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TO:
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SUBJECT:
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fn aecordanee r'.lth yorlr Verbal lnstr-uctlgnF of about 9 Jr:ne 19116,

the Conmlttee has consldered the general. problen of alr vehieles ariven

by nuclear p.r€r. Tlueo copies of the zubjeet report aro iespectf\rLly

subnitted herorrlth. A flrst tlnaft nas srrbnrltted octoben zjt ]-;gt6. slnEe

that ttnre nany enorg have been conrected and nrtrch new mter1al has been

acldeil. ,fire Ln!.tial tllstrlbutlon Ls inttleated ln the :report.

Your conmentE and thope of bther lnterestett persons rrl11 be

appreclateit by the ConrrLttee. Revlew by suitab!.e nenbers of APt is hereby

requesteil.

rt ls lelleved th6t any f\rther rsork on thts srrbJeot.at A'pL

shoulcl be camleil on by a BnaS-l staff 'rtlth flesh instructlons, and that

the existlng large conmittee shouLd be dl6sfurged 1n the near future.
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-
fn writing this report no use whatever has been nade of classlfled

infornration fbon the ltbnhattan ProJect. Thls ooLicy was adopteil because

of or:r feellng that recipients of this report shoultl unclerstancl hov far we

can go on the basis of general.ly availabLe lnfonnration and general. physical

pnlnc{pLes. The authors of each sbctlon are prina.rlly responsibLe for the

views expi"essed therdln, Because of pnesslng duties not aLL. menber.s of the

Counnittee have been abLe to contiibute wrltten material, but thanks are

due for th-eir disoussions 'vith the other rnernbers of the Conmittee. Vte

express our appreciation for unclasst.fied Lnformatlon on matoriaLs suitable

for hi.gh temperature structunes, contributecl by Mr., D. J, McKinzie, Chief

Engineer; Dr. John R. Dunning, consultant; and Dr. Alfred 0. Nierr con-

sultant, of the Kel-Iex Corporation. We al-sq express sur" thanks to Dr.

Sebastian Karrer, sho kinrtly acqua!.nted us wlth the content of hls il€tno.'

randum datecl ltby 13 r L9lr6 entitled fiE]ectrical Generator Using Radioactlve
- Mater'la1s.rl

An early stlnulus for the roork of tbis group v€s a mengrand.un W R. F,
Robertsr whlch demolished sonp superstitions as to nrethods'of driving vehi.cles

sith nuclear enerry. Partly beoause of Robertsl rnemorandun, L. R. Ibfstad

asked A. E. Rualk to organize'an inforrual study. Early exploratlon of the

properties of gnokedilled nucl-ear energy ramrJets uns carried out by George

canltonr.1.ater Joined by c, F. $byer. shen thetr prelimlnsry resul.ts were

knon'n, the group uas expandecl to its present nenrbershi.p.

I
I
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n
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Thls repet considers the uee of nuclear power fc suDersonic Jet

p.ropel.Led mlsslles, 'ancl alrplanes operatlng 1n the hlgh subsonle range,

Nuelear sateLlite and escape rockets are also brlefly d!.scusseil. In a1.L

cases conparloon ls rnade roith nlssiles using conventional firel to aeconrplish

I eomparable task. A payled of 121000 pounds ln the form of a sphere 'slx feet

ln cltaneter is a6suned. rn the eae of rockets, a range of 5rooo'nlIes ie

assurreil, for the nost part, lbom the standpoint of aerodynamic antl pnoprrlslva

design, tt ts not neeessary to stat€ a range fo:r mlssLles flyi.ng .ln the upper

atrnosphere and earrylng no ourygen, beeause the range ls llriitedl pnly by fail.ure

of the nuclear react@. '.r'n1
Chapter f ls a sumrnary of the reDort.

' Consideratton oe lfrnirr"f""r. popotsioir scheurerf",urou eqrne to our at-

tentl-on'shorued that the use of a sloro neutnon reactcn ls the nost attractLve

posslbllfty, though reactors raklng..use'of both sloro and fapt neutrons are not

rul-ed out. Aacordingly, rrnshigltled cyllnttrlcaL sl.ow?neutnon reaetors, plerced

n'lth a nultitude of holes for.heat transfer to the hot gaoes, have been

deslgned (ehapter tt), These reaetors utllize substantlally pnre r::r'aniuo 235

on plutonlumr unlfornly nrlxed $tth a graphite or ber:flLium oxldle noderator,

, )/rt*n"* fII discusses a nuelear turboJet, a conventional tr:rboJet ancl g

nuclear alr turblne ctrlvlng Tr:lopelLors,-/
t Chapier W deal-s "*th nuclear rockets expeLli.ng hydrogen, and ,,{.th }q;drogen=

orygen rrockets of the satne ranga.r aLs.o rolth stngl-erstage satelli.te and escape

rockets uslng nuelear po'rer. ''-,

' Chapterr V ls concerned '.'lth deveLopnent of basic heet transfgr rolaticre
for both conveotl.ve heating of.the gas (tfre scherne adopted)' and for radiative

tnann€r

&
!l{r
III

t
aa.a a O. O

15 008
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heatlng of a smoke-filled gas (whleh'ls unattraotive). A fanlly of nuelear
. i'

ran Jets ls presontecl rdnd'the conventionaL'fuel opposlte number ls descrlbed.

A sectlon ls devoted to. a suneisonic nuelean turboJet. '

Chapten VI deals bglefly. "'Lth mterial yrobl-oms, *hieh eonstl"tut€ the

limitation and the chief ieseareh problen jn aLl tho"" cases. The looer'the
'a-.tenperatrue. of the reactor the ldrget qnq heavier tho rni,Esite mrst be.---

(The esseniial'pnoFertlbd of the several't1ryes of .nlsslle" 
""rp+iii"l*U 2f

iir Tab1e 1, .bn'the folIo"'fng pagel. No. ernpbasls ls la.ltt bn the emst welghts

and sizes qugtedl, beeausg the study teF naals on ttp basls of unclasslfled ln-
i

forrnatlon and there.are important rmcertatntles ln the nusLear data used for

II-
III

I

-

l.

the reactor doslgne. The table lndicates only orilers of magnLturle, and servee

-for conpa.nison of tho o#iou, t3ryes.
1. Lt.;,.'. .,' -Cg4clu$lggE:'.fhe nuclear ran jet and turboJet considerecl in the* pne.

.lturlnarXr clesLgne ane le-ctu+eafry feaglble. qfoyi.de.d F eRqJ.ched rp.g,c--tors g
'oneqa.te a! slr$ace, tppngr-atrrr.e€ rn jlg nel$lrForhe,qd gg 2po0oq, A sinLlar

statenrentr""i"6q naile for the nuelear hydrbgen rooket ezcept that ttn reaetor., 1

ti'urface'teinperatnre shouLtl ba 2Z25og or nore. 'Developnrent of any of these types

poul-dt.certalnlyjbe l-ong anct costly.andl thp amounts e UZ35 or plutonirur pequl,ed

are l-arge, j5oug* on'the-'basis of present pnoductlonl *"r, there EFo rovor

_lutlonany dlscorrerles in :negard to Lo,.'erlng tlie cost of hlghS-y enrlcherl flsslonr
able rnaterlal, lt appears r:nJustif5able'to glve firther conslderation to arqy

supersonic vehlolo ,vhlch nakes.a o;1B-EEy 51@0-ni1e trip, resulting ln Loss of
.?

the reactor at tho target..z , I
It ts conceivabLe that a nucLea:r ran Jet or trrrboJet coul.d be r'ade to return

fron a target at 5r000-n1Ls distanee. It ie posglble that a ngolear ran Jet or

turboJet may be attaractlve as a satel.llte vehicle fcr Jarge-Bca1e reconnaissanee

e fm a contlnuJ.rg thne'at to a FxjsslbLe aggrgsson. The nucLear eseape rocket{D

aa
415 ooe
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MissiLe

Nucloar. Ilr$ojet

Nuclear Ram Jet
Nucfear Raur Jet

Nuslear'Turbo Jet

Feagtor lhch No.
Temp;
(oc )

Reactor
Surface Wt. of

Dilissile
(rus. )

Aprrrordrrate
. Body

Dinensions
(rt. )

? (alam. )

8x48
8x4,8
8x48
8x80

Wt. of
Uraniun
(tts. )

5A
Itl+

Assurned
Neutrons

p€ir
Fission

See
Page

3,5p Hlgh
Subsonic

verr

2.2

2..O

2ro

2,0

L.L

T950
r.950

1q50
L950

't950
t950

2?25

2225

/+6ooo

^,50000

59000

-63(na

^.1L5000

-16oooo

65000(r.)
48ooo(2 )

2
2

I
I

tt

Be0

Be0

BeO

Be0

BeO

c

lt

n
fi

il
ll

ll

It

ll

tt
c 50

l+t,
3,8 2, 1

l_2.

aa

a

0c

80
80

8x
8x

Hlgh
Supersonl
(22 fioo
ft/sec).

c

._l+L

*l+l+

A.22

L,25

2,

2,0

13?ooo(1)
60?00(2 )

7t+soo(/+\

80o0o(4,)

85ooo(4)

gcr,oo

::

7L

7L

7L

89

5,t+

5,lro 2.r
2J
2.r
2.r5,lrg

q'
a
a

I aa

ir*.1's'

1840

2cf,0

2280

r950
I.
I

I
I'

I

I
I

I:

The correspondlng rr conventionalrr
H (r)
F (3)
U' (t'l

(/r

(:)
H. Takeoff we!.ght; (2) Lendtng welght.

PayJ.oad & cbntrols, etc. about 1.0 tons. Range nbout 5000 nlles.
or(ygen rocket would' haVe ease4tlally the sane wetght and slze as the 2225oC nuclear-rocket.
Pern{sslble welght of nissile" As reacton temperature increases, the eeight avrril.abLe for structr.re lncreg"ffi.IEIF1

=Et
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o rcrlts general attontion. fron scientists, though lt ls hard to thlnk of ar6r im-

portant ml1ltary applleatlon of strch a rrehlcLe.'. ..,
. );'u

To settle strch quoetlons defini.tirrely, aocesE to elagsified lrrformtlo$ on

flsgionabLe materiaLs anct slow-neutron reactors 1s necessary, wtth p:rticulan

ernphaels on reactor eontnol. BasLc studles of materLal prooertles at hlgh
\

temperatur€s are essontial, and s'ould be of valuee not only fcn e:rploratorlp

design of nucLear vehlclesi but alse for lmprovement of ttrrpes uslng eonven-

tioml flrels.

&15 011'
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CHAPIER I. II{TRODUCTION AND SINOiARY

-

Fy Arthur E. Rurlc

. 1. Genefal CgnFl.dqT?tlo4s

The o:rtnepgl.y conpact sotulee of very high energies rnade Dosslble by

reoent deveLonlpnts in nuclear research suggists the use of nucl.ear energy

for. the oronulqfon of high performance vghioles. Used in oonneetlon vrlth the

rocket prspulslon prrincipl-e such a rtevlbe might offqr the posqlblLlty of oon-

struetlng exfuremely long range roekets, lnclurllng satellites or even sorcal-led

escape vehlcLee" For vehicles "'hieh rernnin wtthln the earthts atnosphere nany

other Posslbllltles suggest thenselves, ln nartlcuLar 
"sn-Jets, 

turbo-Jets,

and.alr turrbfneo vrlth oropeliers. For the sake of definiteness, we assune,

fof the vehiglel .,'hioh.rnust relrein wlthin the ealthts atmosphere, that. the

payload Ie a 6t snhene ueighlng L2r0O0 1b. For the roCket vehieLes u,e nake

the sane assunplion, but BhaLl qlso consider a zero payload in conneotioir wlth

the posslbi.Uty of an escape rooket.

It la.rretrral to suppose that the use of nuclear power wl1l nake lt possible

to bulld a m{oeile of surpasslng speeil, against o,h!.ih defense would be dlfflcult.
However, tF tf,grral Llnltatlons of naterlals prevent rrs.f!on uslng'the great

avalLable energy of the nucLeus at arryi.qte we please, fn thls study it has be-

cone elear that ree should thtnk of nuelear energy as a neang for pnovldlng

great range. Fgr aay ranse speclfloclr the nuolear energy pLane or rnissLle should

be conpared with an rroppoglte nunberrt'drLrien by conventronal fireL.

Ranpes-

-:
This laboratory has nade etudies (referenees L and ?) whleh indlcate the

feasibiLlty of ordtnaryfuel raprJet missi.les with ranges of the order of 2r5e}

to 91600 nlLe9, 'The reports of the. GilLtland panel (reference 3) give a rough

!l'i'; 4i.5
a at
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outli.he of the range and; epeerl donains in shlch the roeketl ran:'Jet and turbo-
I

Jetir resnectlvely, give tlhe best perforrnanee. Slnee the publieation of these

reponts, design knowledgdr.has been advanelngp and nore ,pork ls meetled to bplng

the advantage.ochart up to-aate ancl ,to extentl lt'to greater rangeso
i 

e --e-- !

' .. .The shorter the range,l the.lese q'e have to nale uso of the assured rfstay-

lng powenrt of the nuelear irr""U, chive. Therefore, we aonflne our attentlon
I

to ranges higher" than 31500 ltiJ.es

From Al-askan bases, the ilistance to any po nt ln the Northern hemlsphere'

ls Less t'han7r}5} niles. Ibonr Looatlons ln the northern part of the Unitett

States, the dtstance to arqp such polnt ls Less than 9rl,00 nJ.les. But these

flgrrres are nrlsl-eadlngl a s top ranges. Enom Aretlc cirole locations ln A1asl9a,
'' .'i

all the d6sratn above /*5o.ts vrithtn a distanee of Lr750 rniles, figure !. at

the end 6f'tfrfs chapter ls a pblar *orld rup pnovided by the Aerodynanics group

of APL. Alrllne distanceg fbon several strategic points are marked on it,
For a nucLpar-energy vehicle, lt is desimble to have the expensive powor

-souroe return to base., This inclieates that we shoultl eventually consider a

nound trlp range of 101000 miles. Bui -ho wishes to have a hl.ghly dangerouo

pLle comtng back to the base that sent it out? We d,ecidedt to deal rslth a range

of !1000 miles, leavLng greaten ranges for later conslderdtlon,

. It iS reasonable to assign a range to any nupLeai"r€nergy mlssiles, because

ihe power source mtst ,,,ork under extrerc conditions of temperature.in order

to cash Ln on tho vast amounts of energy avallable in nuclear fue1, ft rcy be

hfiny advantageous to sork a p1La at. tenperaturee so htgtr that the range is
deterninetl by conrrgsfon, by the cr'eep of hot nraterials, rather than by rlarnage

duo to fipsion and fission?prdu@tsr

Reoent discussions of, e9te1Ltte vehlcles by Galeit, the Qlenn I.. l&rtln
ConparSr, ancl the DougLas Alreraft Conpqny, rnc.l (Referenee f) tnOtcate the

feasibiLity of h$rogen-oxygen rpckets flying at.an altltu6e of 9g.miLes or
5{t

llly
3la
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more, circLing the earth in about 90 jrinutes antl continulng r.'ithout rmch loss

of aLtltucle for rveeks or even months. Such devices ate cteslgned for extrenrely

hlgh veloclty, wlth a 1tght Loacl of scientific lnstruments-

W'
In a study of this kincl i.t is not feasible at the start to lay down

specificatLons for nerfornance. I[e had to begin by apsuning reasonable types

of struchne and working out the properties of nuclear power souroes wlth

sufficlent heat trqnsfer surfaco to glve the necessary net thrust and llft.
In sealehlng for clesig4s, no attention rsas fsid to;rresent cost and arrailabl-

lity of fissionabte naterials. Considerations of this kind rnight block of{ 
"n

ansser to the followlng technical questions. Can a nuclear-powered, high-

speedl nlssil-e be pde to fly the payl-oad orren the deslrecl range? Does it have

any advantage over missiles uging conventiorul fueLs? It can be assuned at the

outset that a very 1-ange, slow airplane can be U.ftecl off the gpound by a.pile,

uslng nore or less conventional nethods for transferring heat from the piLe to

a turblner and for cooling the rvorkinq fLdid. .O.tr problen is to consLder

fbster arrd mo:e compact vehicleg.

Quest!.ons of launching, guiclanee, navtgation, and honing are onltted, It
rqas not possible to give adequate oonsideration tb pnoblens of stnergth and

short-tiqe dr.rability of the ro@r soureer Indeed, the necesnary data do not

extst, and their accumrlation lq the sine gua non for further progress in this

fiefa, Tle have consfulered reaetor. surface tenperatures ranging fYon tT25oC

to 2T25oC, Insicle the reactor mterlal, stl11 hlgher temperaturres would pre-

vall. These surfaee values lie rcIl beLo,s the nelttng point of carbon, but

not rnrch beLow the neltlng nolnt of beryl3.ia, which are the only knorm posslbi-

lltles for the reactor bodies.

itffi 41,5 O3-/tStates
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?. 9ummarv of,, Chaoter II. Xuelear Reaetors.

In this teport the.term rrfast-.neutron neactortrrefers to a body of

fissionable material- wtth ltttle or no moderatcn, whiLe rrsf6ro-y1s11tron reaetortt

neans a. botly in whieh most of t[re neutron colllsions oacur againFt atorns of a

moderator,

A. SEgg,

(1) FLolv:qe-gl,ron-Tpgg-t.$g. .(Parts A antl B of Chapter If ). ft requ.lres

.11ttLe'oonsLderatlon to ruLe out natunal uranium. Attentl.on has been focussed

on.reactops uslng enriched fisslonable rnaterial (VZ}E or Prl239), mixed Ln a

arrying ltqrlid hydrogonp..

while beryllla would.be better adaptecl to a ram-Jet on ttnrboJet. Carbon

ceted wtth thin layers bf bxfae ray be.an a}ternate posslbti-ity as a noderator

for rarn'rJets and tr:rboJets?

. Robe:rts notlced a very intcresting possibi3.lty eonnected with the nuclear

).iquiil lgdrogen rocket. Sl.nce the Wdrogen has to be oarrled arrywqy, tt ls

worthwhltre to consider its use as d eonblnecl moderator and pile ooolalrtr pnlar

to thb. stage at whioh it is strongly t"ateq and eJected.' The difftculties are

gleatr we.cannot say at thts ttrc that they are insr:rrirountable.. The sehene

has been studied by Girnow, Meclune and Kershnor (Appendix 4), The ldea of

e.Jectlng a nixtrrre of trydrogen and uraniurn hgs been eonsidered by Roberts. It
ls out of the realn of ponslderatlonz becauFe the quantlties of waniun throsn

auay rvouLd be enornousr

(z) &F!'ngu*rs8,Tg?gt-grs. rn Part c the pspprtles of theee reaotorg

are e:rarni.ned. The mrltipllcatlon factor is e:lantneil fsn slzes very close to

the cnitical one, wlth a gie'w to (a) contpo3.].ing the o-vercrLtleal reactor or

(b) ushg a subcritlcal one wltb a subsldialy neutrop sotrfce to act 6s 6 ltpiLot

fl-arett and nalntaln the reactl,on. 415 01s
d€deue
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(:) At first stght the use of separated

fission nrodrretq ae a souree of treail loot s very attraetlve, As Roberts has

show1, the pnopScal falls ilorna fcir sbveral reasons? Raptrt deeay nrakes the

suppJy questloq very ttlfflcult. theiraclloaettvtty i.nvolved wouldl require rernote

control durlng reparatlon, prodluatioh of the reactor, transpontation anrt

lnser.tlott lnto tfe nlsslle. Durfu€ irrd after faba.icat{.onr ttre rmterlal'would

have to be cooLedl to clisslpate pot€rr rnrch ln excess of tho power awllab1e

durlpg fLlght.

(rrl qqgs.t-$,.sg_ gf -ft sslgp-fte,g$ellq.

qtTegfn? If a l^arge fraction of the fisslon fnagments of a p11.0 coulcl be caused

to clicsi.pate thob klnetlc energy iU the grs stream, our pnoblern would be mreh

easler. The alifflcuLtti, ls that the flssisnable sraterlall woukl have to be ln
very thln layerir one nicro8 tbick or less, Since sre have not arrivecl at any

pnactieal elesigl, the nrattor his been dlropped,

(l) trrt*EP.el-lflp.Eggi.peesiu+S.!,1.9g, rn a nenoraniun of IMy, L9A62 rohich

f\rnished a stlnr.rlus for thlp study, Roberts clest:rcyeil the superetltlon that

a rnl.esl!.e oan be dr!.ven W direat use of the nonentum of figsi.on ftagnents, alpba

part!.clesr aoeelerat'ed eleetrons or aocelerated ions. The thruEts obtalnable by

such neqns are ,rlnute. The alpha partlcle schelne is exemined ip iletall. by Ganm

ln Appencl!\ 2, Sourcee, of the order of one mllli6n curl.es.per squnre on. would

be requLred. . lle also cons!-dered a nethod for obtainlng neutronrthrrust fron a

fash6eutron reaetor. The thrwt ls nlnute.

8.. 99l}PI3-1-Fgg.tE ,gF.ggAFlpF;{p+"tr.o,n,,Bgg-cjsrs -utrBg. J8q,rg,ug-??L.9g*P},pton!gg.

rn thts disaussion Re shall. supnose that wgj l.s enproyed. The nough

dbsfgp bquations fon a slow-neutron roeaotor deperrd on very slnple physteal

ideas. Neutrona produced by fLsslon are assurpd to behave 1lke. a dtffustng

I+-
r
I

_ra
.;

..

D contal:rs the folIowlng f.ierns
::i

Radlesratlve fisslon rneorluoLs -
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gas. As a neutnon moves out from the plaee of origin, it is sl-o,,,ed dtown by

collislons r"ith nucLel, the nodbrator atoms being the effective rt9lowers.rl

In any coLllston the neutron niry be absorbed, lt rny lose a flaction of its

energy by exciting the interlor structrrre of the nucleus, or !t mey be

scatteled elasti.calJ.y. The essenee of the game is to pick a noderator wlth

a 1or absorptiori cFoss+section, so that most of the ftsslons are pboclucetl

by collisions of sloro neut::ons with uraniun.' The ave:rage.figsion crofrs=section

at V235 f'on thernaL neutrons is over 400 x lrfts4 sq. em. whlle a rather lL1.

tlefined average for fast ones is about Z x tO-2'4 sg. cn.' (lo area of it}-zt+

sq. cn. ls called a lggr in the parlance of the lthnhattan Dlstnlct.) W"

trhve.no experirpntal inforrnation on the fission cross-gections for plutoniurn 239.

In rrNucLean I'isslon ancl Atonic Energyrtr table 9.2, it'!.s suggested that they

are about the sane as for 11235. Apnarently, this vier,r is based on rough

theorj.es of thp fisston process.

Optlrun Concentra tion-

-

The use of a moderator Jeads to an interesting featr:re, the fact that

for a given shape of pl]-e. there ls an troptimmn uranium coneentratlon which

leads to the use of l-ess uranium than any other eoncentratLon. In.order that

a pile ray operater.the nulber of neutrons abscbetl per second in both the rrranirur

and the moderato mrst be less than the nuinber created, If the concentration

of uraniun ls too iow, the action is not self-sustsining. 0n increaslng the

conoentratlon, ne arrive at a condition in .hich a very large pile is required,

Although U concentratlon fs Low, the volurne to be supnlled is so large that

the totaL rsss of U ls al.so large. tr\rther lncrease of concentratlon reduces

the onttlcaJ. sl,ze ancl the total uranluru requ{renento There is a Linrit to this
lrprovernent, beeapse decrease of pile sd.ze is assooiated 'vith increasing rela-
tive !.mportance of neut:on"€seape at the pile $rface.

da(c[se
Act. $
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I{hen the pile beeomes too su6L1, the amount of uraniun becores l-at'ger

again. ThLs shorvs that there rmst be a eonaentration rvhich leacls to the

. greatest econorry of uranium tn the tmrely-s3ltlcal pile.

The SpherieaL Reqc.lol.

-,

An understandlng of the essentlals of rough pile design can be obtainecl

fbom a study of the sirnplest case, that of a spherloal reactor,.. Apnendix 11

a reproduction of a talk by Dr. R. F, Ctrristy, deals sith a spherical reactor

consistlng of lP35 or plutonlum ln water solution. He gives the following

values:

Opttmm rrass of '11235 for.crttical operatLon: 1.5 kg,

Crltical radlus oorresponding to this nnss z 22 cm,

Power dls-sipated: , 10 ltm.

Ohristy stat,es that the optlnrrrm nass Ls trof the samo orderx if the

noderator is heavy waten, graphite, orr BeO. captr.rre by the moderator ie

nuch l.ess rnhich irnplies. that the optlnrum concentratlon is snaller. Ilowever,

the neutron paths are longer, so the crlti.cat size is greater, All these

bffects coope::ate to make the opttrqi tnass sonevhat insensitive to choice of

moderator. Horever, ve have reason to.believe thst lt nay vary several'foLcl

rchen the rnoderator ls ehanged, so that Christyrs statenront nust not be faken

to nean ttrit ttre choiae of the mode:ratorr is urimportant fron the standpoint

of rz'anium economyr

The Crttlcal Condition^

The differential equation for the neutron denslty in a steadtly operating

pile is

A 2r, *n (r - l/r? v o, (t)

018
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Here K, the reproductlon factor, ls-the ratio pf neutrons ereated to neutrons

lost in all posslble absorbing proeesses, Lncllrding fl.ssion; L i-s the diffuslon

lengthr ''hlch ean be oalaulatecl flrom the nean jfree patll fd acatterj.ng ancl for

absorptlon. QSts flrst reactioi ie to suppude that steacly operation.vrllL
i

oocur only when I( Ls one. Ilosevenl K rnust exieecl one Fo that the leaka,ge

cuFent at the swfaec of the reaetor oan be ;iy'ovlded. The apnroprlste

spherloa]ly synmetrieaL solutlon ls

1,8

(z)t1 = -L sin K-!.€-? r
)fi

Wtth K and t fltcdr lte may requfure that the nsutron density steaitlly dec::eases

f,rom center to bo.undary and that t.t' besores zero at the boundary. Thus the

quantity ln parentheses rnus! aeT. This neans that n !-s zero at the boundary,

but the neutron f}:xe rD grad n, ls'not zepo, . rt ls Just sufflcient to take

care of the exeess of creation over absorptJ.on ln the sphene as a whole, The

reader will detect a flar<' in this argument. If n ls really zero, the fltrx
at the bormdary nust be zero, beeauso tbe veloeitlr of the neutrons is finite.
This flaw aqlses fnom the use of sinrple tliffuslon theor.y, rqhtch pays no atten-

tlon to the actual veloeity of, the dtff\stng neutrons and sinply asswnes that

the net flux is ttlat ;tsted above, In aotuality the nean free paths of the

neutrons are flnlte, ancl cliffusion theory does not apply to those whi.eh orl6r
lnate r'lth1q a few nean fbee pathe fbon the houndary" Flnarry, n is frp*.aero
at the'boundary. The asswnption that l.t is zero yields a good approxLrnate value

fon the orltical radius, nenely (tn ttre splrerica!. cade),

R"F *r/ Vffi? . (r)
g. R$g!r Deglgtr of. a Cy],Lndglgel_&eac.tof_ggp3e,tping_&!95"

(Parts'A an! B of Chapi;er 1I),, To reduee weight rire assune there ls no

shlelding and no neutron reflector, The reacton rmrst be pler.aed llon.end to
aleleDrb
Act, 50
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end wi.th a nultipliclty of tubes ln v'hich t!,re gas is heated, Absonptlon of

neutrons bV the gas ls neglected, for stmplicity, although this correction

may introduce errors of several per cent. ]Th" f"""tlon of the crosersection

taken up W the tubeg ls denotedl Uy .l. ',

Ganow suggested a simple pethod of 
"ti.o"tng 

for the tubes. If the length
i

of each tube ls great compared 'r'ith.lts diameter, we nay agsume that pra.ctically

all neutron tnean flee.praths are increasedl by a factor t/(t - f ), so that the

dLrensl-ons of a critical neactor are j.noreasecl by the sate factor, Ths net

resul-t is that the ness of the reactor Ls incneased by a factor

(
L

1-f' ,

because only a.fbaction 1 - Fof the cross-e€etlon 19 occupled by noderator.

Thus 're can consider a solld renster., and 'ohen the job is done vre rmy suppose

it is replaced by a tubular structure of the sartp overall shap, the tube area

bei.ng ehosen to pnovlde the surfaee needed fon effectlve heat transfer to the

Bas. Let us suunarl.ze the investigatlonr. 
.

(r) Horq lbg. rp?sp .glulagiyq lq det-e-Eginefl. The first step ii soLution of

Equation (f) to flncl the condition imposed on the radiuE r and length h by.the

requirenent that the reactor be at .l.east of crLtical slze, There is one

eguation of condl.tion,

9.5$6 r- -:-
'.2 ' ' n"'

(t." f )2

LZ d2
vc.-s-. - 1ric (tr)

{r5 020

\
t
i

)
Hene r" anil h" dre the critical radius anb the correspondlng critical lergth,

a.nd ,re write

re\c| /^ (5')

t ls the ctiffusion length in lhe solid materl-al- and v the average nunber of

neutrons pnoiluced per fission,

aa
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C ls a dinensionless nrrmber proportlonal to r:raniun concentratiohi I[e

cal.1 it the eoneentnation, but actully its definltlon ts

,., = -Ig-jeq-c=1ffi%. ' (6)

The Nts ire the nrunbers. of atoms of uraniun ancl noderhtor, respectively, in one

cubic centiureter, and the sigmts are the absorption crossqsections of these
'substanees. For the case of carbon, the density P U of uraniun in the nri:rlure

lg PU , rr'., Io-4 c. (?)

By Equations (4), $)1 and (?), ne see that for eaeh shape and each core€D-

tratl,on C, the crritlcal radlus, critiaal length, and thereby the uraniun tnass,

are completeLy de'termined (provided, of courser tha! the concentration is not

too Low). .The nass qf r.u'anluhr Dr tunns out to be the ryl}c-g of a functlon

of C, a firnetLon "t / , and q factor (1 - f )2,

(2\ !E^g2,. The'bast shape is inclepenclent cf the best coneentratj.on. By

differentiatlng n wlth respect lolne fi.nd it is given Uy r"/h" = 0.51/., 0ilrer

values can be use{, but they require'more uraniutn. In this repcnt, we shal1

not atternpt to optiiria range'on speed by changing/; the va1ue 0.542 ls
used, unless the contrary j.s statef,

0) Tempersture gffcctg.. The best concentration depends on the tenperatrre.

At higher'. temperatures thernal--reutron absorption eloss-soctions are snaller, i..e.,
the nean flee paths are greater. Tabl-e 2r page 2.13 anc rarrle t+t vge 2.33r show

the resul-ts of critlcal--'reactor calcu!.ations for carbr,n arrnl BeO piIes, re-
spectively.. The conditlons eonsidered arei

(" ) Tenperatures of g00oK antl 300OoK.

(t) Valuas of V fron 2 lo Z.ta neutrons per fission, because we clo not know'

V. Within tiri.s range the nass values ai'e quito sensitir-e to 'cire value of V,

although the dinensions are not.
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(c) Several mlues of rg/hcr incluctlnp the optiniln va.Lue 54.
I

0o
Griticql, Slzes antl llraniurn Requirernenlsr. Ihe results shcm that $

-

.i

t3g ceng.e.ntralign ts el,oJeqly ilcsgasql, we clo not have to change the pil-e slde

apprectably in gotng fron roon tenperatupe:'to the.operatLng tenperature. Howr

everr when the plI.e ls stocked with r:raniuni to provicle critioaL bperation at

hlgh ternperatr:ree lt is highly supercritfoif "t room temperature. This nakes

the control problen very diff,loult. Taki$ V equaL to 2r1 ancl T e 300OoKr ne

findl for a soLid reactor of optfumm shaperthe folLowing ttata (see also lab1e.!,

page 2,?!),

![aterlal Fg 2 Clll. hs, crn Uranium, kg. Moderator, kg.

(4)

Carbon

Be0

56

55

103

L01

9:1

7.2

5000

6350

(l) Dgele.tigp ls negligible ln a Jr000 nite f,Ltght. .This sinpLifies

operatlng conditionsl but it neans ,ivlut nle already knem, ttt &, EIE gg tt€
uranllg s€r.veg ErIv to nBEg llg pitlg opSlgE. 0n1y about 25 grarns are used ae

fuel ln tho fright of a partiouJ-ar 5000-mile rooket (p"e" l+.L'l).

' (6) Poiqo+*nq gn{ Qg{rtf.g1 fTgb}erngl. tn potsontng in a 5000-nt1e flight
is nalnly due to a slngle exceptional isotope, renon 135r rc,hich has qn absorpr

tion crosstseetlon for sl"or neutrons af ?$.n111lon barnsp farr greater than that

of any bther known isotope, Inforrnafi.on on thle lsotope was ::eJ,easecl, but has

s.l'nce been recLassified; therefor.e these rererks about its crossrsection nust.

be treatecl as conficlentlal. It is forrcd in rel.atlvely large qr:antities (about

6% of ilt ftssions) elther dlrectry, or as a nenber of the a,haln

t t)5 X.e ]r35
(6.2 hr. ) (9.a- tt". 1

Te.L35 f tlj ,--)
( ( 2 nfr. ) (6.2 trn, ) 9.2 hi. @q)

L3 ninr $61
conlrlt! lnlonaetloo

Stet€s vitbtn

rt

L35

a
a

Xeo
or of the chaln

and

tltg neudul
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As long as the pl1e operates, Xe 135 ls rapldly destroyedl by rreutnon-ab6or.ptlon,

the equlllbrlun anount is 1.orv, anil tbe extra uranium roqulred .to orrercomo this

neutron.Los€ Ls alua;ng less than Lfi of the .tota!.. In a 5000-rn1l.e mlssile the

extra'anount r,CLL be consl.derably leis than 10[. Thus tho iffeet of polsoning

on the uranlun requlrenent is not senloue fo:r these nigslIes.

Tho effect of po!-scrntng on the control characterlstlcs apnears to be nueh

nore sorf-ous. It nay eause the reaetor to qselll€ts in energf in suoh a'my that

. control ls gieatLy oompllcated. lho reason for thls ls easily e4plalneil. The

functl.oR of the contnols ls to mintain the average reproduetlon. facton at the

value unity, [hat is, the operation'rmrst be of the onroff typer beeause the

neutron flur grolri steadlily when K ls greater than one, (WtrLte it, {.s Limlted

by the decrease of K shen the ternprattre rlsesr re eannot afford to Let tho

temperature :rlse far above the design 1eneX.. Thus eontrol- ::ods rnrEt be pnovicled).

Now conslder phat hapoens when opration ig interrrrpted, The destruetion of,

Te Lg5 eeasesr. and more'ls produeotl by deoay of I 195. Thus the control rods

nnrst be moved t\rthsr to start the operati.on agaLn. Tho longer the lnter.rrrptlon,

the more pronou:reed this effect becomos, Estirmtes j.nclloate thot this.effect

. my be a naJor dtfficuLty. tr\nther stutty ls reguired befcure dlefinite statn*

rnents oan be Td",
. Ono polnt ernchasized by Dr. fie.Uey of BuOrcl ln convorsation rmst be brought

out. Our dl.scussion refers to the scrdt case, ln rvhich all. the poison :<enon Le

retdined ln the reactpr. ft ls t heary rare gas. lle have no evLdenco at all on

the rate at -hlch thls large aton ean dtffrrse thnough paphite or Beo. It 1s not

possible to nrke even a rou.gh estinate beqauso the darage to the moderator by fast
partlclos, racllation and nonunifs.r:nr heatlng cannot be envlsioned. Deerfunents

O on ,(enon dfffusfon at high tempratr:re are needeil.
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P. lhst lFutrop Bgfigtorp, (Part C.),

ft rnay be possible to deslgn a fast noutron reactor n'hibh' ser:ves fi.rst for
propuLsion ancl thsn for. an A.-bonrb at the enil pf the ftight.. ltihethor this ls
trus or note thess reactons mrst be .stuclled. hesunrably they wouldl be fallty
freo from polsoning effects; tlut" ls no reason to beilleve'thet slcm-neftniin

sralLoraers zuch as Xe 135 would havo exceptlonaL orogsrsoctions for fast neutrcins.

Tho fi.rst step ts to study the rnrltiplication factor I( of a spherj.cal

fast nepbron :reflcton 'vith a radius in ths nel.ghborhood of thb cnitioal. vaLue,

The resuLt Js

K;1 * O.g? ..\}l. (8)

The critical radlus Rg" is probably about 5 cn and tho critical r:mss about 10 kg;

we adopt.tbose velues;

The noxt qtrcstion !.s, can ,oe control a slightly ovorcritiqal reactor to'

obtain usoful- poner? .Aside flom the faot lhat lt rculd be hard to obtaln per.,

sonnol for such a proJeot, it trrrns out to bo rrcry dllffisuLt, technLcaLly.

Therofoie wc consltter the sliehlfl suboritlcal neactor, a devLce suggestecl

by Gamorr. ln ohloh the qhaln of fissions btarted by a single neutnon eventually

dles out, but i.n 'nlrich each flssion ohaln eontnlng hundreds or thorgantls of

s.teps. 
.(We 

cal-l- the numbor of steps the ampl-ifi.cation factor.) Now, tho aotion

of a 6.3-1ght1y suberltieal reactor could be rntnGi.nedl by a neutron sourco,

genoratlng'.a powe! which ls grglL conpered wlth that llberbtedl by the raln

roaetor. A rorigh estinate shoFe that *tth existing neutron souloes such ag

polonlun or rqdiun:.beryl1iurn, the poser dissipotod soulcl be geveral.per oent of.

the main pon'er crnd the arnountg 'of aetive material neoded are embarl,agslngly

large.. These tllffioultC.es could be overeone tf ?" had.better neutron sources

dctetlse
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a avallable. '1t'.snontaneousJ-y fisslontng rnateiial. wlth suitabie halflife woulcl

be ldoaL fcn the purpoeo. I[o do not pgesont any missi.le clesigns uslng fast

reactors, sLnee.the'erarct anplifiention proportieg rlould have to be known to

avoi.d Suesswork, but the possibllity of such dovLces nmst be kept ln ri.nd.

ft nust be rerembereit that the detaiLed errnelusLons of thts chapter about

tho crl"tlchi eizo, optlmrm concentnation and optirmrm shapo of reactcnes my be

'affllctecl 
roLth conslclerable €rrorso Tte:re are uncertnintios ln regarcl to the

cioss-sections and the number of neub:ons por figsion, .A1so sra have userl the

octr.ral densities of graphlte anil BeO erysta.Ls, whilo the bulk clenslties of lhe

node:rator rsterial rnoy be aprrociably snalIer, IIg cannot say what mxlmrn

deoolty rnay be attalnablo by proper fa.bnicatlon. The degree of conpactnegs

will also. af'feot the thepnaL eoneluctlviti. Thg whole troatnant ls based on a

stmplifled sol-ution of the dlffuslon equat5.on, which itself Ls only an aporo:cl,-

nate descrlptlon of pondltlons in the piLe, The neqtron itiffirslon oonstant

depenclg on tsmperature, -hich itsclf varies "rlthi; the plJ-e, clepending on the

neutron density and. the $rrfsse hoat fLon' conilltlono, Thus the real- problem ln-
voLves t',vo eoupled clifforrential oquations, one fon the neutron donsity and, one

for the tenperatule. Indeecl, the r.raniun coneentration shouLd be gradecl to

unifernlze tho torp"rntwe. . '

Attentlon shouLd be focussetl on the ldeas dcvelopetl and the general furend

of the datal no! on the nune:rical valuos oresentod, Theso vaLuos earurot be

trong in cndel of nalni.tudel but we can be falrly. cortain tlrat the sizeg and

weighta presentecl are underestimatesr 
.

2, 9rry$Snr gp clra{Try_.EIJ,r-SFJ,Ir.flq4m,-rE.qr.cI .04 !.olg.F4.ngs pll,onrff As,Qn44T

ft ls desfued to flnd the optfimrn.type of deslgn of a fest pilotless a:[r-

plane to carry a payload of L2r000 lbg. a tllstnnce of at least S'OOO nl.les. The

fdcneffor th. Elloml ddae
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three posslbllitLes' dlscussod arss

The turbo-Jet with nuclosr energy as tho hoat souree.

I\rlilo-Jet with conventional fuoI,

Aa aln.turbino cirtvlng a conventionnl propoLler, Sh nuclear energ;i again

suppLy heat.. Ihmllies of such vehlcles oorld be deslgneilr but 1rr. this report

computatlons are cnrried throug]l for only one of each t1pe,

The bodly shnpe is that of an elongatedl tear drop rslth'the nose eut off to
permfi the entnance of th9 3fr arrct tho tail cut off to a1low tt'to erhaust

through a Jet at. the rear. The mxinrum body tl!.aneter is. ? foet anct longth ls

of the ordcr of 40 .r 59 feot.

In thc case. of the nuclean 6u1.6s-Jet the leactor deslgn is rteter8nined W

the sln|ultarpous solution of oqr:atlons oxprgsslng the follb:rtng rcqulrercnts:

(1) lrbss florg nocegsBry. to produce the thrust required for flight undlen

the po$tutrated oonditJ.ons.

(2) 0pt.frnun critioal reactcm size ae a firnetlon of the crrogsrseotlonal

frse area through vhloh the air flous. This nelatlon folfows f]on the study'of

cy1-indr.ieal ernlched reactors given in Chapter If.

,(?) Heat transfer nelatlonshlps, Ieading to a'lengthrcllalret€r ratlo for

cach tube per.forating the rreactqr. For these eal.eulatlons a. reaotop walJ.

temperature. of ,(,000oR. lF assumedlr-'a value not beld.evedl'r:nreallstloally hlgh

woni the gEteri.als stanclpolnt.

Tho pnooedu:re ln evaluatlng (f) fs to iqrodel the nuol.oar cleslgn after a

coruneroi.al gasoLt.ne burnlng prototypo. A gesoline tu:rbor.Jot of reecnt ctestgn

uses L.08 Ibs. of fuel, pen horr pen pomtl of thnust ln nyoducLng a thrust of

4000 lbs, It is sho'ql i.n Sectlon 2 of Pant A that from such a thrugt a spoed

of app:oxlrntely 600 MPII ean be realized at .(01000 ft. for thle clesign, Ibon
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I thls infof,untLon tho power consuiription of the vehLcle folLo'rs at oneo. Now the
. .:

lntake and exlt stagnatlon tem$i.atr:res at the recetor are brdetl. the fcnmer ..
ia '

ts 62JoIt, shieh is celculateil {Y'bm the vaLue eristing at the conpressor lntakel

plus an Lncrenent due. to colrpressi.on. The latter is 20008r rvhtch the turbi.ne

structrrre s111 stand. fbom these.:tenperatwes and the totaL heat requirenent

the nass flos is deternLned. [rdn thls figune ttre gns stnean cross-seetlonal

area and henee the ovoraLL roact# dlurensions cap be eaLculated, as nentloned

in (2). Then the applicatlon crf tlm heat tranfffor equatj.ons outl-tned fn (l)

glves us the dlameter, and flnallv the totsl number, of the tubes pe.rforating

the reactor. Thus tho thnee conditlons enumorated above can be mst slrnrl"taneously

to gfve a unlque reactor design of the folloorlJrg dinensions:

Dlanetol 6 ft.

Icngth 5,5 fl,
Wclght (assumtng cnrbon mocloratorr .,'i!h

average density of 139 ft/ft3) 121800 1bs.

(Erictfon of erogs-sectLonsL anea
ellotted to gas stream) .lA

' Dianeter of indlvlchml tube 1.5? fn.

' lftlnber of tubes' . 86S

the porver addetl to the gas stream twns out to be approrinately

331600 ErP, whl"le the po'or ortput of the engine (tfrrust tines veloclttr) iE

6rli00 q.P. This gives an.ovelall effiolency of L9fi,

TLe welght lreakdom, nLng area required and apfroxlrnate perfornance

are as follows'fq the three furpes consldered.

&Ls azY
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Turb6'Jet

Conventional
F\re1

=$frtfitT=-
a'

t 1_

1\rrb6*jet
Nuclear

1.1?

ttu"tcSr elr
T-rnbine -ith

Des s

PlLes or flrel rqlght., lbs.*

Fayloacl

Power Plent

Propellers, geor boxes, ote.

Structure

Grosg retgh!-dt taketoffl Ibs.

Gross vrotght at lancl{ng

Thrust at flight speed, lbs.

A.pproxlnato arrerage alr gpeed, FH

WLng area I 9e. f't,

ilbxlmum ran&e,

13r500

u1000

2 r3OO

v6r7oo

L2TOOO

4fioo
r*

9l.rO0O

85rooo

lr8r38o

4rooo

1165

1r870

4roo0

1315m

121000

6rooo

4rooo

23;5oo

59rooo

59rooo

3r9oa

550

685

18r2oo

46r000

46rooo

4rooo

600

, lrlO

.F.'( **

x* hobably lirnitetl only by rpterlal fail,ure.

* Approxl.mate for carbon reaetor. See page 3.18 fsr details on 0'and BeO
. Deactors.

On the basj.s of these figures, it ls conelu.ded that the nucl,ear trr:rbo.Jet

bas thp bost perfcrnttsnce fcq a pil.otless airplnne operatlng ln the dorrrin of

high subsonie speed, Thi.s conclugion dopends on the assunr-tl.ons 
.tFA:t 

the reaetor

welgbts.of Clppter II nrp substantful.ly.ccnrect and that the reactor natorlals

ff:: 
up to thelr cost is not consider:etl; perfornnnce'cnlv has been
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A* sunnaqLli-qbeplg,Jy. Ngcleeq !Eelgx-.lg-Rggk*- Foeglgion.

Thls chapter deels .with rockets iin which liquid hydrogen is heated by

an enriched plLe. Such a devlce may be'conpared wlth a llquiit-hydrogen 3-iquid-

oxygen rocket. The optlmrm specific inpul.se (pounds of thrust d,eveloped by

a discharge rate of one pound per second) for the.latter is expected with a

ratio of 5 moles of hydrogen to one of o:qgen. This speciflc irnpulse would be

about 395 Ih" sec. per 1b., and the exit tenperature about 2?6OoK. 0n the

other hancl, a nuclear energy rocket woul-d yield a speoific 5-rnpulse of ?30 Ib.

se.c. per Ib. when ejeeting hldrogen at 2500oK, or 222JoC, These figures alone

do ntt fWnish a vaLld eonparison of the two types. Wlth a ftrel of low nolec-

uLar wej,ght the tank and structrbe weight requireri to carry it increases.

Furthernore, ln a long-range nuelear energy rocket, the reaitor nust be cagied

all the way, because there is no advantage in.jettisoning it when the ni.ssile

gets outslde the atmosphere and'the fuel is extrausterl. A detailed calculation

(faUte 3 in Chapter IV) shows the vretght distribution for hydrogen-orrygen

rockets and hydrogen nuclean rockets having ranges from 1000 miles to infinity
(esoape), when working at the exit temperatures nentioned. No lmpossibiltty

is encountered at these terflperatures, up to ranges of J.0r000 mj.les. Thus the

question to be attacked. is whether a suitable nuclear neaotor of the weight

allovred by the overall deslgn can be provided. The requlrements are that the

""."iot must have enough surface, and the operatrtrg ternperature must be high

enoug.h, to heat the hyclrogen to 25O0oK. 4 number of high-surface designs could

be considered. Suppose the reactol is a bundle of rods of radius X. Let j be

the averege rate of energy transfer per unit of heating surface. Then for a

carbon structure, it is found that

I i/x = 7't* x ro9

where j is in ergs per sg. cm. per sec!'and X is tn cm.

(8)
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. Now consj-dering heat transfer by radlatlon qbove, X nust be about 0.6 eni,

on the assuripti6n that g!! ra.dtation can be absorbed in the gas channels, by
.:

loadlng the gas wlth an opaque snoke. This would. be nost difficult. 0n the

other hand, the slze found for the reaqtor elenents together wlth the optlnun

pi3.e slze calcuLated in Chepter II, suggests that heat transfer by eonduction

.uray be v.ery effective. Ile calculate this trensfer by standard equations (thelr

velidtty under suc.h conditl.ons is not e:qperinentally estqbll-shed, but one rpust

have generaL faith that.they yield answers correct in orden of magnitude.). .It

ls found, for e:canp!.e, that a ptl.e with clrcular tubes as heating cbannel"s

witl supply the neeessary heat, under the followfng specd.ficatl.onsc

Assuned surface temperature, 3OOOoK

Length and dianreter J,[ feet

Tube dianeter, about, 1.! cm.

l{lninum wall thickness betwee.n

. tubeE 0152 cm.

Per cent of efosgosectlon occu-
pled by tubes 5}fr

10.8 tsns' tyeight

Now it bappens that this plle ls sl.ightly Lirger than the critical., optl-

nuD ooncentration carbqn pi]e discussed in Chapter If. We can say they are

ldentical wlthtn the linits ef eccqraey of the cal_cu1atl"o4s, The critica!
uneniuir reguirenent of thq nucJ.ear energy rocket outlinerl above'is about 96 kg;

of t1235, '

ALthough the preclsion of the nuslear energy.and rogket calcuJ.ations nay

not rnrrant' pore cletaiJed.ftgures, the effect of varlous deslgn paraneterg can

be indicated by calculati6n rvhich should show the proper reLative sLzes. Accord-

1ngly dinensl-ong of several conplete fantlies of rookets are pFesented. ft is

found that an i4cneese in the rate of fllow of ges over that assr.med in the

415 030dclcDrc
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ercampLe above aan leacl to a decrease iR reactor weight of as nuch as 6d.

Oorrespondlngly, the tnlttal rocket welghts for a ten ton payload can be

brought down to values of the order of 6O tons. Also decreaso ln the crltical

dinensions of the reastor (for exampl-e by the use of higher tJ235 coneentration)

can lead to a very considerable deerease in the required reactor slze.

CaLcuLatlons at lowor gas temperat[pes, down to 16OOoK, indicate.that,

with a 5000 nile range and payload (hclUding controls, etc.) of the order of

L0 tons a nucLean eaergy rocket nigh! cornpete with a tqrclrogen-orygen rocket

with ges tenperatures as low as 2O00oK but cannot contpete at nuch J-oyver gas

tenperatures. Reactor temperature nust be several hunclred degnee.s ebove the

gas tenperature.

It is fnt"re"ting that applicition of the deslgn procedure outl-ined indi-

cates that a one?stage satell.ite rocket camying a 10-ton p4]rload oan be driven

by nucl"ear encrgy; the .rocket treight involved J.9 ]ess than 1@ tons and the

reactor weight is about d.! tons. This assunes the feasibllity of nass flows

(per unit area) of appnoximately {r0 $ ./o^2""..

fn conel-us5.on, the nuclear efrergy roaket {or e payload of 6 to 10 tons

can be nacle superior to any cqnventional. rocket in the sense that the weight

required for a given range is gqraller or the range obtalnable a.t a etVen welght

is greater. ft rnugt be emphasizetl that these cancLupLons are based'on several

assuntptl.ons, naneLy

(a) Sqbstantial val.idity of lhe reactor desigr oarried out in Chepter II,
(t) FeasibiLlty of a reactor operatlng at a surface tenperature of 3OOOoK

for about 200 seconds without structural failure, under the gas pressUres en-

ootrntered 
I

(c) Sufficlently sLow erosion of carbon by hydrogen at the teraperatures

specified herein.
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C 5. Sunmary of Chanter V. Suoersonlc Nuclear-Powered. Rarn-Jets and Turbo-Jets.

--@

This chapten indicates the technlcal feasibility of supersonic ran-jets

and turbo:Jets uslng nuolear po.w€tr under certal.n assumptions and restniotlons

on the oharacteristios of the Teaotort the flight conclitions and the aerodynamic

design. These cpnditions are outl,ined in the conclusl.ons and dlscussions sep-

tion of Chapter V. 'To have a basig f,or evaluating such deslgns it is necessary

to conpare them wlth q prevlously conceivecl. design usi"ng conrentional f\reLs.
,'

Conventional Desig.n. Part A of the chapter is therefore devoted to a

uu,""ffi;*ram-jet+prope11eclguicledni'sg1!.e,usinggaso1ine
as a fuelr This ls essgntially a sumnary of a previous report issuetl 6y this

labonatory. It is concluiled that such a design can have a r4nge of 3rQ70 niles

when flown at a Mach.nuuber of 2,2 and art altitude of 701000 feet. The state-

nent is aLso nade thqt a range of 51000 niles j.s in the realm'of possl-bility

if ce::tain increases in ram-jet performanoe can eventual.ly be obtained,

Desiers Using Nuol-ean Energv. It is necessgry to 1ay aside the unsol.vecl

questLons of mechanical and cbenlcal lntegrity and to rnake desl.gns oovering a

range of operating tenperaturip whioh does not compleleIy rule out the use of

desirable reactor nateri-aLsl and whlch, in the Ilght of existing experience,

nay provi.de sqfficient thrust to meet oqr speed requirenent. Aside fron

these considerations, it i" desirebl.e to have on record basic ealculations

concerning heat transfer to a gas streau, by radlatlon and. by convect:lon,

in single.tube and rnulti-tube reactors., .It is qlso desirabLe to stucly the

aerodparnic characterlstics, partlcul.arly the iptennal drag of sush reactors,

the ::eaotor weightg and.volunes involved, and the'effect of these faetors on

the size and welght of the .bird.
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o ' Heat Transfen in Reactor.rHeated BamrJets. In Part B. a nuclear ran-let

flying at 50-601000 feet at a Mach nunber of 2 is consid,ered. Firqt,, a fornula

ls derived f,or the.power required per upit volune of reacton naterial, ln prep-

aration for determtnlng the design necessary for transfer of the heat to the

gas. 
.

The possibiltty of radl.ant h'eat transfer fron a single J-arge tube to a

gas-con.taining snoke w.as analyzecl early ln thls lnvestigation, It .beoarne olear

that such a device has no v.alue Ln connectlon wlth 5000-ml1e vehicles. (See

also Part F.) However, the anal-ysis of radiant transfer to a snoke-filLed

gas is presented beeause of tts possible vaLue in other fields.

A study of convectlve heatlng then showg that it ls hqpel.ess to eonsider.

A slngl.e large tube. Such q deslgn is ruled out for a 5000 mile vehicle be-

cause the rreactor weight would be very g:reat. A nu.Lti-tube reactor is clearly

lndicated, Ttre inportant resuLt of this sectiop is an equation connectlng

the temperatures, the ratlo of Length to dLameter,L/D, for a single tube

and other quantitles; naqretjr,

ln iL*q- = 'o'ool 
14-==' (1"1

Tw - Teo " (oprmoarA4)0.2

Here lengths are in feet, and d,ensity in'l-b,./cu.ft.i e ls the intake density

and M1 the fllght Mach nunber, whLLe .lf/fo is the ratio of intake and dl,ffuser

areas? Tn ls the wal-I-surface tenperature, and tdu, T"o 4re the stagnetipn

tenperatures at the entranee and exl.t of a reactor tube, (lhe diffuser area

Ls defined to be the gqs-strean area in thq neactor itself,)
hopulslon and Aerodvnarnio Anal-vsis.

The subsequent analysis noy,, runs as folloyrs:

(a) The relation betseen gas exit tenperature and net thrust

coefflcient ls vrorked out for any t;rpe of reactor-heated ran-jet or t'urbo-Jet,

Thls

o
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in forn sujtable for nunerical computation, in part C.

' (b) Tne aerodtrmaralc analysls cquld be carrled out for whole

families o1' "4n-jets. The calculati.ons..of Part i .r" restrlcted to e flight
altitude of 501000 feet and a lriach punber of. 2.O. for tbese oonditi.ons, the

ratlo of body cross section to intake 'afea is ehesen to be j.73 bn the basts

of previous oal.eulations) and the reactor l's chosen to be a oylinder of the

following plopentles:

Dlaneter., 8 ft.
Length, 7 ftr apfrox.

f a,556

'( f i" deternined frorn the bird cllaneter and the cliameter of the critical
reactor of optimum shape and'eoneentratlon.) StaUftty consiclerations nake

possible a reasonable deterninetion of the tail aree. Bytrialr'a wing area

end q nissile welght (Zt*rtrOO lbs.) are found which satisfy the nelation

Lift . Treight' Then drags are couputed, end it is found that the drag coeffi-

eient ls 0.371; this then is the value of the thrust coeffisient requfrgd for

fLight under the specifieit condttions.

SgEpgEign gf Ee?ctgl, $g$gse-IqmpelaluXe-a$-ggtsbgJ4i.sb-9es -EeJlsuu .

The rreights di.scussed in part D are necessarily estimates; therefora it
is reasonable to salculate a series of values of total weight, correspondlng

to varloqs reactor tenperatqres. Thls is 4one as forlows in part E.

(g) l- is.0.556, so the gas-streatn area'in the reactor is 28 sq.

ft'... for an I ftr bird dianeter.

(u) rt is assuned, es an educated guesp, that the exit ges stagnatJ.on

teurperature ic 100OoF. less than the wal1-sunface teqperature. (Equatlon ia

is eupLoyedr) The thrust qoefficlent canthen be computed for a series of

teactor tenperatures (ta.bl-e 2t g, 5rt3).

Tht3 detcoee
Act, 50.
L.ca>
3L'tEiIrlF
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O (c) For each thrust ceefficient, Clrr we heve a vlue of the nissl]e

weight, naneLy,

wb 
= 

(Lffr/Drag)qAgctrr.

Here q ls the dynaralc heait, Ag the body cro.ss*sectlon. The vaLue 6 for opti-

rnum lift,/clrag appears to be attainable.

The results, in Figs.. 5-4 enil 5-5, shgw the total weight .as a functj.on of
T*; also the weights available for structune for the cases of carbon and 8"0

. qs nod.erators. The conclusj.on is that q wall- tenperatu.re of 360@R leOOooK)

or tlore is requlred to provlde suffioient structtrre weight in this type of

veh:Lcle

The ctesigns gonsiderecl nay be far fbom oFtinum. It nay tre that a larger

reactor and greater l-engtVdteneter ratio for the reactor uriJ I improve per-

forrnance and perrnit lower reactor temperatures. Hewever this nay b, a nuglear

ram-Jet vrlth I?,0OO }b. paJrload appears feasible, subJect only to the usual

restrictiah, that the reactor nust stand up at the operating ternperature of

atrout 3600oR

'fn simil-ar vein, in Fart G the analysls of a supersonic turbo-jet with

' 'dxhaust heating, capable of fltght at a l{ach nuinber of 1./r i9 ppesepted. It
seen9 likely that such a design is fbasible lf reactor w411 temperatures of
'at least 40O0oR ane used but the raaoiwn requirenents ane lwice as large as

those iir the rsn-jet since two reactonp atre nequired. The structrrre of the

vehicle is also nuch nope courplli-ca{bd than that of the ran-jet because of the

eddttion of the turbinetconpressoi. unit.

4L5 03s

delcree
Ast, 50

o

--



I-I

o 6. Sumlnary qf JQhaptel YI* Tlie[.Iegeerature.. I@lerig]E

Earlier chapters deal_t wit[ very high reactor surfaee teurperatures, fyon'

2OOOoK to 3O0Oo!(. P.hysicaL and Chenicel data j.n this range are required firr

furthe:: progr.ess. We shal-l gfve sone facts whieh will help to outline the

general trend of neeessary investigations.

At Mg!,enials fg,r Pilej.,gn$.TLeir.spppglg. Teble 1 of chapter vr sunma-

rizes the melting points of naterlaLs which can be consid.ered for the pile

raoderator or for supporting structures. It is lndicated that carbon is the

most probable qholce for a mgderato:: for rockets, Carbides of sone fourth and

fifih group elenents, (Hf, ta, Zr) and their a11oys and mixtures, mqtr be uselbl

for supportJ.ng structunes. (These gerbldes end a few reLated ones are the

highest-aelting cottpounds known; M.P. of 3800 to 39OOoC. Reaotors for ram-

Jets and 1urlq.Jets should.be B"O, thougtr a carbon skeleton or natrix coated

with BuO ls a remote popsibtlity. Tungsten, which has the highest tensile

strength of any lorown Tetet at roon tenperrature, might be used, tn minor quan-

tities as reinforcLng rnaterlal deep within the refractory natrix.
' 

.8, 9optlol R9BS. The Satorials suggested for controJ. rods ane tlryified

by the'following, 
.

CrB or: CdC eneLosed in carbon tubes.

TaC or HfC with snal.l percentages of gadol_inium or its eompougrds.

Materials oontai4lng a few per cent of the oadniuur isotopo 1L3,

q. B{steclton,gf ategig-galhe.gd..fToq-JLeutroJ€. If the werhead'body is
TNTr.then a onetmn layerbf gad.oltnla deep in its structure will provide suf-.

ficient protection.' Alternetirrel1'r abou.t L fb. of highly hydrogenous material.

and a thin layer of gaclollnia r,riLl sufficer Protectlon of liquial-hydrogen

fuel againet boiling utiler the influenge of nuclean radiatlons can be accomp-

lished ln simllaf fashion.

&L5 036
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