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, , AIRCRAFT NUCLEAR PROPULSION 
.. 

to As you all mows there is a large scale national effort in progress in the 
 
field of aircraft nuclear propulsion. We would like to discuss briefly some of the 
 

. 

advantages and dis advant ages of nuclear flight and the NACA IS contributi on to the 
national effort in this fie Id• 

• The goal of the aeronautical engineer has abiays been to nr farther, faster:> ... 	 and higher. The exploding of the first atom bomb made his dreams sean possibleo 
He saw a few pounds of uranium release enough energy to fly his fuel hungry super
sonic airplane around the world many times without refueling. 

He soon realized, however, that there were Enme disadvantages to overcome be
fore he could use this new energy source. Too first slide shows the familiar fission 

• 	 process. A neutron causes the uranium atom to fission producing two la.:rge fission 
 
fragmentss two to three neutrons, and alpha, beta, and gamma radiation. An appre~ 
 

ciable fraction of neutrons and gamma rc\ys escape from the nuclear reactor. Heavy 
 
shielding is required to protect the crew from these neutrons and gamma rays. The 
 
burden of carrying this heavy shield is the first major disadvantage which must be 
 
overcome in order to achieve nuclear flight. 
 

~. 
The next slide shows a schematic diagram of a nuclear reactor and its shield. 

The uranium is contained in the fuel elements shown here. Coolant enters the reactor 
re, is heated in passing over the fuel element, and energes here • 

.. 
The simplest nuclear engire is the direct air cycle turboj et which is sh::>wn on 

. .,. the chart to the left. The air from the compressor is heated by the reactor ~ passes 
through the turbine and out the exhaust nozzle, producing thrust. Actually several 
turbojet engines 'WOuld be powered by one reactor. The rea ctor rep laces the canbu sti.rn 
chamber of the conventional engine. However, in the combustion chamber, the energy 
is produced directly in the air stream whi ch is hotter than the walls of the com~ 
bustor. These walls can even be cooled if ne cessary. In the nuclear reactor the .. energy is produced in the walls of the fuel element and these walls are ootter than 
the air stream. Therefore, the difficulties of obtaining high turbine inlet temper~ 
atures are increased because the reactor walls have to operate at a higher tempera~ 
ture than the air stream. The problem of attaining hi gh gas temperatures in spite 
of still higher reactor wall temperatures is the second major problem which must be 
overcome in order to achieve nuclear flight • 

... 
or To get a better feel for the two major problems of nuclear flight, shield 
 

weight and temperature, let us examine the performance of a large ch3mical airplaneo 
 
In the next slides the weight distribution of a conventional airplane is plotted 
 
as a function of flight speed. The total airplane weight is shown as too horizontal 
 
line. structure and payload take up 50 percent of the airplane weight 0 This leaves 
 

... 50 percent of the weight for engine and fuel. The engine weight variation with 
night speed is smw by the 'Widening yellow area. A reasonable design speed for• the airplane is shown by the vertical dotted line. The range of the airplane would 
be about 3000 mileso• 
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" ' ;r.r we wished to replace the Chanical engine in this ai.:fplan'e with a nuclear 
.. ~rigiri~; our engine ~eight would be 'increas~d '9yt~ weight ~f the re~~<r ' ~d ~:i.eld • 

I~ tbe re~ctor and ~¥eld weight wer e np ,.mpe t{1fLn ,~ fuel l ve1:g,h ~.Iltl:!i, ~ w~~!1 ~, 
' ~ p;o"'8i~e tp.~e tl1e l(eight of~, ~u~le~ fu~~g ~~i~g, is pe~li8i~le. J~e .,n~cle,~ 

~r1>lapre co~d ~ at the same ~~d ~ the Ch~n4c~ .,l~egbut its,~nge ~ldbe 
~imi~do Howeverg if the ~ight of reac~sr ~d~lrl:-eld :,exceeded !-~ ~~lfr ~ ~e 
tu,e1, , -hqe nucl~ar p1l\1le would have to fly ~l a 819~r sp'eedo If t~e , ~a~tCf and ,'" 
~nte;td 1fer~	 to? qeavy~ the plane would mt fq ~t ,4 ,10 , , ' :," 

, ~ So' tar ~ ha~ not talked about tlg'binein'1et'tempe~tlr'eo 'If ~iiroWie~¢" 
¥g~ ~'~ct-or wall t~pers.ture~ limited" t~ ,riu~l~ enf!iiJie to turlD;netiiiet t~~ra
~ur~s lC!-.r tpan that of the chemica~ engines~ than more engines ()r l.f.I"ge~ e~girtes 
Would be necessary, and tl1ere would be iess weight. left OVgr for the ~actor and. 
~ba:eld. Here again are ~e two maj~r pr~1ans i~ ach1~ving' nuclear ' t.J;ight. ''1'. , • 
~¥lSld 	 the, t~bi~e' ~. i1(eight mt1f't be kep~ low:~ i~~t te~atUre JII~t qe tc,ePt h:i. '

;,:': "'we ,,~:tli :ri~t $cus.~ t~ ' Problem ';t a,~~&inim , t~ ~gh~st ~Q89,i~l~','. t~rb~lle ' 
~t te~eratureo We have seen that , in ,a nucle~ reac~r,p " he~t , is ge~rat~d :, , 
direotlY within the material of the fUE,l el-ements~ whi~ are the b:>ttest ~t Of a 
nuclear propulsion system 0 Our .t'1r's l;;, temp,r'ature , um:(tation is tien que ' to, 1fhe' " 
~ter~~ froM wl'l1ch 'We .t'abri~te our , ~l , eletpen~o High te~8.t.ure " mater~&;1 , 
pn>ble~ and their cP.ar~etgristics are discus~ed in greater detail at the M~ter;l.~. 

"ft Re'searph Kx:hibito I ", J 

.. 
, , . ~~' arV' ~~en state of materi~s techP~16iv~ .o~'?-tieal , engirie~~ mus~ aqcep~ 

.. :th~ ,~eJIlperattWe limits qf th~ JIIa~i¥ s ~~lap;te,~ ~d do the , bel!l~ th,eu c~ r-~ : 
t~m. ~ go~l' is to prGduce the hignest p~ s1l?le , tm:bi~e inlet tenl~rat~e ,~ h " 
the .terials availab~eo' ' \ ' ~ '" ' "',' 

• • ~ " .. . ., • 	 • I • • • , 't . " ~ . , • ~. 

" 'QUite obviouslyv we will obtain 'the hig~st air temperat~e if t~ re'actor is 
So 'designed that every square incn of e.very reac~Q:r fuel Eilement is ' operating :' ~t 
the maxilllUDl allo'lmble temperature. Reactors~ unfartu~~~y,\l do mt n~UE"ally ,pro
duce uniform fuel element temperatures ,!) beCause the power is not generated uniformly.
/: . • I ' 1 	 ' . , • . J,; I. ·f. 

'< 	 For instanoe g in a reactor with uniform urani\Ull distributiCJl ~ the radial and ,Qi~ 
 

power is generated in a peaked f~on as t'llustr'aied~ 'J'le cQrrespond;ng ' f~!' ' 
 
~l~ment t~perature distribution shawS ~ t only a sinflll pOrtion ofl the center is 
 

'( 

.., 
o~rat.:1ng at the limiting t~peratureo T~ .ver/ige .fUel el ement tempeTa tur~ ' , Jidghi 

.. be o~1y tWo=t~rds of the maximum fuel Euf3JJ1ent t~~ ature 0 This 9 9f, co~seJ ~v1d 
result in a l~~ tmrbine inlet temperat'qre even tbpugh the reactqr is ~e of ~te- , ... rius to withstand very high temperatureso 	 . 

We 1)ave matie a moV:ie of .. demorstr~tion t9 i l l)lstrate one w~ of improv.i.ng this.. 
conditi~o Here 'We ~ee an asa.,mbly of gr;lphtt~ blocks 0 A number of neutron :souroes 
ar.-e arrariged 14thl;n the assembly to s;J.mulate :tib.e' neutron nux that lfOuld exist in a" reactor 'with uniform urani Ul11 diBtributiQno Neutron nux i~ closely' rel~te~ · to pqwer
density. ' , 	 , 
.~ . \ . . ' 

~ 

.; 
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.. , One of th,e neutron sources is se~n being iM.ert~d into the gr;aphite fS$~bl1"• 
Aneutron eounter i s 'locate d' in th~ hoi, in the 'center 0 It ViII be mat-ed thr~~to 

. j 	 .j. • .. , . . .• . I ' ." , • . • J . I . , . ,1;. ,. ) 

t1\e asseml?17, ~c;i the vari,atiqn of ~.u~~ flux will be Sm~', CJl a . ~tri;p, ~rt,~" . +~ . 
q sp,d b~~or~, Jihe n~tron nux:, is clo~ely related to ,~ pow.r Jiensiiii • . j / ." " , /' '. 

" ." 	 ,,:,' ,'/ , . .. . . .' . . ' ' .. " . : ". ,? .' . - " .... .' 

w~ shQul-d e~p~c\ a peaked curve as illustrated ip. tpe previol1s slid,. ,Th~ ~~~ 
~ i~a,ppro~h~f?; ~~e center where the maximum P9wer tro~uct1o~ occurs. Fax' . t-.~~ v.ari~

t~op ~f po~r ~~si ty, the average wall temp~rature ~~t be Ol'll:!. t., -third.i! of ~ , 
m~ ~a11 temperature as di scu~sed prev1o~~ly. ,\ 

t. I .1 .. • . 	 . • ..' , • l . ' 	 ... ,~;, 

,i ',. ~ <, :", j , , • ': . • ~. t ' I; : L i I ~, 
, . ' . Now~ ill. ~urce~ na~ peen lOOved to , siJnulate red:is~ri~tion\ of ur¢U1Il. , We ,.' 
~~l ' ,tte~t' t9 ' p~d~~' a " flatt~r ~~r ;·¢.st,r~~~~on b1' tbmg this. The ~unt-er is 
~a:l.ll ;,o~q ,lF:0~h th~ gt"aph:l,te, aa,semb~.. W~ ln~~i~ alreapy that ~~ tr,ae~. i~ 

.. 	 ~ppr~~g, t:~e pea~ 'power sQoner 0 Thep~~$ : inadditio~" has ~S1 brQ~ene4, so 

~l1at ~ore of the fu,el elements will be c1peer to the limit.ing temperature. 'l'})e 

average ' fuel ' ~lemerit temperature for thi~" case woUld. be 'increased to pefhaps' $5 per

~rit of the"mRxiiiua w~l t.emperatur,e. Tfe "tw~ne inl~j. ~mPeratU;re ~,,-ld be i in- . 
~~~4" ~~~~ me~s .:t,h,t ournuc~ear !'J~g~ne l ~~ r ~ve :~cl) pt~~~ PFfQ1'lli~ce. ,, . . . 

. , .. . ., ... ." . .: .. :' I' ,. . , ;:: . , , 
,. .~~' d"<?n.str~ti~ i}l~trates o;ne ~~ho~ of i~c~s:l:f'1~ t~~ ttpi'b~e ~n~t , 

te.per¢\U"e for a gj.ven fuel eleml!l'1t te~rature. Other ~toods eQ'lsi~t of vari90
tion ~ ~he " c06iant \, flows and cool~t pa'liI$age~ ~hroughou't tli~' r~ctor t.o ;'give ,mQre 
uniform f,emPerature ' distribution in ' spit.. ,o£.. :, t~,: norimii:rorm .Power distribnti~. · . 

" ~ ;. . .. . ' I .1 ... ~ I. • ,. ~ ~ . . . ,' . ., " I' ~ 

" , ; NP." ·:,,'t.~t weJl.aV~ oonside~d the -;prQbl.e1ltJ.f ' .~t~nin~' lrl.~ 't.~perat~e, If,8 ~).l
turn,~o t" ,q~ "P~~ pr"blem. - low sb.i.el&i;~ght)~ Thil!l prp?leJl"wiU)be , dis~se~ .1>f 
tlOe next 1lO'\~~);el" 'o .) , "I." \ ," 

~e "' ~ " i!!';r.... , .~ ~ 'I rf.' ; ,.., (I -,1 . ' '. l-l ~ '. \ .; f' " ~. " " : 

'" , 
I '. .:.~ . I" I' , 

We ~ill 'use a simple demonstration to ieyiew ~m~ of ~he basic principle~1 of 
l!Il'delding ad one of the well established te~bniques fo.r reduoing ~iel~ weight, 
shield s~pj;~o W~ haVe he~ a lI1o~el of an airpi\~e'. l' Thi~ s'q~~ 'of g~mn!la: ,.• d 
neutron radiation will represent our react.or» located in the fuselage. The crew 
will be represented by radiation detectioo instruments located in ~ nose of tm 

'" 	 airplane. The neutron and gamma ebses received by our imagina:ry otew will be in

dicated on the dial gages. First let us plaoe our reactor in the aii-p laI:1e with no 
 
shield. We see that both gages ~ ecrnpletely off scale$ indicating a prohibitively 
 
high dose to the crew. 
 

oJ 

Now we will place some lead shielding around our re actor. You see the g81ll1lla 
dose is greatly reduced, while the neut.ron ebse is virtually unaffected. By addi
tion ot mat.erial containing lots of hydrogen aroUlld the reactor, we can also bring 
our neutron dose under controlo In this oase we are using paraffin &8 our neutron 
shield. When it is in place arounc:t thereactor i and the r~ctor is s.et into ~~ 
airplane, the neutron ebse is greatly reduced. Greater thickness of lead arid. 
paraffin would further reduce the dose 0 

.. So far we have seen that to stop gamma radiatd. on we require a 'Very dense mate
rial such as lead. To stop neutrons we need sanething with lots of hydrogen atoDlS .. it. We used paraffm, but other materials such as water or hydrocarbons would 

.. also work • 

http:react.or
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Aircraft Nuclear Propulsion = 4 = 

Our shield so far is almost equally effective in ~l directions. Perhaps the 
weight can be reduced by removing shield from beJ:U.nd tie reactor l leaving (Illy that 
between the reactor and crewo We will do .this. AI! you' see l both dose rates increase 
even though we have retained full thickness of both s!lield materials between reactor 
and crew. This is because radiation coming from the reactor can be reflected by 
structural parts of the airplaneg by airmolecules~ and ' by the ground. Part of this 
reflected radiation gets back to the crewo 

By replacing part of the shielding on the back of the reactor am thi ckening 
the slaield on the frontj) it is possible to bring the crew ~Q9 e down to tolerance 
with 1ess weight than our original shieldo We willj) howeverg expose parts of the 
airplane to higher radiation levels due to the thin shield'behind the reactor. 

OVer-all shield weight can be further reduced by the concept of the divided 
shieldo This is illustrated in the next slideo 

" In this scheme a given thickness of shielding is removed from the reactor 
shield, and the same thickness added around the crew compartment. This procedure 
woUld not change the dose rate to the crewo A weight savings 'WOuld result if the 
crew compartment wet'e smaller than the reactor ~ield assemblyo 

Shield division and shaping represent two metoods for reducing shield weight
by altering the sl::i:ield geometry. Further reductions might be exPected by the use 
~of better" shield materials 0 For instance» tU'ngsten,9 which is denser than lead, 
mght be lised to improve the gamma shielding. Hydrocarbons,9 which have a higher 
ratio"of hydrogen atoms per total weight t han paraff'inj) could ~eduoe the neutron 
shielding. The gains are not spectacular however .. 

".... . ~ -Both" shield tailoring and the divided sh:teld conceptD which \J9 have used to 
reduce the shield weight of our airplanej) introduce problems d\Je to the high levels 
of radiation to which aircraft structure and equipment is exposed. Radiation, we 
know l can cause changes in the properti.es of materials called radi ation daJlligeo We 
will use an alpha bean from the NACA ~yclotron to demonstrate radiation damageo The 
next slide is a photograph of the NACA cyclotron. Tre beam of alpha particles 
emerging from the machine travels down t his tubej) through a six foot thick concrete 
 
wall, into the beam roomo In the rone sE!qtl:lnae you see a crystal of cesium iodide 
 
inserted into the beamo This is the end of the beam tube you saw in the previous 
 
slide 0 The crystal glows» indica.ting that its atoms» which are being bombarded by 
alpha 	particlesD are excited. 

If the crystal is left in the beam f o r several minutesj) permanent dis coloration 
will take placeo The next slide shows the result s of leaving a sodium cblo'rlde and 
a potassiUJI brondde crystal in the beaRt for several IIIinuteso The Jliddle crystal is 
undamaged sodiUJI chloride. Permanent coloration of these crystals is sh01ll'lI in
dicating a change in structure 0 

The mechanism of t he dis color ation process is the s~ as the process which 
produces ch$llges :in the st r ength or ductilit y i n struc tural materials. 

4 
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., Another problem resulting from the interaction of radiation and materials iB 
 
that of activation. When neutrons collide with the atoms of shielding materl.als or
.. 
structuraJ.. materials, reactions can take place which make tiEse materials ' radio
active. This, of course, complic¢,es the shielding problem beeau.ee ' ~ditional 
shielding thickness mq be requtred to stop this secondaly radiation ~ AlSo,' activa
tion of ' strUctural mat.erials outside the shield makes maintenance Slld group,d 'handling 
of the airplane more difficult. These effects are espeenallY annoyi~ if the acti 
vated materi81s retain the radioactivity for long periods of tilne. That is, if 'they... 	 
have a long half-life. There is a continuing need for fundamental work to deterJ1l~ 
the prpbability of reactions between radiation and materi&1sJ) the type of secondary' 
radiation emitted, and the half-lives of tre induced acti~tie5. 

Activation is illustrated in the next movie. A piece of molybdenum is inserted 
,. 	 into the cyclotron beam operating at very low power and held there fer a few seconds. 
 

.It is moved into a very sensitive counter which IlEasures gamma activity. The oper

ator is perfectly safe in handlin~ this specimen because, of the low acti v:l. ty iIldl,lceq. 
 
by the low beam power and short irradiation time. In this case g the strip chart 
 
shoWs a fairly rapid decay of activity. We are studying the se prob lelJl3 to determine 
 

• 	 whether aDy given material will cause an activation problem if it is used in a nuclear 
8irplane. ' ' 

..... This" cpmpletes our discussion of the shielding probiem. The next Speaker 'Will 
tiscuSs two topics: first, some of the nuclear Engines other than the direct oPT 

" ;'c~~ '1}ufl:ipj~, and second, the NAC~g S cPntribUti~ to ' tpe ~tiOl?-al Sircr~t J1u~l~r ' 
pro~ulsi?n effort. 

" The previous speakers have discussed various asp~~~s :of th~ problems facing 
nuclear prepulsion.Trey ha. ve considered only tiE simplef!! t nuclear engine, the " 
d.i.rect. air cycle turbojet. Other nuclear propulsion sahemes are feasible. For ex
ample, the closed cycle turbojet shown on this chart attanpt;s to reduce reactor slz'e, 
and hence shield weight, b.r using a better heat transfer medium to remove reactor 
heat. The heat is transferred to the air of a turbojet cycle liv ~ans ot a ~at 
exchanger. Two types of coolants of interest are · liquid metals and hi gh Jres$Ure 
inert gaseso Because of the corrosiveness of liquid metals, this s;rstai is limited 
'bo"1QW'er temperatures than the dire ct air system!) which tends to offset the ad- ' 
vfmtage of reduced shield weight o The use ' of in~t g~ perndts high 'te.,ratUre 
oPeration withOut corrosion. Howeverg we now have an added weight problem. because 
ofbigh. pr~ssure piping and heat exchangers. " 

.... The . s;ystems just described represent nethods for \Ei~ nuclear energy · in turbo

jet engines. Other ai~ breathing enginesg such as the turb:me-prOpeller EIlgin~ Qr 
 

the ramjet, could be used. It is also possible to use nuclear argr for arock8t. 
 
The next slide shows a nuclear rocket. A gaseous pro pellant is haated in a n'l1cl.ear 
 
reactor and ejected through a nozzle. The propellant is sttlred in liquid form in a 
 
propellant tank and pumped through the re~ctor. Up to thi. s point we had been con
.. 	 sidering manned aircraft. For missile app1ication~, the shie1di~ problem is less 
 
restrictive but it is still presEIlt in that many of the JIlissile componEllts must be 
 
T)rotected from radiati on damage. 
 

http:beeau.ee
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, We have seen some of the probl E!1lS which make the realization of nuclear flight ., very difficult. The two major problems common to all nuole~ sYstems are theattatn
1> 

ment of high temperature and low shield wei ght 0 " " ' 
.. ' ;.. '. , 

Tllere ~e several approaches which research can take to increase our Under
standiiig of ' the problens and to provide inf6rmatio!,l far ' t~ ,sol':ltion of these prob
lems. ' Materials Research will strive for hi~her ~mpenlture materials 0 

Heat transfer and fluid flow research will enable us to operate closer to the 
~ 

limiting temperatures and make more effective use of the naterials availAble. Heat 
transfer re'search is currentl y being done wit h high temperatUre Date'rials suc~ as 
Mo, w; Rhg and Co It is necessary to detennine how the ' radiations emerging from 
partially shielded reactors are scattered and captured» ' iriorder to 'refine the p'r!n
ciples discu,ssed in the preVious shieldj,ng danoostration 0 To supply 1\1ndariental 
iriformati on 'on these radiation effects on materials ~ the NACA has just' put1nto 
op~ati6n the 60=1Jlch o/cl.otron you saw earlier 0 

To illustrate the :information required from reactor research» let us suppoSe 
we had a proJlij.sing new fuel element that we wished to t~st~ ' That i~h 'We would :Like 
to expose this new fuel element to the combined effects ' of actual internal heat 
generation and temperature distributi on!) r adl,a.tion damage !) arrl coolant now. 'We 
could bUild a full si ze reactor out of the new fuel elements,9 bIt this woUld be 

+'" hazardous arid costly. 'Another approach is t o place the "new ~i element into "an 
' ,vironment simil ar 'to that which 'WOu l d exis t in a f Ull s'ize reactor made up of the 
w fuel elements. To provide tm s eriviromnent a r el1ahl e ' research reactor with 

test hOles for pl acing the fuel element i s requiredo Several such reactors exist 
or ~e in cpristrucl.ion" '" " ; 

,.", -j • '. \ E" 
" To ' augment and expand our r esearch efforts ~ Congress haS appropriate d funds for 

the NACA to build such a research reactor near SandUsky~ Ohioo 'The 'next slide sh<?Ws 
a cross section through the main reactor buildingo Tba water cooled reactor indi
cated by the red area is located in a pressurized tank about 9 feet in diameter. 
T~ tank is located in the center of a water pool ' 70 feet in diametero A conta:t.'n
ment tank 100 feet in diamet er compl etely enclos~s the pool and reactor tank 0 The 
next slide shows ~ horiz~tal cross section through the reactoro The reactor is 
indieated by the rect angular area in t he center. tt provides neutron and gamma in
tensities around it,!) comparable t o t hat f ©l und in crlrcr aft 'reactOrs. Experimental 
fuel elemerits with their own cooling s~tems are in sert ed ' into the mrizental through 
holes. They oan be co ol e d wit h air,\> inert gaaes p iiqu!.d metal .\> or whatever is de- ' 
siredo 

The thermal col UIllIl to the right slows dolll neutrons leaving the rese tor by means 
of the graphit e located he re 0 The slow or thermal neutrons t ravel down the hole to 
a plate which contains uraniUIll=235o The thermal neut rons pro duce fissions and so 
fission neutrons and gammas are produced at a point which is convenient for full 
scale aircraft shiel d t ests Airoraft t ype slti. elds can be placed around this source0 

plate and the attenuatin g char acteristics det,ermined. 

.. 



• 
oraft Nuolear Propulsion - 7 

The beam holes to the left supply high :intensity neutro'n beams far fundament al 
nuclear physics investigati ens. Many other holes are available for irradi~ting 

.,. materials to study their characteristics in the presence of lIlgb intensity"gainma 
and neutron fields. This reactor will be ready for operation sometil1l! in 1959. 

Thi8 ends our discussion of the aircraft nuclear propulsion except for one 
importan t observation. Whether one is an optimist or a pessimist about nuclear 
night, the ultimate potential is sufficiently great that unrelenting efforts must 

M 
be made to attain it. 
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