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t, R, Hafstail

A. E, Ruark

lbansnitfu 1 bf Pnogqess ltepo:rt entj.tletl rrNuerear-pouered Elighttt
by an rrrfornal corntrttttee oi' ttre Applietl phystcs Iaboratcry oi
the Johns Hopklns llnlversltyr

TO:

lB0rrr:

SUBJECT:

t
I
I

t
I

I
I
I

I
I
I

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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o CEAPITh IV. PN6[,II'iINA*V X4OXS ON NI'CI,EAR ENffiAT

FOR ROCKET PROPT'ISION

by

B. Tr McCIu.re and R. 3; Eershqer,.
2

4

1. .Ie!Eg@$"Lg

trn the comparlsoi of fuels for use in rocket progulsion, probabJy

the nost si€alficant parandier ie tlre so-ca].J.etl effecttve gas velocity or,

equlvalqnt\y, the epecific -iutrnrlse. Tbis quanttty ts tlefined by tbe ratio

of the tbrrrst to the'aass rate of discharge of proptrlsive gas and is nain\y

a'firnction of the thermotlynanlc trrrqlertles of the gas. .4, convenlent formrla

for the specific ln1nrlse, I, of a gas, is

( r) I [rt( fqrce)-sec/ra(r"""! ,. e,302 rr Vf,;;-
where n 3 lnverse of the nqlecqlar rr'eight of ttre gas (qomDustton prothrots),

0s * clranber ga6 tenperature |n d.egrees $eliiu, a:rd I' the reducetL speciflc

iupulse, ls a fupctloa only of thp ratio of speclfic heats of the gas' the

ratio of chaaber ?"essure to atnospheric pressure, and the area exparlsion

ratlo of the rocket 4ozzle. fhe firnction 11 is grap]retl over a rarge of a]I

three variables iu *BtrrrSn-rc (OSSD IIo. 5548), ttThe'Reduced. Speclfic Iaprlse

of ltteal 0asesrr, Na4cy pla:mer and F..|[. lrlc0lure. Nraqerlcaliy it varies

betrreen I.6 anct.2.6 fqr tbe usual range of the variables.,

Other lhings being equal a rocket loadett.with pSopellani oi rrrgtt

specific'i"mtrru,lse has a greatep range thap a correspolrding rocket with a lorv

speciflc inpuLse pfopellantr 'A na.jor portion of the effort of rocket de-

velopneat wgrk has been a.isqd at obtaining fue3.s r*ith a htgh spcific ln-

.pulser t\rels in coninon use nou bave an iplnrlse of 180 to 250 lb.sec/Ib.

Equatlon ( 1) supr'rs that a higli specific i!ry'ulse requires high gas

tenperature and low nolecular weight, $ince available coastnrctlon naterials

tlfe
e!!y

]

415 L54
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seen to p3.ace an upper linit on tho tenperature not nuch above tenperatures

obtained. witlr current fue1s (gO0O to Bb00o[, i.e. S4O0 - 6gO0oR) lt appears
:

that significant inBroveuents cer !e attalned. on\r by the use of fuels wlth

a lower molecular rreigbt.*

the isportance o{ }ow noJ.ecular ueight is weJ,l recognized. and

aocording3y considerable attention has been paid to the use of llyd.rogen as

a rockgt fue1. fhe problen is, ther5 to find a means for heating [yd,rogen

to a temperature in the neigh,borhooct of sOOOoK in as econonical a nanner as

possible. Ihe stost sbvious Beans for acconpltshing this is to burn a portion

of the \yd.rrogenr,for exa:aple vith oxygen,.to supply the necessagy heat. titb

the use of the lqrd'gogen-oxygen conbination an optinr:nr spocific impulse nay.

be expectetl with approxinately a E-to-I nole ratio, (See nfuel gyslens for
Jet Propulsionfr by .d, 1{, tei',lr:on, Jr, Report of the GiU.i1a:ld Cosnrrittee, and

tt.Qalculated Perfotoanca of lfd.rogeq and. 0yepn as Jet l.lotor Prope1laplrt,

Aerojet &rgineering corpoyaiion, technicaL lrenorandrnr $o. BT!.d.,28.) ltith
5-to-r uole rat'io and. an olnrating pressure of F0 atnosplreres, ant irlprrse

of 395 l!.seg/t! at sea level is pred.icted, lfith thls. ratio qf hydrogen to

o4fgen a tenperature of 276OoK is obtained !-ut the nean notecular rreight is
pbort 8t4 due to the fomatj-on of a consid.erable anount of water vapor in

*3he upper al.lowable linit op the gas tenperature night be ralssd. stiLl fur-
ther by lr:rprove<l cooliqg of the wa],Is by fila nethocrs or the r.ike. rf, \orv:

ever' the gas ls to be heated by heat transfer fron a r,ral.I (by black rad.iation

or cqnduction) its ,teirrporature cannot be raised abo.v9 that of that wall, so

that eooling d.oes qst solve the prebles"ll
d'

t'he natlonal

&Ls 155
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tb6 reactlon proilucts. ltltb A gtoater aiount of o{ttgen the teuperature is

higber but tbe ingrlse is louer ilUe to the overbalancing effect of ths lncrease

ln nolecular ueight. Coavertoly, with less o:qygen the Dolecular weiglrt is

}ower but tbe dlecrease tn teoperature ts sufficleat to re&uce the specific

tapuise. lhe conblnation of $ldlogeu and. o4ygen in a nole ration of 6=to-1

gives a higtrp". specific ii4r$l,so lhan ts predteteil for any othlr fuel so far

investigatetl.

Clearl,y, a Ereans f'qr lpating lyctrogeu to a bigh tenperature rritbout

increasing the nolecular weight woulil give a verXr signiflcant increage ln

the speciflc ingrlse. In fa3t, lytlrogen alone at a tenperature of ?5000

Kelvin and. a plessure ratio 9f 50 r+ould givo. a gea level lnprLse of about

?30 lb.sec/Ib. It nust be ligme ln nlnd,, bowever, tbat the necha,aism for

beating ths 4ydrogen coastltg,tGs s ilead. welght in the rocket whtctr sonervha,t

recluces the effectivenesg of the gaio in specific in1ul.se. fn par"ticulart

if the weight of the eoer€y.-Ceurge .requirett to produce a certain thnrst was

gySter tlran the thnrst.pro-{goetl,,tbe resulting roeket rlrould not rise in

spite of the htgb spectflc lpgrlror Ehe prollen ls to pro&rce an eDerry

soulce ruith very bigh po.wer.Bef u4i.t welght. Rcccnt d,evelopnents in nuclear

enerry reactors snggest cogstileratlon of these clevi.ges as a pronl.slng rreans

for heatlng bytlrogen for rochet pTolnrlsion trrposeso;

In thls leprt a stpple qrrantitative illscussioa of the ailvantages..

of a rocket operateif by'byitggg$ beated by a nuclear erergr reactor rvl1I be

glven. lor conparlson grqposes a hy{rogea-orygen rocket.wllL be useal as the

protot;qpe of nconventionaltl 3eg,ket.s... llhtl,e a byilrogen-orygen propul-sion

systeie bas not yet beet sqccgasfully useil, it seens anply clear that the

rDy

o
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problens of d.eveLopnent cannot be nore itifficult than those to be expectetl

1n the nucl.ear energy caseo In particular the difflcrrlt problem of handling

.l,iquid. Wttrogeo is coanron to both.

One feature sf roclcet 4estgn whi.ch redgqes sltghtly the advantage

qf a lor'r. molegular wetght firel ls the fact th.at such a fuel ls ltke\y to have

Lou d.enslty and th.us require a disproportionately large tank antl stnrcture

uelght for lts storage in the tocket. Neg!.ect of this point ls !.ikeJy to'

give a.nlslead.ing inpression of the reLative advantages of d.lfferent fuels,

For exanple, in the Jase of a bi-fubl rocket with a large discregancy between

the densitles of the tr.ro ftreL conponents, the opttnqa ratio of tbe tr+o fuel

conponeats is pot the ratio uhich gives tfe naxlmrn specific lnpgl.se. As

nentioqed before, lhe optlnnn speciftc Urpul,se wlth tbe hvdrogen"o)rygen

rocket ls expegted. with approxi.nately S-iorl aole ratio of byd.rogen to orygen.

This. inplles a substantlat\y larger volnpe of lrydrogen than grygen and, corres-

pondtn€lJ' a dlsprolortfonateU large welgbt of the )yd:ogen tanksr Vhile

shiftl,ng t.o lower tyirogen-orygen ratios rlecreases the specific i.upulse and

thus inqreases the fuel wefght tequireil, lt Blght aLso overconpensate by de-

creaslqg the total fuel vohrng- ag4.he4ee rlecreasing the required tank and

structure lrelght. lhe bptfnun latlo ns that rvhlch gives the nlnlnr:p stn of

fuel weigbt a,nd tank arrtl stnrcture welght.

Deterpinatlon of thls optiuurn iequlres a knowlertge gf the required

veloclly and. an exact relgtion betwges.tank and stnrsture vel.ght and fueL

volune, The last relatfo4 is not weIJ. estatllshed but recgnt esti4ates of the

Ilouglas ptrcgaft Corpopation aRi the Qlenn I+. Marttq Conparry (n?roposal fof '

stnrctur.al stu{y Of htgh al.titutle test vehig}err, GIen Lr, }iartln Coupa,ngr,

I
oltt s-

4L5 157
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Engineerlng Report 2g'13, May, 1946, and lr0onslderation of a hlgh altltu<le slace

vehicle (xarr projectln Report Es-20515, PI Segundo Engineering Departnent,

Dorglas $lrcraft Company, March 28, 1946.)i for the deslgn of q. satelllte rocket

have tndicateC.. tbat a ta4lc a,r-rd stnrcture weight as -l.ow as one pormtl per cubic

foot aight be obtainable by thc-use of recent aircraft engl4eering tlesign.

Assru,ring this value, a roug[ Ernalysis indicates that tbe'two'lnfluences of

changing the rveight ratio of hyd.rogen to o:6,gen alnost exdct\r conpensates

rr,he4 fuel ratios are variod. frop 5-to-1 tlorsn 
-to 

+!o-1. tr\reL ratios in thiS'

ra:lge l.ead. to alpost the sane. payload-range relation, at J.eapt for ranges up

tc satelli.te. For arl escape 3ocket whiclt Wlth a si.ngle stage \ytlrogen-o:Vgen

rockpt is on the bortlerli.ne of feaslbil,lty,, the sualL effect. of varylng the '

lqrtl.rogen-o:Vgep bal.ance nay becone very significantt

9r Requi_Ign.egt s.,f og }o.ng,, 4np€e.,Focle*s

In this sectlon rrre eonpaf" lh: design reqtrireuents of a lyilrogen-

olygen rocket aacl a lgrdrOgen-nqclear enetgy.rocket to Obtatn variou$ Iallgesr

Th6 ranges coasitleretl a,re IOQO, 50OOr dld 1O,0OO nilas. Bhls last rarrge is very

near\r equivalent to a satellite rogket, fn aild.ltion, arr llescapelr rocket

is igclurled., In calcrt]atiag tho veloglty pecessary for attaining these ranges

air illag ruas neglecteil and effectiveF instantaneoqs buming was asqued.. $s

a resuLt the rockets Aescriberl would not aptqatly attain the rangeq given lut

conparison should sti1l be essentially valfct. ilowever, 1t should be noted. that

the assu.nption sf sea Level inpglse throqghout burnlng wii.l, nake an error which

triLL at least partial\r co.npensate those mentioned above.

II
II

o

o
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. Sable I girres, then, the'required. intti.al. velocitles for a dra.g

free sheLi wlth the prescribed. range. ll4ese are obtained fron the fo:mula

Q) v = 36,6?0 /ffi
where v is the vel.oelty ln ft./sec, 5616?0 is the escape veLocity tn ft/sec,

and I fs 112 the range in rad.ians, "

[able .1

Eange (niles) 100Q 5000 r0,Q00 escape

Velocity ( it/sec) 12,900 22,WO e5,600 36,?00

llrp fuel reqrrired for a rocket to attain a given velocittr is. cal,-

culated. frou the weLl knorrm rocket forqula
\

( g) V F gZ. 16 I tos 1. ""i.q.trt 
,itq +"i , ).t I weight wtthout fue3.f

Values bf tne specific lnpqlse, 1, fof .a lryd.rogen-olygen rocket ro'lth a noLe

ratio of 5-to-1. and. for rocketF propelled by [vd..rogen heated (ty a nqclear

reactor) to 2500oK, 2060oK a.rtd 1630;K respgctively, are given in Table 2. ltfp

operating pxessure ruas taken as SO.atnospbergs ln al1 cases.

Eab1e 2

0odelsr:rnber I f iFueI I sit^-to-to. I

oas senperature (oI() lzz6o
Specific lrupulse (tt.sec./r.l) | ggs 

I

3
!I9r + N,E,
2500
?30

0
II2 + N.E.
2060
665

E, + N.tr!.
1630

p

590

Table 3 gives the percent f.uel, the.percent tanks arltt supporting

stnreture, a:rd the renaining pelcent, (?, Uo" rockets of the four types Ar

B, Q. D to attain t\e velocities glverJ is Tabl.e 1. The percent fuel ls cal-

culatect grm (3) and. the pereett tanks arld stnlcture are obtained frop the

assl.rtrltiog of oqe pounil of t'arrlg a4d stnrcture ueight per cublc foot 9f fuel,
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Stnrcture

VeLocity

36?00

a
II
I-

o
:, ' 4'?

The reoaiutler, F, t" the percent of welght available for rocket uotor antl

nozrle, 5unps, control-, payloail e$d (except in case A) nuclear reactor.

: Eable 3

lfeight tlistribution of vanious long-range rockets

Cod.e

Nupber
p

1230Q

22300

255q0

.0
'3

( trspossible)
( sslble)

It wiil.le notlced tbat the valqe of p for ihe nuclear ener$r rockets

ls al,post all.rays grea-ter than for the rlconventional.rr xoaketr The difference

between the valqe of B *t qases 3, 0, D aad. the value of p for case A represents

the rvgight percentage avall,able for thp nuc.l.ea:r reactolr lf the nqclear rocket

is just to conpete with the lrconventl,onal.n protot5qpe,

g. EneJgv-9oggrAge!3.ong

In thts silction we gtve a preLini4arTr $rvey of the enerry require-

oents for a auclear hpateil l4ydrogen rocket. l'le qonsitler case B ln whlch the

Iryrlrogen is [eated to 2EOOqK.

To vaporlze one gram of ]grdrogen at tts boiltng point and lreat the re-

sulting gas to 2500otrr at constant pressurer teguiras approxinate$ d4OO f;p*pa|s.

(see, for exanple, NDRC Seport 4-116, tr$herno{yl-rastc ?roperties of FropeLf.a^nt

34
50
&
4t
L2
25
20
15

19
14
o

A
!
c
D

15
4l
44
4

47 4
9

io
11

A
3
c
D

20
61
65
69

63 5
].4
lp
16

Ji
3
c
D

2\
66
70
74

86 6

15
la
L7

A
3
c
D

23
?9
g2

86

7t 6
1.8
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o
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Gaseslr, J. 0.'Itlrschfeltler, il. !. McOlurd, C, Fr Curtiss, D. I{. Osborne)'

[hus ihe en€r$r requlred., E, is.giveu by

(4) s; B,gBxIQUer.gs/gra.

I'ron Table 3.lt ir."""o that the tstal welgbt of, a rocket usipg

lryd.rogen-nuclear enersr qrfst be at l.eaq-t 1/.$ = 6.?5 ttnee the welght.of

the reactor tf the rocket ls to out-perform a conve4tlsnal roclret even at

1000 nil.es range. Thus, Lf 1,1 ts the wefgbt of the nrplear.reactor the rocket

welght is greater tlraa 6.,451. AlLorving an lnttial thrrrst of 2 g (over 1

g ls peguired to rlse at aU) the thnrst, F, nqst exceed. l2.F tl. $tnce

thnrst eqr:als tbe product of the speclfic tupulqe, I, arlil the'bass rate of

discharge, 6, ue [,ave

(E) ?3ori=la.Ew
uhere ri is in grans/sec tf V ts 14 grans.

Fron (+) tfre qass.rate, dr, yequLreq ap energy rate of

,fi E r g.9g i.x.Io11 ergs/sec,

f,ence, fron (5),

(6)
ff = GJ4 x 109 ergs/sec-go,

Ehus a povrer output of .6?4 F,.ll. per gran. Of feactor ls requirecl'. Ehts ls

equii'alent to 305 $1'1, or 4l0.hprsepouer, pef pountl of reaptor..

It is obvfquE that the pguer oulput of nuclear reactlons ca4

greatly exceed the above fequlrengpt. The probleq is to dlevelop a raeans for

transferrirg the enelgr producgd. lnto the \rctrogen. gas ig the forn of bpat.

4. The Heat E:rchanee Prob1eu.

&et thp Ruqlpar eqerg:f reaptsr be of the nrrclear {isslon-c}raln.e
Lt-s t 6I.
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vaTiety (as opposed. to rad.loactive ilaterlal.). Asqri.re lt'has a wifom cross-

section. of arbitra,ry shape aqd iS charasleriaed by tbe follotring paraneter:

Cross sectlqn area
of reactor patter! 4"

trength: I

Tstal effectl.ve hbat
transfer surfacc: S

lenporature of surfacel T

Denslty.i fr.
then the ueight of"the reactor is

(z) lt * fr A:r I
Sgtrlpose that the heat transfer r.rechanisr: speratcs througb the surface 'of the

reacter and ls propo.rt{onal to S (condugtion or. radiation); Fet j be a

suitable av6rage rato of eneiry transfer per r:nit surface, so tbat J S ts

lhe ra.te at uhlch energlr ls narle available to the gas. Then, replacing i .&

in (6) by j S and using (?)

J $=.6J4f lO9frArl

;, ; s/r i 
(S 

= 
6.?+* ,ol y,

ffou fTl) ir u geonetricaL factog glvlng the ratio sf the perigreter to the

area,of the reectgF cross sectio4. !'or eranplp, if tho reactor consists of

a burrd.le of rods of ,fadiq.s L
s/r 2'ar x

If the reactor consists of concentric annular cytinders of tiriclqe,ss X then,

415 x 62
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GeNfl DENTIAt RE[iffi?=g=l+=ff /.r\rFr;r rsr rr*
=,ffi6T-fr1-,T===

ef
a€alp,

lBnrs, for the uonent, ne rewrlte (g)i*"

(g). ;lx= 3.8? x 1o9Fr..

It ls d.tfficult to 4ecld,e r*hat denstty of reactor'woulil be requtred tut r,re

night coasitler reactorg with notlerators of 3e0 or 0. (graphite), ]oth of

whlch have hlgb neltin€ potnts- fhei? ilensi,ties aro about 3 *1 ZrP res-

pectlvely. Actual\r !.t seems qrrite rrnli,kely that 3e0 uoulil stap& up ln

an atnosphere of bot, btgh preqsgre lqrd.ro.gene lthernodyrlasical\r, gra3trite

also can react wtth hyilroge4 bqt klnetlgallf tltts heterogeneous reactioa

na6r not occuf ln s*gqflbaat arnouat tlurlng tbe fequifei operatlon tine.

Ilet us choose, then, the 4easity.of graphite for our exanple (the weight

of. fissloqable and other naterial. is neglecte(), ' 
Ihen

(,r01 J/I = 
?.4 x loe

. Fof large valqes of X lt ls easy to sbow t[at conductlon carrnot

providg as pnrch hpat tfalrsfer ?s is avail,abl,e tbroWh radlatlon lf tbe ua[I

tenperature ls of the order: sf 3000otr. Thus we consi.der f,lrst tbe possL-

btllttes pf ratllatl,v:e heat transfer. As$rnirlg 1009 emissivlty of, tbe surfapg

at 3000$ arrtl l0OF absorbtl,on tn thp gas (negl.ecting the welght of snoke

naterlal necessary to produce bigh absorbtivlty) hre aFe able to obtain a'

naxinrn va,}re of X. Fof, rrnaler thp above assunptions,

J = g(gooo)a

_rvhere 
g is tbe Stefan-Soltznaqn constant (O 3 S'OZS x l0-5 ""g" "q-2

(or)'4 
"ee:l)q Tben, rron (lo)

X. p .6? cBr

4L5 163
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. It is seen that radtatton wl1l on\y sutrrply the requlred energy if

I is at nost.0.62 cm. lhe snall va}re of X reftects the requirenent of a

large ratlo qf surface to volume of rcactsr, Conslderatio4s of. the reactor

rlesign lnply, howqver, that the iline4slons of the gas spaces wtthln a reactor

nust be recluced algng wi.th the ttinenqions of the reactor spaces' otbenuise

the overall tlensity of the reactor troulcl be redqoedl antl the reaptor woultl

faII bel,ow cr{tlcal. Sbus a high surfa.ce to vohuae for ile reactor a}so

iroplles a htgh surface to volume.for the gas spaces rlithln the reactof'

fence 
the gbs pass€€es ar€ verXr thin and the absorption of rad.iatJ.on by the

gas cannot be expectett to approac[ the IgQf assumed above. Al]or,rance for

the congelvable absorptton attal.nable, even by the inclusion of snoke ln

the |ryd.rogen, nakes lt appear that the possibili.ty of the gperatlon of a

nuclear energy rocket <lepend.ing on.radlatlon for the heat transfer is renote'

0n the cther hald'r rultlr a sufficientiv nfgl ratio of surface to

volr:.oe ln the gas.:passa€es, beat tranqfer by concluction eseee<ts heat transr

fel by radiatlon even at 3000oK. In the next sectl.ons, t\erefore, the

problen of heat transfer by conrhptlon, iFr reaetors r.rlth gas pasFa€es wlth

a higlr surface to volune ratio, ls consldered ln nore tletail.

5, Bga:,b-Exchanse bv Oo4dUction,

Tlq eonsitler a neactor in the forg of a solitl cyllntl.er glth a

number of cyliadrlcal gas passages (pfpee) drillei tbrough tt }engthvlse

and arranged. tn a heragonal lattice.. Then tbe reacior iray be conslilered. as

built up fron he:cagonal oytirirlers each coyrtaining one gas passage ( see Flg. I) .

rI
I-

t
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Flg. 1.

let A* 
=,tPzl+ 

be the cToss":section area of a gas passage attd \ the area

of the he:ragonal a.nnqlus of reactor assocl.ated. with a gf.ngle ga6 passaget

lhrs A, {s the shaded. area tn I'lg. 1r As usual,, let I, be the ]ength of the

treactor.

consfulet the heat tra4sferrerl by conductlon lu a single gas

passager l{e assune a wal} tenrperature of ProoK and dgterrolne the coctitionq

rmder wbich tbe gas ullL be beated. to Boi( (fron.the boiltire pqlnt) by

passa€e tbrougb the pipe. gctuaL]y ue reguire that the gas be beated fron

abso.lqte .aero to S9K; the sUeht ad.dltional beating frora Oof, to thB

bol,liag pqint lafge\-v conpensates our qeglept of the heat of vaporizatlon of

hydrogen,

Uniler these conclltlons the equation of energr uay be written

( lr) ,q
dx I

m

o
"orrT 

. +"1 h(T,r - T) s

-+

Ae'flr !
rchere S 

= 
{f 9! f.s the beat fransfer sgrface, ti is tire heat trinsfer coeffl-

clent, !o ls thp r*all ternpelature, srrd f |q lhe gas d.e4sity and v its veloeity

so that f *";6 ts constant, For the heat transfer coefficlent, h, we

&15 16s
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usb the equatioa

( u) lS : o.ozgk. e*-)'( "r. )'1i
r,rhere t< is the theqal contluctivity of thelgas ald h 1ts viscostty so' that

3.(, ls Prarrdttts nunler (see l{qAdans, rtllelt [ransEissioarr, luiccrau-Ili]l

k
( fg42) , p.1.68.

(rg) hi.
For hydrogen

02? a'-(F.rr)'t

ertlu = .?9!'so that (12) !"con"s

4'? lD'?

then equatfon ( fl) becoaes, neglecting thei *, v? trerm on the left (whioh

neglect will be Jqstlfied later) 
'

( 14) --dE- ;
dJC

.OZ7 (yv).87n.2 s( -E)
n,2 tugv t,

Note that co cance!,s out ln thii equatLon, Th.ls fart f.s lnporta4t

because hydrogen has an exqeptlonalJg large speoific leat (due to lts I'ow

nolecuJ.ar weight). As a consequence lSrtlrogen is exceptionally bard to heat

by radiation, Ilowever, for heating by eonduatlon, the heat transfer coeffl-

cJ.ent h is also high, in trrropoftiou to cO, do !bat, for a gtven nass fi.ot'r,

llydrogep is nO h."1"" to heat by qondqctiorl tharr a4y other gas, I

. Iq ( ta) tfre viscositX 'nust be copsidefetl as fWrctlon qf te8perature,

T, 0ver a very wld.e raoge of temperature tbe experipentai vlscosity &ata for

lryrilrogen :roay be representerl, with excel'lent pacuracy, by

( fs) / = 
L.? x 1o'6 11695' poise.

(See Qhapunarr arrd. Cowllng. sfhe Mathernatica.I fhsory of llon-urlfolp Gasesrr.,

Canbrittge l Pfs), p.2231q

Substitutine ( $) into ( 14) and integrating glveq

o
415 X"01
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h,here Q ls definetl bY

(re) ^ (t ,,dr- r

" = )o T.t39 1q -T)

llence, uslng S/Ag = 4 tr,ll,,

(rr) tr:181 Qnl'a(7vl'2
This equa'ulon gives ihe J'ength requlreil' for any d'ianeter and'rat3

of flow, in order t0 heat t6e gas to 11o[ at the exit by heat transfef fron a

waII at Buk.

6. $,,he FeeFilllitv,..9f p Puclp,qq BoskP.t' 
,

First we congider the reqgirenent that the thmst lie sufficient to

glve a net apceleratlon of one g in veftlpal, J.aunchlng (thrust of trvo g)'

I,et W be tbe vleight of tho reactor andfv.the weight of the dntire rookete

llben,. since the thnrst ls I i, wq bave

(ra) I rfir= zfrfi -z{Arr]t
Bui ri a &e,fo aaefr = 2,2 (for grapbite) so that (I8) nay be rvritten

(rg) ' 
_As* = 

(+.a/11 i,*/(f")
Ar

tlre parandter S€fAr tS of interest ln Connection wltb the d'esigq of .the

reactor slnoe ii rs relatett tq tbe average ndensitylt of the reactot.

Tor aqy choice ef Tw, ! (a'rrd lreuce r)' equetlons ( t?) and (19) are

the only regulreqe;rts op tbe'five'vaniables f , 
", 7 

v; L*l$ and 'D' li oilLor

thatarqcketdeslgnetlas|ndleateclshoutdoperatewitharrtnltialtotal

o
1.9 x tO-3sQ:];a 

*qr"y.e
t
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o

a aa aa a
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acceleratloa of 2 g(I g net acceleratlon in vertical firi,ng).. Eence, for

aay lnrticular choice of Iw and. lI, a three trnra:iaeter fanf$ of rockets 1g

theoretically posslble. Bowevef lt reqains to be detenoinetl uhetheilaq7 of

tbese rOckets corresponds to reatiza.ble valges of tbe paranetefs' In addltion

conslderations of the quc!.ear requlrelrents lnpose Eone 1'estflctlo4s'on the

dir:ensio.ns of t\e leacto1,

!s test t[e feasttlllty of a nucl,ear eqerg' rocket ue nust flrst

choo.se tlefinlte tenpelatr:reF T ani Tor. Choosing llr a 3000oK and T = ZSOOoK

{u,s in type B) the value of Q ls forurtt (by nr:raerlcal' evalr:stioa of the in-

tegral ip (ro)) to te

' e = 8'6?'

Also, for S =.2500oK we have

rr?30
froE lab1e 2.

L,et us oonsi4er the groblen of a roqkgt of type 3 to garry a payload

of l0 tons (payload. lsclud.es coqtrols, etc.) to a range of 5000 nilese It

i.s seen froq llablS g tbat for thls rockpt to be as good as a byilrogen-oryge4

rocket we sust fr"ou f >l/r13 = 
7.?. I\rrtber the payloa.d is 4' of the weigtrt

so that tbe rocket veight is 83'3 tons. lpr the wetg[t of the reactor' we

get 1{; }OrB togrs, A reaso{Fble assqsBtlon on the'area ratl'o nlght be

Ag/Ar = I. grther let us'assruae tbat the.overall itiarneter of thp reactor

ls equal. to Lts length". Thenr froa tbe velght an1 de4sltv'

L = 225 qE = ?r4 ft.

-

a

tntolmauon
50ihe

o
r-r-L-
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Ustutg these valups, tue obtainr tron (]'?) ana ($)

. fv = 
1.0.S gm/cuzsec

P = I'49 cm'

For the thic}oess, t, between pipes (see tr'tg. 1) 4 ortler.to have AglL" = 
t

we have

a 224 cmc

t = .52 en.

.C1ear\y.these 
values ape. all of reasonable orcler of nagnitud'e'

fhe rough\y ? ft. dianAter of reactor Ls approximatd\y the body d'iaEeter

that r,rsuld be reqqired. for "" ?3 
t-on rocket in any ease ' The value 

.f .u =

10.5 corresgo4ds to a vel.ocity, at the erit of the hegting clrannel of Only

about ?50 ft/sec, of the order expecteil in ordinary rocket channels' I$=

c{denta}ly the tetn $ *.rUicU was preYiously 4eglected i.n the ener,gy equation

is

t"2 = 
z.ba x roa erEs

to be co.mparerl rlith 3193 x 1011 ,"1 "a*, 
a) for t\e ener$y calculatetl by

neglectl,n€ t51s toru. Qlear\r tbp negleot ot $tA was iustified'

The question renains as to whether tlte size qf Feactor intlicated

above is reasonabl-e fron a nuclear p$sigs. standlnint' Beferring to [abIe 2

.of Chapter 2, inre find that' for the optluun shaPe of a solid reaptor the reactor

ratlius, rgr is b6 cn and the reactor.J.epgth, !re, is 103 cn (if V = 2)' 3ut

we. have consliler.ed a perforate4 .reactor r,tith Ag/Ar = ]r corresponiling to f

(sqe Chapter 2). equal to 0.5. fherefore, tbe qrltieal {iepqler of thts per-

forated. pile woul.d' be

?r^
L nl"t 4L5 10 rj

3l

+rF.F
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and. tb.e qritlcal length wouLd bp
Ls : 206 cm.:

L- I

Ilence, the weigl-rt alLowed. for re.Fctor ln the dlscussion above fs'alparently
.:

a.nple since tbp reSuitlng reactof dlnenslons are sornelirhat lafger tbau are

;

needed to obtain critical size,

4he rvelght gf uegs required to operate a reactor of these illmerlsions

1.

can al.so be obtained f,rom Table I of Chapt 8t 2. Assunlng T = 2 and !" = 
goOOoK

ve get

b( t - l-)z ag Ke

or, fop l; 0.5'

a Y% Ke, t 80 1,b.

gor conventenpe we suBnarize the charaeteristlcs of the exarnpLc

rre have conqidered'

lfei€ht oe ruel (IIa)

Wgfght pf ta.nks ar-ril st:rrcture

Welght of rqactor

Itelght of PaYloait, controls, etc.

59.8 tons

1,117 tons

10.8 tons

10.0'..tons

--r--

uUonrl

Eotpl welght sf rock€t 83.3 tons

' Eange 5000 siLes

Uelght oi UrtU in reactor. B0 lbe'

the above flgures represent a rather rough single calcutatlop" Hswevef' the

results certainJy f,nd.icate that th.e pssibi3.it! of .a lydrogen?nuclear enel€y

focket J.s sufflclently reasonable to warrant nofe careful' analysls'

Thll dffieEt

a
ot th.
u. g.

aot
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.

Intheprecedirrgsectionltrrras$hownthatthedinenslo.nso.fa.

reactoraeceisarytooperatearocketareieasonable,Inthlssectionthe

data of Chapter ? ateused, in conblnatlon'witlr equatlons (fZ) ana (l9)'

to cleslgn faoilies 'qf rcckets showing the effect of varylng ' Q' ' f o' and l'

It l.rae been shoryn, i4 sectXon 5; tbAt tbe requireurent that Lqyd'rogen

should be beate4 fron lts boilln€ point to Toi( by passag"'th-rou€h a reactpr

wlth a wall tenperature of IroE leails to the followi5rg equstioai

(r?) I i131Q Dl'?( ?'l) 
2

)

It.rvas further shor.rn that the requlre8ent tbat irydrogen ab ToK sliouli pro-

vide thnrst sufflcient for arr lnitlal Sceeleratlou of 2 e (iq free space)

leads to

(ls)

t

rvhere f'fs ta" tatio of gas Crossrs€ctlop to total Closs;S€ctlon, sQ that

l- ltt - l-) *. Ag/Sr and g = roclret ueighJ/reactor vreigbt

[n. ChaPter.? it was shotrn that

(20) t = bc/(l-/-'),
where hc rs the lengtb of a4 rrs.perforatecl reactor of crlttcal dinenslons;

Values of hc for U2g5 (graphite aoderat-ed) reastors of various shapes antl

uith optinun ulanlun goocentration are givel i.Il ghaBter 2' Tablq 2'

ustng equation (eo), the.equations (}?) and (rg) pay be wrltten

as follows;
bc

nlqr -t.)(';'v)a

mttonal

c

o
(z:.) XrI'2

31

lfaaaaaaaaaoaa.
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(zzl [- = 
(e.Elr)4 0/(p v)

f,ence if &, 0, *A f v ate given lt is possible to ftnd /'fron equatlon (22)

and.then D fron equation (2I)'

In ChaPteP 2 I't was shorrn that' for a fixecl ooneentiation of U235'

tirefe is an optiuun shape of reactor 1ea<ling to a niqlsnrn nass of U235 a'nc[

bence (sinee the concerttratf.on is fixe4) l.eading to a p{ninln lotal reActor

Dass. Ehls optiEum shape oceur's for y= .54. where f 3 'reactor radlus/

Teactor lengtb. Assuning tt€t tbe reactot is always deeigned r'rith this

SptlrouE shape it is posslbte to estipate all the renaining rocket design

para[eters quite stralghtfonoarclLy. gor exarnple the Sotal reapt9r nelght-

is given by

(23) '1,1 

= 
e:,?oh3^2,

illTz- -'

r,rhere ?.2 is tbe depslty of tlre reactor oaterial ('gpplrite) '

In ord.er tg ilernooetrats the influense of tlre three para4eters'hsr

0, and. rv on the ftnal Tosket, tatles giving the ua'jor depign values have

been preparefl correspontli.ng to two val.ues of bs, tr'ro values of @ and five

values of 7 v, for Tr i gOQOoi{ a'rrtt Tg = 2500oK.

The values of hc chosln were 1.o3 antd. 88. these sB1's the valups

of k given in Chapter 2, [abLe ?, for a critica]. reactor gf optlnrrn con-

centration and opttn1r4 shape correspondlttg to the as$l$ed values ZtO and

2.4 for V, the average nunber of neutrons per fissiofl? itnrs the effect of

variatiop of tb ttisplayeil by the tablps of this ghapter nay be'considered

as lndioatlng the advantage of obtainl4g a l_aree pgrber of neutroos per

fission. Eowever it shorrld be einpbasized that arly netlrocl of t"aucftrg h.

Thls

U
of lhe
u. s.

utthln
ddcase
Act, 50
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a
a
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would' Iead to the same reEu1ts. In" partlcular the use of a concentratibn of

U2g< above ,optiW would oertafnl;r'leptl to a retluction of ]rc (althoUgh an in-

crease in the nags of UZgg)

The values of f cbosea w"ie f = 
i,? and.0 i #, The flrs't of thepe

values, ie 7.1 
= U..Lg, is, as seen ffor1 Sable 3, the value reqqired' fof a

nuclear bnerry rscket of type B tO ctnpqte on exactlY evep ter.ns witb a col-

ventloaal lrytirogen-on€en rocket at a range of 5000 nil9s. lhe otber value

6a Sg; U.Og t! that required for enrreFcaPelr rocket uith no payloade

lhe va.Irres of gv chosen were IQr 20, 3q, 4.0, 50. It ts ltely d'lfft'

cult tg declde hqw large a value.of lo tuy be.rlspd' the value 
Fv = 

50 does

not lead ts an excessivo Loss of enell.giir but ths lgd.po{ynanic presslrle ilrop

corresponttlng to tl-ris Pv is agProacbing tOO }!/fnrz'
I

Bbeie wqulil be an aildl=
I

tional pressure tlroB &ue to friclion, g.|rese effeqts world interfere with tbe

thrrrsts in a ua,nngr that hpq not beeyr'Lnclueed |p our calculatio4sr Ftrrtber-

aore the pressur.e drop voulf, i,Epoge sevele strains oq a pelforaled gfaphtte

strrrctrlre at 300008. It seeas llkely that 9v = 50 is as t9'ree a valua as

can be realisti.c And a.careful appraigal of tbe ffictios effects nary indicate

that thts value is al.ready ulreasonEblv hiehr

It should be nlticed tbat tbe usP qf equati,ons (aO) ana (23) is

basedontheassunPti'onthatthereactorsaretobej:regcritlcall{rsize,

It is obvious that iwo cr aoro sucb reactgrs courd be opexatp0 sluqltaneousfv

to powep A correspondlingfv Jarger rock-et. In this senqe'the rockets whoSe

claracteristiss are glYen in tbe follpwisg tables are the saa!Lest operatle

auclear enerry rockets correspo+ilng to the given velues of h, f t f"'

108
o
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Exarnlnation of Tables 4 through ? shous that tbe locket characterlstics

are narkedly sensitive.to the values of all tbrgp paraneters' . 9or exanple'

with g v a l0 a rocket with p 4 7.? is not excessively heaqT but S; 33 is

iurpossibte for any slze rocts-et, at least with ttg > 88'

. the effect of fY ls, perhaps, 4ore sut?rising' 3or snall values

of g v a,n increase ln r v sakes possibl.e a great reductlon of ioial rocket

r.relgbtt at t"reb val.'es of yv a clange ln pv has alnost no effect op

overall. weigbt, Sqr exaFPLe, tor Q: ?.? and' hc = I03 t'he rocket weight is

reduced. fron ?0 tons tq 33 tons by lncredsine ;v frm 1O to 20' .Surther

increase of 7v to as utrch as 50 only g1,"-"" a reiluction to 23 toqq'

the adv.antage of a low value of % is nade clear.Iy these tables? 
.

3or exampJ,e, lf hc c"tQF (1 
= a.o), tb u.l'nlnuq rocket welgrrt for p= ?J'

*e fv = 
lO ls ?0 tons. [hls seight ls reduced to 4ti3 tons if hc ='S8(V = ?'4]'

It rvas aenti,oned. above that hc barr be feducqrt' by tlrp use of a coneentration

of U235 above tbe cr!.tical. In vlew of the great effect of'a re4uction of

bc lt seeDs likety thai u235 concentrat!.on above the rtoltimlnrt would' be

ad.vantageous for rocket reactors.

2

t
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U
Eable 4.

r"r
l(cn)

t(cro)

!.ength. of reactor (cn).

Dia,rnetef of reactor (cn)

ldeight of rocket ( tons)

l,reiebt of reactor (tons)

l{etgtrt qf fuel (ton")

Payload (tons)

Suralng ttne' ( sec)

llelght of U2g5 (4*) 'assrr.nlng V ; 2.U.'

' lable 5,

p(cn) 
.

t(cn)

I,ength of reactor (cq)

ilaneter of reactor (en)

Ueieht qf rocket (tons)

Tleight of reactor (tsns)

Weigbj of fuel (tons)

Payloed. (tsns)

Surning tine (sec)

lreigbt of U235 (Ke)'
assuning I - 2o4

Q 7 ?,.?, hc : 1o3, gw 3 30oooK' [ : 2Sooof

l0

.+zg

1.34

'5I
197

2.15

?0

9..0

42

8'4

223

93.2

:.ZO

,P3s

!.az

i83

195

]47

03

413

20

3.9

22q

15r6

30

' 
159

.?5

1.04

lzg

133

?7

3,5

16

3.2

?23

12.8

N

.L20

r69

Ir2l
11?

127

24

312

15

2.9

223

trl.??

50

.096

t65

J.35

]I,e

124

ao

g.o

14

216

22s

11.1

Q= 7r7, he = 88, lt,o 3 SooooK, T r esgooK

r"
r

lQ

.409

1.06

t52

1119

152

.94
4.4

2!

4.1

?,26

N

.?04

t?r4

.82

u1

121

19

214

$
2.8

22s

g0

!I.36

..64

l'02

102

UT

16

2r1

10

1.9

223

40

,1.02

t59

L.18

eg

rc?

15

1t9

9

1.8

223

6,6

50

.082

.56

1.61

95

105

1.4

1.8

9

L,7

223

6.3
f
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o Table'sn-6= 3.3+ lb; r.93, Tw = 3000%r E r2500q(

(Escape rocket trlth zero pavlqa'0)

r"
r.
9(cn)

t(cq)

I,ength of reaetor icq)

Dlaoeter of reactor (cn)

welght of rgcket ( tons)

lfelght qf Feactor (tons)

l$elght of fuel (toae1

S.urniqg tinp ( sec)

irleigh.t of UZSS (tre),
essurning V = 2.U

llall.e ?.

p(cll)

t( cn)

I,ength of reactor (pn) ''

Dia,ueter of reactor (cq)

tfelgtit of rocket ( tone)

l{elght of reactol' (to.ns)

llelght of fu.el (tons)

Suralng tlne ( sec)

Telgbt of Ug3g (trg),
assrruing Y'2 2.4.

20

oesT I

.8?6

4.91

'08
?o?

1?2

3300

100

?6QO

2W

Bnl4

10

over !

1.0

over I

g0

,6gg

1?69

.3.6

325

354

809

24.5

639

?80

90

49

t5l?

1r 13

'.37

2LT

230

342

IO,+

2?O

298

5B

FO

r4L9

:93

:45

r75

1e0

?w

?..}

184

288

26

# = 3s,' h6 = 88, Ttt = g0O0oS, T = 
250ooK

(Sscape rocket with zoro PaYload)

fv
r

30

.584

1.1.8

.29

211

2q1

p4

8r9

?32

?88

31.

40

.439

'.gg

.39

157

L7l

16I

4.9

l2?

?88

L?

50

rE50

:tt
.Ag

l?6

rs?

104

312

82

?88

+1trt

4Ls t1t
-
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The wal.l tenperature of, 3000oK; used. in the preceding exanples' is

adSittedl,y a stringent fequire4ent. tr'or thls reasop lt is of, interest to er-

anine the effect of operating wtth l"otrer.r'ral1 tenperatures. accortltng[y, caL

culatlonshavebee}pegforruedgivl4gtherocketilmensionsfor.S000mile

rocket' ulth wa1l tenpelatures of 250qo6 and 200008, In ordel to uake the

conparisou wulep condltlons uhere tbb beat traqsfer trrroblen is u4shangea the

gas tenperatures aqe chosen as SOOof arltl 163O0I{, respective}V' Fince these

' valueq result in the same value o? q (q: .6?) as is glven by s ; 25000s'

fs = 3o00oK.

lhe gd.s tenlnratures of 2950oK an{ 163008 wefe those'gottsl'dered in

roclrets C andP in Sabtres 2 and.3. Sron Eable 3 tt i$ forrnd that' for a 5000

roile rocket conpeting r:rlth a conventional (rypa A) fockpt, the proper values

of d are P.5, gsd 55 for ! = 
2O5QoE aaal 4 = 16300g, reqpective\vt ![ese

changed. values of 6 reflegt tbe reduotlon ia specifie iutrulse

iets of tYPe C and b """[he resulte of tbe ci]dula'tloas oa roc]

sr:rnnarized in Eables g anri 9. Conparlson'bf Tables 4, g, 9 indicates how

very inporta4t A hlgh operating lenperatgle is. It is enplrasize4 that the

changed. values of 6 corr.espoad to a !i*eq ra$ge requlfenent (.5000 nlles) r

Note that, for exarngle, witrr ft = 
39 tbe weight of the'rocket is 2? tons,

60 tons, anrl g4O0 tons with gas te'[,efatules of ?FgOaKr' 2960ots and l6@otr

respect.lvely, 
. 
For 7v 1 10 or f o = 2Q the 5000 ntLe rocket is iropossible

with the lowest of ihesq gas temperatures, anrd even at ?" = 
50 (nhich nay

be lnpractically high) the rocket welgbt becones 349 tons.at this gaq terperaturot

Ref.erence to Tatle 3 shows tbat a,n escape rocket gannot be nade with

. a gas tenpepature as I'o.w as 2000oK, for ary ""lo: of gv'

LLs L!2
a

I
ddc!rc
Act, 50 -
$39a-:'fllirl.
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f = t&.5, hc = 1o3, Tw ; 2FoooK' E = 20600{(lable 8.

?"
r
D(cn)

t(cn)

Iength of reactor (cn)

Dia,ueter of reactor (c.u)

Ttpleht of roelret ( toss)

$eight of reactor (tons)

n-eieht of fuel ( torrs)

fayloa<! ( toirs).

lurnlng tlna ( sec)

trleight of U2gg (fs),
assr:.n-ing T 3 Z.At

F"
r
p(cn)

..j

.t( cn) 
i rl

L,eagtb of ieactor (sq)

DiaEeter of reactor (cn)

Ueight of rocket ( tqns)

ueigrri of reaetor ( tons)

l{ei.gfrt of f.uel ( tons)

Payload (tous)

Burning tine (sec)

llelght of, U23< (E*), .

agsnning V 
= 

2.4

-III

o

Table 9. fr = #, h.g = IO3, tw ; ZOO0oK' ll'r F3qoK'

1.0

..851

9.91

.1&

'59I

752

1980

.r.11

900

166

216

365

10

over I,

20.

.&6

1.18

.51

qs5

lg5

9g

?.5 '

61

llr?

?16

?rs

50

.284

.86

.68

L&

156

60

4-8

s9

?.?

2]16

16

40

,?Ig.

.76

.90

t3l
142

5o

a.o

g2

6.0

216

l_3

50

?170

.70

.91

t2+

135

.45

3r6

29

.5,4

ztq

12

2g

ov-er I

30

.945

5.08

'11
665

724

glpo

103

?300

4Q?

204

a6

40

.634

L.48

.?8

?81

306

506

18.4

418

'?.3

. 2A4

53

50

,5Q7

1.08

.36'

zo9

??7

334

10.1

z3j-

'40

204

29

lldr lbc utlorul 41s 1L3
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. [ables 8 anrl 9 ehoued tbe effect of charrginB ]oth the gas and' waII

terperaturesinsuchawas'.as!onalntalntheheat.iransferintegra}lQ'at

a firerl value, It ts of lnterest to exanlne the effect of changlr-rg the value

of Q while aaintainlng a flxeit speelfic fnpulse. Thts nay be dpae by varytng'

the ua1l tenperature, fs, ruhile leavlng the gas tenperatur€, [, unchangetl'

Singe.thegas,tempenatuteantlbencerl'lsrrnchagrgadthevalueof

f approprlate for a given lange is alsoi'rurclpngedr hrrther, it ls seen frorn

Chapter 2, Table 2, lbat tbe crltical itlraeasion \, antl shape trlara'nefer '/r

afe essentlally lndepeRtlent of the leactor teupefature' Tbus, ffon e$ratloa
:

(ZZ), 1r is gaelranged, antl so the a4ior welgbts and tlinensions are lndelnnil'ent

of the walI teuperature f.or a firett g.as tenperatrlre. The oqly entries in

previoqs tableg wbtch are clungeo by a. cbange ln Tn, alons, are the plp

iliameter, D, rvall tbiel4ess, t, and velglt of U235' 
". 

j"

Txnrs,ifthegasteuperaturelschosgnthevalltenpeletureanrst

be ileteroirgl.rF?. !ba! .trre :SS..1.tiig v?ru?.e: qf p.ar+-t,pTq.,fe?s..i..ble;lSctltallv'

talr.e IQ sborvl tl: ,T."1"9.?;of ,D,,.t1,..T1 llzr.t.'{"}Fht.r9".:o$5'1s..ryilh;l €31, ,

ten4rerat.r"-.9{ 29q0T,.$ i,P:.?.fP.p,,41}: 
ra{qq)r. "*1.lrc.=.}93.' .Td'Yith'te}t

tenoeratures of 23OOoE, ?5OOof "4d ??qq$' .Ehe other weights and dlnensions

would bg essential\y 166atica} ultb thpse iq table I, It is seeL that as tbe
:-.. r ..-. ".r,.- l;--':"':;:---1.."' 'z ".." r" n -''i'".'': 0

wa3.t tentrnr:aluTe 
.3pp"*"1:: --1.y eas teqre.r:..T" jtre sr.z| 3r ?P"t T"t '". ,

desraased ancl the nuobeF corrqsponding$..lneleas9al to. presepv" t4? iTn" 19t?lli---;:-;: .- -- : :'

free area. .pbis increase.lB !h3 llumjer oi rlles.-caqsos a.tlecrease. in the,.
:. . -t 

'. '-'- 
.'

warr thich":". between llryu.. !..F" 
r"*.i.]"1."q,?:t31P"u !1o ".."+.:.,th: 

gaF., !9nqerr

!".Tg,l:?ts !o .a reactor t9pg. YhiJl 1.",:",t?.1".t"1v inpracticar stnr'ctural{'.,

I

-I

t
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Brgher wa}1 tenperature lpads' to. geogetrleally stroager reastor designsl how-

| ' ailverse effect of the ln-
ever thls lnproireaent uust be baf,anced agalnst the t

...
creased teoperature on t'he naterial' qtrength'

[ab1e ],0.i Gas ganpera'iiuge 206co1( ' Q= J2'5' hc = ]QB

!w 1(ero) r'rt. Ugz5 tr-)
b

2300 848 /

2d

lF5

)2

1I

2509 iLz

,51

.68

.80

.91

t14

,59

.78

.93

1.06

36.5

25

t:
T€

+2

27Qq

[t shoul.<L be reqp,rked' that, in Sables 8,'9, antt I0, the weight of

U2zn ua9 basecr on a lln3ar lnterpolation betveep the values of al(f tf)Z glven'

ia fable Z of Chapter P, for reactor leEsnratufes of gg9og an't 3000oEr For

this reasoa tbese values 49y not be ploperf,y coasistent wlth the values flr

reactors at 30009K. .

3,82

26

L7

14

T?

ad.

0(cn)vr
.10

.41

,54

.55

.?3

3,07

.89

.69

.6I

.56

10

20

30

10

FO

3.gl

t.1o

..86.

.;?6

. 
'70

4.43

.X'#
i.oo

.88

.81

10

.20

30

40

50

l0

2A

30

40

50

{l
c., 3l
fa aly

thc aags.f 41s 115
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O 8. DFsrgns to,p3,Lilr Btxeg 4avLoad

8be tables of the preceiling section give an indication of the relative

inporta,nce of ii* varlou$ free pafaneteys on the d'i-neasloqs of the rnini'nw size

nucLear'ener$r roctets eorparable ultb a lvfuogen-orygen conventi'onal rocket'

$oyever, dlr.ect co4parison of the various cases is obscured by tbe fact that'

the payload ln these tabLes was 4ot constarlt. It ls of lnterest' then' to

examine the prO'olen qf clesigaing a nuclear robkat to catr'y a given payload

for a given range.

Eo approaeh this problen,. ret p, as in Table 6, be the percent of.

rocket'ueigffi avallable for payl'oad' and' reactor' Thus' tf the payloa& is

denoted bY Pt

(44) rco( $t + P) ; (, b.r't-

Nou ellninatind ;rbetrveen equ"atlons (ZZ) ana (23) eives

(as) 1,' 2.2n 3 2

J-r - (+.+/t)t"-0l( gv

Substituting thls erqrTession for lf fnto (2.4) gives an eq:ation for (3( 1vl

iu tems ot f l(pol, ptth /, hg, ?, I as para.oeters. Thus lor fixed fi, hs,

P, I a cuwe repsese.nt!.rte ftt1v) ae a firsctlon of + l(7v\ "ltt t" drar'nl' !h:o

gtven F urA Fo, bts imme4iately dete:mined. Ehea f ls given by equation (aZ)

and the re.naining paraneter: ut" deteruinert as beretoforet

. 8o glve a deflnite lllustratlos of this nethqd, let us considgr a

rocket nith a reactotr of troptimunn conceatratlon antl optirnun dhape, and assune

V-= 2.0q 8lren, frou Ohap tet 2' table 3, /qz ,5M, bs = I03' (RecaII that

thls'is an r:pfavsra,ble qase'for a nuglear eqelgr rogket; a snaller value of

lfc is celtainXy attainable), .firrthgr let [ = 25OOoE so that I - ?30. 3inal\y'

o
c., tl
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4.29

let

P = PaXIoad in tons.

lben elipinatlon of t{ between (Za) and (25) }eatl's to

(a6) 0(?o) = 
[ioo 

. 4r.z P (t - .s21*fl | (fr)
Values of 6 ( av) Less than 62-t aTe 

'ot 
adruissible' thls lead's to ttre in-

"I
terestlng fact .ttrat tn order to nake. an escape rocket (B = S) it ls necessary

to use a value of pv greater tban'6211/3 = Nr?. thls ls iI? agreenent with
,

lable 6 wbere it was shpwn that 7v = 20 d.ltt not ]ead. to an escape'rocket evep

r:ritbzero?&Y.Ioad.tr.!g.?.glvesthpgraphofrelation(26)forvariousassuogd

?aylqads, .

!.hp nothod of using 31g. ? for tlesfgnl4g speotf{c npclear enerry

rocketg will, noru be descrlbed" I,et uS first consider a roqket ruith a 10 ton

payload., a 5000 ull-e range, antl f u = 10. Frogl TabLe 3 r're have B= 25. Thus

. p (gv) = 25 x 10: 250

Fron I'ig. 2 we read, correspon<Ling to P = I0, ( ( fv) =' 250

'Al?"*0.81

Then fron equation (22)

" li,= (1-417w)'x 10s x 0.81'= Q'503

then, froio equation (25), tbe reactor weight is

tl = 9.8 tons

I'lnally the weiglrt of thp eatlre rocket is given by

l{ : 8.L x 9.8 =.?9. to-ns'

[he rocket d.lnensi,ons obtained in this way agree fairly Closel.v witb those

givep ln Eable 4 und.er P v ; I0 since tbe payl,oad for that rqcket was fortuitously
|"
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o
?he foLlowi.ng tablds lrtere pretrared by the nethotls

p"eced.ing para,gfaph, Slnce the pa"vload ls the sa,ne for all the cases presented

the effeet of the parameter" F" ard- P (ranee) are tlisplqved a Iittle Dole clearly

than in lables 4 through ?.

la,b1e 1I. Effect ot yv on rocket flesign.

(tO ton payload, 5000 a1Le rocket, F = 25)

pv ( o/crnz-sec)

Raage
(niks)

5000

10000

Escape

f3 v

r00Q

#17" 6 r Reacior Wt.
W( tons)

Rocket l'lt.
f ll( tons)p

p

Frv
?9

56

l0

4.0 P.s 1000 .85 l.4ro .217 4.0

?able 1?. Efiect of $nge o4 rocket ct'esign.

( lO ton PaJ'Ioad, P v ; aO)
,

v 6 v r Reactor I'lt.
w( tons)

Rocket lft,
l{ tops)

Db

75

r170

P

0

5

3 120 L.U 44;8 .696 26.2

Eabl.e 1S. Effect of payl-oad on pocket design'

v = 40, 5000 nile r.ocket, Q - ZS)t7
6l v 6 r Seactor llt.

1( tons)

19.5 .304

Rocket l'tt.
/tt( tons)

lr
34

56

thlg
ol
U.

.8r 8.1 .503 9rB25 250

.2L? 4r0]000 35 14.026

16.8 .26l, 4.419 760 42

2r8.J.0 4.0 .0621000

155 3.41000 .25 lo,0

.2L7 4.0.35 ' I4.0

o
20 r000 ao

manner

lnlorrlado!
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t . Ftou [able I]. ft is seen that lncreaslng 1v frorn 10 to 40 nakes lt

tgbt nearly 60fi and' stilL carry a l'0 tonpossibLe to .recluce the reactor wei

payload 50Q0 nllee. A qtriking fact obserrrable in Table l2 is that 10000 niles

is very littlp nore dlfflq,lft, fron the lucLear standpoint, than 50OO niles'
.t

In trnrticular the reactor *ect be';orrly t0f heavier. llhts ts partlculatlil ln-

terestiqg in vi.ew of the f.act that a 10000 ulle rocket !s very near\r a sateLllter

0f course, lt rutrst be recalipfl that tlrese conclqsions are based on the corres-

pondeuce between 0 ura range given by Table 3 ancl hence depentl qn the assunption

that the tanlc anct strrrctqre ruetglit can be hpld' to on! porurd per cublc foot of'

fuel. Also air drag was neg!.eetedl and- the tfqjectories ivere calculatecl on the

assunption that tbe theoretical velociiy i.s lnstalrtaneorsly. acqulred. llab1e 13 -"

shows tbat a,n inerease in paylo4d, causes e! alnost proportional inCrease in total

r?cket welght but a vertrr snall I'ncrease ln reactor treight'

9. Sgsgqci,gss

llbe salculetions pade in ttris cbapter have indisated the,t a rocket

propeLled by hyd-rogen heate& ln pipeF pierced in a U2.25 graptrite roactor is

feasible, ig !$4giglg. Elorrgh calculations have been given to indicate FoEe

of tbe inportant paraneters a,nd thpir rougll effect on ftnal ilipeneions, In

geniral it ls ind.lqated tbat srrcir a rocket Egst be operated at very 6igb reqpto'r

tenperat'res (in the neigbbgrboaa of 3000oK) in order to h.ave any appreciable

advantage ovdr foresegabLe conJentional fupJ's'

Yhr* the feasibiltty $ or,tnciolp has bee4 indicatectr oa4v ctetalLed

engineerlng con'sftteratlons have been neglectetl. These cAnslderations certainly

r.r11l altef the overall, dlgdqslons conqiderablgr a:rit nerltfy the effect of varlous

t
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parantetgrs. For exarople, lt has'been lntlicaled that the tota]. ilinenslons ol

rocket to perfom a glven rluty decrease with an increase ln the mass rate of

gas flow ( evl, at first narketllyiand. then slcwly. Ilorrever, the strain on
t

the reactor stnrcture wtll iacrease steadlly wlth lncreased 7v and' lrobably

wll.L necessitate addltlonal sutrryorplng stnrcture whlch Eay renove the appareat

adva^ntage of cperati,Bg at blgh Fv.
In geaeral ttre vbole questlon of suppqrtlng 

.a 
grapblte reactor nechan-

tcal-\y lntler the lifgh tenperatrire antl htgh fl.ow rate condlitlons envisagetl in

thls dlscusgion have f,een glverr little copsidleration a:rtl no welght allowance

has been nade for a4l' sugl,ortlng structqre (except as part of the payloa't[).

.e, caroful englneer{ng studJr of thls probl.eq, lncluil[ng the effects of pressure

cLrop, d<in frictlon, lhernal stresses, eto, (whtch lrouli require nore basic'

data than seeus 4ow available) ulght result ln a uaJor revislon of rogket tli-

neagioss.

[t sboultt be entrihesizerl a6ain that the uelght allowances'f63!:ltpaF$6adr

were ass\:necl to lncl.utle al,I Becessaly nunp6, contiol equipnent and shleltlLng.

thls nust be remeqbefeal tq interpreting the tablss forrtcoastarlt payLoaailr;

for-exanpLe, a hleher value of yv uay pqulre aD lncreaseil pr:np weight.

In ge4eral it uas assuned tbat shieltling vetght rvould. !e low in tbe r:nu'annett

rnisslle considered.. $owevgr, sone protectton prolably will be requlred for

control circuits and to prevent excessive bolling off of fuer by the absorptlon

of ra.<Liatlo! eaer.Sr.

It has been assr1ne& that both p$sical and chenicaL erosion of the

reactor strrrcture by hot \ydrogen will be unloportant tn the short operatlon
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time requlred. Ihis problen requires considerable attention before it is safe

to dlrarr final conolusions on the feasibility of the proposed tytrre of reaptor

stnpture. .

Aaotber desigt assr:pptton which requlres erperinental verlflcation is

the erbrapoLatlon ef the engl4eeTlqg heat traasfer rel'atlon (lq, ]2).

Throughout, the specific iutrulse has been taken as tbe theoretical

value corresposdlng to the teqrerature at tlp end ef the reactor and no alLowance

was nadp for heat loss of depafture ffon iCreal fLorv ln the qozrle, Shese effects

may lower the specific inErlsg by 4 fo lqr.

, ln adAition to the epgiqeering factors, sentionetl above, uhLph were

aeglected in our analJrsis, tbere are fuither sources of error eatering into the

nuclear reactor calculatignq of ChaBter 2, In particular $re npntlon again the

use of 2,2 as tbe d.enslly of graphlte. CoiuneFclal graphltes generaily hdve

mrch lower densities. tle repeat the fact that the relevan! ato.nic data

(cross-sections, etq.) wgre obtainecl from unelassifLetl sources a,nil arre.:aot as

conplete as could be d.eslredt

tlth all these sources sf error tn uind we feel that the rtrelghts and'

(inensions given tn this dlscussiqn are letter corriidered as fair ord.ers of

ura€;nitud.e rather than as accupate d.esigp flgures.
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