  
The l a rge r  the a i r c r a f t ,  the more a t t r ac t ive  nuclear power becomes. The weight of aucl- 
ea r  powerplants increases approximately a s  the square root of the power. An a i r c r a f t  of 
four times the weight of an another requires a powerplant with four times as  ~riuch power, 
but  i t  w i l l  be only two times a s  heavy. 

I n  1964 NASA i n i t i a t e d  a low l e v e l  e f fo r t  t o  reassess the f e a s i b i l i t y  of nuclear ai.r- 
c r a f t .  This current new look (see Refs. 2 ,  3, 4) by NASA ( the  A i r  Force a l so  has been 
involved) was prompted by the f a c t  t ha t  a i r c r a f t  no longer seemed l imi ted  t o  s izes   hat 
ru le  out nuclear powerplants. The goal i s  t o  determine whether it may be possible t o  
provide p rac t i ca l  and safe nuclear a i r c r a f t  powerplants t ha t  have complete shielding and 
tha t  w i l l  not release f i s s ion  products i n  the worst possible a i r c r a f t  accidents. 

Prime a t t en t ion  has been focused on the safety problems. Major a i r c r a f t  accidents 
involve impact a t  high speeds. Such impacts a re  highly destruct ive unless special  ciesign 
provisions are  made t o  protect  pa r t s  such a s  the reactor  containment vessel.  Its r i l p tue  
would allow the escape of radioactive f i s s ion  products. Means of absorbing k ine t ic  energy 
during crashes t o  prevent reactor  containment vessel  rupture a re  being investigated. 

Another problem i s  the potent ia l  melt-through of the containment vessel  a f t e r  an ac- 
cident.  The heat generated by the decay of the radioactive f i s s ion  products formed From 
the f i ss ioned uranium atoms continues t o  be produced even a f t e r  the reactor  i s  shutdoim. 
It amounts t o  a few percent of the normal reactor  power and reduces with time t o  about 
one percent a f t e r  a day. I n  an accident which destroys a l l  normal reactor  cooling sys- 
tems, t h i s  a f te rhea t  w i l l  cause the reactor  t o  increase i n  temperature and P-elt. The 
vo la t i l e  reactor  materials  and f i s s ion  products w i l l  form vapors. The vapors w i l l  con- 
dense i n  lower temperature regions and, therefore, tend t o  move toward the  r e l a t i v e l y  
cool containment vessel.  In so doing, they w i l l  d i s t r ibute  themselves uniformly around 
and near the inside surface of the containment vessel .  Work i s  underway t o  demonstrate 
t ha t  the a f te rhea t  can be removed without melting the containment vesse l  and without ex- 
cessive weight penalt ies .  

A l imi ted  e f f o r t  i s  underway t o  experimentally demonstrate the f e a s i b i l i t y  of reac- 
t o r  f u e l  t h a t  can achieve 10,000 hour reactor  operation. Experiments are also being 
car r ied  out t o  demonstrate the f e a s i b i l i t y  of long l i f e  oxidation r e s i s t an t  heat exchang- 
e r s  t h a t  a re  required t o  heat the a i r  of a i r  breathing engines. 

It appears a s  i f  the weight of a i r c r a f t  nuclear powerplants would be more thar, an 
order of  magnitude l e s s  than conventional nuclear marine powerplants. This feature makes 
the a i r c r a f t  type a i r  breathing nuclear propulsion system look extremely a t t r ac t ive  fo r  
propulsion of ocean going a i r  cushion vehicles (see Refs. 5, 6 ) .  For la rge  a i r  cushion 
vehicles, the nuclear powerplant would become only a small f rac t ion  of the gross werght 
( l e s s  than 10 percent).  This manifests i t s e l f  a s  a la rge  payload capacity tha t  i s  Inde- 
dependent of range a t  the vehicles  top speed. Because of t h i s  a t t r ac t ive  feature nuclear 
powered a i r  cushion vehicles a re  current ly receiving grea ter  at tent ion.  A recent cost 
study ( ~ e f .  7 )  indicates the potent ia l  f o r  transoceanic commerce a t  r a t e s  equivalelit t o  
ra i l road  r a t e s .  

The purpose of t h i s  paper i s  t o  present the most s igni f icant  r e s u l t s  of the inxes t i -  
gations tha t  are now undemay t o  determine the potent ia l  f e a s i b i l i t y  of safe, prac t ica l  
and economically desirable a i r  breathing propulsion systems fo r  a i r c r a f t  and a i r  c~1shior-i 
vehicles. 

DESCRIPTION OF NUCLEAR A I R  BREATHING PROPULSION SYSTEM 

Figure 1 shows a schematic drawing of a typica l  nuclear a i r c r a f t  powerpla.nt tLia t  i n -  
corporates shielding and safety provisions. The f issioning uranium releases energ j  wi tk in  



the reactor .  A heat- transfer  medium such as high pressure helium flows through passages 
i n  the hot reactor  and picks up the f i s s ion  generated heat.  The hot helium i s  then ducted 
t o  helium-to-air heat exchangers located forward of the conventional combustors of ordinal7 
turbofan engines. The a i r  t ha t  i s  heated i n  flowing through the heat exchangers expands 
through turbines which drive the compressors and fans. Propulsive th rus t  i s  provided by 
the fan airflow. The turbofan engines can be operated on e i t h e r  nuclear power and/or by 
combustion of kerosene. 

The reactor  i s  surrounded by various layers  of material  const i tut ing sh ie ld i i~g ,  con- 
tainment vessel,  impact energy absorbing material,  and melt-through protect ion material.  
The gamma shielding consists  primarily of multiple layers  of heavy material  such as lead, 
uranium, or tungsten. The containment vessel  a c t s  a s  a portion of the gamma shield.  The 
neutron shielding i s  composed of r e l a t ive ly  l i g h t  materials  with high hydrogen atom con- 
centrat ion:  water, l i thium hydride, organic so l ids  or  l iquids ,  for  example. The use  of 
organic materials  l i k e  p l a s t i c  or chemical a i r c r a f t  fue l  would be l imi ted  t o  t,he ou7 e r  
sh ie ld  layers  where the radiat ion l eve l s  are su f f i c i en t ly  low t o  avoid radiat ion damage. 

During an impact with the ear th ,  the containment vesse l  and shield materials  a re  de- 
signed t o  absorb the k ine t ic  ener-gy of the reactor  and sh ie ld  assembly without rupt-xing 
the containment vessel .  For example, the outer sh ie ld  material  can be made of material  
t ha t  can absorb k ine t ic  energy a s  it deforms during the impact. See Fig. 2 which sllows 
the pr inc ip les  of a mobile reactor  containment system. A portion of the gamnrz and neu- 
t ron sh ie ld  can be made of re f rac tory  materials  such a s  uranium dioxide pebbles t o  prevect 
molten materials  from melting through the containment vessel.  Shield materials  thus 
serve not only a s  shielding, but a l so  a s  melt-through protection, impact e n e r a  absorbers, 
and containment vessel.  Because materials  are used t o  perform multiple functions, sub- 
s t a n t i a l  weight savings are  obtained. 

IMPORTANT RESULTS OF NASA STUDIES 

The most s igni f icant  r e su l t s  tha t  have been obtained i n  the NASA study of mobi-le a i r -  
breathing nuclear powerplants a re  summarized below. Results a re  presented i n  the areas 
of shielding, long l i f e  reactor  fuel ,  long l i f e  heat exchangers, high-speed impact, and 
reactor  meltdown containment safe ty  s tudies.  

Shielding 

Unit o r  4n shielding should enclose the reactor  t o  reduce the dose l eve l s  t o  allow- 
able l e v e l s  i n  a l l  direct ions.  The allowable dose l e v e l  fo r  general population i s  0.25 
millirem per hour. In our s tudies we design fo r  t h i s  dose r a t e  a t  30 f t  from the reactor  
centerl ine.  A t  fur ther  distances from the reactor  the dose r a t e  i s  reduced approximately 
a s  the square of the distance. When the  reactor  i s  shut down, the dose l eve l s  w i l l ,  of 
course, be very much lower. There i s ,  therefore, no r e s t r i c t i o n  t o  the movement within 
or outside the a i r c r a f t  e i t he r  when the a i r c r a f t  i s  f ly ing  or i s  on the ground. 

Shield weight t ha t  we have calculated f o r  uranium-water shields are shown in  I'ig. 3. 
The Shield weight increases a t  a r a t e  l e s s  than the square root of the reactor  power. 
For reactors  i n  the power range of 200 t o  400 mw the sh ie ld  weights vary from about 
350,000 t o  450,000 pounds fo r  a reactor  power density of 5 mw per cubic foot .  These are 
typical  of the powers pawer dens i t ies  and sh ie ld  weights f o r  a i r c r a f t  i n  the range of 
gross weights from one t o  two mil l ion pounds. Shield weights are thus of the order of 
15 t o  35 percent of the gross weight fo r  t h i s  gross weight range. The Monte Carlo code 
which we are now using t o  determine weights of optimized shields i s  describecl i n  Ref;, 8 
and 9.  Other codes and calculat ion of shields are given i n  Refs. 10, 11, 1 2 :  and 15, 

Shielding weight appears t o  be acceptable as  long a s  a i r c r a f t  gross weights a re  
greater  than one mil l ion pounds. Of course, reducing sh ie ld  weight w i l l  allow increases 



i n  payload weight, and i s  worth working for .  But, a more important point i s  t h a t  the 
necessi ty for  shielding does not prevent the nuclear a i r c r a f t  from being feas ib le ,  as  
long a s  it i s  la rge  enough. 

Long Life Reactor Fuel 

NASA has proposed the use of a f u e l  pin concept which can achieve 20 percent burnup 
or higher ( ~ e f .  1 4 ) .  It i s  a r e l a t ive ly  simple approach tha t  accepts i n  a conservative 
way well-known f a c t s  about f u e l  behavior. Figure 7 shows a schematic drawing of t h i s  
f u e l  pin concept. As described i n  Ref. 3, it does not use any new physical principles or 
ideas which have not previously been thought of. The pin consists  of a tube tha t  i s  de- 
signed a s  a pressure vessel .  Fuel i s  contained within the pin i n  a t h in  layer  rela;;ive 
to  the thickness of the tubular pressure vessel .  The objective i s  t o  assure tha t  the 
fue l  material  i s  weak cornpared t o  the clad so tha t  when the fue l  swells or  expands clue i-,o 
the buildup of f i s s ion  products within i t ,  the f u e l  w i l l  flow p l a s t i c a l l y  i n to  the cent ra l  
void without introducing a major s t r e s s  i n  the strong clad material.  The void ~ S G  pro- 
vides room for  the gaseous f i s s ion  products t o  expand. The void i s  designed la rge  ?nough 
so tha t  a t  the desired burnup l e v e l  the f i s s ion  gas pressure can be held by the strong 
clad tube wal l  material.  We are  current ly carrying out in-pi le  experiments i n  the Pl~m 
Brook Reactor t o  ve r i fy  the concept fo r  a i r c r a f t  use. The experiments a re  being conducted 
a t  the pressure leve ls ,  temperatures, power densi t ies ,  heat fluxes and neutron f lwies 
tha t  would be charac ter i s t ic  of a i r c r a f t  reactors .  

A summary of recent r e su l t s  of long l i f e  fue l  pin experiments now i n  progress i s  
shown i n  Table 11. The data are compared with what i s  derived f o r  a 10,000 hour a i r c r a f t  
reactor  and with what i s  current pract ice i n  commercial e l e c t r i c  power produ.cing reactors .  
The quant i t ies  compared are the fue l  pin surface temperature, the fue l  pin power per unit  
pin volume, the f u e l  pin t o t a l  energy release per uni t  volume, and the  f u e l  pin energy 
equivalent i n  gallons of gasoline f o r  a pin 0.55 inch i n  diameter an& 48 inches long. 
The desired operating conditions for  a 10,000 hour propulsion reactor  a re :  fue l  pj-n tem- 
perature, 1800' F, f u e l  pin power, 0.5 kw per em3, and a t o t a l  energy release of 8300 kw- 
h r  per cm3 which i s  the equivalent of 50,000 gallons of kerosene per pin. Commercial 
reactors  operate with pin surface temperatures of about 600' F, with about the same power 
densi ty and with about 213 of the t o t a l  energy release.  The U02-TZM f u e l  pin t e s t  i s  
composed of 3 pins much a s  shown i n  Fig. 4 t h a t  a re  now operating a t  2 1 0 0 ~  F with a power 
density of about 5 times tha t  required for  the propulsion reactor .  This i s  an accelerated 
t e s t  so t h a t  data can be obtained i n  about 115 the time. The pins have already obtained 
a t o t a l  energy release of 4800 kw-hr per  cm3 which i s  equivalent t o  more than ha l f  (about 
6030 h r )  of desired propulsion reactor  operation a t  a surface temperature 300' F i n  ex- 
cess of t ha t  derived. The UN-TZM f u e l  pins (3) are a l so  operating a t  2 1 0 0 ~  F. They are 
operating a t  about 3 times the desired power density fo r  propulsion reactors .  The t o t a l  
energy release obtained t o  date i s  a l so  more than ha l f  of the derived value, These pins 
a s  well  a s  the UOZ-TZM pins are expected t o  operate fo r  longer than the equivalent of 
10,000 hours desired fo r  the propulsion reactor .  

Long Life Heat Exchangers 

In a i r c r a f t  nuclear systems the heat from the reactor  i s  transferred by means of a 
heat t r ans fe r  f l u i d  t o  a heat exchanger which t ransfers  the heat t o  the a i r  of a j e t  en- 
gine. I n  the case of a high pressure helium system, the high pressure helium gas t rans-  
f e r s  heat t o  the a i r  of the turbofan engine. The heat  exchanger material  l imi t s  tne tur- 
bine i n l e t  temperature tha t  can be achieved i n  a nuclear powerplant tha t  operates 01-1 

nuclear power alone. The heat exchanger material must be an oxidation r e s i s t a n t  and 
strong high temperature material.  In the case of l i q u i d  metal systems, the lieat eel:elianger 
material  must a l so  be compatible with the l i qu id  metal used. 

We have car r ied  out an experimental program aimed a t  determining the capabil i ty of 



helium-to-air heat exchanger-materials. We have been performing two kinds of i e s t s .  One 
kind of t e s t  involves determination of the creep propert ies  of tube material  made of high 
temperature oxidation r e s i s t an t  materials .  We have t e s t ed  many high temperature oxida- 
t i on  r e s i s t an t  materials .  The most su i tab le  available material  we have found so f a r  i s  
N-155 a l loy  (see Ref. 15 ) .  It i s  a duct i le  material  t ha t  can be welded, worlied and ma- 
chined readily.  It allows operation of high gressure helium-to-air heat  exchanger Lu3es 
a t  temperatures i n  the order of 1500' t o  1600 F. 

We have a l so  done experiments on header configurations. The high pressure gas beat 
exchangers we envision would be composed of h i@ pressure helium headers which have 
closely spaced heat exchanger tubes welded in to  them. A picture oE one header d e s ~ z n  
for  which we made a representative section for  t e s t s  i s  shown i n  Fig. 5. This header 
and tube sect ion was designed t o  operate for  1500 hours a t  a pressure of 1000 p s i  anu 
temperature of 1550' F. It ac tua l ly  ran fo r  more than 5000 hours before ii fa i l ed .  The 
l imi ted  amount of heat  exchanger work we have done has been adequate t o  determine desl,gn 
s t resses  and ve r i fy  header design techniques. It remains t o  be shown, however, tha t  
whole heat exchangers or  representat ive sections of a heat exchanger w i l l  perform rel iably 
for  the l i f e  times we predict  when exposed t o  the complete environmental condi.tions tha t  
would ex i s t  i n  an airplane.  This involves invest igat ion of thermal cycling, ?ribrat loll, 
and thermal expansion problems. 

Other Long Life Components 

With the l imi ted  e f f o r t  we have not been able t o  do much work i n  many areas tha t  
would require a t ten t ion  i f  nuclear airplanes were considered for  development. These 
areas involve pumping systems fo r  high pressure i n e r t  gases, sea ls  f o r  these systems, 
valves, piping required t o  duct high pressure high temperature gases from the reactor  t o  
and from the engines, and auxi l ia ry  systems such a s  fo r  a f te rhea t  cooling. The a i r  
breathing port ion of the system requires s tudies of the problems involved i n  extending 
the shaf t  lengths of the turbofan engines so tha t  the heat  exchanger can be incorporated. 
An experimental program i s  required t o  determine the f e a s i b i l i t y  of  f a s t  act ing valves 
tha t  a re  necessary t o  s ea l  off  coolant l i n e s  and other penetrations in to  the contairxnent 
vesse l  during a major a i r c r a f t  accident. Detailed overa l l  powerplant conceptual designs 
are required t o  a r r ive  a t  r e a l i s t i c  weight estimates of the en t i r e  system. They would 
a l so  provide base points fo r  r e a l i s t i c  parametric and optimization studies t ha t  a re  re-  
quired f o r  mission analyses. 

Recent Safety Studies 

For the past  several years various concepts have been studied for  safely impaciing 
reactor  systems a t  high speeds such as could occur i n  major a i r c r a f t  accidents. Ref- 
erences 2, 3, and 4 discuss t h i s  work. During the ea r ly  phases of t h i s  study impact sys- 
tems employing energy absorbing frangible tubes were invest igated ( r e f .  16 ) .  They were 
found t o  be l imited t o  providing impact protection f o r  impact speeds up t o  300 t o  400 
f e e t  per second. Recently another approach u t i l i z i n g  the energy absorption capab i i i t y  of 
p l a s t i c a l l y  deforming she l l s  has shown promise for  impact protect ion up t o  1000 f ee t  per 
second. The f i r s t  mSA studies of t h i s  technique are  published i n  Refs. 17 Lo 19. Work 
has begun on the problem of loss-of-reactor-coolant and afterheat  removal i n  the event of 
a major a i r c r a f t  accident. 

Figure 2 shows the reactor  containment concept t ha t  i s  being invest igated a t  presa i t .  
The reactor  core i s  surrounded by sh ie ld  material  t ha t  i s  formed in to  geometzical shapes 
tha t  ac t  a s  energy absorbing material.  The gamma shielding, which i s  typica l ly  a heavy 
metal such as depleted uranium, would be made i n  the form of a honeycomb o r  some similai- 
shape tha t  would absorb energy on impact by deformation. Water i s  used a s  a neutrcn 
shield material.  The water w i l l  a l s o  serve to  absorb energy because the high hydraulic 
pressure generated b r i n g  impact causes the containment vessel  t o  s t r e t ch  and thereby 



absorb energy. The containment vesse l  i s  mzde of a duct i le  high strength material.  Lt 
absorbs the energy a s  it i s  p l a s t i ca l ly  deformed during impact. Surrounding the energy 
absorbing containment vessel  i s  an energy absorbing neutron shield.  It can be envisioned 
a s  a p l a s t i c  material  formed so tha t  on impact the deformation and p l a s t i c  f'low of this 
material  w i l l  absorb some of the k ine t ic  energy of the reactor  system. 

Uranium dioxide i n  the form of a layer  of granular pa r t i c l e s  i s  placed on the inside 
of the containment vessel  and reactor  vessel .  The uranium dioxide a c t s  a s  an  insulat ing 
material. t ha t  causes the reactor  core material. t o  meltdown i n  the event of a i~iajor acci-  
dent which destroys a i l  normal. reactor  cooling systems. Core meltdo~m and the flow of 
heat t o  the containment vessel  surface causes the decaying f i s s ion  product heat sources 
t o  be uniformly d is t r ibuted  throu.ghout the inside of the containment vesse l  by vapor trails- 
por t .  Vapor transport from the molten material tends t o  cause vapors t o  condense i n  mi- 
form concentric she l l s  i n  the uranium dioxide insulat ion bed. This i n  turn  telids t o  pro- 
vide a r e l a t ive ly  uniform heat f lux  t o  the outside of the containment vessel .  The heat 
f l ux  must be f a i r l y  uniform i n  order t ha t  the containment vessel  can be cooled by eon- 
vection and radia t ion  t o  the atmosphere. The containment vessel  i s  made la rge  enough so 
tha t  i t s  temperature w i l l  s t a y w i t h i n  the l imi t s  of the s trength of the c~ntainrneri";~essel 
material.  The uranium dioxide granules, besides providing t h i s  insulat ion,  i s  &so a good 
gamma shield.  

Two experimental programs aimed a t  demonstrating tha t  these containment pr inc ip les  
work are  being car r ied  out. 

Meltdown experiment. - The f i r s t  i s  a reactor  meltdown containment experiment ( r i g .  6 ) .  
It i s  a t e s t  of a reactor  model within a containment vesse l  containing uranium dioxtde 
insulat ing material.  The model i s  f i v e  inches i n  outside diameter. The reactor  model 
contains molybdenum uranium dioxide fue l  pins. Fission heating w i l l  cause the fue l  t o  
melt. The t e s t s  w i l l  be conducted i n  NASA's Plum Brook Reactor Fac i l i ty .  The containment 
vessel  i s  designed t o  operate a t  a temperature of the order of 1300° t o  1400' F. Wnen 
the f u e l  material  melts, it i s  predicted tha t  the f u e l  and f i s s ion  products w i l l  be re -  
d is t r ibuted  i n  layers  a s  they condense within the insulat ing uranium dioxide pa r t i c l e s .  
Calculations indicate t ha t  the containment vesse l  w i l l  not melt through. The f i r s t  two 
models a re  being completed, and w i l l  be inser ted  i n  the Plum Brook reac tor  i n  May-June of 
1971. 

Impact t e s t s .  - A schematic drawing tha t  describes the models t ha t  were used t o  dem- 
ons t ra te  the newest impact energy absorption principles i s  shown i n  Fig. 7. The contain- 
ment vessel  i s  formed of a duct i le ,  high strength material  so tha t  when deflection occurs, 
p l a s t i c  flow absorbs k ine t ic  energy. The containment vesse l  i s  surrounded by an energy 
absorbing neutron shield material  such a s  a p l a s t i c  honeycomb. The reactor  vessel model 
i s  located i n  the center.  In  the f i r s t  t e s t s ,  an i ron  b a l l  was used t o  simulate the re-  
actor .  Between the reactor  vesse l  and the containment vessel ,  there i s  an inner sh ie ld  
and energy absorber. This inner sh ie ld  material  would be fabricated of depleted uranim 
pieces i n  the r e a l  reactor .  In  the t e s t  models, s t e e l  was used i n  place of uraniun fo r  
economy reasons. These models have been impacted with a concrete block a t  speeds up t o  
603 f e e t  per  second. Figure 8 shows the t e s t  setup tha t  i s  being used. The impact model 
shown i s  2 fee t  i n  diameter. It i s  mounted on a styrofoam block between the r a i l s  of a 
rocket s led  f a c i l i t y .  The rockets  accelerate the 4.5 foot  cube concrete block tha t  
weights 7$ tons t o  the desired impact speed. Surplus 5 inch HVAR rockets a re  used t o  
accelerate the concrete block. The case i n  f ront  of the block serves t o  catch the b a l l  
a f t e r  impact. High speed motion pictures are taken during the impact. A motion picture 
tha t  summarizes the t e s t  r e su l t s  i s  avai lable from Lewis Research Center. Figme 9 i s  a 
sequence of frames from t h i s  motion p ic ture  i l l u s t r a t i n g  the impact of a model a t  413 f e e t  
per second. The la rge  amount of deflect ion that  the containment vessel  undergoes I: 
readi ly  v i s ib l e .  Figure 10 taken a f t e r  the 5 impact t e s t s  t ha t  have been r-im t o  date 
shows t h i s  more c lear ly .  The vessels  were leak  tes ted  a f t e r  the t e s t s .  IJo l e a ~ s  rere 

6 



found. In other words, no f i s s ion  products could have escaped had there been f i s s ion  
products within these vessels .  The r e su l t s  of two of these t e s t s  a re  reported i n  Ref. 19 

In the t h i r d  t e s t  (Fig. 1 0 ( c ) )  a misfire  occurred t h a t  allowed the model L O  escape 
from the cage a f t e r  impact with the concrete. The secondary impacts due to  bounding &of2 
the countryside and destroying a a t i l i t y  stanchion along side the t rack  was show)? t o  be 
of no consequence a s  f a r  a s  damaging the containment vessel  was concerned. Th? pie t~u-e  
indicates that  the secondary bounces merely scratched the surface. The prmary  impaci a t  
about 260 f e e t  per second f la t tened  one side s l i gh t ly .  

Figure 11 shows the e f f ec t  on the concrete block and rocket s led  of impactirr, ihe 
containment system model a t  580 f t / sec .  The containment system model weighed abcui 1200 
pounds and was 38 inches i n  diameter. 

It appears from the preliminary measurements of the deformations that; occurred that; 
models of t h i s  type should be able t o  withstand jlnpscts of 1000 f'eet per second. i t  i s  
ant icipated therefore tha t  it % r i l l  be able t o  design impact systems t h a t  w i l l  coniaii? 
f i s s ion  products up t o  speeds of 1003 f ee t  per second (600 mph). 

APPLICATION STUDIES 

Preliminary cost s tudies have been and are being made of a i r  cushion veliicles and 
la rge  subsonic a i r c r a f t  powered with mobile nuclear airbreathing propclsion systems. The 
studies a re  a.imed primarily a t  determining whether there i s  a poss ib i l i t y  thai such ve- 
h i c l e s  a re  com?lercially a t t r ac t ive .  

Figure 12 gives the preliminary r e s u l t s  of the operating cost study for  10 000 ton 
a i r  cushion vehicles  (ACV). The t o t a l  operating cost i n  dol la rs  per ton rni1.e i s  shown 
as a function of speed i n  knots. Chemical A C V ' s  a re  shown by the so l id  l i n e s  for  ranges 
of 2009, 4030, and 6033 miles. The performance of the nuclear vehicle i s  independent of 
range. A i r  cushion vehicles a re  well su i ted  f o r  t ransportat ion i n  the v i c in i ty  of 100 
knots and perhaps higher. The nuclear ACV shows operating costs  i n  the range 01' 2 cents 
per ton mile. Chemical systems operate i n  the range of 4 cents per ton  miles fo r  t rans-  
oceanic (4000 nrn or greater)  ranges. 

The ACV increases the cargo transportat ion speed from the 15-30 knots of Lne best o f  
todayrs ships t o  103 knot. It may be possible t o  a t t a i n  r a t e s  oS about 2 cents per ton 
mile operating cost i f  nuclear power i s  used. 

It theore t ica l ly  would take a f l e e t  of about 3000 5000-ton ACV's (see f i g .  13)  t o  
handle 10 percent of the world t rade i n  1980. Ten percent i s  assumed t o  be ihe funcLion 
of world trade t h a t  could be shipped i f  shipping costs  were about 2 cents per ton-mile. 
These f igures do not r e f l e c t  the addit ional  cargo t r a f f i c  tha t  might be a t t r ac t ed  by the 
higher speed transportat ion system. 

Figure 14 shows the t o t a l  operating cost fo r  chemical and nuclear a i r c r a f t  with a 
gross weight of 1000 tons. Chemical a i r c r a f t  performance i s  indicated by so l id  l i n e s  for  
ranges of 2000, 4000, and 6000 naut ica l  miles. Nuclear a i r c r a f t  performance i s  a l so  
shown. The nuclear airplane can carry cargo fo r  a cost of 4 t o  5 cents per ton mile 
a t  speeds of 400 t o  450 knots. For ranges 5000 naut ica l  miles or higher, the nuclear 
a i r c r a f t  can h a d  cargo a t  a lower cost than the chemical a i r c r a f t  for  the par t icu lar  
assumptions used i n  the preparation of t h i s  f igure.  

Figure 15  shows the e f f ec t  of increasing the a i r c r a f t  gross weight t o  4009 tons. 
A very noticeable reduction i n  operating cost i s  noted. This reduction -iLs due t o  lower 



uni t  costs  of airframe of l a rge r  s izes  and for  nuclear a i r c r a f t  the lower f rac t ion  of 
gross weight required for  shielding. The 4000 ton nuclear airplane i s  competitive with 
chemical airplanes fo r  ranges of l e s s  than 3000 miles. The operating cost i s  of the order 
of 2 cents a ton mile a t  speeds up t o  500 knots. As previously s tated,  r a t e s  such a.s 
these are  typica l  of r a i l  and truck transportation. The transoceanic commerce tha t  theo- 
r e t i c a l l y  could be a t t r ac t ed  by such a t ransportat ion system i f  it were developed wodd 
require a f l e e t  of about 500 4000-ton a i r c r a f t  in  1980 and 1000 by the yeer 2000. In 
addition, the a t t r ac t ion  of speeds ten times tha t  fo r  ships may a t t r a c t  substantrai  addi- 
t i o n a l  demand tha t  i s  not accounted f o r  i n  the trade forecast .  

CONCLUDING REMARKS 

There are no fundamental technical  reasons why supersonic nuclear a i r c r a f t  ca:inot be 
made t o  f l y  successfully providing the a i r c r a f t  i s  la rge  enough. This i s  so because the 
weight of shielding increases with reactor  power or  a i r c r a f t  gross weight a t  a rake about 
or somewhat l e s s  than the square root.  Hence the l a rge r  the a i r c r a f t  the smalier i s  the 
f rac t ion  of i t s  weight that  i s  required for  shielding, and hence the largel- w i l l  be tbe 
payload f rac t ion .  Shielding tha t  gives dose l eve l s  i n  the a i r c r a f t  l e s s  than 10 percent 
of ilormd background radiat ion from cosmic radiat ion requires tha t  the a i r c r a f t  be a t  
l e a s t  one mil l ion pounds i n  gross weight t o  maintain about 15  percent of i t s  weight as pay- 
load. Aircraft  of t h i s  s ize are not a great extrapolation from the 747 and C - 5  wllich.are 
about 3/4 of a mil l ion pounds i n  gross weight. Reactor, heat t ransfer ,  matericals, ~2nd 
propulsion technology i s  su f f i c i en t ly  well  advanced so tha t  adequate thrus t  t o  propel 
la rge  subsonic a i r c r a f t  can be developed with la rge  turbofan engines through normal en- 
gineering development. 

The major obstacle t o  overcome i s  the problem of public safety i n  major a i r c r a f t  
accidents. 

The successful achievement of p rac t i ca l  publicly acceptable nuclear powered a i r c r a f t  
requires the solut ion t o  the problem of containing radioactive f i s s i o n  products duting a 
major high speed a i r c r a f t  accident. An experimental invest igat ion of techniques fo r  pre- 
vention of reac tor  containment vesse l  rupture during impact has shown very encouraging 
f i r s t  r e su l t s .  Models have been successfully impacted a t  speeds up t o  584 f ee t  per secord 
with no post-impact leaks i n  the containment vessel.  Analysis of the experimental data 
indicate a potent ia l  of impacts a t  speeds of 1000 f ee t  per second without -v-essel rupture. 
Of course much work would have t o  be done t o  reduce the principles demonstrated t,3 prac- 
t i ce .  

The safety problems of reactors  fo r  a i r  cushion vehicles  are small compared t o  a i r -  
c r a f t  because of the lower speeds of t r a v e l  and because they would t r a v e l  on the surfa.ce 
of the Earth and mainly over water. Nuclear powered a i r  cushion vehicles are, therefore,  
potent ia l ly  much closer  t o  p rac t i ca l  application. The experience gained i n  design con- 
s t ruc t ion  and operation of la rge  nuclear powered surface e f f ec t  vehicles  could pave the 
way fo r  very la rge  nuclear a i r c r a f t  i f  they continue t o  appear economically sound and as 
the safe ty  problems are  solved. 

The preliminary r e su l t s  of t h i s  simple and preliminary cost analysis  inciicate tha t  
nuclear a i r  cushion vehicles should be considered more careful ly t o  ve r i fy  the apparent 
good economical performance predicted by t h i s  'simple study. 
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TABLE I. - FOSSIL AND NUCLEAR COST 



TABLE 11. - LONG LIFE FUEL PIN TESTS (IZUM BROOK REACTOR FACILITY) 

Fuel pin power, k~/cm 3 

Total energy release, kw-hr/cm 

m-TZM 
fuel p in  

t e s t  

q e s t  i n  progress; data as of 3/16/71 
b ~ u e l  pins 0.55 in.  d i m  x 48 in. long; 4000 required for  300 MW reactor. 
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Figure 1. - Nuclear  a i rcraf f  powerplant. 
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F i g u r e  2. - Pr inc ip les  of mobi le reactor c o n t a i n m e n t  system. 
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F i g u r e  3. - Depleted u r a n i u m - w a t e r  sh ie ld  weights. 





Figure 5. - Test of high pressure helium-to-air heat exchanger header 
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Figure 6. - Reactor meltdown containment experiment. 
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Figure 7. - Sketches of conta inment  system 
models before impact at speeds indicated. 





Figure 9. - Scenes from iii~pacl of two iod containment vessel at 413 Otlsec. 
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Figure 10. - C o i i i a i n m e n t  system models af ter  impact at indicated velocit ies. No leaks were  detected in a n y  of 
t h e  models. 
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Figure 12. -Total operating cost as a func t ion  of speed fo r  chemical and nu- 
clear surface effect vehicles. Gross weight, 9050 metr ic tons (10 Om tons), 
s t ruc ture  weight fraction, 0.25; s t ruc ture  cost, $ l l l k g  (8511b); load factor, 
0.6; uti l ization, 0. 5. . 
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Figure 14. - Total operating cost as a func t ion  of 
speed fo r  chemical and nuclear  powered a i r -  
craft. Gross weight, 1000 tons; s t ruc ture  
weight fraction, 0.30; s t ruc tu re  cost, 85011b; 
load factor, 0.6; uti l ization, 0.5. 
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Figure 15. - Total operating cost as a func t ion  of 
speed f o r  chemical and nuclear  powered a i r -  
craft. Gross weight, 4000 tons; s t ruc ture  
weight fraction, 0.30; s t ruc ture  cost, $25/1b; 
load factor, 0.6; ut i l izat ion, 0.5. 


