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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:
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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 orrler to estinate ihe feasibiliQr of enrS'loying nuclear-energy'to

iiofrer ram-jet rnissiLesl it becomes necessary to make 'conparisons bet*:een

previously .,conceivecl 
designs enploying conventional fuels ancl possible

designs for utiliaing such energ-J'.

Conventional Design. Part A of this cherpter is therefore clevoted to

a tiescqiption of * long-range ran-jet-propeiled guideci nrissilel using

gaso -ine as a tirel. This is essentially a Gulilna.I.y of a pre'rious report

issged by thrs labor:atory. It is concllrded- tha'r, srrch a' rieSign ean have

a J(.ange of 3rO7O miles *.hen flown at a irtiach nunber o! ?..2 ancl an altitude

of ?0rOO0 feet. The Statei1en'li is also macle that a renge of 51000 rniLes

is in the rea.ln of posoibilitS' if certain increa'ses in ram-jet perfbrmance

can eventuir-l-Ly be obtairred.

The.answer to the questicn of rurclear lnp-jet feasibiiity shoulC

energe from an intgffra..ted. ciesign 1;rocedurc which terkes into accor:nt the

follon'i"ng iaetors, sirmrLtr.maously.

(ii i'ieu'r,ron-desig,n o! the relctor and i'ts eontrols'

(2) The meciia.nicerl and chsinj.eal Froperties of the hot roactor.

(3) . tieat tronsf er io the $',as strean

tA.t ,freroC.yna;ric Cesigfi of e. strrrcture io earry the ir;:,"{oa.t! and l.eactor'

In practice, .se camnoi: 3-et, carry tirrouilh'a straightforrvard design including

all" tirese factors. It is neccssa:ry to ia-y 'eiside the tmsoLved questions '

of nochanical and chsvr:lcal in'begpiltrr ettd' to nake deslgns covcriug a renge

415 L23
ddcnrc
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of oFererting temperatures rahich doee not completely rule out the use of

desira.ble reactor materialsr omd which, in the }lf,frt of existing ez-periencet

nay provide suffi.cient thrust to rneet our speed recluirement. Aside fron

these considera.tions, it is desirable to have on record basic, calculations

concerning hea.t transferr to a gas streamy ty radiation and qr convectionl

in single-tube antl rmrlti-tube ree.ctors. It is also desirable to study the

arerodynamj-c charrtctcristics, i:e:rtieuJ-erly the internel drag of such reactorsl

the reactor vreights enrl voLumes involved, and the effect of tltege factors on

the size and ueig'Jtt of tttc bird..

Desi;rns UsinE lluclqar ilners. f'art B is concerned rdth the problems

of treat tn:nsr'er: in sirigle anti nrdti-tube convcetive re*ctors and in r*dia-

tive-lrei:.t'ed. re'u.ctor s .

fart C lrrescnts the ;:ropu.i-sion'cc-uaticns lcnding to tho l"elations

betr,ieen ge.s exit ter*pe,,r'*turc and nut thnrst eocfficionts for airy type of

reactor-heliteid rr,m-jet ov twbo-jet.

In Pe.rt D the ac+iocl;rnarnlc rela.tion$ nocessary for flight under differ-

ent conditions ar.., derived anil rt?lntions al'€ gilren for the rclghts theit e"rn

be su.:porteC in flighi; ct specified vc3-ocity anC aLtitude, givcn certi'.in

rarn-jct clesigns and thrust coe{'ficients.

In Pa.rt E t!rr. results of the ;:,revi-or:-s sections are cornbinecl to give

th+ prelimini.iry.cLcsign of' a convective-ireated ram-jet that is c€'ii)able of

flighi st 501000 ft. altitud.e at r:. iilach numbel of trro. The rcsults give

the total ireight that can be supported in flight as a f'unction of the wall

tenperatur.: in ttre reactor. For r.,. 6i.ven ::ayloadr curvcs are prdsentecl

shor.'i.ng the percenta,.ge ';ii i;ha total ueight that is erve.ila.ble for strtrcture

r;ieight.(i.u. tht; iotel ricight less tli:rt of the pafl.oad rrpd rcactor) for

ltLs

.tj iit I

Unltcd

I
ltEBotrel

LZrl.
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e ttifferent, wall tery;eraturers of the reaciot'. On the basis of these curves

it is conciudecl that it is possible to L'ritd h eonvective-heated rem jet if

the $iaLl ternperatures are a.bovc a600on and the reP,ctor naterial ca'n be

sufficiently comPacted.

Pdrt f gives the arguments viiiy e rediative-heated ran jet seens in-

capr-:.bIe of flisht except undcr conditions of 'very 1:.rrge siz,qs sith con-

sequdnt largo ufsuliw requirenents.

In Parrt G the erialSrsj-s of a supersonic turbo jet with exiraust

heating capabLe of flight e*t a &{ach nunber of L.4 is presented' It seens

Iikely thp-t such a clesign is' feasi'o.Le if rec.ctor na}} tenporatures pf

at least /,0000R are usecl blrt the urruiun retiuiroments are twice as ]arge as

those in the ram jet silree tFro ieactors are reguirerl. The stnrcture of

the vehicle ip a.Lso nuch no-re compiigated tlran that of the rarn jet beca'use

ofj the addition of tlre turbine-con5;ressor unit'

0

mtabr

o
Stat€s

4L5 125
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Weight of eontrols

Tatal. gross teiglt
Tptel erryrty weighrt

Fange

fi.iept aLtitude (initiafi
ff:.gilt lihlch number

Irl
a

I 
-r, .I.I

5fiO

]35r?30 Ibe.

6cr?30 los.

?rffiO rniles

5srootl ft.
2.2

II
II

o
.8$RT A:

ttY A. J. \lj"cars

Befes.ence I irxiieates t-nai, or' the iypes of vehi.cles si;udied, a

ram-jet,errr;-ioyingaKir:ltror.litz-Donalcisontyledif'fusa.risthemost

efficient loni, rang* missile. Accordingly, e niissile vas designed to

oper:atte at the o;*tirnuur ilach. numbei cf 2'2'O dnd op-r'irnurn air-to-fueJ'

ratio of }s to L aith i;asoline, ana ca.lcula.tiorrg indicate t'irat a

,.
r*?inge of .].0?-q iriles rnay be expected. 1?,is 

',nissile 
ie capable of

{::.ansi:orti.r.6 e. splrerical uarheed of 121000 porurds reqUirin6 i}3 eubic

feet oij space. Ii begins seLf,-irollt.cf ecl fiight at an altitude of

6.isrOO,J feet ;uncl nra;- bc e4:ecteti to e'ij,"ntb a;l'yrqxinmteiy JIOOC feet

ciuring ihe . course of itrs l'LiBht. A tirrus'b coei'f icient or 0 '9?6 is

requireC *nd see:ns atteiilabl-e at a i:urltng effi.ci*ncy of ,30$. this

is rliseussed in neta-iL in Reference ? '

The'.fol}owing table sulnma:rizes the gei6hts' and perfornlnnce of

a ran-jet eighi; fegt in dir:neter enii 80 feet 1o5r8r cagryins' a 12rC00

1b. ..rurhead. errd opelating at e.n air-to-fuel ratio of .L8:1.

p,+lilli, r I,,$g.fr ,list :[*ug.,i4{'u}i[E sJ,!,p, P,BP0gJf,AIICE

. lTeight of structure /.8t23C Lbs'

lleight or'urtrheaC 12t0C0

. il'eight, ot' iireL ?61000

o
aiv
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The results cf the ceJculations indicate 'bl1e range 'Lhe.t may be ex-

1:ected frorn tliis J.on6 range reto-jot propelleci mlssil-e withcut unt]'ue

dweloprnent o!' r,evl techriitiues. 
.The inueredralrge on1-y has been con-

sidered - tire increment of range due to larxrcrdng anC giicling being

nogligible b3r .eoapgisoa. i.\'eLinrinar)" an&l#sis o1' the glicie path

of tire r4issile inclicat'ed tlrni; the deeelerlrtic'n nas so great end

tfte s.esultirtg volocity so ]-ow, t!:;ltr to.rriil(e i:r guj-table v.'eaponr the

nrissi-Le sirould, i:e povered into ti:o target'

Litilc' con*qitleration hr.s been givc';r, 619 S€t to vehicles for

Ierr:nelring ili.sse urissil.-=g, b,rt it is estirurted tirat a typical larnch-

ing vehicle l+ot:.Ld 'rleigh abou-t, onr, ,'rnd rr. half to t'rcr tlures ihe weight

of tl:e missile.

The lbI].otrfuu 'irasic assunl:tiop;: $cr9'necess;'rr:t for thc aff']ysis

of ttre couventional f'uelea rr::m-Jet nlssiie t{nd see4'.rell" n-ithin reacf .

. (i). ilres+'.nt ;;urrlity of burning ctln bo malnta1ncd tt tlie oirer-

ating; altitude.

(Z). iiti:.te$.:r.1s riili- l'rithste'.nd o;:eration at equilibriura tql-

i:u'rattrres lbr t'irree h':nri:s

(:;. The Kr:ntroxita-l,orrlldeort t;ry,e difjruser is suitable for

, the desirocl prcssnre reccvery.

(al. 'Sasoiino [rpe fual rx'ry be used sntisfactorilrrr under flight
' corrilitions

It cen be expectecl th:.rt a subst,':ntirlly gle';.ter senge can 'ue

obtrrileri for thia tyirc of nissiie b;v thc Ese of inproved fuels of

tirc i3oroh.vciride i3rpe,'by tlie user of' the 0svr6ti-tsch fu-ge cliffuser

to secure the Cesired, :rressure 1.esoverv, rtncl- otheZ' inproved teCii-

-? qa .a

-
I-
III

I
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a
nio.ues... It is belieled tha't eveniue-lly with the develoSxnent o:* these

i

technlo;u-esr .i! triil .!s possible to achieve s't f'3Jr$6 of 5rc0o nilest
;-

gre riesired tectice.i. rp^nge oi c1:eration fof sgch a nissile.

lalmetlo

o

!;r!.
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PART B. HIIAT TRAI.:SFEII iN PJiACTOR-IISATLD RAI/[- AND TIIRBO-J3TS
!! 

' 
, : : : i

By A. G. Carriton and C. F. lileYen

t. 9u!linSg-n,ci. prfvietv pf RpFliits.

l{c conqidef first the problen of convectivc heart transmlssion in a

rrim-jet coneisting of a diffuser fo]lowect by a hot c;'linrirical *Oo'. lthe

y4.p-jet is assuned to be sinilar in genere.l design to fuel-hrrnlrig ram=jets,

iinc!. is consiclered.as opera:ting at an eititqde of i0r000 to 601000 feet, an

atmospheric temperr.ture of '+C0o }trankine and r: flight ilt',ch nunbet of 2. the

heat is su'i.'1:lied bir mairrtaining thc rea.ptor surface at a constrrnt high

teml:eraturet

The finding 
.is 

thnt length-over-diameter.' l:atios of IOC or nore are

required, so.th.qt the use of a single c;rlindriea} tube would be infefi.eible

3n 
the basis of, eonvective trensfer a1o:re. ltr.ro r,'ays to avoitl the diffi-

culQl are then coneidered!

(".) Use of a multi-iiube re*ctcr, to indrease the ratio of heated.

surface to reaqtor volume.

(bi Use of o-n opecifier in the gas stre.an of a single tube ree.ctor.

At;agg6o K, one squ-are fcot of hot rva1l rariiates 426,kiiouetts, and if qny

consideraible ileci;ion of this can be cc.ttght in' the gas sireem by addlng a

suitable'abqorblng smohe, thc proposal is by no lneans fanciful.

Ii atso turns out t'or a multi-tubc hee-ter that the length diameter

ratiq, of in inc-ividua.l tube mrst be 10C or nore, hrt tbis is.perfectl-y

fcasibie as the C.iernctgrs siLl be of the orcer of 0.I feet or 3,ess, so

that.reactor lerlgths of the order ci' 5 to IC feet are permissible. Later

it will be shorrn thert the nwbpr of tubes required for a.n B. ft. dicmetcr
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raq-jet n!11 be of the order of 5C00 tc 1Jr000.

liext heat transfer.in the reactcr nateriel j.s considered. The gradients

lequired are large *o,igt to rrr'l.e out tire'use of a single-tube annular

reactor at once. iiowever, the radiatijre case is irreseni:ed in detail, be-

cause ihere nary be other a.ppJ.icatiohs for the analygis, and bece,use it is

desirable.that the possibil.ities be assesseci, quite lndepenrient of tbe

difficulty.about heat transfer in the soU-d material of the reector. the

calculations nacle 6.!€ €rs foliovis:

' (e) P,adiation transfer from hot we1ls to smoke.

(b) Transfer from sraokc to g;as. This is rer:id anri efficient.. The

alr-smolce retio is large enough so that +,otel snoke ,;ieight is not serious.

Hornever, t'he particl,o size requircrd is snaLler tha.n that encountered in

ordinary smokes.

It ie concluded fron iiiis study thai; ade-riuatc hea.t transfur fron

hot graU-s to a. gas strearn can be obtained eittrerl by the use of s. Eul-ti-

^r"ube convective herater or by a sir:gle tube reactor using a reasonable

arcunt of sinoke as. an |tog.'acifierfr in the gers strean. Hov;ever, considera-

tion of the heat transfer through th,: reaetor nateriel inciJ.cittes th+t it

wiLl seriously li.mit tbc use of e single tube l'errctor. i

?. Units ernu F-ynbols,

Units axc fcet; pounds, hours and oR throughout, except fbr rx, par-

tlclc raclius in mJ-crons, and | , melm l'ree 1:ath in microns. ite<r.uently

used synbols are as fellovrs:

C - mass velocity per urit cross-section.

/- ois"osity

. q - volume hea'i; florc (gtu)/(rt3) (trr).
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stefan-Boltznann constant = 7.'13 )c 10-9 8.I.u- per hour

per sq. ft. Qf wall surface.

TenperatuSe.

fraction of the radiant energy absorbed along the nean

beap length. .

heat tiensfep coefficient.

tube diameter.

partiel-e rgdius, feet; pt . partic}e radiqs, *icrons.

nurnber of particles per. cubic foot.

speed of ges flow.

Uach nunber.

P- density; pp - ns.ss of. pgrticles in aubic foot of gas.

- speclflc. heat at constant pressurei f - ratio of gas

. specific heats.

E\p - Particle absorptisn coeffigient.

k - heat c'onduetivity.

Rus - nass ratio of. air to gnoke partlcles'

Subsorintsl#

- w, weLl; p, particl.ei 3.r inleke; cl, clif,fuseri et exiti t total;

oe stagnation.

e
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where G is the rate of nass flow, anr! c the speclfic heat of the gae a!

constant pressure. Ist Dr be the outside clia$etan of the reactor and f the

fractlon of' lts gro99 closs-sectlon occupled by the gas stteatn' Refeming G

to intake conditionS r.

G = Fr vl * *"Dr2 f' (r)

Thereforq

Br P1 "t * *'noz fc (ta ' rd),

Norn the voLume of the reactor i-s gtven by

, .v 
= *'nD* (1 - f ) t.

lherefore

.eiv1- (e/16) fc (Tg t ra)

(2)

(3)

132

p
3+v- (1 - )r

Iet us assune the follot'ing repnesentative velues as an exanple.

PL -.008 LbAt3

v1 = ?000 tt/eec

_ Arlaa a Lfz

g 7 O.25 BTUAb.on'

Te ., T6 :280008

L = ?,Lli f'b.

l.=o'5
TU/sec ft3 = Bi5 Wh$ 2o,295 l<q/etfr.. 0.^)

This is the power De1, Unit voltrne for a reactor that nil1 propel s rsn-jet of

these charactc::lstics, The forrmla apnlles to reacto::s vrlth ary rn:rnbdr of tubes'

o
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O L. Convecttve tteatins tn a 0y1i -Igbg.
I€t h be the heat transfer coefficient fron the hot tube ru411. to the gas,

in btur/(hr)(ft)2 (on), l.e.r'the treat floro per unit taL1 surface, for Io

tenperature differentiaL. The folloroing ernpirical. heat transfer equation for

tr.rbulent notlon €ppears to be the best aveiil.able, aoeording to !{cAdams,

' Reference 6' 

- o.oz?.c G0. 
I 

7a,2D-0'2 (" ffu)-0',6, (4)

Here D is the tube dianreter, k the thermal conCuctjvity andl /ttn viseosity

the gas. Eqr:ation (/r) fs dinensionLess. c flk is PrandtLts number,

which is relatively inrtenen{ent of tenperature and pressnrei as an a\rerage

rlalue for afu, sre shal]. eurplcpr O.7lr, /O'2 does not change greatly tbroughout

the tube, and wiLL be considered a constant, 0.55, Thus, from (4),

. f, = o.oLiL " 
oo'8750.2, ' (t")

srhich is norp'cnnfined. to the sy$ten of unlts usbd in this mper.

ny Bernoulllfs equation, the lreet absorbecl ln an eLetnent of.l.ength tll is

lfp2Gc tlTo where.To is the stagnation tenperatr:re; tte heat tradsferred -fron

the strface of tbe eleinentary e;ylinder is trzfln(f} - To)dt, The heat transferred

fbom the surface mrst eq.r:aL the heat ebscrbecl by the gas. Thus, using.{a,

{16: o.o9o4 ffi dt. (i).c

For sinplicity it eil.l be assumed that the closs-section at the exit of the

diffuser is the sane as tlre c,r:oss.section of the gas-stpearn or strearns ln the '

leaetor. (See Rielre 6-6). The total mass flor is constant along the entfue

ran?Jet, so

c:Pna Pif ororr, (6)

where-v is speecl, Pi fr atnospheric density, Al,/Aa is the ratio of the intake

crosS:s€etlon to the ctiffuSer exit cross-seetion, Csi is the atpospheric speetl

ltt! 4Ls 133

o



*r-
II

a
I

-t

I of sound, and t*l is flight il'lackr nunber'. At 601000 ft. tire speec of souncj- is

3r5o0r0dc fl/'w. Substituting in (5) ane then inte6rating''
dt

dT ='0.003 c,2s p1'2 (f,_%Vna)

0.003 L/D (ro)I,tl
To - Tdo
.#
'n -T-eo 0.2(D PiMiAi/Ad)

For conpleteness vye vrrite t-!re eriuation in terms of alL the relevant pa:ameters;

0.092 o.2 -o.6 LlD (ru;
Ln

DP t (q./q) csil{:.

The v.r:rirrbies in the dcnominator appear only io the o:2 power, so that

ne ca.n replece t[em by avcrage'ialues. iror a'n altitude of 6OTOOO/flrP i.=

0.008, ivii = 2, 7) = 6, *i./r\f = 0.5. Then (5':) beco:nes

rl' 
, T.+

T* - T"o

= O.AC56 L/D, (:"1

Tun I Ts - (Tw - Tao) e-o'0056 
tlD'

I,tou To =- T (l ftJ nli2), ac'cordi.hg to Cook (Reference ?)r'where T is

the stiltlc tentpere-tur'o Bfld, Y the, ratio of the specific heats' Before

lreating, f, = 1.4r and tiro ettmoqpheric teml:erature is abo,ut 400oR, thus
,.

l'do = 12oa '
Values of L/D ar.e listeci belos for varioua values of Ts and T"o.

tleJ,l TemPerature, Tvr

45Ao 5000
.LAD

L.97

265

tengtlr/dianeteg i'i:.tios such as eall-ed for j-n the above futble ere out

'n - T.
h 'r' i-go-.F -.n-v -eo

5500T

3OJO

3580
4C00

t2a
L59
208

165
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o of the'question in a ra..n-jet consistinE; of a oingle large tube, becc.use of

ther greiii 'i;eight of re.actor implied. Ttrus we rnrst consider nulti--tube

reactors.

The oniy chiingB thilt occr:rs 'in thc above arualysis nhen we consider

nulti-ilubLi rgactors is th* snall'er cliamei;er of tlie tube. Le.ter cgnsiclera-

tions.usi.np, ol:tirnun ::.eirctor eiosign rndicate thtrt the tube dieneters shouLd

be of the crcler of 0,i i-eet or le,ss. ff" rre ci$:ry out the abovo calcula.ti.ons

for a.tube of tiris cii-a:neter wc: obtciin tire i'oLloreing':o.Iues of L/Tl-'

i?al.I Tenperaturet

T l+5ffi 500c 55C0

-2000

3500

4000

These v*Iues of L/!i RIg ?€rrsoll{:.b1e ontl l.ead i;o vriiues oi L from 5.1 ft.

to 16 ft. Thus it &ilpears possible to hrilrt a re*ctor o!'reasonable size

and rreight.nhich ruou-Ici ha..'e edequate heat translr.',1 to furnislr exit gas

ternpere.tures in thc rangc's noted a.bove

5. Hee,t Tra:nsfur in tho fteactor Ma{eri:rl,

Before cqnsiderlng ii:c he'et transfer from the hot wal1s to the g4s

streen in a rbclie.tirrr:-he:,iteti nr,n-jet rve shall study the problem of heat

trirnsfer through the .'oa11 ma.teri-gtl of thc ::eagtor.

The porer output of a r*.m-jet opere.ting at a velocity v1 is given

{Section :) by tl-.e relai;j.on

. Po = F rvrAic (Tu - Ta)

The ir.rxfurrm ;:ossibk: in1:ut to ges frorn tlra recliaLing irell of .aree. S is

given by

53
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o ' Pl = r sT#. .' (6)

The efficiency of convereion of radiant enelgy into gas enexgy is given

tr VPi.
For e. jet 6 r'eet in tlia.meter, with Ai/A4 = A.5t operating at 601000

ft. .a.ltituoe and at a velociQr of ?$00 ft/secr r're teke the folloo'ting

vs-lues:

A1 tQ ft'?if .=.oos *h

c = 0.25; tu - fd = 2$0QsR;

a = L.,t3 x I0-9; $ = 1?0O ft?, for L/D = 15; T* = 5000oR.

'Ihen,
I

Po = 5.62 x 1c8 Btu,/trr = 1.48 x rO5 rh.

Fi .= 18..( x to6' Btu,/hr. - 4.85 x to5 rF'.

Eff. = 3o.5f,

As a. matter of t"aqt, the -oower not trensferred to tl're gas getuTns to the

.re.llsr so.that the output of the re*rc*,or is onry Por insteacl of P1' Thus

ttre heat transfer necessite-tes a tempere-turc gre.dient tlrrough the pile wa11-,

given ty

(z)

o,

.ir/dx = Po/gk

Firt
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D6ta on thc therrocl- conductivi'by k for ni:tcri:r.ls whieh ldlI stanci very

highteroper:',turesar6:scant)'abcve.3o00oR'Vbiuesofl:forgraphite(nef-

erence 19) an<l tirngslen (F'efcrence 12i are given belot'r:

. cnAftflrE' IUl{SsIE}l

-2 -1 l..gR

1800

270C

3600

4500

5040

T.OR

-III
ITII

o

k

L?tc 5t7

2650 290

aogo r01

t?90 65

5350 87

The estfun.,rted viilues ai' k at 5o00oft are

585

689

779

8/+3

883

k" = 86, iq = S6C.

Tc sugi;:1;r tlte i:over retltiirt'mant, the terperatuge gradients needed are

384Oolt/in. for carbon;

3\iroR/in. for tr:ngsten.

These .figures stro-,? hgv.l difflicr+1t,-i! iq b rrct 3!ip-!lp+t .nee4ed tiEpletr

anv qonsj.d-erablq tbj-qkness. gf rp3,ato{ tna$r,-Jie3,. The figurcs teIL us unem-

biguousl;r that the use of r single tube reactor of cu.rbon is inpossible' The

flglres fof tungs'ien er$ giv'en oniy fo3 comparison, because it bas been

strrd.iecl go nuch by tht-' lanp inclu6try, He se'e no'.lvi:y to make a high- ten-

pere,.ttrre i;ungsten pile, ..- since iit oxidizes so {Qadily anC is a vdry poor

norierator; -

There appears to l:e no daLi r.vailable 1 ttre heat eonductivity of lle0

a! high temperi-.tirres 'irut it is prcbabl-;' moch less thnn thet' of carbon. Never-

tireless r.ie shEril proceeci to r.saa-lyze the 'gnoblem of hea'.t tri,nsfer to a gas

streE-m ccrnte.iaing arr rtopacifiertt. This wiLl ene,-bJe us to drive more nails

into tho coi'iin oI :: radi.ative-.heated ri,n iet rnissile, althoug,h someda'y it

nay have applications to sone otber tylre of vehicle sush as a rrsp.tellj-terr.*

41s tr37
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The calculatione ln sectlon 5 lndlicete thst it raiLl be necessaly for the

gas strean tq absoTb about 9}ft of tho radiatlon f:.on the hot tube waIIs' The

nost p.rourislng neans of absorbing radlation is the use of a.denFe smoke ia the

gas strean, The heat transfer ta}es place in two stages, radiation f?our the

m1l to the Smoke particlesl f'ollowed by conduetion f}.on the particle to the

ga9. SectLon ? shota that the heat transfer fron the $noke particles to the

gas ls a rapld and efficient process under reasonable operating condlttons'

Because of thls fortunate circunstance we consi-der the transfer as direct fron

the hot c'all to the gas, the absorblng charasterlstig$ of the snol<e deternining

tho pontion :f the racliatiOn nbich floss into'the gas, The net outraril heat

flow por rmit nall sur.face iF

6 (r# . 14) r (21)

where F 1s tho fractlon of the r'adiation abso?bed by t'he gas Ln one average

tarip frorn one hot malI to another, T, j.s forrnula wiLl be denivect fbon the

assunpt!-ons that the mal 1s black ancl that the qmoke and the gas together aet

as a gray body of iennerature T. Considering the gase of two plane hot wallst

and calling them 1 and 2, rce note.that, per hour and per 9q. ft"

I[a].l 1 ernlts dT# I

Wa1l l. receivos fron wa1I 2 €I.#, (f - f')

Ilall- l- receives 6 T4 f fron ttp gray gas and snoke because of lfirctrhoff ls

Law. The sry.of these terns yieLits (21), (fn ttra case of a central react'cn

nlth a perfectly refl-ecting qy]-intler outside, the angurnent i's slnllart the

radlatibn retr.rnirrg frorn the refleotl.ng walL repllacing the radiaticm fron the

opposite nall.. Tbis device has been considered, but sineo its properties are

roughly sigrllar tp those of th.e armulap reactor, it niLL not be dLscuesed

f\rther).. 4Ls
}
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3 The heat flow q per unit gas volune is the heat fl-ow per unlt.wa11

surface times the ratlo of the radiatlng surfaoe to the gas volumet

(22)' q= O(T;4'r"4)f Q.b\

The gr:antity of heat fl-oeing into a unit volume of gas |n its pasiage

.throush 
one'foot ig l/v, shere the speecl v of gae flog iB

vaMC /6
r,'ith It[ t'ne- [&eh nunber ancl C r/E .tfre speed of souncl, Neglecting ttie differbnce

between T and To (ttre stagnatlon tenneraturo), '..'hictr does not exceed L0 per

cente .we have

.dr/8l,.q/Pve
{f (rr4 - T4) f (t /b) (zg)

f

ra vc t/T c

Hpre M and,P can be uxpress"d. ihtterms.of their values at the cliffuser polnt

as foLLorvss

plpd s v6/v;y6ffi/frr/f,

. M/(r'rdrtfl)rx,lT, (za)

where K ls a constant, T[e obtain

M: (r . frTa.m} ftY sfr = 
xfr r (dr&), eAa)

wher.e 1 (fffu) 'lq a s]-o.rpLy 
f"1t* 

function of. its variable, as shosn ln the

follo.sing tabul.ation! '

2000

f z 1.1 1.2 7,6

The constant K in (2/r) is conveni.enu.y eval-uated at the diffuser point,
=shere K 

= 
lla/ y'C6 tf + lfa Ua2). The lesser of the truo roots in M must be

selected to yield the conect 1aIue at.the dlffuser point. (1ote ttrat (25)

has no real roet foy T > a/t't f ; this nerely states that the gas cannot

be heatetl abcrve thLs terperatqre lithout affecting the intake conditions).

.415 139
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Trle shalL requlre the nunber of pentlcles of opaeifler per unit *oluner .Nf

This ls given bY .

N/N6 = P/ Cu.

!.'hefe tb ls deternrj.nedl by the amount of smoke 1ee choose to have at the tall

endl.of the eentral botlY.

For the absorption coefficj.ent l' per averpge pth from'wall to mI1'

rse conslder the mean bean length to'be D, whlch twns out t'o 'be the correct

rralue forr infinite tube l-ength *lthlconstant val'I" temperature and cpnstant gas

temperatrre. The absorption cbefifcfent of a particle ln a unl'dlrectlonal

radiation strean fs Zff, €pr where r ls the frartlele radius (equirralent radllus

ff particle is not sphen{ea1), and (O the absorption coeffleient of the

mterial in the f,orrn of particles, Tttus

F ; r-d'Ntf €il , r.e-l(rTalT QLt

where K1 = N6zff 6p D (fit /a W'l/trby the eqpations oreceding,

trbkiirg the irrdllcatedt'substltutlons in (23), wo obta.in:

dr ta tJ+ - ilr rherrrTd/T). (261
;;- ? T--'fti-* \:'

It is now our tast< to study the lntegral,

ft
T -= i'" (r# - ti)-111*r&ra/r)-1at = lnyt'/cYa' @1\'t

ITa

shere Kz = oy'ffPd ".
ltre factc (T*4 - T,4)-1 vartes sl'orvly unless T closely apnroaohes Ts.

llenee se take Lts ueaa lmlue f1 out of the integral-'

r r T1-/*f1 (t" ,r*'K1 ralr1-J 61. (2s)

Ita
Thd limtts of f1 are given \r

.6 - rd/r*&i-l S rt 1 1r r T"t'/t$\'t' (29)

140
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o The lnteeral (28) ls evaluet.eA by introdueing the variable x . T/td,

ex,oanding arril S.ntegrating term tyr termr. Reference L6 ej'ys a series for

x (ex - 1)r valitt rvhen the absolutp yal.ue of x is less than 2t . Iet

X = Te/Xbi thon the result is

16 (x2 - t)
F-,+

zI\1+

T!$

E
€ (Kr'x)

f.. K1 ^K12Lo9x
L',--fir*rF-:r-

5.19

(.1 rrzr (xz*i ' 1)

(i . r)(zr)l

(lo)

@+t
2 _ r.)

Here the Bts are the BernouLll nunbers:

B1 = 1/6, Bz a t/3a, Bj 7 L/LZ, etc'-

I[e ca]-I the bnacketedl exprassion {F (Ktr I). Thus, for K1 ( Z'lf t
T 1x2 - 1) € (rg, x).

X1

Irr general tbe terms after the ffupt thnee can be neglecteclS e.g.r if

X ; 5, the coefficient of q4 fs &/to)(.oa - r)
= - dddb, 

and \4(rl (2t+) (2t+)

cannot exceed (z?/-)lr 3 !-550.

nrorn (30) and {27),
--) - 8ct'rw4rit
X--J-= c f1K2t6'S(rr,x)

8('!v4 Llb
r{ c 16Z/z ' ftlh rP6c S (ic1'x1

Nonn, roughly t A/c: 1.0 x to-14; .c 2 Q.Zie $ = 
0'2e

Pa a 3PE = o.O2l4 Td : ?00q; f and f1 ls about 1'2'

Iet us try the value Lfr = 151 and obtain values of K1 for various rlalL

tenpera trres. We

t

.(rr)

$21

(J31

ot)

We put X a 5 for Ts r 35OOa, Ttren

frv : 4800 e (K1,5)/x1 ,

e (K115J/\ . 1
6

L t'+$l

!!It{Ert

o K1
+

IIFi
&1s L4l
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a Erom these values roe obtain the followlng dependlence of m1l tenperature on

KI3

' Kl: ,5 .6 '75 J''0

Trr:' '6100 57OO . 5/*00 5000

Thus fc a'.,e11 temperatwe of 5000h, K1 is about L'o' l{e are. now in a

posltion to estinate tbe'air-sEoke ration Rasl rhieh nust not be exceedetl if

radiant tnansfer ls tp te suf,iloient for our purpose. Ibom the definition

of K1r at Tq ;'50009R we have

Nuzfrz(-oD(Lt rdt{d?)A F 1,o,

Slnce the alrrsmoke ratlo !'d gtven by

a Fed{aBFWfr?F
.?

ls tho effective denslty o.f tF smoke particl-e.st we ha.rre

n67f = 3&- + +.uLppAr

(tt)

{36t)

0z)
shere Pp

A1so, (t'i-7aud?) c 1.0'5r. and .f €!,2. ttren fron 05)

gg .g- J-E D = 1,6 0e)
FP A r

Assumlng &af Pp.= 80 Lb. /cu, ft,, ri'e get

%s;r,s*16+-f-P-- Dgro+ D : bg}

the depenilence of the air-snoke ratio on rlarious factors is nore clearly

seen b5r conbining (lr), (lS), ana (36) to obtaln:

na, . 4g q4= *g ,11tr*anh2* , '* = (ao)
Crg Te2 " Tdz tgp [h ff1 F

th$s equatLon the first group consists o.f.constants, the second of

tenperatr.rre faetorsr lhe thj.r'd of partiele eharacterlstlqs; the fo:rth clepends

on l|ar l:€., on lr{l antt S1/46, ind thq fifth group is the length of' the heater

hrbe tirres factqrs '.hiqh are rougtf.y constant.

dctc..e
Act. 50
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?.,AbsgrU,-r,ign oj[. BdiFt_ion bar_p.ariic,],eq.

rn sectiozi 6 thc absorpiion.of rediation ras consirrered fron the

simplifieC point of vierv that uiron. impact :rith a particle racliation is
s.eattered for:,rerds, in otilev' rords, sce.tterin6 uus really neglectei.

Thie learls to the eq.-,ression

F=1-'l- -unrt.uD
(41)

f,or the fraetional absoriitioa in ihe J-cngth D. Rr:eul. suggestecl that the

average parth ler:gtir rsighi: be considerebl;r increascd inrc to scattering,
sirrce the tr'--yalue desired is about 3C parcent. If the scatterin,q were

perfectlir randen the erb$oi:ptlon coulcl ire caleulated bj, urs methcds of
ord^inar;l d.ifiu;rion theory, Ccncicler tlie rridiation ers ph,oton6 moving

througii e. necli.um baving N scat.terins cn,i FartialL}, a,-nsqrbing jlF.rtieles

r'er unit volunie, i,et erch 1:article hiive a geone.trieerj eross-seetion of
b ani erbsorptivif;y € p. The rneen f,ree prrth of .a ;,hoton riill be given

w

I I
I{b(i - G;t (p)

since the. photon velocity is rarge conpa::er! to perticle velocitieg.
the meeur diffi:.sion 3-ength L4 is girre.q bfr (ref. j-4)

i/zt6= (rrf)' Urj)

uhere'llis the dilYusion constant lmd. T ts thc nean lifeiime before

capture of e i:hoion. liog if' tho ;fiotons are re"ndomly scattered the

diffusion constimt is given iry

90arld

o
thc

IIr+F
GOn-
hy.
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Y = ['vr:,

where V is the vclocity of lights and +",hc rnaen iifer is

Therefore we he-ve

r

td

1ffiry U,5)

(tAJ

,.22

(le1

:60(u €n) tll

llov'the steady-state diffusion ecltalion is

Vr", = n4l€T' w)

wh'ero ryfis ttiu number of photons per unit Vo1uae. For a plane case

the solutlon ist

_x/Ld
n.,r= fuog

Thereforet

For our'case shere D : x antt O = o"'

(aa)

(as)

(:o;

This eqira,tion brepfcs rjottn unless Q' i" vcrf, sn3.]1...,For.the case in

*'!rich f O iu about I vrc ca.s arite

&r=*=#Nb

e or
2n

lnlormltio!
OOB-

(;oa1
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since if fp = L the photon rriIl be a'beorbecl art the first collision.

Tlrus the form uscC in Sectron 6 is veJid irrovicling that 6p is approxi-

nately equail to l.
0n the othe'r hc.nd, the expregsion (iO) is only valid f,or i'andon

scattering of thu ;*rotons. This is. obrviously not thr: case for pho*r,orrs.

The rlo::k of Ray-lei,gl: (ref. f5) sholred thai for pr*ticleq of tl:e sizes

r..'e rnrst onpiotrr the scatr.ering;ls var;*.rach in thc forsard d.lrection.

He distingaj.shes tlie foLlo*ling cases:

0ase'1. t'(( vavelcngth-: forrrard end baektrarC scat'i;erings

ttre equal.

Case 2. r X i:ravcltrenc$hi scattc+ri.ng primariLy forvard.

Ce:.se 3. T>> n'avclengtb; scattering primarlI]/ bacloiler.rd.

Fof our case the values of r nnC of the uavelengt! are ap;;roxi.r,r,rte1y \

tilo same. RayJeigLr rliscusse:s t$r-: case in irhich r 5-s egual to the i?ave-

length d-ivid.ecl W T, which i; fairly represcntative of our conditions.

In this case- the pro;cortton of ra'dfurtion scati,*rcd forward is very

1arge, being on.a relative bnsls, J- at Oo; 0.6 at 30o and .01 at 90o

a$ neEi,sured. back froro the fongqrd directiqn. Thus the correct f,crm of

the di!'fusiop path shoutd take thls factor into account. This has not

been cion.J in thls b:eatrneqt sipce most r:f the other factors aro so un-

reJiel:*e.at present. I'lre le+ge ratio of forr.'ard, to backrvarcl scatterinB

heips to reciuce the iufiucnce of gcattering on the results of Seetion ?.

4L5 14s
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anci since i're i:b-v,.: ch'Jsen. a configuration witlt

Aa/Ap = L/3 (3)

vIe niive

Fzur= 4-t! \/\ 5.667 tu/fi?/sec (4)

l,[ow tlie s-tibsonlc diff\rser. redu-ces tlie stre;'rn rreiocity from the

initir:.l Mach nuraber of

Mo = -9oL (5)

tcr il[Z = .zYl (6)

in.eccorrlepce nith the rele.tj.crn given iry: equeti.on (9) cf Chr.pter 5C.

The ef'ficiency of.'th+ diffusic,n process is fuiken to be O.$J. The

'.equfition conneellng the irllaeh nutobers acros:J thc conpressor stage is

(r*:f . J, eqiu:rtion 15)

.r+r
M"

-J_
% {.r) 

2Y
(7)

A gompression ratic of ti:qee is considered t}irfca.l- for turbo-

jets rurrl since 
' 

f= 1./*

o
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The ecirl:tion connecting stfignetion ternperl-tul'(ts ecfoss th,e con-

pressoi: is (cqur:.tion 1'1, fg,g. -c.i!..):

Ir

I

- (s)
t?

tr(s)

ir'!2 390M2 .o8/07 (8)

t + .f,:r *t3
z

2 (g)

1+ Y* 2
2

m2

v

3
2/l 5*,yf. = L.358

j + Idz?

(ro;

rvhere ihe stl6nation tempcl'r'-turcrr which rcmr.ins constent except r,rhe:re

rqork is donc on or heet is Lddecl i;o the' 6as strei.rm, is ttre following

function of sLttic tenperetr.rrc alri lfuch nurnber:

(s) F*,- (n)T = r(r+

l{ov since thc flight temperr'.ture T1 io 393oli ind ilirich nimber ilo?C.9,

we have:

T2
(")

T1
(s)

=)93 {rr.Bl
I | 

-

1 
"- 

L&. (re1
5

ilence; by equation (10):

,r{"i :: 6z5o9. (13}

Tiris is tlren ths temper.rture et the input to the reerptor. Since

the g*s tenpe:'i'-ture Eot tlie cxit of the r;a.ctor rust not exceec 2000oit",

delcue
Ac., 50
ite col. LLs n'Lx
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i1 constri:.int imposerl try i:rcctici.J- gors trrbine d,esignr vie see th*t the

temper;.'"tii:re ciil'furencer AT, t.}lrr,ralrh r'zhiclr the resctor ra'ises the

gai is:

At 2000 625 3.Tlrol7, (ra)

Now in erder thlb the 6riq gbilean in the nucletr trrbo jet reeelve

the e;,lte enel'ry ns i['as avilil:lblo- in thei form of hent vehie of the

gasoiine irl tire gn"sLrline burning plototype, the mass flol: rnrst

satisfy:

0 fi cp a?,

gs-L
L7

2.TI x Lolffi

(15 )

(18)

(17)

'that is m 66.3 itr/sec (16)

wherc the vr.iues of Q r,.nc1 !T c,r'e fron oqgr*ions L and 1/r resl:ective-

}y ::nd shsrrcu nn avelir.ge vcLue.r:f CO wtis. ti:icen to ire .26 'glBhb.deg.F.

Since rir = 1Ov!', tbe int-rke ere* foLlows at once wlth the aid of,

eerr',.ticrn 2, na.nely:

0_
tn 4t

A1 l.po sr1. ft.

Arxi since Nla = I/3, t,np g,as stre:'m cross-scsti-cnal r.:'ea at

'i;hc., d.ir'fuser uxit ancl in the rei:.c,ior nust be:

A2 4 .i'tq 11.7 sq.. ft.

l$ovr heiat iian*fer equation 51 Chr'rpter Jll vhen i:rtegrated ls:

Thls document lnlonnaUotr

o
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u.
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(s)
log {,-

'dl.2
T-o - f3

m6tw - '/,
(")

t,orur)o'2

rirhere L, d are urc' length and. dianeter in feet of rn inrilviduri tube

of the eonvectirie lrestcrr :an,i th€t mFrss current density , P V, is in
Lb/!tz/h:,. Ttre solution fot L/di'z yieJ-cs:

t- (20a00)'
I

L.2 '.a664 Log /o00 - 625

-

4000.- 2000
(20)

d

vihet'e i'. ?rali tenperature of 4000oR in dhe renctor is a.ssuncd. Hence

63.o5L

dr'2

T!:is etiuctt5-on ex1:'reoses the' congtrrr.int iraposerl upour the reector

aesign'by the l:ent trr,nsfer eque.tion. another conclltlon ls tl:et ex-

pressed. by equation LtJ r+i:ich gives the free ges strean cross-sectional

arcer namcrllr:

A3 11.? sq. ft. (22)

A third con<iition may be srtpplied by eonsid.ering opti.mura nucleer re-

actor desi8n. As wilJ be seen presentiy, these three conditi6ns deter-

mine the reactoi. configurttlon.

Tab1e 3 of Chapter 2 gives, for an ,fvcrFge nurnber of 2,1 nqrtrons

emitted per fissionr tlre follor:iag r.:1:proxi"rn*.tc* criticei'slacs ijor

optirnun scrlid reector rlesign:

o
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Lc

54t cm = 1.78 ft.
(23)

cjg. cra - 3.25 ft,

For i:. rcactor pefforated bf tr.,.!1s :.'{€: ilB€d to divid.e the above'nunbers

bv 1 - la . hence:

fs +.7,€it-P (2t+)ft

ft3.25 .r-r

The v;rlutr of f such thst both o:iutrtian 2l+ r'nd alration 26 yiold

the same va.lue oi" .r is giveu by:

+7f.! (zl'l

f = 0.4LC , r = 3.02ft.

Lc

rvhe.re f ir thr, rcrtlo of tt:e g::s strutrra free crc$s-sectiourrl orsi:,. to

tlie iot.:L crcse-section in tlre reactor. lJqt frc'in thc iiefinition $ f
rve hnve;

f. *7 A3

so ilrst tito constr.:.int expressod b;;' ui'ri:tion 22 beeom*:s:

(25)

{26)T
I TT.7lnr

wfr'(I -D?

r.9_1

,rv

this rer,uires thet

o
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Hence, by equation 25t

r - 3.25
! L-r

5,51 tt.

The volusrs of reactor is therefore:

Vol. = (r - r) !2r t = l.lr3? x 1L.7 x 5.51 = 92.77 GU.ft.

The weight data are:

.Carbon Reactor BeO Reactor

-

I

Ursrniuln

Since t = 5.51 lt, equation 21 gives:

d = @)""' = .131 ft. = L5? in.

Finally, thc number cf tubes necessd{ry to ir.cconmoCate tbe nass f}olr

is gi-ven by

867.9, or 868.
rcz/4

The preceding lcsu.].ts det'ine the reactor cornpletetry. The metirod

of calsulation, it rsiil be reeaU-ed, was to riosign the rea.ctor so e.s to

supply the s*.oe amount of energ' to the airstrecm i,.s vould be evail-

able from tire gasolin€ consunption in the cornmercial gasoiine-

n
A3

ot
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hr:rning prototype turbo-jbt. this is 4 very gc.nerc.i trcatneni:' and

one shculd therefore e.tenine the validity of tho majrrr erssuniptions .

involved. One such assumption is that the tirrust of tiie iruleair

streem in the nuclear vehicle and tht,,t of the r:rir-gesoli.ne er.haust

proclucts in the gr.soline prototyoe are not too rlissitnili',-r. tttow llottr

inotlels.lrave epp':roxim+tely the same eyfti:ust tenperr''tures, due to the

1-J6goii. limititlon ,.r.t thc turbine. Also, be:ceuse crf this limitatlon,

turbo-jets operi-rte at extrenely }er:.rr mixtures, o.ir-fuel retios being

of the order of 60 or mote, assUri-ng i:: nolecul,*tt' weight of the exhiust

gases little riij,'i"ercnt fron th:rt of nir irlone. Hence it is not likely

i;hr:.t the tirrusts of the tuo desi6grs wil-l be ai:preciably different. One

ctirer fa.ctor is the cbeg ciue to tjre reeetcrr tubes. It i.s not be-

lieved., i,oyeevJr, tho.t tlris i'ril1 bc suffj-eiently 61'eeter thrrn in the

conventional turbo-jet irur:rer to ce.use nuch grror in the calcule-tions.

For thc; Frescnt :'c::ctor design'.rith Vrt ratj.o of le, equation 13 of

Chr"pter 5C yielcls i,r drr'g per unit crcss-se'ctionri] e.tca of approxi-

nr:tely onc dynaqic head, -- a figure vrhi.ch is in gcoc ngreemeni uith

experfunentel vliluqs obtained from Lebolatory te-sts on conventirxal

rr'nn-jct irrrners.

The pow+r adCed to the gr.s strcr.:n turns out te be ayproxinatel-y

33160A T.U:, 
whiic the poiireit outgrut of the cngine{ttrrTrst ti-rnes

velocity) is 6400 H.P. .Ttris gives .:in ovr?rr:Ll cfficienc;1 of 19F.

&!s x"52
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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

]
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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
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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
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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-
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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
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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,

159
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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

le
Ie

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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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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The heat transfer from pafticles to gas is given by:

. epg = hp'e $&N (5, - ru) $zl

the heat transfer coefficient h* has not been studiecl for particles

of the size in phich we are interested. Sone work on the heat transfer to

cLouds of sne11 spheres of uprqlfls of 300 nierons in dianeter has been reported

by Johnstone, Pigford and Chapin (Reference 8). If there is a re.lative

veloci\r f betueen oartlole and gas, the solutton of tlre heat transfer equation

glven by the above authons is

hpg 
=

kc(R,P) , $s)r
r"here k ls the heat conductivity of the gas, R the Reynolds number (bVPf),

and P is the Prandtf nunber.

The frrnction $ reduces to unity for smaLl nalues of the Reynplcls number.

The ReynoS-ds nunber is less than L for our case because of the snraLl slze of

the smoke particles and al-so b'ecause of the smll- relative velocity to be

exgected. Thus, wq are probabLy mfe in assurning that

hnu : k/r $t-)

pnoviding that g is not eornparable "'ith the mean flee path of the mol"ecul-es of

the gas.

The sean .free path of the gas nolecul-es is glven by
I[

/7 Pa qr#
rvhere Il is the mofecuLar weight, rr.the radius of a molecule ancl n ls the

number crf nolecules Der unj.t volune, Since dfor air the moLecular radius

is approximately 3 x 10-8 cm, the value of A 1n f::ee aJr at 6OOOO ft., and

OoC is O,?/, nicrons. trbour thiS point onland r ei}l be neasnretl in nicrons;

a 
and the m:ieron rrsLue of r wiLl be ealLed r*t k is then in BTU per sq.ft,

per hr.r per %, Fer rnicron, and h'is in corresponding units.

$s)
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In the dlffi:ser "her: the dehslty [s approxlnrately three tines that at

fntake, the value of 
^ 

is about O.25 nicrons. The nean fYee path at any

point fn tHe tpbe is then given S
i= & Fu,-

F 
(56)

PreLiminary stucly J.ndicatedlithet the parttcle slze shouJ.d be.ef the order

of 0.1.. to l- rnicrons for efflcient tbansfer; thus it is comparabLe with the

nean free. path and rve shouLcl lnvestigato the heat transfer for the case of

particles snplL.er than the mean.flee path.

Apparently, nothing has been done for such srnall particles at norna.!.

pressures but a clue to the nethotl of attack can be obtainecl fron the consider-

ation of loss of heat fronr fine wires ln rarefied ppses. Ibon the rork of

Knuclsen (Reference !) and Smoluchonski, (RefeBence 10) on heat l-oss from rines

of radll srall sompared to the rnean f)ree path of the moJ-eeu1es, it can be shown

that

llue:t,9ak/A, $tl
where lc ls the observed conductivity at densities such that. the'.mean ftee

path is srnall .conpared pith the vess'el. radius ard a ls the accounodation

coeffl.clent of air molecuLes on the raate:rial of the smoke.

The constant L.3 contains all- factons relating to geometry, relatlon

betmeen rotational and transl-atioml 
"trergy 

and correction fe dLfference

betrseen ob$ervecl and theoretical heat conductivity. This rel_ation should hoLd

'when r ls vaniehlngly srnal-l comnared to ). &l the othen hand, retat:.on (54.)

shouLtl hold whbn r ls very large cbmpared to ), The forn of the function

for lnterrnediate rraLues ma;y be guessed fron sorne rpck W snoluchorvsk{ (Refer;

ence 1O) on concentr.ic cy3-inders. It appeais that an ernpirLcal reletion.of the

forn

hpei*+#ffi (re)

ttrls

- - -

o

d
U.

dcf€nse
Act, 51,
li$€ont
Dt lilg..F::I..
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e gu n B c urn u d ;r'*= * # f tF*=.f =
II

-ItrFt soultl be appropriate ancl yrtd fit the end points satisfactorily.

. the 31ue of the t"".iri*od"tion coefflclent for srroke substanees whlch
';

coultl be usetl in or application J.s uncerfu{n, It is knorm ue11 only for clean
i.

meta| surfaees. I.t is surdis.ecl that for snall- particles of 0 or MgO it may be

close to rmitlr.

Slnple .kinetlc theory inclicates that the conductlvLty k varles ap.the

scluqr:e root of T. This is not verified b1 erpetiment antl the discrepancy has

been eLucldated, at least partially, by Sr+therlar.rd, Howerrer, lt is'weL1 to use

a.ctual dlata fcn our present purpose. Table f nnesents vaLrres for air (Refer-

ence 11). . .

TABI;E T. TIIERiqt CO}IDUCTIVITY OF AIR'
l_-

Tr I

degrees R,
hr;ft,4 deg.'.R.

lc'
BTII

400 0.0119

' 600 .orr*

800 .o2I3

1.000 .0260

. 1200 .o3oo

. 14oo ,og5o

1600 .o3go

1800 .ot3o

2000 .ot*60

2200 .0500

2+W ,o5?o

on pIoltlng thege data it is founcl that k is cl-osely proportionar- to T.

units thp relation ie

k:bT 
"2.6 

x1O'5.7

In our

(lg)
a
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lld r 9.2

Cs:3.5x

Tc = 350008

T6 
= 

?OQl

III
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(60)

(6oa )

(6r)

(63)
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o Thus we een wrlte
1.3 ebT

-op-- l+1.3 arx

Assurning that 1.3a equals 1, this beeomes,

hps'#'
The rate of change of gas tenperature a3.ong the tube ls

4?/N*dT 9pp--.- - 
=cll, fJvc fMcuc

.P r+ (rp - r)r
where, uslng (6oa) we have put

3 u (s/a) ta*
=-' Pn Ma cs c r* (Atr*)

To avoid fravl.ng to know TO as a functlon of I,, r€ assum€ that Tp - T = $r

a constant. The baslc is that the radiation f,Lun'froxr the val1 at 50000R to

the particles is oonstant rritbln about 2}fi, tn splte of the fact that the gas "
ternperature changes fronr ?00Q1 to 9500oR ag we pass along the tube, This

yiel.cls

dTldt = W,lis $27

or'sF L ='? 
(ru* , ra*)' 

.

Iet us use the foU-owLng assused values!

. &s i.100

I,, g l0

q l 'Q'25

PP=80

The. result ls

'r* (I *'rx) ;

106

6

o 380
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Ttrus if rx 1s bcis.reerr 0.1 anci I micron 6rnd XF 0.25 microns, the

temperature crifi'erence betrreen 'particle end ges is only ebout 20o. Under

the conditions assurngd the ireat tlansfer is very effective; and the'he:ting

of the snoke is an tnJ.r,rportant fnctor, beceruse of the 13rgu vrJue of R.r.'

dcf,cD!e
Act, slt $,L6
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o
tt0
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@rc. PBpPurpJoN Ali4t{srs

Af e. C. Beer and A. Tri. Lemmon, Jr.

1. General Ecuations.

Ii is a reLative.ly sinple. nattey to pr.edict the iierforurance of a

nuciear-energy 1**-rot, '.+hen tlie tonperature of the exit gas stream is
specified. Such probl-ems as i:urni.ng trfficiency and chemical ea.uilibrium

as a function of, tenperature do not oocur. once the exit ges strcan tem-

Peratu}e is calcr$ated b;.' tneans of the heat i:fansfer reiationships rierived

in section B of this chapter, the propulsion performance can be pnedicted

in tire manner outlinrld b6ioo.

Ibllowing tlie garne nethods as used in reference 3 anri subsequent

,anaiSrs,ss o{' ram-jet performanoq it- is determined that for the case of no

mass-if-ov'' spi.Ilo.ver ancl streight tail configqration, thc thrusi coeffi-cient

is given by;

)

v,'here Ci = gSq
Lmpu}se coefficient

fr
C1

E;
1_

rMo2
(1)

(2)
eo

/r = duet cross-seciional area

[1 = Llach nurnbetr

Gt = thrust coefficieni (based on gas stream cross-sectional

grca at reactor)

g : conversion constant to gravitr:tionaL rrrits

c = iocal'speed of sorurC

d= ratio o.f specifis heats

5{'
dcteDla

o
cmtalB

I IlllltrF

415 !71



aa

-* d

c

I'

II
.I

II
II ffidffiF

o

(s)

and the subscrii>ts 0, 1, 2, otc. refer, respectivell", to free stream, in-

take, dif'fuser, etc, fn this equation tlle ai.r scecifie inpulse, defined at

the locatlon 'urhere i;h,e straam lJiach nt'rrirber is r:nit5'r is gi.ven by

sa=#'ls- 0)

r.rhere 'I .= absolute teuiperatur€r oR

' R = gas constant (1?I5. ft-1bs,/s1ug-ueg.F1 .for e.ir)

f, = 
;::"": :xi'""::::T:-,:il::;: 

pres-

this c;uantiQr, uhich is the strean force per unit moss flow, clepencrs

in the preseni case on];,' on ihe eir streem iemi:cr.aturo at exit. Tr.re

function is plotted. in trig. 5-1.

The intahc-cliiiuser e*e:r -::aiio , At/,\2, is so chosen that (for the case

of the convcntional riiffuser, i.c. subsonic pbessure recovery after normaL

shock) tht' norrnal shoeie occurs a'i; irttalie. This configuration therefore

varies r;rith the elir gpecific inpulse, Sa, ond hence muSt be calculated. for

ceich exit gas temperrrturc. bbch a calcule-tion involves conputation of

Ilflnch nunbers along.the duct 1n'the inar.:rer indlcated be.J-ow:

'[or given vslues cf air specifie.iurpulse, lnpirt stagnation te.r,,rperature,

anC reactor drag ccaffie.ient, tirc lftrch nunber at thc entranee to a reactor

stage opereted st choking i-s giv:,n $r fl,': fbirowing equation (ef. cqui:tions

L3 and A-ll of ref. 3):

t2 I^?Da
Ri+ tr?. QI

2

lfhlr

f=

[rr,r-€2{\Ls
ally

o
,8=

}L

ot
u,

tlre

6,2
(s)

@ - <6}
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wnerep= $ t"if Vts being evaluatetl at tenper:ature T2) and 6= t-* luo
nlrere C4O i.s the dru.g coefficient due to the reactor (see equations 11 ancl

follorrving). T.he stagnation t,lmperature tit) i" defined in terns'of the

static tenperatuie by thre foilouing relation:

1(s) = r (1 + *+ u2) (r)

Now because of the conse:rlation of energ'y, tr(s.) = 1o(s), and so:

r.(s) = 1o(s) = ro (1 + }J mo2) (6)

i.Ience for p. giverr set of fJ.ight cond.itio.ns the lrlach numbg.r i{2 at the end

of. the subsonic diffuser (entrance to.retrctor) is uniquely detormined for

each value of exit gsls temperature.

Now the ffiach nunber ldr at the entrence to. the di!-fuser, fol our case

of normal shoek'at intaker is cbtained rv:-th the use of the rueiJ-known re-

lation.conrrecting the ir,lach numbel:s aclc,ss normal slrock, viz;

+5
?M"2-1

, for f,= L.l+
2 -"t

(7)

.vcherc: Mo is the &lach Funi:er after the shock and M" i.s the aprproach lrfiach

number. For our case, of co.urse: 
.

lulu = M1 anci M. - Mo (8)

vhere n o is the fliglit ilach nunber

With the kno';iledge of 
!11 

a.nd [12 , f.ire ],lae]r nunbers at entSance and

exit of the subeonic cliffuserr.i'ire ratio AtiAZ follons a.t'once fron ihe

relationship bettiee4 Mach numlrcr and i.uet c:ross-sectional aree, namely:

- fhlg docunent contalos

M^
D

3l

o
of the
u. s.
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* 0.5
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o
A1 =,k (vf*s\ ''+
h . Mi \,rr4lrl

- 0.5

(for d= 1./,) (g)

vrhere \ and M2 qre ttre fllacli numbers at cr.oss-sectionai areas a1 and 12

respectively and 11 is the efficiency of the dlffuser (ref. J, equation 20).

Quation (g) is cornmonly vlritten in the forrn:

A1 - 1g(ru1)ptr w-)i
n'here X frrrt' e VIn f#,

(10)

3 ,n
for f, = I.4

2. Determination__q!_leeetql Dras Coefficient.
'

For the floc, of air ttrrotrgh long tubes the frietion drag coefficient

is given b;r

cd.b = 4 tL/D (rr;

where L is ilie leng6 of tube, D its d.iameler, f is the i'riction force

per unit sid,eivalL ?.ree per unit value of Puz/Z ancl the subscript

b refers to ii:e burnep, o" t,eirqtor tube.

The value of f for long tu'ues has been given by lrtcAaems (ref. I?) in
terms of the Iieynolds nunber of the flLon, aithe:: by the enpirical eciuations

. - .JL6

(r=)0..0

f : 0.0014+o.125/(qe) o.30
(rea)

where Ru is the teyaolds nuinber, D paVa// ;

or oy the iheoretical. qrluertion of Von l(arnan (ref. J.B)

or

a

/,
rF+

415 L7 tt
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y.f/? = 4 Lo9 Re

*iz - 4:0

tuo = ,....184-- L

{n")o'z !l

This is the e,,uation used to calculate

pealing in eqr:ation 4,

(13)

a
I
I

I-I
I-I

o
(12b)

f'or the ran€;e of rrahes of Re forrnd in the ran-jets h,:re consid.ered el-l
!'

Lhree equa.trons give approximately ilre seme vaiqe of f, but equation 12

vcas chosen because of its similtieity. Thus

C6O anc hence the vaLue of €ap-

lhls

o
ot
u. 41"5 l?s
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a PA&T D. ATNODYNAMIC -AI.IALYS$
By R. J. Vicars

A rnissi.le zuitable for nuclear-powered f,tigbt is shown schenatically

in Fig. 5-2. The basic size and shape of the fuselage is initiatly a

function of the.volume and space r.equirements of the power plant - the

regctor - and of the payload - arbitrariry estabti"shed as a shape six

feet in diameter and tnelve thousand pounds in weight. secondary aero-

dlman.ie considerations refine the ba.sic shape into tr vehicle suitabLe for
friehtr and anaryses based on thLs shape ,;eirr supply knowledge of the

mlsslle perfonnance.

For 4 missiLe to be !n non-aecelerated fttgbt (aynalnic equilibrfu.rn),

l;r:o coudi'iicns {nrst 'be fi:j"fl}Ied, nroireiy

("] qft :j t{eighr (ti
' (b) Thnrst = Drag (2,)

Accordingry bn analysis was nade to deternine ttre lift,, neight, thnrst,

and drapl oi the proposed nissile.

Fof, the Purposes of this analysis, arbitrary values of flight alti-
tude and [4ach nunber $ere selected as 5or000 feet and-2,o respectively.

Pos,er plant calculgtions i.nclicated that a diffuser ratio (maxinun body

cross-sectional area/intat<e areg) of 3.33 utould permit a suitable pressure

recovet?. the reactor vas esta'olished as a perforated cylinder eight feet

in diarneter and approxinately seven fee+, fu length with a free area of

55.6f" of the cross-section.

The total exteraaL drag of the nissile is made up of ttre nose form

drag, the friction drag, tfre tail dragr and t}re rving drag. .

(a) Nose forn drag = q Ail CDN (3}

where q

&15

a.

the the

I
a

!tt
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13- +

5.35

AN t projected ironta-l- area

. CqfV = nose forn dra.g coefficient (ref . Apir/fitu Aero-

dSmanics He-ndbook)

. Nose form drag = !8O 
x 35.2 x .03? = 776 !bs.

(b) kicticn dreg = q Ar Cr (1)

where A3 = ey;bernal i.vetteC. area of missile

C3 = friction drag coefficien*r, (nel, af.l.AEU Aero-

rl3namics .tl*.nrlbook )

f,biction drag = 6SO x 5t3 x 0.0026/+ = 9?O l-bs.

(c) Tail drag = q At CDr (5)

where Aq = tai] planfor$ area (tota,t)

CDt = drag coefilc.icnt of thc tail based on the tail
planform a:'ea. i"nf. APt/Jliu Aepod-;r.ne*,nics Hanttbook)

ft nas arbitrariiy este.bLished 'bhat the tail irrei.t should be, trrice

that required for neutlal stability thus en,suring adequate d.yrramic stability.

thrarghout flight. An exanination of the l-osds ifie. f-l),on il1e missile

r.rhen at a slignt angle ot' yavr, ( f)
tsccly Lift

v Hliaiit Path--

TqiL Lift
''treight

(Norru:t l,-orees assumerl e,irral tq lift forces et snalL angl-es considered)

Fj,e, 5-3

drie,a%ff 4I5

IIITI
IIII

o

Stetes
!f and 32.

C
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indica.tes thatr.to be neutr:1.1l;'. stabLe, a srinmation of monents about tha

eenter bf grnvity riust cqual zerlo, thet is

Eody iifi x rnomen! srn = taii :tift x monent a.rm

or q At Ch tt iri = e As cr,u is (6)

vrhere A1' : i;aii planform area (in plnnc'porpcn<licrilEr to boriy l-ift)
fi.--Ltu, = te.iL lift co*fficient (r.ef. A?L/&ItJ-cil{-321i

I = tail cfficiency f:retor (0.?I)

1T i: rilolrent arn of tei.]_ lift tbyce

AB - body cross-Fccticn$J. arrja

Cr. = coiy iift ccet?icie.nt (ref. gptAHy-Cf-L66),B

18 = molnerri aln of body 'lift force

Ibon equition (6)

fo = uuPtlq tt'=
q CLT rl 1?

l'.P cts ,--
1r Ylctt AB (?)

In order to esfu*bLish tlier veriouE moment a.fms, it wgrs assrr.irpd that
(i). fhe ec,ntr,.r of gra'rity of thc ;llssjJc is on flre longitudinaL

axi-s e+, e. p.oint 60F of the bod.y length aft of the t'or*arcl ti-p

of the. i?cse.

(a). Tire ming lilt .force srcts at ttre missiie c.g.

(3). .The tail lift Jorce acts at a poirrt irl2 diameter forrrard

of the aft end of thc missile.
'{+), 

. The body' lift acts at e,. point one fourth of the conical

nose. Iength aft otl ths forirard tip of ilre nose.

These a.s.sunptiops then elLcx the ialc'aleriion of the required. taiL area. . If

&Ls 179

+l

I



nrlrf 
-4rr---i-

aa a at a a. a

o

lbr/ftal
5 Lu/*z't

($P)o = 2.6/re,.dian. *a (#)r : 2.6{,/ra<iian
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then

Ao"l 99. ft2

Tiris is. the, area in one Rla.ny iiecesselrj, to gjvc. nr..utrerl stabiiity. Since
the raissiLe auir^,, be stobiiisoc irr tvo planes the o.rea must be doubled.
Another 'factor t"rf tvo must be usccl ln orrler to rnc.et the previous recluire-
meni tiu'rt tpice th* areai necded for neutrai staci.t-ity be used.

?he ta.il- dr?,s' - q Ar *0, - 6go x 396 x .00gL = 2?40 lbs.

(q) l'ling drag T rrsu-la

L/D L/D (3)

'*,rhere L = rdng Lift
$-{ = totir.L missiie psight

L/D = riiirg iift to iiri."6i nrtio

rn order to car-crirats 'i;he riiqg iir.r,.g jj is necesso^rrr to h..*,e sone
knonleCge.of thc. totel missl.e vc.igh.t. Since rarn_jets.of this order ere
stiil 0o'3' s' cesignrlrrs crca6, no accur-:.te rreignt d;'.te is avaiiei.ble. The
fol'l0ving are, at bestp rer.sonsble c'stimntes..

Item

-

fiei*ctor
Fayioaii
Tail'(a.:o rt2
tTing i?5o i12
fuselago

tTeisJrt

-

3ir000 lbs.
L2r0c0
lr5oc
4r9OA

?5,ooo

@a'
@6

I Totc,l ueigh.i;

+Fr

?/or4.O0 1bs.

4L5 180
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To verif,y the seleetion of 760 ftz for lzing ;rea
.

= trf = qATf CL (9)

where ATf = uing arca

and . cl .: rving lift boefficient (0.1,15) (ref. ertfiilu Aerodynamics

ilandbooki

L = 680 x.?60 x c.Lti = ,I5r0Q0 1bs. Ti,hich is reasonai:]y close
to the originally assunerl value.

firnscrag.= 
# = 3* = 825Grbs.

11it-' valde of 9.0 used Ers tire t/D z'atlo of thr,' iring would appe&r atte.i.neble

for a bi'convex wing 9f 3s thicirness r*\tio, a+, &ri angr.c of attack of a-tpui

30 (ref ' APLAiiu Aerod.trnemies He;nclbook). fae totr:*l tirag of the nissile
then is:

I
I

a

-I IIIT
III

,a

liose tbrnr drag

lbicti.on drrrg

Tail eirsj.g

Iillng drag

766 lbs.

970

2r?/+0

91258

Totel drag 121726 Ibs.

flrege toi;r:i lift ancl d,p;ig figures indicaie an overa]l tift to drag
ri:.tio for ihe missile of about j..9. ?he dr.eg coetficlent irased on tlre
rn*zfunum body cross-sectional area is

c9 = T,ptr.1,.cf+q,'q A

(io;

,il
Cj

i 
- 

F^,L1. f toffi'ffi .37L
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By angl-ysis 1t has been estsbiished th..r.t a vehiclE designeC .gitnin

the previousll,' ostabl-ished'linrits rzill :neet thc j.nitial requirenent that
the iift equai th,; weight eird. rryirl have a clra.g coefficient equal- to o.3zl..
Tiiis neans tha-t th'c :uissiic,.iui1l bt: sr+stalneti. in ftight at en altitude of
501000 ft. r,nci- a ftlaeh r:urnber.of l.D shen a thmst coe.fficient of'o.i?l is
mainta.iired by thc po$cr sou!,ee.

The sclrematic figure chosen for ar.narysis scemecl to be fai::ly repre_
senta'tive of convc4i;ioneL desigts. Hoivever, Cue to the i.act that the heev-i-
est slnglo lt*,m in bhe missire, the renctor, urust bo Located. in the aft
section of tht: rnissir-er thus pro-cin$ ttrc center of grevity.far tozrerds the
rear, it sc;r.';ms probablc ta.rat ;r rnorc i:racticai clg5i.qrr na;J be poSsibJ.e using
the cannrd type configuration. lrls ty-pe. rlesigR 5,laces thc najn supporting
surfkces at the rBarr lionever, no cletaiied stucly of the canard {,pe l,ril1
be made s'i this trng bppause tire purposeo oi tht: ane-'!-ysis he.vs bee.n servecl
i4, the conventi.onaL clesigrt .chosep.

da(GDre
Act. 50

o

ar.aaao.
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PART E. DESICTI{ Rlii'.UItlEi:,{p{TS rOR A CgNVUCSMj{ir4Tgp RAM:.JEI

A. C. Beer and C. f. Meyer

'ffioi'partsB,C.an<i.Dnowe.nab1esustoproceedstr'siemati-

cally rryittr .nurnerical design. The appiicatior: of constraints inposed by

such so:rsidera.tions as, optinum critical nuclear reactor size, heat trensfer

conditions, maxirnrm wail tempereLtures, fJ-ight altitude, etc., tr: lam-jet

theory lead to a clesign capable o! flight at a hlach rnrsrber 2 at altitude

about 501000 ft, and having essentially unlinited rsrnge in the absence of

naterial diff iculiies. Tirir ealculati-on of thnrst eoefficients for this

vehicle is sirnilar io tirat ernlr}oyed in the ce.se of the conventiona,l fuel

rem-jei (ref. 3), except that as e result of the adclirtionel constraints im-

pqsecl by the conrlitions cnun'.irated abov;:, certain parameters are no longer

arbitrary. the equerti.ons leeding to the design deseribed above wj.l} now

be presented.

2. Reactor L.l,erruirr:nen-bs.

The nuclear reactbr design equations give the follovring critical.sizes

for the rr;actor havin6g'tlre optinum concr:ntration of uranium. (These are

basecl on an avL'rarge nunber of 2,L neutrons emitted per j.'ission and ere

e.l{Jroxj-nate}-v correct for both carbon end i3e0 :'er.ctors.)

rc L.?8 0,ry'"
Lc 3..25 **!-F'"'

(1)

O where 1'7 is the i;:.rtio of the gir.s stream free cross-sectioneJ area to the

contdnr lnicllatlm ddcDre
Act, 50vlttln tbc

I-
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lrw.

(LS LBfi.



I

r--rI-f

--fl--

o

2rl'h:

al
a

totr.l cross-section of the ree-eioi. i9e shalL assule that the dia:neter of
.l

'the reactor cquaJ.s the ciie.neto" oc tire vehi-cLe, whLch tras te.L,en as I ft. to
t

accomodate the desired p.r.1rloacl. Using this in equation I we obtai.n:

? - -556

I {= .lrt+t, 
.

Lc = J.J2 ft.

(ra)

Hcnco tt-rc gas stre$m cross-sectionaL arca rust be

= 22r6co Ll).

= 3i,000 l-b.

= 11.3 tons

; 15.5 tons

II-
ITI

(2)

0)

415 185

T!.e totiil weig!i+" of the raactor i.s Sivr:n by

%

fitn (carben)

$R (tseo)

-_2n Tt!ts
f +

4
: 28.0 sq. ft.

Fin o -r) tcPn

whete f R is the densi[,r of tirc reastor mode:iator. This gives for carbon

e.:nri iieo reactors

4

Z. Heai Tre'.nsfer Bel{.:tions.
#

. For flieht at 5O'CCC ft. altitude end. at Mactr nurnbr:r of e.O the mass

current de.nsity at lntaLe is

.P tVt = ?2.5
lb.TrE scc.

a.nd in the reactor it is given LV

P zYz = 22.5
A1q

d€lcDse
Act, 50
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For the purposes of estima.ting length-dianeter rirtios vre shall assume

tha' A1/A2 = 2.66t vrhich will be seer. Iatcr to be a fair averege of calcu-

lated area ratios. Thus we have ' I

a a aa aa a a aaa a
aaaaaaaa

I--II-+Htrr;Fl+

.060/,

II
II

o

f zu^
8.1+5 30tl+OO ,,lb.i ,,

rt?ur.

The equation governing the htrat treusfet from the reector nulLs to

gers st:reain when integtr:rted is (equation 5r part ll)

r.b.-
ft2sec

ln

shera L and d are t[e lcngtb and aianeter of e.n individua] tube of the

mfr
-ct:mnlw-&e (Prrur'l o''

L+-;r-
- L.l

cl

I?ffi
6Ioz

(/-)

4.7

1..3

3.9

3.5

3,O

2.5

2.2

10
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reactor.

This erluetion ce.n be solved {'or for varrious values of Tw and T".

A1so, since I, is lmoiiri from equatioa la, the value qf d and l,ld foUow

at, o4ce. Tfe shall nosr assune thsrt thc efficiency ,if the heatirg proeess is

such that the exit gas stream tempepatrrre (Te) is 1000oR below the wa1l

terrperature. Ille then obtain Table L.

T4p.rin I
fr
rsJ' Te d n

50000R

4Poo

4.200

3800

3lpo

3000

2800

2600

40000iI

3600

3?oo

?800

2i+oo

?000

1800

1600

.0/*5 ft.

.048

.051

.c56

.062

.0?2

.ing

.089

i?500

15600

13600

i1500

9200

6900

.5700

MOC

Lld

1.62

1A?

tlr3

131

118

102

92

82ID

nrtlod alctense
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Thc value of n, the nunber of tubes reqrrircd in the reactor is given $',

^ ^2*f =r ii+
i

or n = /7 (v) (5)

. 
The int6rnel drr:g coefficient (CX$ in the reactor $es calculaited by-

equertion 13 of pert C. The Reyno!-d.s nunber use$ in that equntion 'nas ob-

tainecl by using an avera.ge value of the vj.ecosity U1) of air for each case-

Using equations t*, 9, and 1 of part C tle values of € , M2r ly'A2 end

C1 r,.,here. Calcuiated for eaeh raal temperabure. The vaiues of Sg wore

taken fbonn FiH. 5-1. The ve'Iues elre sirorn in Table 2.

TAB.IiE 2'
tc{vclcT I{,? \/ttz

500o

4,600

laoa

3soc

3/*OO

3000

2800

2600

-r.35

-1.15.

-0.95

-O,'15

-0.50

-o.25

-Q.IO

+0.05

.t66

.L76

.r87

.200

.218

.2u

.257

.278

.331

,31r9

.3'll.

.3?5

.lag

.n?

.50?

.54o

.781+

.743

.701

.brb

.599

.521+

.480

.n9

.136

,113

.39a

.365

.333

.292

.267

.233

fhe calcuiated +,hrust coefficients Ctr a:'e refered to the free aree

.? kfr, so that if sre wisir to refer then to the tota.l ram-jet cross-sectional

alea, Agr tire valucs should be rmrltip,l ied W V. These results' dl, shott

il the last solumn of Tabl,e 2.

LLs

o.

II

18?



IT
I-

Once the thrust coefficients are ascertalnod, we can apply ttre equat-ions

of section D to calculerte.the totai vehicie weight Wp that. can be main-

tainerl irr fligbt at selected attiturle, nanely

Itb = (lirt/urag) rl AgCt

For an E ft. diameter vehicl-e fS.ying at 501000 ft. at a ltla.ch nunber

of 2.C

)q = @0 rb/tt
A3 : 50] fr?

tiow fron the study of eonventionaL fuei ran-jets and .from the analysls

in part D it is reaso4able to expect lift-drag ratios of the order of 6.

Thus v.re have

IT
III

o

If vre sqbtract

(ia,,:or: tbs. ) ,

etc. fn Tab1e

carbon and tseO

lTb = ;:051000 C; .

from tiris i;he :reight of $:e reactor and that of the payload

the remaiqing weight is altovable for stru.cture, controlso

3 are sho','rn the. total weights end. etructure weights for both

moCerateQ reacto{s as a funclion of wa1l temperatut'e'

4L5 1BB

a
mtlond
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TABLE. ?

d
rFi r deg. R. ?161 lbs. Car'oon Reactor

$["r ]bs.
tseO Reactor

W"r }bs.

50oc

4600

t+zoo

3800

SLOO

3000

2800

2500

69r380

a+r67a

79,95A

?4'83O

68r28O

59r800

5/+r7l+O

[7,',17g

5t.r78O

50ro7O

45,350

l+orz?C

33,67a

z5r?6a

20rLlo

ltrr?o

L6r?80

lJ,&o

36,95Q

3rr83O

25,27A

16r860

LLr74Q

lrrfr0

'l'ig. 5-4 shpws this ueight daia as a firnction of T*, while FLg. 5-5

gives a sinilar plot vs wa}l ternpeletUre of the vrelgh'b AVailable for stnrc-

trite, etc.r expresseci 4s I'rg3g6nte'ge of tire totai weighi' It appee'rs possi-

ble, in viee of 1,hese rlatp; to buiLd a tarn-iet caireuble of fl'ighb at alti*

tudes of 5cr$oc ft. an,i Mach nr:mber ?.0 irroviciing.thai wal} temperatures

can be rnalntained a.bove 36CO"n. The above figpres have been based on tnre

denslties o.f gaphite anC Bed. Real-istie bplk de.nsities obtainetl in present

ilractice are .much lower so ttrat it is possible that actual'. deoi6rrs $i11 be

1-r-rrger p-nd heavier tban the ones p::esented''

The riesign'analyzed a'oove 1gas a'strsight' teiL configu4atiO-nt ire' wittr

exhaus! at; Irilach n-rrtnber rrnity at the r',iacI,or *r"c. I ftg, A siight, increase in

thmst cou1,3 be qbfu:,ipcd by expagrding the exit gas strea-m bry neans of a noz-

zle to a SuFal'sonic velocitir. The a$oijlt' of ueeful uxpi,nsion is limitedt

boo.rewer, iluc to.i;he f.:ct'tirai the thr.isi eoefficicnt rei.ches'its nrrximln f"lren

I
475 L89



flt
a

--r -I

ta
the e:iharist pressure is equirl to thai of ihe flight medj.um. With the

straight tail (no expansion) the e:<it pressure is only a factor of trvo

ol t!:r"ee times the anblent. I{ence, it fol3-ous that on}y tr restricteti

rlegree of expansion is perrraisaible. fnerefore, the gain in thnrst

'1"-hich corr bs ottainect lry this mechnnism is quite Limited. Since osti-

natcs inrlic;*tei gr.ins of tlre ordel' of oniy 5fi fi so, the inore invblved

cr:,lculeii;ions i'rc:re not caryieC out.

ddcltc
Act, 50
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{ 34$L-9. Dp.$IGi'l. ReqiIIaEPIiryqS !'OR A.R4DIAT,IIILHE+1'ED RAtu, JE'I

BY C. !'.'[$eirer sJld'A. C. Beer

CotsiCeratiotrs of nucLep*' d.esign, heat lre.nsfer, and aerodtrmamie

conditions Lee.d to the following qrgunents a.gainst the feasibility of using

a reason€.ble sized raCiativl-heated sing3-e tubg unnular reactor srrrounding

the gas stream to propel a. rfrm-jet. these considerations are:

1. Tlre exit gas tempera.tures nnrst be of the order of lrOOOon leading

to wej.l- tenperatures of the order of 5O00il.

2, Tire lrrrge heat flovr at ttrc trigh wall 'temperatu:rcs requi-red neces-

sitr.tes a great diffe:rence of tenpernture tJrrough the bod;; of the

reactor !n order to obtain edeqrrate heet trimsfer.

3. T5e vclumo and weight of smoke nate:pial required for e 5COO-rlile

flight restrlte in the necessity for firrther increased. sizeg.

' 4. t'he J-ength-dia,neter ratio ef thu rr.actor tube rmrst be of the order

of IO ant1'ihe radiation absorption pith shoulC be 6.ft. or longer.

This reguires a very large vehicle.

5, The aeroiynam:ic contlitJ.o.ns nccessary for fl-ight at reasonable

al.titurtes postulatag a large gas strenm free a.rea ancl consequently

a lergc reactor.

6. The ur&niunt reiluirements of tire re&ciior are {'antastic.

A study of the possibil,ity of using long soliC eylinder reactors in

verious eom-binatlons, as radiators, indicates thut the hoat transfer is

less eiflcient thein thi,.t lbr a single-tube design encl that thefe is no

g,ain ove,r the urutulrr reactor design insofi*; a.s size is coneertred.

'fae surn totai of tirese considgrations suggests thai e radiative-

heateC rem-jet is inoperable unless it is of vcry large size. ft, therefore ,

415 te3

e,
seems feasihle for sgae ve futuro use.
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. P-ART c. PFE[,1.]'{IN-qRY AN,UiTSIS 0f ID&U,IZED NUpffiAR-POU383D

SUPERSO{rC TURLo-rET V.Tiiicr,F

3y A, C.iSeer anC R. J, Vicars

t. Ig!.loductrre.
. It is ue1I krror'm that a considerable increase in the thrust of a

rarn-jet can be obtained. at the low supersonic Hach numbers.if nechanical

conpression as weLl as raxc-pressure recovery is utilized., The disad-

vantages are, of course, the add.efl weight ancl structure conplieations

caused, by the introtluction of the turbine and cor,pressor units. In a

nuclear supersonic tu:'bo-jet. the ind.icatione bre that tvro reaetors

should. be usetl, the first ha'ring the primafy purpose of eupplying to"the

turbine the enefgy necessgqy to drive the coryressor' ruhil.e. the second-

is used to raise the gas streg4 terperature to the. tlesirecl value at exit.

In ortler to estirate the feasibility of a nuclear-powsred turbo-Jet

vith exhaust heating, anal,ysis of an ld.eal.ized. uod.el is sarried out in

the'folLowing sections. It is shorcm that a configuration is possibLe

whleh is eonsistent rvith the constraints in'posed. by tbe deslgn conditionst

such as flight ldach nunber of !.4; optimuur nuclga,r reaotor design; rea-

sonable values of rnecha.nical con4lression ratior gae teqperatures, and re-

actor rrall tenperatures. Srour the calcuLated. value of the thrust co-

eff ieient the totaL weight.which can be sup:rorte.d. in flighi at a Mach

number of 1,4 at 50,C00 ft. is aseertained.. Calculation of the payloatl

and. reactor vreights arrd estiroation of the weights of the turbinFcorq)res-

sor unit, structure, etcrr provides clata from which tbe practicability of

constructing sucb a vehicle nay be consitlered., Althqugh c.a1culatlons are

d€CcDs!
Asg 5ll
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,
eartj.e6 through only for the carbon-noderateil reactor, fron the data'given

in Chapter 2.a parallef cafjr*"tion souLtl be made for a beryllia reactor.

With carbon, of course, the isqrfaca must be coatetl. by a Brotecting material

in ortler to prevent oxidati6rn'

1$onencl?.ture, '

C, - reactor dfa€ coeffiicient baeeal on gas strean, cross-sectlonal a!ea.
%

. ci - imputse coefflcient, ci = * 
i "o = Epeed of eouncl in fligbtnealun.

c- - sp€cific heat of gas.at constant pressurg, 3IU/1b, deg' F.
p

C, - thrust csefficient basetl on reactor gas strealn cross-sectional arba.

C! - thrust coefficient based on overall reactot oross-sectional area'-t
tl - clianeter of indivicliial tube thror€h'reactor' ft.

g - conversion factor, abeolute to gravitatioqal 'units.

m - mass-flow, lb/sec.

R - gas constant, ft-1
slug deg. f'

Re - Reynold.s 4unber,

I.l - 3.ength of reactor, ft.

n - nurnber of tubes in reactor

r - radius of reactor' ft.

r-'iTf - work done on a unit nass of gas.

S-
a,

"t:

t-
'"i -

14't"t

specific iupttlse of gas, streann force/air nass flov, i.e.,
lb force sec/It ttlass.

ratio of cross-sectional area avaiLable to gas stleam tO total
crog8-soctional area in the reaetor,

dinensioaless'qtla'ntLty definett ty € = f - | C. .
4\

subsonic tliffuser eff iciencyt

conpr e s sor-turb iae ef f icieneyt

d€leole
Act 50

Its ffi-
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1(itr)r,, - funct'ion deftned' ty equdtion 4.
t

X(Int) - function definetl by equatiou

tt - soeffieient of viscositY',

The following symbols are o"trllfy written with subecripts to intlicate

location, The subscripts 0, l, 2, 3, .., 5, refer to ]oca|ione indlicatetl

in 3ig, il6 antl w refels to peactor vlall.

A - gas stream cross-sectional arear sg. ft.

c - spied of sound.' ft/sec.

F - stream thrust or rnonrentun flow, Ibs.

M - l'trach nunbgr.

p - pressure (absolut"), 1l/ft2.
rI - statii ternperature, deg. Bankine

(s)
Tt-' - stagnation temperature, rleg, Ea.rrkine . . ''

V gas strean veloeity, ft/sec.

'Y^- ratio of specific heatE

p - density, tt/ft3 or slws/fi3 "" indicated.

I
I

I

-'r*r-'-'+.-".-fl

II-

G

i-- ']f-'- ""- 
."4

..n'--..-.n'
t-?

S!r:1.1i:itP. (.i.,r.1;',1ri5gCq 1:;f!i'if..rt,ioF.'luRttrN!! :- i![O ND ,l[rlc Td r{

+

cmtalnr ddence
Act, 50
Its con-
by law,

SIrr

jLs isshotrn in the d.rawing the gas strean ctoss-sectional areas at,
locationS 2,..., 6, ire,, LZ, ,.. -{, are assumetl to !e t}re sane for reasons

of sinplicity. ,
3ig. 5-5

ot
lt.
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o Descriotion of Proe.esses in ldealized Fuelear furbo-.iet'

Air enters area \ (see !'ig. 5-5), negotiates a norlr,aJ. shock at intake

and passes through the subsgn-ip diffuser of cfoss-sectional area ratio

3.J\ ancl efficiency of i. .:. The aif theo flows tp the compresEor where
' .i.

isentropic colpressio4 of ratio rylpe is assuned. T.his Pta€e is followd

by the first reactor, the desigp'of whi$ is determiaed' fron considerations

of optirnrun 4uclear reactors sul;ect to the cond.ition that the exit gas sta€-

nation tenperatu.re be g0OQoR, - the rnaxirum value permitted at the present

sta6e of gas turbine design. In the subsequent stage- the gae turtine re-

movea fron tlre stfean a qr:a,ntity of energy eqr:a], to the rvork clone on the

com?ressor ttivided by an efficiency factor "t'{ ct' A. second. reactor stade

lhen heats the air stream until it is extrausted. at choking (Vrach nurnber of

unity).

Method of galcplating Thrust Coe{ficie4ts.

In the case of tbe rap-Jet thp ppocedure was (t) to iteternine the

diffuser Mrach nunber fron the air specific irrpulse of the bu'rner, (Z) to

proceed..upstrbam, tl.etefnining the d.iffuser-lntake area ratto necessary

to.pIe.ce notnal shosk at intalr?, and (3) to use the general thrust equa-

tion. Urr-rfortrrrately, rlue to the inplicit form of the eo-uations in the

presen! casg of meehanical conpression, it is necessaty to assUtne a set

of intak*d.iffuser area ratios an{ therl proceed d.ownstream, calcu}ating

i.[ach nunber antl eta4natlon temperature at each stage 
.antl 

enrling with the

ldacb pumbgr preceding the final reactorr That configuration is tben

chosen whictr leads to resqlts consisten! with practical, reactor desigtr'

such as optinrm qritical nuclear :ieactor sipe, $axirnun tlall teryerature

of 400OoRr Oxit gas streap liach number of one, etc. In pafticular,

ol
u.

ddeDse

I

I
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M =,?4A :E:(2)

The rel,atiorrsblp of Maclr nunbers after a change i4 duct cross-

section.al. area ie qsr:alJ,y given in the fgllouing forn!

III-

o calculations have shown that for a fligtrt Mach nr.rmber of Ir4, a d'iffus
. i.:

intake cross-eectional area ra.tio'of 2 a:rd nechanical cpnpression ratio
.l-.

of 8 are not inconpatible vith'the above cond.itibns and do Lebd to a high

value of thrust coefflcient. Tbis statenent wilt now be veflfiecl by evaLuat-

ing the flow eqr:atisns for eaeh stage (see Fig. g'O)t

(") _In-Lake-pi{fusEr stgge, .

The Maeh numler, M" , is' irunetliatel,y following the norpal shock

at j.ntake is girien by

' M.' = k?+ (ror Y= r,4): (r)

4

where'M^ is the atrrprbach M.ach uqnbof. Since in the present exarple the
a

flieht spoed, and hence M" , is I.4 ihis equation gives

I

x (ui)
(3)

(Mt),?

Mi aad Mj are the Macb nunbers at cross-sect,ional areas

Si and AJ respectivel.f and. 1 is the efficiency of the Btrocess

(ref . 3, eqrration 20); also, -

l+$Ju?
G,Jl -, t).)rl, t

e (r- r)

I
1-

A+-J

tu),, 1
T'

1r

(4)
'r . lf"-LIt-

2

(rorY=1.4) (5)

415 198
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Hence,

In the present e:ra.4r]-erwith \lL, ='t and with l1 assuned' to

be 0.8 the above equatlons Yie1d'l

M, = .304 (6)

Since no energy iis atltted td the gas strearr' tho stagnation

teirperature is ',urchariged', anrcl hence

' ral"l = rol*' = To I + €l %t-; = 547os (?)

vrhere the gtatic ternperature at 50,O00 ftr is taken to be 39go3.

(b) coinpressor.

Under the assurnption of ad.iabatic corqgressloa a sompara.tivel'y

sin4lle eguation connects i;he l.tacb nunbere across this stage, namely

(eqr:ation 15, ref .' 4):

V*1
Y'llsa= (nrlnr) 'Y (8)

Si.nce f,=.Ir4 and a conpression ratio (ng/nr) of 8 is coosif,ereil:

urlvt, = (tla)Gl? = .16824 (e)

I{g=.0512. (fo)

!'or tlre change in eta€aalloq teUperature aetross tho comgjressor

ne haee (equaiion 1?, 1ocr.91t.)l

n_(s) ry
+. = brln2\ !

m \ E/tz

(rr)

$2)1. sll i*#j
O"

=8
2/z io **udt

i;ry.,i
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It fol.lows that:

t3 w&on.
(s)

Finally, thg rlrork tlone QF tlle compressor is girren by.equation i9,

loc. cit.3

aw = sooo ttr(t) -'rn(s)) . ft. - 1bs./slue (u)

(13)

(15)

(15)

ft. - Ibs./siug

(c) F'irst Beactor 9!age.

-

llrrclear' ::eactor design consideraii-ons give the foLl-ouring crlti-

cal sises for optinnrrn feActor clesign for ern average number of 2.1-. nerr-

trons emitied per fission ('f lfe ;3; Chapter l):

6
2.56 x LU

1..?8
t-/- ft Lc ft3.25r-r,

vhere f i, tha rlrtio of the gas strea-m free eross-sectional area to the

total cross-section in ttre reactor. Since the cliameter of tbe vehicle

is to be B ft., we get at onee

f = .555, r = 4. ft., L = 7.32tt. (1?)

I{once the strer.n cross-sect'ionaL an'eri must be:

A2 r\ = f otf 27.95 sq. ft. (18)

Asnrming a. cavbon moderator of derrsity 138 Lbs/r:u.ft., the mass

of the reactor vrili bea
. f.[t.la arrt

4ts 200



a aa

and in the ree'.cto:'t

T T
(s)

c L.2

t
- L.2
d

53.29

.c6cr! L

fMffi;M

I
I
I

I
I

-.III--I

J
.qt. = 133(1 - f) 7]ht = 22r5oo lbs. ire)

For fiight at 501000 ft. a'b a Mach nunber of 1.+ (V = L362 tf/see)

tho mess current rlensity *.t j.ntnke is

f tvr L5.77 ta/ttz (20)sec

. F * .:- Ar, ? .z 7.a85:-ilrt2 sec (21)
""43

.fire equ::.tion goveirning the ire.:t .transfer in thc rei;.ctor whe'n in-

tegr:.ted is '(eriuati.on 5e ,n:'t E):

log 3 (22)
T

(s)
4

vhere t, d are the length ard dj.emeter of an individual tube of the

,.n--r *!..a nrca o-V- is in ltft2 hr.convgetive haater, cnC thc m*ss current deirsity / I I
tt

"'th" st:.-qnation temperertura at input, *r("ir ilas previously found to be

g"l4DR, rEhile ',hat at.the output, due to iirnita'bicns impdse'i bf gas turbine

ilesi-gn, sas ptatad. io bri 200Go8,. /issuning a seJl. temperature o'f /*000oR

.in thb reactor, we get:

c.2
(ee:go) rog

!r

1'-.-
U'

tr
0504

docuDelrt

.aooo - 9?/,
4000 - 200c1

Q3)

(24')

r
uilo.l

4Ls 20x.
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}

.18/,#

(e:o,io)c'2

d .i9I ft. = '2.29 Ln.

I{ith tire. gas strern:cross-sectionaL area of 27.95 sq. ft.

(equaiio4 i8), it can be Leen thr:t the nunber of tubes'through the

rcactor is:

21.95

o:lC since L = 7.32 ft., it follotrs that

(25)

(26'i

L/cl (27)

Thc Reynolds numbor, dPV//, i.s r.p.oroxinntely 63r0C0 and t/a is

38.3 (from equa.tion 2t), so that

{
I

II
II

O.

-IIII
III

n
2n/+(.193|

In celcu.r.ating the idach number at the eXit of the rdactor, the crag

per unit .cross-sectional a::ea: is t$ken oB ong dyncmic head * a valge

arrived e.t r-rittr thu usu of the following equation (elquation 13, iart C):

g'16.

cau .1gA

R"o'2

tuo (3s.3) .8-i. (28i

Gg')

This is a converrient antl sufiiciently aecu:ri:te appnoximeti.on.

The rel-ationstrip betweet the Dbch numbers across thc reactor stage

is givea,tlry'the follotring. equation *irich is Elerived in the ai-r;renaix:

?r .! e y:lI: Tr, L+s Y.M,244

,/TrM3 tr* ry ofr'/' ,{ilo"4(s) )'/'

any

'-E!
E

}

rj

F

wf
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a
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1
whe?e € : I - 

4 C*. = ! . in the preseut citso.
2 *b 2'

2
Y,LI:'44

Si.nce % ir less than C.l this: equation is roadily solutrle by suc-

cosslve approximitions by writlng it in the forn:

1+ (:o)J[, =4
I

F(M3)2
Y/- +

where

- (s)
t?

* (s)-l*

2

r{u3)

In thi-s case Y

*r,(') is 2oooo.R.

r +'S;-l
2

a
(;r1

e4)

M I!13

3

Substitution of the r.'alues previ.ousi.y found, wlth Y 3 = l.d, yields:

r(i'[3) Ii.i4 (?,21

and fina.ILy

Irrl,4 .u75? 3zt

wes t;.lien to be L,3?B (ref.Il) since t'trc ternper*ture4

j

(d) Trd.uine staBe,

Application of the energy eque.tS.on'to this process yields

L,

1.

1 (s ) Alq,1, cpyl"t

o vlhere Alif is the energ e*:i:eqded. b;i i;he ccmpressor r,'hich is criven l4r

r-(e),

EENflEENTIAE'Tff#
laiomattm 4L5 203
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o the gas turbine, arrd I "t 
is ttre efficiency of the sonprcssor-turbine

combinati'on (equation 29, reference {,}

' Assuning \ et to qg ?Ci6r the above equation becomes:

r-(").* n,(s).- -$.E,-5 -4 . z*,ao
2rd6.+.1106

4200

Tbe relntionshi.p betireen the i0ach nunbcrs across the turbine is

give,n by eque.tion 3i of referonce ,i., r-ranely:

- (s)
,5 13900n.

u(M) Uilt

=/f\\t ("V

Y+rt(EiI

{35)

ce1

(Jt1

(:s1

(3e)

x(iil5)

qhere thsr fixction !,([qi is nos rlefined.by

7(na4)

Y+trff5)-

Tlith a. .,'i.{ue of Y oi !.}4t correo;:ondi.n€ to an rrvor.age tcrope::e.ture

of 1700oRr substi'Lqtion of preceCing vr..iues yields

z {M5) 2.2I2

tr"eom which, bt/ guccessive approxinations, i.s obtr..ined

I,,5 .n/+

(o.) Fin,:L Reactor Staqe

In the e.n*lysis of this stiige it is convenj.ont to introCuce a qutrn-

tity which ers been used extensively in ordin€'sj' r€rnFjet theory (see, for

docrment cortahs

I
IL 3t 415 Z&rt
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T5 (s)

ITI II
I-

3
e:remp1e, ref,erense 3), narneLy, the air specific inpulse of the exhaust

gases. It is rlefined at the Loca.tion vrhere the likrch nunber is unity W

the folloving eq-oati,on:

sa IgEs Yv
(+o)

It is thereforc primarily a functj-on of the telnperature of the exhaust

ges€s. t-'lots of .Qu vs.T are g;lven in iiig. 5-1 of section d.

trbr given vnlues of :rir spccific irnpulse, input sti'-gne.tion tem-

per..:tu.re, and :ieactor drag coefficient the lleeh nr.lraber at the entrance

to a reacto!: st€€e gperi'ted ai; cbolcing is given by thc following

qrluation (cf equations Ij rrnti A-].1 of ref . 3):

z€) rr(s) - s*'
o<)E h S: tp'eY)1- I + .ri.

M52 =
(/-1)

2 Fso e
)2 Y

w'nere'f = * tf-t;. The rdach.nunbr:r lJl5 is plotted.as a func+,icn of S*

in Fig, 5-? wi.th the p.:rarnc;ters heving the follovting veluers:

T5(s) = 1395oR R = i?15 ft-lbs,/slug deg R

s = 3?.L6 ftisec2 € - -t/2 (Q)

{ : i.J6.(r.vr*urtcd at }kenperelture T5)

Tire vl,.iue of € cor::esponds to a reector'drag pe'r unit free cross-

section€rl aqe.*. of I ilynamic hcads. it eil.i be sho$rn iatrsr that this

ehoice j-s rer:listic.

415
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a.:

I
I =$Egfff+r=a ' Refercnce to I'ig. 5-? reveals that the condition cxpressed by equation

39 will be f'ulfiiled if the i'ollovring value of air specific impirlse is

obtr".ined..;

s
B̂

1l*2 lb. foree dec/'Ib. mass (t_3)

and tliis vsrlue EiiL bc obt$.ined provided: (see 3tg'. 5-f-).

T5 = 297Co!1. (z+)

Now T5 1+
r
I
I
I
IL

Y-r -at tazl

2
$= /t't n.95 sri. ft.

Totrr:- f[t. = 221500 ibs. Gs)

The dinensions of the indiVitiue.l conveetivr.r tUbes, lrovrever, will

2

Slnce Ui5 =

1.30r ne obtain:

I (exhaust at choking) a.nrl Y here is e*pproximately

T6
(s)

3/o20oR (4.t)

.l.ioro 
the opi:irnun rea.ctol aeeign coBsiderr',tions lcad to the se:ne over-

'all reactor tlim,unsions as given iry ecluaticn 1?, namel:i:

(aat

be difierent sincg ttre.y err:e cetlrninecl by eque.tion 2?, u€tmcJ.t:'

m -(s)
r|lr ,0.?(26390) (4;a1

rft6
e

L

;]F .a@4
].eg

mmLW-16
(s)

4!5
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o
litlh T5(s) 1390 and la(s)

3/120 tnls becomes

.856 i.n.

LtiU!/'.

1rie.r)

r-rr

3.oo (sr;

L-
dl.2

L93.6

enci. therefore

d = .c653 tL.

Q7)

Ura)

(+q)

The nunber of tubes pierci:rg the reactcr ui}I Siren be:

n= 2',1.95

r( n65il

The rea.ctor clesign is thcrefore d.eterrrined. The oniy additional point

is to siror* thr-.t the clroice of 3 r.s du,.g coeffipiant itsrs A gcr:d. one'

Tii,e F.e,r,:roj-d.s nur,br;r et i;hj.s loc:rtion conies out

Re i- 4 = j"5,3c0 (lo;
3

Hcnce eq'*,tion 27 yie3-{s

tat Lld .t8L
= ---.---a+(t5,3oo)'''

-..t 84

suo'2

(f)'rhrust Coefflcient.

Since the eir spccific inpulse, Sgrl ir.nd itre configurrrtion lZ/\

ere no-w knor.n emd it hres been slrom thrt thesri ve.lu€r.q e're consistent with

the thermotlSmanic l'iou etiuations *s l:e.ll as '.iith thc renctor desigp

re,;uirernents, t*re general thrus'b ctiu*tj.on inay no; be useC.(Pr-rt C,

equ,i;ions 1 and. iollo:ling), ncmeiy:

I _1
yoHoz $21(3

%
)

LLs 208
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L/2 Cr At/A2
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a
vhere Ci

For flight at 5Cr000 it. the value of co is 9't) ft/sec. E'eluation of

equation 52 then gives:

ct = L.62 $3)

Now this value of thrust coefficieni is |eseri on tliu" diffuser gas

Str€.:,n erosS-sectional arca. For conp,:.1'isOn' nith extelttt'.l dreg, it

is Cesirable to 'base it cn the n€Lx!1nun body Ciameter. If we cail

tlre coefficient so deternined Ci t're htve,':

d = /at = o,9o' (5/-)

This is thei value of the th::':st coeff.'i"cient ghich sill be used

in over.:J.L desi€n calcul.itlons. 'rlithough a. siigl:t go.in migltt be ob-

tt:ined by exp,,nling thc eyJnaust {lrises by a noaalg to exirc.ust at atnospherlc

presgure, caleul-ations shou th*rt the increiase in C amor:nts to only o.'pout

5f,' ;rnd he.nce is hs:rii;r igorth the conplicltion.

{e) I\rbo-Conpressor Bequirgnents.

--

'Fo1 purp,oses of *'eight estiryltions jr -.S:c section to foilos it is

Ccqirable to surnnr.ri.zc thc rt:guirements p1-'iced on thc' tr:rbo-compressor
I

unii.

Thr': mass flon' rate is gi.ven bf

= r4rvrn, = fuuf, = ?.885 x ?7,5r = ?L6,9 lb/sec $5)

8Sa
co

= 6,ltAl+ slugs/sec.
.G

m

3r.t3
II

tlr. 47s zge
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S{ith the dif'tlrser ste.fertion tenperotu.re of 547oF, the s;cued of sound

ert tht"' compressor is

Cz = LLt*5 ft/sec $07

a.nd siitce M2 = .l0lr1, we beve

YZ * 3tnB.5 tt/see (;t7

izFz = 7.885 'w/ttz/sec, it foLiotis that

-I
II JESMF=

*

r
i

Since

fz=2,?6xLo-2 Lb/tQ

The ca.pacity of ths conplessor rnust be

Capacity = ilfZ'- 960C cu. ft7''sec.

Tlic. povrer r:sed in conilre$sion is p;iven by

por,ier = nAW = 6.?4.4 -t 2.56:r i06 ft. lbs.,/sec.

thei value of A tT being ob+"i"ined fron er-;uatlon

L5, iience, Power = j.Ltv * f# horsepower. 
,

have:

Stat€.

(:s1

(5e)

e

Srrnnarir,ing the above and expresSing the results iir round numbers ue

. TASI,.E

l.bIEF O.on-':p s s gr Re+uiTer4e.nt g

Alr !'nass Ftoa Rr.te, i = 2L7 1b,/sec = 6.?4 slugsfsec

Crosg--,sectioual area of incomlng gas stre'am, A.= n.5 tt
Velocity of g,es stream, Y = 35O ft/sec

Density of air, f = Z.?6 x lo-2 Lt>/tt?

Capaeity - 9600 c.u.ft7lSec

Power : J2rQ00 ll.i,.
Compressicn rtatio = 8.

Gas tcrnperirture e.t turbine = 200OoR.

4L5 21A
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Fbgn e:rpe'ri.ence gr"inerl in ifre analysis of aurny s

conventlonal desiglr an orerel.l lift to cirag retio of

ctble. Then for stabie fiight, tlre ttrrust nnlst eaJral-
i

rnust equal ihc reiglt, or, in equar.tion .forin,

$Flmn+_ vritttlll
imilrr missiles of

.6.0 appeals attain-

the d.rag and ttre titt

I
I

I
!i
J
I

3
T6rust=DraB=q/iC,p

Lift = lTeight = (t/r.t) Ilrag :: (i,/l) fnrvst

If fligtit ir co.nside:'ed at 501000 feet altitude" d a ltlach nunber ot'

1.40, and with the p:'wi.ously estabiished v*.Iqe of the thrust coeffieient

based, on total boC5, grsgt-sestj-onal area, tiienl

tift : 335 x 5C.3 x O.9C x 6 = 91rD0O Lb.

Tlrrust = 3i5 x 50.3 x 0.90 = ijrliO lb.

trra-g= ! -91!pq0=]j,i!0 1.b,
LiD 6

In an atie:mpt to rnake a ,':easonable assessment, oi' the weight of the

tw'bo-gompre€sor unit reriui:'erl, rui'elence was made to sevelaL e:dsting

designs of gm:rll turbo-conaplessoX engines. lYeliminar5, obsel:vation seened

to indicate tirat a figure qf .3C lb/iiP por:-Icl. permit a valid celculation

of the engine ',irerghi. Aceopdllgl;r thc following sunslary o1'weights TIas

established fo:: an I feet C.iameter by B0 feet iong nissiLe rlesigned

aro'urrd a nuelear.l:owered turbo-jet engine.

' iiei-ght of turbine tSzroorr up) 916f,0

l{eig..ht of reactbrs l+irOCO

Weight of carcess ?4r0C0

i'icight of n'e.rhcari f.2r000

Toial 6Toss neight

U

41s ztt
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The conclusion nay * *uol.that sufficient thrust can be deriverl

from the nucLear-powered. engln*ltc malntain stable flight cf the mlssile

previ'lusly described a.! an eltitucle of 501000 feet and a i'rlach nunber of

L.4. The missile ma;.r be expected to continue in tehis stable flight rurtilt

suclt tine as the nuclear poser.sburce beconeg inoperative or struetural

materials will no l-ongcr withstand operating loads.

-III

a

Tbts

q
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aaaoaata
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=$$$fif$=a Anpen€lI ! - Derj.vrit-ion o{' equa,tjo-n-2.1.

If ir.re dencte the Strean forces, or nornentun flov,lS, at entrence and

exit of thc reacior by it and. F4 resirectively, and tlre drag force exerted

by t?re reastor srrfaces on the gas stre.r.m b5' F6r ete may il;rite:

s3 = !4 + F6 (a-r)

See for exarni:le' equati-on l, ref,erence 3.

It is, houever, convenient.to enptess F4 in tcrms of a non-dj-menslonal

coefficient Cdbr uiherc

Fd=c,ib!P3rrz^u. (A-2)

Iilso, the strer..in thrusi, F, may be l,'ritten in terms of mas;: floul Mach

nurnber, and statgnation teini:errture a.s foilors (equi.tion 22, ref'' 2):

,=#(r+ r-,,z) **,t"(;ft) t" (A-3)

(A-4i

, Use of these eriu:"tions together witn the nass flon relation

s = gTOXA

puts A-I into the form:

Li2
. *_rrMt'

J ", 
is-. ', -YL-!Ar+r-

1l
(s)

\j-i
2

Val-rlff (A-5)
2 (s)I+ T *ltuo

1+ Id3 ,r71 u2

end lre have:

2
1 + y3il3 1+

2
Y4oo (s) v Y

Y, u.fr+kl+' 2
ca.'P;\6)L/2

(A-6)

+
s

alcurunt contdnt
UDttcd Stst€t

a
,{i lgtr+{*ra!l r/? il4'z1

*uo

"4L5 2L3
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o
ihis resuit sinplifius at' once to cquation 29, namely:

1 + g Yrwirz

'l \-'r(l .4*)
s)z' 1+ Yf; (L-?)

tlz
)

Ll2 (s)

,l;M4 (r -$-*;

ntlsrel

,E

o
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cOt{ ctujiro}i sJS .DI Scusslotl

On.the basis of computations presented in this chapter, it arppears

feasible to design either a ran-jet or a tr:rbo-jet capable of flying

at supersonic speed.s'at reasena.ble s.ltitudes, povrered by nuclear re-

actors and hav*ng its rarrge limited only by failure of naterials. the

ana.lysis which has been irresented. vras carrie,l cut b;r means of certe.in

simplif;cing erssunptions. Certain of these were imposerl becaupe of

presentiy unavaiiablei inforniation c.oncerning certai.n nuclear processes

wirile others ri'-el'e nscessa{t in orcier to r:revent this preliminary analy-

sis fron beconing hopelessly con;rlicated. and fai}ing in its object of '

e:q:loring the i:ossibil lties for i-irther study.

The follo'r'ring assunptions anrl restrictions in i:artieular ;rre noted:

(a). Seac-lp..r.'

1. Calculations ncre. nrede only on tire basis of optimln.

uraniur,r concentrations irrd oi:tj"nnrm reo-ctor shal:e. rt is possiirle

thart cieviai;ions t-rbn the opti.nnur design of the reacter nright iea.d.

to a better design for. tircso. types bf vehieles in spite o!' incre.asecl

uranium requirements.

2. The crystal-iine dcnsitf fig;ur*s.for- carbon anci BeO iyere

usecl in this ana3.ysis. It is r:eil kilgrm that the tuLk density of

the somerciai proriuct is less thern this, which r'roul<i lead to

larger and a'lso heavier reactors than ti:ose consiCered here.

3. The €rverage aunber of neui;rons per fission, V, was taken

to 'ue 2.1. If this que.nti.ty is actuaiiy largere the overell di-

mensiong anC. ncights of tlre reactors rrcuJ-cl be retigced.

con-
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a 4. iiecausr: oJ .ijhe oxS.dizing propcrties of thc gas strean a

earbon raactor vouiC rcquire a protective coating. the vreight of

this, as wcil as the vuig[t of arry necessarJr intcrnnl stnrctura]'

supportsr ho.s been neglected.

5. Thc i:ossibillty of su.r.rounding the reactor by a ne-utron

re,f.Iector,, ieading to Sonewhat smaLler: ovci'411 dfule'nsj.ons lt*rs not

heen ex,riloreC..

(b). Er. 'gpdpipn.

L. I{o estinateg o1' 'bhe r.nternal reactor teriperatr:t'es necessary

to maintain t'hc degirccl ucl-l tenpe'rr^ture$ have been made beeause of

laek oi inforne;ticn on -i.ieat c:onductivities of ::esictor naterials.

2. $alsulrrtj.oils for' 'botir tlie, rarn..jet end 'uhe turbo-jct trere

made on C.csigns'empioying: convsutiona] diffus*rS (i.e. Subgonic prcs-

sure recoverX' af'ter rrorinal- shock at intalre). There is reascn to

beiievc thr.:.t in thrl gese ot a ran-ict operrating a-t a Mach nunber of

2 or higirer t. certr.in advantage nould bc ob'gcinc$ fron the Ese of

a Fliecial form of supersonic diffusel such its, for example, the 0s-

vatitsch arrartguncnt. This is a probien for fqrther studlr.

3. An orciine.ry straiSht-t{.j1 eyJFiUSt cOnfi!$rertion with ex--

har:st at $aclr ::umbey onc ?ras eonsidarcd.. It is cler:r' tiiat br;cause 
.

of thu fraetLoard value "f f , thc e:rit gas strcaim coUld bc e4gcncled

try use cf .a *.'.i1 noszie, gfving lrn i::crtase in ihrrrst coefficLent.

Sinceo itotre'trur, in this ce5er thc maxir:nun tli:'ust iS obteined' vhen

the exhaust pre-s5ui"e is eci;uril- to the p1.eslture of the nedir.lrn, the

increase in thrust whicir can bs rl'-"i-ized. by suctr a process !s

stri.ctly l.imited.r1

a
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tt. Ixeep+- for subsoni-c diffuser effieiency end norrnaL shock

los.ses, th€ ;:roces$es in genera.l have been considered from an

id.ealized standpcint. It is not believecl especi.ally in the case

of the ra"rrjot, that sqolr treatnent is too unrae.listie to lrreclgde

aeceptancc of thc overell conclusions. Ilovrever, it r.'orld probably

b6 beneficiai. to take additi-onal fr'ctors into accouni when nore

invo-tvcd iunelyses ar'e rna{e. T}iiF stritcncnt at&-iLiuu ,0o"" particulr.rly

to the supcrsonic.tur'no-jert '*j-'bh e:'Jrierust heating becausc of its
greater eomplexity

(e). Aeroth'nami-cs.

,i. the anai;"'sis ilts carricd out oniy for a conveniional con-

t'i.guration. Thrl possibii.iti-es of using ih* Can*rd or thc flying

uing tyae hls not been exg;loreri clthouglr thel niigh', be nore prac-

tical for this t;'.::e of .povr$r source.

the: effccts oi' acnotilmamic interfcrcnce betv:een com-

ponents of missiles uere 4eglectcd.

3. The vei6fits of stiucturr:l components e'nci controls 'rere

made to be censisteni v;ii;h the vc.Iues obtr-ined f:'om prcvious aneiyses

of eonventional fucLed vc.hicles because of thc laclc of adequa.te

treig.ht brs.elnion3s of mos'e advancetl 'Lypes.

lr. 0n1y thc nucle.o:'-1-'o-*ere'l fiight of tir€) rarn-jet has been

consideredi no assessment of tlrc iar:nching problem iras been made.
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