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ABGTRACT

A slmdyhu been - of a wide variety of missionswhichmightbe

perfoxmadby nuclearheat exchmger pIQpelled rockets utilj.zinghydrogen

pmpellsnt. ~~ mphaais is on an earlylevelof technology>such as

mightFe expectidfmm the Rxer Projectduringthe 1*O’s. Payload cap

bilities hmve baen ccmgmtedfor slngAeand Gfi ~tagesJl nuclear vehicles,

nuclew uppek s--es on Atlas classand Saturnchemlce.1boosters,and on

largerspeciallydes@ned chemicalboosters. Recoverableand reusable

nuclearboostersalsohave been examined.

Wnilethe results am too numerousto qwte In

few of the xOre interestingexamples. Xalf million

stagerocketsare capableof placing+0,000 pounds

detail, we can cite a

pound nuclear single

in low earthorbits.

OI%ital start vehiclesof thisweightallowlow (--.2)values of t&-u.st/

Initial weightand are capableof sendingprobesof the orderof 10,000

poundsthxw@out the solar system. Manned explorationoi’the mm ap

pears feasible with - stage nuclear rockets weighing about 10b pounds.

Lightweightreactors(of4000 Mw) vouldmake ~, 00Q roundnuclearsecond

stagesf’o:rAtlas classboostersvery attractive,while the conventional

nuclearenginusare mre suitableto boostingby Saturnor a largenu-

clearstage.
.>,.:
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Introduction

The p-se of thispaper is to discussthe capabilitiesand lim-

itationsof nuclearrocketsfor the technologywhichmay exist in the

1960’sfrom a naturaldevelopmentof the existingRoverprogram. Nat.

urally,the more advancedgoalsof the programwill.influenceits earlier

phasesso thesewillbe consideredat appropriatepoints. We firstwill

presentthe generalizedperformancerangefor earlyRovervehiclesand

then discuss‘insomedetailsome specificmissions.

In the next decade,the exit gas temperatureof operationalsolid

corenuclearheat exchangersmay be euqpectedto be at least2000°C,cor-

respondingto vacuumspecificimpulses(I ) of 780 seconds.
SP ‘Jhs,the

exhaustgas velocity(v=)is comparableto the idealvelocityrequired

for earthsatellites(-27,000

dry weightfractionsowingto

tank fractionrequiredby the

ftjsec). Nuclearvehicleswill.have greater

the largerengineweightand the greater

low densityof hydrogen. Perhapsthe

greatestuncertaintyin the capabilitiesof earlyvehiclescomesfrom

uncertaintiesin the conpnent weightsratherthan from the vslueof ISP

expected. The stateof knowledgeconcerningdry

the low mass ratiosallowedby the high specific

conclusionthatvery simplemethodsare adequate

-9”

weights,combinedwith

impulse,leads

at the present

to the

the for

APPROVED FOR PUBLIC RELEASE
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studyof nuclear

on simpleenergy

rocketmissions. ‘Ihus,much of our work has been based

considerationscorrectedfor losses(gravity,tmbine,

nozzle,atmosphericdrag and pressure, etc.) by mre exactmethods.

GeneralPerformanceAnalysis

Identifyingvariousmassesby subscripts1 for payload,b for burn-

out, t for tanks,o for totalinitial,p for propellant,and e for engine

and associatedmiscellaneousitems,we have

Ml=~-Me -Mt.

And letting

Me
E ‘~

(engineand

M.

miscellaneous

and

f%‘q
(tankfraction)

leadsto

‘f
Y=~ .+-(e+ f),

o

(u

weightfraction)

wherey is the payloadfractionand R is the mass ratio,

Av/ve
R=e .

(2)

-1o-

‘WmuuBn5
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This easilygeneralizesfor n stagesto

Jn)

[

l+f
Yn=+ = i;’ I-J-( ’i+fi) . {3)

o = ‘i

For vi and fi independentof i, yn is maximizedfor Ri(ei+ fi) equal

for all ;i. Usuallyfor casesof interest,yn is not

the optimization.

With f, e, andve dependentupon i, the payload

quantity46

(1 + fi)

l+fi) - (ei+fi)Ri

is equalfor all i.

With e, f, and Ve independentof i, the optimum

with &ll Ri equaland thus equslvelocityincrements

very sensitiveto

is msximizedif the

(4)

Payloadis obtained

for

Under this

eliminates

simplecondition$ we might seek some limiting

stsgingeffectsalso. Infinitestsgingleads

l+f AV.——
lti yn= lim (1 - e)ne 1-6 ‘e,
n+co n-

each stege.

casewhich

to the result

which is zerofor non-zeroe. Abetter methodis to optimizestsging

consideringn as continuous.

(5)

“Derived by Blair Schwartzz private communication.
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AV
n

.— 1(li-f)enve -c-f sO. (6)

This can be solved by making Judicious appzmximations (Appendix) to yield

the result

Y=

where

.

(7)

b=z7A
e = 2.718 ... .

This is of the formof

AV
Iny=-ky.

e

We can make an approximateevaluationof k in termsof f and e to obtain

-(1+1.42f+2.g6)#

ze e
Ymex

(8)

for optimumstaging.

The equation(2) for a singlestageis vsluablefor determiningex-

changeratios(thevalueof one parameterin termsof payloador otier

parameters). Of greatestinterestis the worthof specificimpulseISP

(= ve/g)●

-12-
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1- AV.- 1
(-Jy= d

1

@s P-e-f(1 + f)e
%P asP . I

-J

AV
‘~ AV

()

=(l+f)e —
g~:p

AVletting:K= —
@sp

dy =(l+f) -x
—xe .

%3P %P

Sincexc-x is a slowlyvaryingfunction

interest(1~,000ft/sec~ AV ~

make a very simpleapproximate

% ‘O%P—~.— ●

M. e lSP

40,000 ft/sec

generalization

.UWhereno dissociationoccursir..12

(lo)

(~ e-l) in the rangeof

or .5~x <1.5), we can

(f <<1 in practicealso),

(11)

~sp ~ #2
(T being absolutetemperature),

thus

% ‘oLsr
-Fg --?ZT”

(9)

(12)

Returningto the originalequation(2) and computingthe effectof

changingthe velocityrequirement,we have

-13-
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(13)
% (1+ f) A(AV)
~= R v >

e

and for componentweights

~ = MO(* - 1)~

=- Af = -AMt
%

(14)
and

% = ‘“o& = ‘“eb (15)

The problemof choosingcoxqponentweightsis difficultand the

crucialone for such studiesj but for definiteness,we will pick a

singleset for gzmundlaunchedvehiclesand one for upperstages. They

differbecauserelativelysmsllerenginesare requiredfor upperstages

as a firstnuclearstageususdlywill have a burnoutvelocitynear

orbitalspeed. Our assumptionsare listedin Table1, and we will

exsminethe effectof variationof the parameterslater.

Tsble1

COMK)NENTWEIGHTSAND PERFORMANCEPARAMETERS

Tank fraction

Miscellaneous

Engineweight

Mt/Mp= f

weightfraction

fraction

Enginefraction e
(includli.rlgmisc. wt.)

lSP (VAC)

Fuel densitylbs/ft3

NUCLEAR
First Upper
Stage Stages

,07 .07

.02 ●02

.06 .03

.08 .05

760-900 760-900
4.34 4.34

cHliMIcAL

L(X-H2 LOX-RP

.04 .02

.015 .01

.015 .01

.03 .02

430 300
17.3 63
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The

are

resultsfor one

givenin Figure

and two stege

1, &longwith

nuclearrockets

the performance

for a rangeof ISP

of some chemical.

rocketsfor comparison.We see that on a grossweightor thrustbasis,

the nuclear?.mcketsare generell.ysuperior.

Note that as the missionvelocityrequirementincreases,the higher

lSP of the nuclearsystem

the chemicslsystemson a

seenfromEq. (8) and the

causesit to becomeincreasingly

grossweightper payloadbasis.

assumedvsluesof the parameters

superiorto

It can be

that the

gxmssweightratiofor a ftiedpayloadof a LQX-HOcomparedto nuclear

pmpulsicm systemwill be

Ma-m e+d=&c=
o

AV
e26,000 ft/sec ● (16)

Grossweightis an importsmtfactorin the caseof upper stageson exist-

ingboosters,or if the vehicleis to be firstplacedin orbit. However,

approximatecost comparisonsare frequentlybased on the dry (manufactured)

weightof the vehicles. Thesewill naturallybe much more sensitiveto the

choiceof vsluesfor e and f snd, recognizingthe greatuncertaintyin

thesevelues,an adequateapp3X3xi3nationfor the dry weightis s@ply

(17)

Combiningthiswith Eq. (5),we get the resultsof Figure2. This is

stild.a crudecomparisonfor costs,sincethereare no developmentalor

groundoperationalcosts,and nuclearhardwaremay costmore per pound

-15-
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MISSIONVELOCITY(AV)km/see
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than conventioned.engines. Still$the higherIsp -ways is best for

sufficientlylargeAV. Thereis littleelse in sightfor high thrust

applicationsotherthan chemicaland nuclearsystemsand the Orion

schemefor usingnuclearexplosions. “Exotic”chemicalssuchas F2-

N#4 or nuclear-NH s stemsmightoffer advantagesin size,dry weight,BY

etc.,but they are presentlyfurtherfrom the operationalstagethan

theircounterpartsdiscussedhere. Wheremini-g accelerationsare

permissible,higher@pulse electricalpropulsion(plasmaor ion jets)

will be competitiveonlywhen low weight electricalpower systemsare

developed(presumablybasedon nuclearenergyalso). However,for

mannedinterplanetarytrips,the desirefor quickpassagethzmughthe

Van Allenbelts and high thrustfor landingfavorsthe directnuclear

pxmpulsionscheme,thoughit is too earlyto decidethe issueconclu-

sively.

AssunxLnga ftiedenginefractionas we have done appliesonly for

sufficientlylargeengines,as thereis a lowerlimitto reactorweight

as determinedby criticality.Furthermore,the effectof altitudeupon

thrustand the acceptablethrust/initisJ.weightratioaffectthe value

of e slightly. The iuqxxrtantparameteris the ratioof engineweight

to power,whichwe shalllabelp (inpxnNIs/megawatt). WithH2 at tem-

peraturesof interest,one megawattof powerwill deliver*45 poundsof

thrustin vacuum (-J40lbs at sea level). ‘Ihusthe enginefraction(.06)

whichwe have chosenfor firststages

sumingan initialthrustto weightof

correspondsto about2 lbs/Mw,as-

about1.2 for the vehicle. Let us

-18-
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now exsminethe existing reactor designs

region of applicability of the foregoing

Existing Engine Designs and Concepts

The only

to lead to an

lbs thrust).

thereforethe

At thisFewer

conceptin the hardware

enginein the 1000-1400

Its weightis estimated

enginewill have a high

level,the Kiwi concept

and concepts to define the

generalizations.

stageis Kiwi,

Mw power range

which is expected

(40,000 to 60,000

to be about7000pounds,and

specificweightof ~ to 7 lbs/Mw.

is basicallyneutronicallylimited

(as opposed

valuesof 2

to heat transferlimited),and at largerpowers (-10,000Mw)

lbs/Mwseemfeasible.

A new reactor core concept} Phoebus, is undergoing design studies

which Indicate that it can produce about three times the Kiwi power in

the same engine size and engine weight$ i.e., sooo to 4000 MW (lZO$OOO

to 160,0cI0lbs thrust). Thiswouldbe about2 lbs/Mw,whichmightnot

be reducedmuch on increasingthe powerlevel. Thus eitherKiwi or

Phoebus

koo,000

Condor,

reactor

mightbe extrapolatedto a large sizeengine(> 10,000Mw,

lbs thrust)at-2 lbs/Mw. ‘I!4islargeenginehas been named

althoughthereare no designsat present. Consideringthe

only,powerdensitiesas high as ~ Mw/lb (0.2lbs/Mw)seem

possible,so thereis considerablemom for eventualimprovement.

Some efforthas been made to reducethe minimumweight (of-7000 lbs

for Kiwi engines)and

gines (100-1000Mw).

to

At

achievehigherpower densitiesin low power

Los Alamos,wurk is underwayon two reactor

en-

-19-
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concepts(Roe)whichmay lead to enginesin the 100-1000Mw classweigh.

ing from500 to 4000pounds.l Otherlaboratories(UCRL-Livemmreand

NASA-Lewis2)have consideredotherlow powerheat exchangersand their

applications.Whileit wouldbe prematureto statespecificationseven

approximately,wa will occasionallyexaminethe usefulnessof hypothet-

ical1000Mw enginesweighing2000 and 4000pounds,and a

weighing1000 pounds,for the purposeof establishingthe

in this direction.Very largeengines(> 10,000Mw) have

200 Mw engine

worthof effort

receivedlittle

practicaleffortthus far (although

mainlysincethey representa great

2 lbs/Mwfor suchengines.

theyhave obviousapplications),

extrapolation.We shallassume

We can make a generalcomparisonof Kiwi and Phoebuspoweredstages

with a LOX-H2chemicalstage. Assuminga T/W. (thrust/initi&Lweight)Of

1.0 for the nuclearstages,sincetheywill be assumedto be upperstages,

we find that a Kiwi powered60,000pound stageis only marginallybetter

than a chemicalstageon a grossweightbasis. A 120,000pound stage,

usinga higherpoweredKiwi or a Phoebusengine,is markedlysqperiorto

a chemicallypropelledstage. Thus,60,000poundsis abreak-evenpoint

in stsgeweightabovewhichKiwi nuclearpropulsionis superior. Natu-

rally,shouldthe lighterweightreactorspxwvefeasible,thisbreak-even

pointwill becomelower. Assumptionsare listedin Table2, and results

shownin Figure3 as payloadvs. stagevelocityincrement.Note that the

dry weightsrepresentquitea large

clearstages,which resultslargely

percentage(27*and 1%) for the nu-

from the largeminimumweightof Kiwi

-20-
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STAGE AV 103ft/sec
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enginesand the relativelylargetank fraction(--.15)for smallH2

tanks.

Table 2

SMALLSTAGES

TotalWeight

Nuclearpropulsion2150°Cgas

Power (Isp= 800 see)

Engineweight

Misc. equipment

Tanks

!NYIALDEADWEIGHT

Chemics3propulsion

LOX-H2 Isp = 430

‘IOTALDEADWEIGHT

Very littleimprovementcan

‘r lSP for the chemicalsystem.

stateof the art snd are capable

60,000lbs

Kiwi

1400Mw

8-9000lbs

3000

5-6000

16-18,000lbs

5000 lbs

120,000lbs

EnlargedKiwi or Phoebus

3000Mw

10,000-12,000

4000

9000-10,000

23,000-26,000

9000 lbs

be expectedeitherin coxqponent

lbs

lbs

weight

The nuclearstagesassumea very early

of considerableimprovement.The as-

sumedgas temperature(&?150°C)seemsreasonablefor an earlyengine,

but the payloadis not very sensitiveto thisparsmeter,changing

300 lbs/lOO°Cfor the

+ 1000 poundsfor the

for an earlyengine.

60,C)00pound stage. Thismakes a differenceof

rangeof temperatureswhichmightbe expected
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At the 120,000 pound stage level, there is considerable difference

in the two propulsion systems} ranging from 6000 to 12,000 pounds in

-payloadcm sooo -to6500 ft/secin velocityincrement. ~is difference

existsindependentof stagingeffects,as the additional(presumably

chemical)stagecanbe placedon the nuclearstsgeas well as on the

chemicalone. The thrustto weightratiofor upperstageswhichmust

do much work againstgravitywill probablylie in the rangeof .8 to

1.2. For stagesalreadyin orbitor with largelyhorizontaltrajec.

tories,the powerlevelcanbe furtherreduced,which is frequently

helpfulfor nuclearstsgeswhere the engineweightcan be reducedwith

powerlevel.

SingleStageNuclearRockets

As canbe seenfromFigure1, groundlaunchednuclearsinglestages

can carrypayloadfractionsof 0.01or more up to ideal.velocitiesof

about50,000ft/see,sufficientfor softlunarlandingmissions. HcYw-

ever,becauseof ftiedminimumcomponentweights,especiallyfor the

smallerreactorsand possiblytanksas well, thereis a minimumvehicle

size,at leastfor earlyvehicles,to whichFigure1 applies. The Kiwi

engine,operatingat 1400Mw (-60,000lbs thrust)is not in this class

and, in particular,is not capableof placingitselfin orbitfrom the

ground. The maximumcapabilityofthe Kiwi engine(at 5 lbs/Mw)in a

speciallydesignedvehiclewouldbe to carrythe vehicleto

1000mile altitudewith negligiblepayload. Alternatively,

abouta

for
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demonstrationor testpurposes,one coulduse standardICBM tankage

(whichwoddhold 16,000poundsof H2) and fly to

titudes.

A Kiwi type engineof higherpower,2000Mw,

50 to 200 mile al-

in a largervehicle

(-75,OOoMIS)mightbe capableof placingitselfin orbitwith o to

4000poundsof payload,but this stillis a marginalcase. ‘IhePhoebus

engineconcept(2 lbs/Mwat 4000Mw) couldpower a singlestage (130,000

lb grossweight)intoorbitwith a 10,000pxmd payload. Its deadweight

fractionis low enoughfor it to reachescapevelocitywith a 1000pound

payload. Table3 givessome detailsof the vehicle. Thisperformance

is equivalentto that of the Atlas-Centaurvehiclewhichhas twicethe

grossweightbut a smallerdry weight. Sincethe Phoebuspoweredve-

hicleperformancecan be duplicatedbyan existingchemicalvehicle,it

wouldnot representan end itself,but it couldbe valuablefor gaining

experiencein groundlaunchingtechniques,testing,etc. This size is

not attractivefor a boosterunlessa high powerdensity,low power upper

stagenuclearengineexists. Thus enginesof powerlevelup to 4000Mw

seembest suitedto upperstageapplications.

Perhapsthe smsllestsizeof practicalinterestfor a nuclearbooster

is the half millionpoundthrustlevel. A seriesof accuratetrajectory

studies3(includinggravitationaland atmosphericeffects,etc.)indicated

low orbitpayloadsof the orderof 50,000poundsfor singlestagegzwund

launchedvehiclesof *400,000pound take-offweight (--12,000Mw). This
.

is equivalentto the threechemicalstage,1.5 x 10b pound thrustSaturn
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!hble3
A PHDEB5 IWHRED SIIU3LE STAGE ROCXET

VEUCLE CONFIGURATION FOR LOU ORBIT MISSION

Stsge W91glnt

Reuctor pmer
Rit ga8taclw?matum
1= (vAC)

~t Uelght!l
Reactor + pressuxwshe~

~ + phmtxlng

Retie

Tanku (-%$Or H2)
structure
Holcwver (plmpellmt)

mt81.dad.wel@t (15.8%Uo)

*i.#Jht●t burmut (300Ail*S)
~bed (freedmirth)
*load (xdatingearth)
fmYIMt/initld U8ight

CL Ii2f3-8te

T8nk cllmmtur L/D = 6
‘Jhaklength (kmluding endcqs)

Missll.elength (includ.lagpeylod awl engfie)

130,000 lbs

4,000 Mu

2,170°c

807 sec

8,000lbs
1,200

700
7,600
2,000
1,000
20*W

33}200
12,700
14,500

l.~a

256 lbs/sec

17.6

125 ft

-lW ft

Oz%it d.titde Payload (~ 1000 lbs)

Fixed earth IWkating earth

300ml 12,700lb8 14,m lbs

1000 ‘ 10,OOO 11,600

2,300 3,600

00 l,goo
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-t m~e) ●
Above idea velocities of’40$000f t/f=, tie *Y-

&ad fractlm decreases rapidly and is very sensitive to the component

lm3&w8 ●

SInm qingle stage vehicles are of interest

mlicity and Poosible rmsability, it is worth

~ ~lqgy to datexmlne the llmltatlons

dus ta their Inherent

bfiefly ~ IUOIO

of -lid core nuclear

xt ~r rocket., so as to evaluate *= ss ~ 6ofQ Mfectix tie

dlrootton of * jywgram. For this type of propulsion system (including

● M@ 12must requimnmnt), an estimate indicates the ultimate specific

XSO -d be 4Mut 1290 sec (3500°C H2, dissociation effects ti-

ahtthd) md -t 1075sec is a xwe likely pmctical llmit for a re-

cyelnble, rmWble xwkctor. An engine weight of 3*of gross take-off

WA@t ~ b b~B*e lwtt Plus l/~ for ~scell~ structure,

1- and m-entry devices, etc. X to * appears optimistic for

~td p~t (Q tanks *I* s.= cfw*le of SUS~~ re-entq

abd ImxM.ng mnewere. !Rieseassumptions had to the performance curves

ahmmln Flgum4 for” termedlate” and “ultimati” technologies. ’08
,?

W=sJB.= “range” (In terms of Meal

me “early” techtdogy rake%

velocity) is given by

(18)

islimited to +0,000 ft/sec (with a
1,

* ml-), Sufficient only for round

wtth •~ric bmklng upon m-entry

llmar ?Urface ● For the “intenuedlati”

,1

I -26-

trips to earth or lunar oz%its ,

and for one-way trips to the
I

technology (which might be
4

6

APPROVED FOR PUBLIC RELEASE

APPROVED FOR PUBLIC RELEASE



“.

-27-

APPROVED FOR PUBLIC RELEASE

APPROVED FOR PUBLIC RELEASE



developablein

the moon or to

Minimumenergy

‘ am!RmuQ

this decadewith a very vigorousprogram),

Martiansatellitesare possiblebut not to

Martianexpeditionsappearto be the limit

round trips to

Mars’ surface.

for reusable

single stage, solid core, nuclear rockets. One additional nuclear stage

(and even merely dzmppimg fuel tanks) makes most solar system voyages

practicslwith payloadfractionsof .1%or more.

Sinceeven the earlymodelsof singlestagenuclear

placethemselvesand considerablepayloadh orbit,this

rocketscan

opensthe pos-

sibilityfor a reusableboosterwhichplacesitselfand its payloadin

earthorbitin which separationmay takeplace at leisure,whereuponthe

boosteris safelyreturnedto earthundera combinationof atmospheric

and poweredbraking. (Considerablylargerpayloadscan,of course,be

deliveredby havingthe boosterburnoutat lowerthan orbitalvelocity

and usinga secondstageengineto place the payloadin orbit;but the

simplicityof the firstschemefavorsit for earlydevelopmentalwork,

and the marginof safetyit providesmay make its value enduring,espe-

ciallywiti higherperformancevehicles.)

Let us immediatelysee what mightbe donewith currentnucleartech-

nology,an averageISP = 800, 7.5~H2 tsmks,a 5* engine,and liberal

structureto allowfor re-entryand lsmding. For definiteness,we will

considera 500,000poundvehicle,thoughweightsare linearlyscalable

at this level. !l!heenginerequired will deliver 12,000 Mw (600)000 pound

sea levelthrust),

temporarilyassume

and we assume

the weight of

2s,000 pounds (2 ~unds/Mw) for it. We

tanks and structure to be 10’j%of the
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grosstake-off

of ~.~$of the

weight (Md)is

The first

weightand will computethem separately

propellantweightfor the tanks. Thus,

157$of the grossweightMo.

stepis to place the boosterand payload

orbit,which requires27,000ft/sec+ 6,OOOft/secas a

lowancefor gravitational.and drag losses. !Iheburnout

000

~ . Moe +- 25, 00 = .276M. = 138,000POUIKIS.

lateron the basis

the totaldead

ina low earth

reasonableal-

weightis then

Subtractingthe deadweight leavesthe sumof the payload(Ml)and

the reservepropellantM
m

required

M4+M ~=~-Md =.276

The next step is to returnthe

for return of the booster.

M. - .15M. = .126M. = 63, ooo pOUIKIS.

boosterto earthfor whichwe must

assume some aerodynamic braking and, let us say, 5000 f_t/secof powered

deceleration. For this phase,

m = ‘R2- l)Md=M

and

M1=~-Md-Mw

--%Pe25>ooMd = (.216)Md= 17,000pounds

= 46,000pounds.

Thus,the payloadin orbit is ~,000 pounds,aboutl@ of the grossve.

hicleweight.

The total

M=
P

propellant weight is

362,000pounds + 17$000 POUMIS . s79,000 pOUIIdS.
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ThiS would OCCI.QY88,000

ameter and lA’5feet ted-l

The tank mass is

‘t
= .075MP =

ft3 and fill a cylindricaltank 2g feet in di-

(L/Ds 5).

28,000pounds,

leaving structure and miscellaneous weight of

Ms = Md - Me - Mt = 22,000Pounds.

This is 4.4$of the grosstake-offweightand 2$@Jof the drybooster

weightand shouldbe more than amplefor re-entrydevices. Improving

the art increasesthe payloadconsiderablyas can be seenfrom Table4.

Table4

RECOVERABLE

Technology

SpecificI~ulse

GrossTake-off Weight

Payload(lowearthorbit)

Propellant

Tanks

Structure+ Re-entryDevices

Engine(12,000Mw)

Shouldwe desireto leavethe

spacestationor for refuelingand

ORBITINGBOOSTER

Early

800 sec

500,000pounds

46,000

379,000

28,000

22>000

25,000

Intermediate

1,000 sec

500,000 pounds

no,000
330,000
20,000
20,000
20,000

largeH2 tank in orbitas part of a

returnto earthwith propellantin a

smalltank,less structure(say--10,000pounds) and returnpropellant
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(8OOOpounds)wouldbe required. As much as 70,000poundsof payload

plus 25$000poundsof tankagecouldthenbe placedin orbit. The re.

sultantreusableportionof the vehiclewouldbe easilytransportable.

Alternatively,one couldhave a non-orbitingrecoverablenuclear

boosterwith a full secondstsge. We can brieflyexamineresultsfor

a typicAlnon-orbitingboosterwhich achievesonly 10,000ft/secat

burnout~requiringa secondstageengineto supplyabout16,OOO ft/sec

additionalto orbitthe payload(Table5). Becauseof the lowerfinal

velocityfor the booster,we assumeonly 3500 ft/secof poweredde-

celeration.The secondstsgewhen in orbitwill includean enginewhich

wouldbe usefulif furtherpoweredmanemers are conten@ated. On this

basis,twicethe payloadof an orbitingboostercan be placedin a low

earthorbitat the expenseof stagingcomplications.

Table5
RECOVERABLE,NON-ORBITINGNXXYTER

lSP(avg)= 800,BoosterBurnoutat 10,000ft/sec

Booster

GrossTake-offWeight

Propellant

Tanks

Structure(4%)

Engine(12,000Mw)

BoosterPayload

SecondStagePropellant

Tanks

structure(4$)

Engine (5000 Mw)

Payload (low orbit)

Useful load (sum of dbove 3

= SecondStageInitialWeight

items)

500,000pounds

248,000

19,000
21,000
25,000
187,000
87,000
7,000
8,000
10,000

75>000
93,000
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Two StageVehicles

The general.capabilitieshave alreadybeen presentedin Figure1,

and we canbe more specificfor casesof interest. 50,000poundscan be

orbitedeitherby a singlestage(12,000Mw, 430,000pounds)nuclear

rocketor by the SaturnC2, and thus is a goodvalueto considerfor an

orbitalstartvehicle. We will give resultsfor variousmissionsusing

chemicsl,Kiwi, and lightweightreactorpropulsion(Table6 and Figure5).

We will.also considera two stegenuclearrocketwith suborbitalstartup

of the secondstsge. Whilewe cannotoptimizethe stagingfor all mis-

sions,we can pick a representativeone and use it. For a 430,000pound

take-offweightwherethe firststagesupplies24,000ft/secof ideal

velocity,a secondstageof 124,000poundsresults. This stsgehas a

residualmass of 90,000poundsat orbitalvelocity,includinga reusable

engine(-3000Mw is required)and 2500poundsof now uselesstankage.

The payloadof thisvehiclefor a seriesof missionsis alsopresented

in Tcible6 and Figure5. For orbitalstartup,the tiwust/initialweight

ratiomay be of the orderof 0.2 or lowerwithoutseriouslydegrading

performance.!Ihus,powerlevelsof 5 Mw/1000poundsare suitshle,and

1000Mw reactorsare sufficientfor 200,000pound stages.

The realforteof nuclearrocketsis in meetingthe largepayload

and highvelocityrequirementsof mannedspaceexploration.Whilethese

missionswill.probablybegin in the 19701s,the long lead time required

for developmentand reliabilityof the vehiclesusedwill affectthe
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Table6

CAPABILITYOF UPPER STAGES

(BoostedbySaturnC20r 430,000lbNuclearBooster)

Payloads in 103 lbs

AV1 ft/sec

Mission (fromorbit)

Moon Hib or Pass

Escape

Low LunarOrbit
or 24Hr. Orbit}
SoftLunarLanding

Probes:

Venus (Min.E)

Mars (Min.E)

Kercury Probe
or Mars Satellite}

Jupiter 2.8 Yrs.

Saturn6 yrs.

SolarEscape
or Jupiter1.2Yrs.
or Saturn2.7Yrs.
or DirectS larProbe,

818.5x 10 mi.
perihelion

Mars Satellite
and Return }

10,500
11>ooo

13,000

18,600

11,500
12,000

18,600

20,500
24,000
2g,ooo

32,200

Assumptions

%P
EngineThrust
Engine Weight

Misc. Dead Weight

Tanks (@prOX. )

IoitialStage Weight

Start

*
Nuclearlyboosted only.

Lightweight

LOX-H2
1000Mw Nuclear 3000 Mw Kiwi*
Kiwi 400Mw or Phoebus

18.0 19.0 25.0 40.5

17.1 18.3 24.3 39.3

14.0 15.7 21.7 34.6

7.4 9.5 15.5 23.6

16.3 17.6 23.6 38.0

15.5 17.0 23.0 37.0

7.4 9.5 15.5 23.6

5*7 7*7 “ 13.7 20.2
3.4 4.7 10.7 14.6

0.8 0.9 6.9 7.8

--- --- 5.0 4.0

41.6sec 800 sec 800 sec 800 sec

40,000 lbs 50,000 lbs 20,000 lbs 150,000 lbs*

1,000 lbs 8,000lbs 29000lbs 10>000 lbs

2,500 4,500 4,500 5,000

1,500 -3,000 -3,000 4,000

50,000 50,000 50,000 124,000

Orbital Orbital Orbital Suborbital
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earlyslmgesof the nuclearrocketpmgrem, and thus suchmissionstudies

are germanehere.

Mannedearthsatellitesand lunarcircumnavigationmissionscan be

accomplishedwith Saturn,and as minimumweightmissionsare probablytoo

smalland too earlyto have seriouscompetitionfzwm nuclearrockets.

Lunarexplorationthus seemsto be the firstnew missionappropriatefor

nuclearrockets.

The missionweight

8000poundswas thought

requirementsare as yet

sufficientfor a return

poorlydefined.

capsule. A 6.7

In1959,

million

pound gross weightj four stage chemical rocket (NOVA), which could soft

land a 36,000poundpayloadon the moon,was contemplatedas the vehicle.4

Sincethen,however,the estimatefor the capsuletsweighthas do~led and

may increasefurther. We will, therefore,considertwo stegenuclear

rocketswhich can softlandvarioussizedpayloadson the moon. We as-

sumethe payloadconsistspartiallyof a storablechemicalreturnstage

whosepropellantalsoacts as a radiationshield. We see from Table7

that the NOVAmissioncan be accomplishedwith two nuclearstageshaving

aboutone-tenththe weightof a chemicalrocket. It is clearthat at

leasta 20,000Mw reactorwill be requiredfor the boosterengine. In

a latersection,we considerthe effectof usinga large (e.g.,3 x 106

poundtirust)chemicalboosteras a firststegewith nuclearupperstages.

The weightsgivenin Table7 may be scaledupwardproportionallyfor larger

payloads. Innersolarsystemreconnaissancemissionswithoutlanding,such
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TWO-STAGENUCLEAR

Technology

GrossVehicleWeight

1st Stsge

ISP(VAC)(with6$ IXRUPand

Temperature

AV

Mass Ratio

PropellantWeight

TankWeight (7% of H2)

Table 7

ROCKETSFOR LUNAR

nozzlelosses)

Structure and Misc.Wt. (3? of grosswt.)

EngineWeight (fi or 5$0f grosswt.)

EnginePower

Thrust/InitialWeight

2nd Stage

lSP (6%Pump and nozzlelosses)

Temperatureof Exit Gas

AV

Mass Ratio

TotsJ.Weight

PropellantWeight (+4000lbs extra)

Tank Weight

StructureWt. (Misc.)5$ or 3$ of StageWt.

EngineWeight

EnginePower

Thrust/InitialWeight

Payload

SOFT LANDINGMISSION

“Early”

955,000lbs

760sec

2200°c

22,000 ft/sec

2.45

565,000lbs

40,000

29,000

66,000

24,oOO Mw

1.25

760sec
2200°c

30,000 ft/sec

3●39

255,000lbs

184,000

13,000

12,000

10,000

2,000 Mw

.51

36,000 lbs*

“Intermediate”
(Late60’s)
633,000lbs

800 sec

2500°c

22,000ft/sec

2.36
365,000lbs

25,000

19,000

32,000

16,000 MW

1.25

860 sec

2800°c

30,000 ft/sec

2*96

192,000 lbs

131,000
9,000
6,000
10,000
2,000Mw
.67

36,000lbs*

*
By dropping a portion of the second stage tankage during the coast between
the earth ad the xmon, one can increase both payloads to 38,000 pounds.
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as Hohmanntransferto Mars,are also appzmpriatemissionsfor similar

but largertwo stagevehicles. For largermd more difficultmissions,

orbitalassemblytechniqueswill probablybe preferable.

Chemic&llsrBoosted Nuclear Rockets

Sincethe earlynuclearrocketswillbe relativelysmallin weight

comparedto existingor anticipatedchemicalboosters,it is naturalto

considerthe earlynuclearvehiclesas upperstages. We do not feel that

this sil;uationis necessarilythe logicalone ultimately,

fleetthe advancedstateof the chemicalpxmpulsionart.

fluencedby the maximfor chemicalstagingwhich declares

but it does re-

It is also in-

thathigh energy

fuelsare mre usefulin upperstagesandby many semi-technicaland po.

liticalconsiderationssuchas problemsof groundtake-offand of radio.

activeclebrisfallingon populatedareas. We shellnot discussthese

questionshere exceptto commentthat the most reasonablesituation

technologicallyin the long run appearsto us to be relativelylarge

nuclear?.mckets(oneor two stages)with possiblya finalsmallchemical.

stagewhich acts as a radiationshield,an atmosphericre-entrystage,

and an accidentescapesysta. Whilewe do not see nuclearrocketsas

a justification for larger

those already existing for

stages. Chemical boosting

chemicalboosters,we shouldmake use of

the earlydevelopmentof usefulnuclear

alleviatesthe problemsof air-scattered

radiation to the launch facilities and payload, and many of the fallout

problems. Studies have shown that in terms of useful payloadj the best
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applicationof a nuclearengineof 4000 Mw or less is as an upperstage.

Since the earliestnuclearenginesare likelyto be small,thisleaves

chemicalboostingas the only choicefor best utilizingthe firstnu-

clearengines. In

speciallydesigned

usingnuclearulperstageson chemicalboosters(not

for thispurpose),we shallsee thatvolumerather

thanweightconsiderationsare usuallylimiting.

Atlas ClassBoosters

Becauseof the relativelylarge

vehicles,Atlas and Titanmay be the

propriateto boost a nuclearstsge.

engineweightinvolvedin nuclear

smsllestsinglefirststagesap-

Thesechemical?mcketscan give

appreciablevelocitiesto upper stagesof 30,000 to 60,000 pounds,for

which reactorsof -1000Mw (50,000 poundsthrust)are of interest. A

limitingfactormay be the 10 foot diameterof the present boosters.

Fortytiousand~unds of hyd.mgenwouldrequirea 10 foot

to be 125 feet long,whichwouldmake an unwieldyvehicle

> 25. If the hydrogentank couldbe of a largerdiameter

the lengthwouldbe reduced(75 feet in this case);@ad a

diametertank

with aaL/D

(e.g.,13 feet),

structurally

and aerodynamicallystxiblevehicletight result. ‘hiswould requirea

detailedanalysisto determine. A 30,000poundnuclearstageseems

clearlyfeasiblebut onlymarginallyusefulin termsof payload. How-

ever,thismight representa usefulenginetest flightvehiclefor re-

actorsup to 4000 Mw (ormore dependingupon theirweight). The engine

wouldbe requiredto startat suborbitalvelocity(6OOO-1O,OOOft/see)
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.

and wouldplace itselfin a relativelylow (-300-500mile)orbit. The

largerupper stages(~ 60,000pounds)can placefair sizedpayloadsin

low orbitsbut are limitedto thesemissionsby the relativelylarge

deadweight.

Thereare two possibilitiesworthmentionhere thatmightalter

the abovesituation.!lheyare the constructionof a somewhatlarger

boosterwith a largerdixunetertank (*13feet)andforthe development

of a lightweightnuclearengineof 30,000-60,000poundsthrust. Either

of thesedevelopmentscouldextendthe missioncapabilityto lunaror

24 hour earthorbits,and both togethercouldextendit to softlunar

lan~,s. A lightweightenginewould resultin a veluabletwo stage

vehicleupon retirementof the Atlas and Titansquadrons. Resultsare

summarizedin Table8.

Table8

CAPABILITYOF NUCLEARSECONDSTAGES
BY ICBM CHEMICALBOOSTERS

GrossWt. Including
UpperStageor Payload

{

220,000
30,000

{
220,000
60,000

{
360,0cJ0

60,000

{
220,000

60,000

{
360,000

60,000

LOX-R.P
Nuclear }

LOX-RP
Nuclear }
LOX-RP
Nuclear }
LOX-R.P

}LightNuclear

LOX-RP
}LightNuclear

Low Earth
Orbit

o- 5,000

10,000.15,000

15,000-20,000

15,000.20,000

20,000.25,000

BOOSTED

Lunar Orbit
24 Hr. Orbit

--

-.

0-3,000

-5,000

5,000-10,000

Soft Lunar
Landing,

Mars Capture

--

--

--

0-2,000

2,000-6,000
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Saturnas a Booster

The Saturnvehicle,being the largestchemicalxmcketunderdevel-

opment,is a naturalcandidatefor boostinga nuclearvehicle. Studies

have indicatedthat the most useful(in termsof payloadcapability)

applicationof an earlynuclearrocketof 4000 Mw or less is as an

upperstageon Saturnif no nuclearboosteris available. The best

methodof use, stage,size,power,etc. is difficultto gaugeat this

time,sincethe Saturnconfigurationis a functionof time and is not

being designed with the nuclear rocket as its objective; limitations

of volumeratherthanweightare ~rtant, and what reactorpower

levelsmightbe availableis stillin doubtat the time of writing.

Nevertheless,we can make some representativecalculationswhichwill

illustratethe areasof interestand capabilitiesof variousnuclear

stages for use with the Saturn vehicle.

We have concentrated our efforts on nuclear second stages in the

range of 130,000-260,000pounds,withpartic~ar attentionto the

questionof the capabilityand desirabilityof variousreactorpower

levels. Afterlearningof the possibilityofa 260-inchdiameter

secondchemicslstage,we have given someconsiderationto nuclear

thirdstsges. Nuclearfourthstageshavebeen discussedunderthe

topic of orbitalstart50,000poundvehicles.
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SaturnSecondStegeApplication

Our assumptionsconcerningthe chemicaland nuclearstagesare

listedin Table9. The Saturnboosterinformationis fmm a 1959ABMA

repmt5 and correspondsphysicallyto the Cl (interim)Saturnfirst

stageexceptthatthe Cl enginesmightnot be operatedat the full

thrustof 1,500,000pounds. Our machinecalculations(begunbefore

informationon the Cl was available)assumeda 130,000poundnuclear

second stagej which coincidentally is the same as the sum of the two

chemical upper stages of the Cl. For a typical case, the booster gave

the 1304,000pound second stsge a velocity of 8800 ft/sec at the booster

burnout altitude of 40 milesj assuming a non-rotating earth. We have

triedto be reasonablyconservativewith regardto

sociatedwith the nuclearstage. We have chosena

exitgas and assumed6% turbineand nozzlelosses.

all quantitiesas-

t~erature of 2200°C

‘Rx!machinecalculationswere made as fol.lows:The firststagewas

flownverticallyfor 16 seconds,kickedover ta an angle~K with the

vertical.and flownlm burnout(andseparation)in a gravityturn (thrust

parallel.to velocity),assuminga non-rotatingearth. The secondstage

is snowed to coastfor 10 secondsend then the full thrustis instantly

turnedon. An optimizationroutinedirectingthe thrustvectorflies

the secondstageintoa 100 mile circularorbit,which is a convenient

a&titudefor Hohmanntransferto higherorbits. Other caseswere run

with differentvsluesof f3Kto detemine the

detemines the flighttime,and thus one can
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Table9

NUCLEARSECONDSTAGEON SATURN,ASSUMFTZONS

First stsgeassumptions
on Saturnbooster

NuclearStsge

Engineweight= W.

from1959report ‘d = 100,000pounds

w
P
= 740,000pounds

T = l,~oo,ooo pounds

ISP(VAC)= 2g0 sec

--7000+ 2 (Mw)lbs; (e.g.,11,000lbs/2000Mw)

T = 2200°C IS~(VAC)= 780 (after6~ turbineand nozzlelosses)

Misc. equipment= 3000 lbs for all vehicles (Guidance,Vernier

zmckets, etc.)

Structure -3*W0 (4oOO lbs/130,000lbs grossweight)

Tanks-l@ W (--8000lbs t~ically)
pmpellsmt

10 sec coastperiodbetweenfirststsgeburnoutand second
stagethrustapplication

Typical.Case -- 3050Mw,

Stageweight

Propellantweight

Engineweight

T/W= 1.0

W. = 130,000pounds

w= 68,800
P

we = 12,000

Structureweight-3$ W. w= = 4,000

Miscellaneousweight Wm = 3,000

Tankweight-l@ Wp ‘t = 7,000

Tot&l.deadweight ‘d =
26,000

Burnoutweight ‘b = 61,200

Payload ‘1 = 35,200
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propellantrequiredfor each case. From the directresultsfor a second

stagegrossweightof 130,000poundsand variousthrustlevelsand kick-

over angles,we can evsluatethe minimumpropellantrequiredand thus the

maximumpayloadfor each

Figure6 which showthat

is almst independentof

thrustlevel. We thusobtainthe resultsof

for the 130,000pound stageweight,the payload

thrustor power in the rangeof 2000 to 4000 Mw.

We are able to extendthe machinecalculationsto othervehicleweights

rathersimplyto get the other resultsgivenin Figure6. ‘lbdo this,

we note the computercalculationgivesus the secondstagemass ratioas

a functionof the secondstagethrustto initialweightratio (T/We). We

must correctthismass ratioto accountfor the differentvelocityand

altitudegivenby theboosterto upperstagesof differentweights,but

this is a s@ple hand calculationfor each case. Thishas been checked

for two casesof 162,000poundsthrust,217,000pound and 270,000~und

stegeweights. With theseresults,we can examinethe questionfrom

anotherview; i.e.,givena reactorof a fixedpower,what sizevehicle

shouldbe designedfor it. The Cl boosterwith 740,000poundsof pro-

pellantand 1.5 x 106 poundsthrustis capableof carryingupper stages

of 240,000poundsor more, and a nuclearupperstagemay be limitedby

volumeconsiderationsratherthanweight. Figures7 end 8 show that

with reactorpower (ratherthan stageweight) fixed,largerpayloadscan

be achievedwith (T/W.) valuesmuch less than1.0, 0.6 being near opti-

mum. This is quite

capableof carrying

understandableon the basis that the boosteris

largerupperstageswith relativelylittleloss
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in velocityand the fact that the secondstagemass ratio(orpayload)

is not very sensitiveto the (T/We)valueover the rangeof interest

(.5 to 14!25)”0However,this resultis indicativeof the stronginflu-

enceon results

on the system.

impartedto the

of missionstudiesof the typeof constraintsimposed

Theseparticularresultsare dependentqpon the velocity

secondstageby the booster. For example,shoulda

largernuclearstage(~00,000 ~unds) be used on a C2 booster(which

has lesspropellant),highervaluesof (T/W)will be more appxmpriate.

On the otherhand, startingfrom orbit,T/Wvalues of -.2 are acceptable.

The caseswhichhavebeen consideredapplydirectlyonly to final.missions

of low earthorbits,which can be reachedat smallpropellantcostby

Hohmanntransferfrom the 100 mile orbit. We can re-exsmi.nethesere-

sultsto note the effectof changingthe mission,e.g.,to a Martian

p?mbe.* Thiswould requirean additionalAV of 12,000ft/secat an ap-

propriatetimewhilethe vehicleis in its 100 mile orbit. (Thisve-

locityrequirementis approximatelyrepresentativeof many missions--

earthescape,Venusprobes,lunarpasses,lunarhits, and high lunar

orbits.)

The results(Figure9)showvery much the same form

orbitcase. For the more difficultmission,the smsller

as the low earth

payloadsare more

sensitivepercentagewiseto reactorpower and to the assumedvslue (of

2 pounds/Mw)for the increasein reactorweightwith power.

*
We choosethis ratherthan the more difficultsoftlunarlandingfor
whichmsny of the caseswouldyieldnegativepayloads.
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‘lheaboveresultsare

machinecalculationswhich

be notedthatwe have kept

aboutas much as canbe gottenfrom

havebeen made for the Cl booster.

theboosterfixed (particularlythe

the few

It might

pzwpellant

loading)for thesecases,as we

to the early (~ 1965)phasesof

boosterdesignwill not reflect

the nuclearstagetankdiameter

assumethe nuclearrocketis incidental

the Saturnprogram,and thus the Saturn

optimizationto fit a nuclearstage. If

is limitedto 260inches,then*200,000

poundsis the maximumpropellantload (440 foot tanklength). ‘IheC2

boosteris capable

thiswou2d require

unstablevehicle.

clearsecondstage

threeLOX-H2upper

of liftinga 500,000poundnuclearsecondstage,but

a largerupperstsgediameterwhichmight resultin an

However,let us considera C2-typeboosterwith a nu-

of 500,000pounds(equsJ.to tie plannedweightof the

stsges)temporarilyassumingthis configurationis

aerodynamically

6000 ft/secand

estimatelosses

burnout. Thus,

feasible. !Iheboosterwill impartan idealvelocityof

lift it to 20 milesor less at firststageburnout. We

will reducethe actualvelocityb only 2500 ft/secat

the nuclearsecondstagewill have to do much work climb-

ingagainstgravityand an initialthrustto weightratioof at least1.0

is indicated,requiringa reactorin the rangeof 10 to 12 Bw. Makhg as-

sumptionssimilarto thosein the precedingsection,we computea payload

of *1OO,OOOpoundsin a low ea~ orbit (Table10)0

This low orbitpayloadcanbe impzxnredonly marginally(*15%)by

usingtwo nuclearstagesin placeof one. On the otherhand,for mre

difficultmissions(e.g.,lunarorbit,requiringabout40,000ft/secfrom
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Table10

C2-TYPEBOOSTERWI’IH500,000POUNDNUCLEARSECONDSTAGE

lSP = 760 (vAC)

Propellantweight (16’x 150’tank) 320,000pounds

Burnoutweightin orbit 180,000

~ tankweight 26,000

Mif3ce11.aneous 4,000

structure 12,000

10-12Bw engine 38,000

Dead weight

Payloadin low

the upperstages),

from 20,000pounds

80,000

orbit 100,000~ 10,000pounds

the use of two upper stages

to at least42,OOO pounds.

will increasethe payload

A sizeablepayload

(--30,000pounds)couldbe softlandedon the men.

or all of its planned

SaturnNuclearThirdStage

Now let us considerthe C2 boosterplus part

chemicalsecondstsge. If we use the full second

propellantand ~0,000 poundsdry weight),we can

stage(330,000 pounds

put w to 130,000pounds

of nuclearthird stageon it. From knowledgeof the capabilitiesof the

all-chemicalsystem,we can make roughestimatesof the gravitational

lossesand the actualvelocitygivento the thirdstage. The latter

turnsout to be 15,000ft/see,which is largeenoughso that low thrust
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to initialweightratios(~ .5)shouldbe quiteadequatefor the nuclear

stsge(~ 1500Mw for this caseof 130,000pound stageweight). We con-

cludethis configurationwill place-62,000poundsin low orbit (compared

to 47,000Wunds for a threestageall-chemicalrocket)and can softland

11,000poundson themoon, againassumingan ISP of 760seconds(2200°C

exit gas, 6$ losses).

Finally,let us exemineone intermediatecasewhere the secondchem-

ical sts+gepxmpellantload is reducedfxwm3j0,000poundsto 200,000pounds

(keepiu the de~ weightfixedat 40,000pounds)to allowfor a larger

(260,000~und) nuclearthird stage. The two chemicalstagescan give the

260,000poundnuclearthirdstagea velocityof +000 ft/sec. Sincethis

is aboutthe sanevelocityas occurredfor

ered earlier,3000-4000Mw would represent

a vehicle,which is the expectedpowerfor

the smallsecondstagesconsid-

a usefulpower rangefor such

the Phoebusengine. This com-

bination

chemical

paredto

can put g4,000poundsin a low orbit (exactlytwicethe three

stsgecapability)or softland 19,000poundson the moon (com-

3500 poundsfor afour stagechemicalSaturn). Off-loading

the firststsgepxmpellantinsteadof the secondstagewould increase

thesepayloads8000 and 3000 pounds,respectively.

LaterMissions——

Both the possiblemissionsand vehicle

in nuxiber,but thereare someof particular

configurationsare unlimited

interestfor whichnuclear

rocketsoffergreatadvantages.Mannedsatellitesand circumlunarflight
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canbe achievedwith chemical.rocketsalreadyin the developmentstsges.

A mannedlunar-edition, requiring’20 @see ~t~ fissionvelocitY~

would requirea very largemultistagezmcketor assemblyand refueling

6
in orbitif chemicalpropulsionalonewere used. In a separatestudy

whichwillbe summarizedhere,we find Mat bofi tie grossweight~d

the manufacturedweightcanbe drasticallyreducedby the use of one or

more nuclearstsges. The assumptionsare listedin TableU and include

threesetsof valuesfor tank sad engineweightfractionsto reflecttie

uncertaintyin the extrapolationof the stateof the art. We have assumed

55,000poundsto be softlandedon the moon, including10,000poundsto be

left thereand a storablechemicslstagewhich returns15,000poundsto

earthwith full atmosphericbrakingupon re-entry. The resultsare given

in Figure10, whichdepictsthe vehicleconfigurations,and FigureU.,

which showsthe grossweight,dry (manufactured)weight,and propellant

volumefor the vehiclesas functionsof the stateof the art. Case C,

consistingof two nuclearpoweredstageson a chemic~ booster)aPPe=s

to be the most interestingone for several.reasons. The grossweightis

relativelysmalland the dry weightand propellantvolumeare the smallest

of thosecasesconsidered.The largerof the two nuclearenginesis only

shout10,000Mw, snd the

(1.5X 106 ~und thrust)

used if available).The

problem,especiallywith

chemicalboostercanbe poweredby only two F-1

engines(an02-H2or solidboostercouldalsobe

chemicalboosterrelievesthe radiationhazard

regardto the air scattereddase to the payload

and launchsite. The two nuclearstsgecaseD is half as heavy as Case C,
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TableU

LUNARMISSIONASSUMPTIONS

Earth surfaceto low orbit

Earthorbitto mon

Lunarlanding

Lunar surfaceto earth

Earthlanding-atmosphericbraking

ISP(VAC) Propel.l=t

-s lbs/f@

AV1 ft/sec AV1 (withlossesetc.)

-26,000 33,000

*1O,5OO 12,000

7,800 10,000

7,800 10,000

0

65,000ft/sec
or

20 km/see

Structureand
TankFractionf En&cLneFractione
Opt. Prob.Pess. Op;. Prob.Pess.

LCX-RP 300 sec 63.4 .01 .02 .04 .01 ●02 .04

LOX-H2 416 17.3 .02 .04 .05 ●02 ●03 .05

Nuclear 860 4.34 .05 .07 .10
{
.05* .08*

}
.1O*

‘2 .04 .05 .08

ISP(VAC)sec Ve, ft/sec Fuel Densit~lbs/ft3

LOX-RP 300 9,660 63

LOX-H2 417 13,400 17●3

Nuclear 860 27,700 4.34

‘2

*
Groundlaunchedstagesonly.
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Figure10 LunarVehicleConfiguration
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PE:SSIMISTIC PROBABLE OPTIMISTIC PESS. PROB. OPT,

Figure11
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but has twicethe propellantvolume.

orbitwhere separationcan takeplace

of 25,000to 30,000Mw is required.

The firststageplacesitselfin

slowlyand stiely,but an engine

Therehave been unclassifiedstudiesof mannedreconnaissanceof

innersolarsystemplanetsusinggroundlaunched7or o?%italstart8nu-

clearrockets. On suchlong journeys,electricpzmpulsionmay prove

competitivealthoughnuclearpropulsionappearscloserto realization,

and its high thrustmay be essentialin reducingthe time spentin the

radiationbelts. Some earliermissionsof

fast,heavy (-104pounds),unmannedprobes

the vicinityof the sun,have

Vehicles. A solarprobe,for

locitycapabilityto approach

been briefly

scientificinterest,i.eo$

to the outerplanetsand to

discussedunderTwo Stage

exsmple,would requirehigh missiOnve-

the sun closely,eitherby a directorbit

or by a “two-kick”transferin which thevehiclefirstmoves away from

the sun and at apogeedecelerates.Largepayloadsare requiredto pro-

vide thermslshieldingand communicationsequipment. Nuclearpropulsion

is well suitedto pzmvidethis combinationof largepayloadand

missionvelocity.

~

We shallsummarizethe resultsin temnsof the approximate

itiesof the reactorsunderconsiderationin the RoverProgram.

high

capabil-

-36-

APPROVED FOR PUBLIC RELEASE

APPROVED FOR PUBLIC RELEASE



1. Kiwi -- UC-Graphitecore,5@ unloadedgraphitestructure

-1400MW (60,000poundsthrust) We = 8000pounds.

Status: Developmental

A. Vertic&lflighttestvehicle(~0,000 pounds)with Atlas tank-

age-altitude50-200miles. Special.H2 tankage-altitude

500-1000miles.

B. Insufficientfor groundlaunchto orbitsinglestage. (-2000Mw

C. On

D. On

in ssmeweightenginerequired.)

ICBMbooster5000-15,000poundsin low orbit.

Saturnbooster

secondstage-- not optimum,power too low;--25,000pounds

in low orbit.

thirdstage-- power somewhatlow; 60,000poundsin low

orbit. 10,000poundssoftlandedon moon.

E. OrbitsJ.startvehiclesweighingfrom 50,000to 300,000pounds,

includingmannedlunarvehicleupperstage.

2. PhoebusUC-Graphitecore,fullyloaded.

4000Mw

status:

A. Singlestage

(180,000 pounds

Design

groundlaunched

thrust)

vehicle

we . /3(300” g)OUIXISo

(-130,000pounds).

10,000poundsin earthorbit,-42000poundsto escapevelocity.
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B. Powerleveltoo high for ICBMboostedstage,but enginemay be

testedin this configuration.

c. On Saturnbooster

Good powerlevelfor volumelimitedsecondstage (50,000

poundsin orbitwith 200,000pound stage). Slightly

overpowered,but usefulfor thirdstage(--150,000pounds).

Most premisingfor larger(-260,000pound)thirdstsge.

D. Orbitalstartvehiclesweighingup to 106 poundsespeciallywhere

high thrustis desired,e.g.,lunar

3* Condor-- Largegraphitereactor-L0,000Mw

-20,000poundsweight.

Status: Conceptusll

landingstage.

(400,000poundsthrust).

A. Singlestagegroundlaunchedvehicle. -X@ of grossweightinto

B. %0

c. Too

low earthorbit.

largefor ICBMboostedstage,exceptfor testing.

high powerfor 260inchSaturnboostedstage,

limitations,exceptfor testpurposes.

D. Appropriatefor largediameter1 to 2 x 106 pound

booster,particularlyfor lunarmission.

due to volume

chernicsl

low power for nuclearboosterfor mannedlunarmission(at

least25,000Mw required).
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k. ROC -- Low power,lightweightengine;ill-definedat present.

100-2000Mw range;500 to 4000 pounds.

Status: Conceptu83

A. At 1000.2ooOMw powerlevel,all Kiwimissionswith +000 pounds

addition&1payload,of particularinterestin 50,000pound

stageson

B. At 100-500Mw

titularly

ICBMboostersor orbitalstartstsges.

powerlevel,smsllupperstagesof all

orbital.startinterplanetaryprobes.

kinds,par-

Conclusions——

On a grossweightbasis,even the earliestnuclearengineswill give

higherperformancethanLQX-H2chemicalrocketsfor stageweightsover

60,000pounds. With slightlynm?e advancedor largerengines,nuclear

propulsionis betterthan chemicalpropulsionon a manufacturedweight

per payloadbasis formissionsreqpiringvelocitiesof 7 km/see(e.g.,

low earthorbits)or more. For the earlyengines,whichwill havepowers

of 4000 Mw or less (thrustsof 180,000poundsor less),the most profit-

able use in termsof payloadis as an upperstsge. In suchuse, they can

increasepayloadsby factorsof two or more over all-chemicslvehicles.

Nuclearupperstagesize is limited(owingta the low densityof H2) by

the diametersratherthan the thrustsof the existingchemicslboosters

(ICBMand Saturn). Finally,for the mannedlunarexpedition,the use of
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nuclearpropulsionin only one stagecan reducevehiclegrossand manu-

facturedweightsby a factorof two,while an additional.nuclearstsge

can reducethemby a factorof four or more.
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APPENDIX

We are lookingfor a simpleapproximatefunction

fractionwhich is independentof stagingeffects. As

with a non-zerovalueof e (theenginefraction),the

for the payload

we saw (Eq. (5))

infinitestaging

limitleadsto zeropayloadfor allAV. Instead.,we shallassumethe

vehicleparameters(fi,ei, v:) and the stagevelocityincrements(AVi)

to be equalfor all stagesand determinethe optimumstaginglimit,al-

lowingn, the nuniberof stages,to be a continuousvariable. The payload

for n stages

Yn

where~ = #
e

with respect

is givenby

=
[ 1(l+ f)e-P/n- f - en=un, (Al)

and u is the functionin the squarebrackets. Maximizingyn

to n leadsto

r3(u+f+e)=oulnu+~ (A2)

or

ulnu=(l+f)alna

where

a. U+f+e = -@/n
l+f = (massratio)-l.

(A3)

(w)
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● ☛☛✎☛✎✎✎ ● ✎

We solve(A3) appzwximatelyby lettingu = a - 1.and expandthe left

sideof (A3),giving

whence

aflnau~a+ l+lna;

and usingthe definitionof u, we have

The

(f+d(l+lna: f

analysisto thispoint is

Since “a” is the inverse

a).

due to Dr.

mass ratio

(A7)

K. Brueckner.

for each stage,we know from

experiencethat it is *out e-1 in optimizedsystems;and so we let

-1a=e + 8, leading to

8;
f

e[e(f+ e) - f]

and

a%ri%
where

1b=m+-zm”

(A6)

(A8)

(A9)

(A1.o)
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● *O ● O

:06 ● OOs: ●*U ●

● 9**

● 0 ● OC :00 ●:0 :.. :*C
● *

9*:9::. ::
bc: ● 9*

● ●:0 ● ●:0 :Oa ● 0

Fmm (A4)and (A9),

n(optimm) P P

‘-=lne(l. b) ~f3(l+b+ $ b2).
In a-L

This saysn~p, which is to be expectedwhen a N e-.L● Thus

(All)

[
Y(OPtimUnd = (1 + f)a . f - e

n

1[ l+f 1=&m‘~- f-e “ (A12)

Note that this is of the formof

Y = A-k P

or

My= -k(f,e)$ .
e

(Q3)

(A14)

We can evaluatek undervariousassumptionsaboutf and e, alwaysin-

cludingf << 1 and e << 1. We get the followingresults:

{

f =6 <<1

k= (1+ 4032f)= (1+ k.j2e)}

{

e<< f<<l

k= (1+ 1.3jf+j.l&)}

(kl.5.2)

APPROVED FOR PUBLIC RELEASE

APPROVED FOR PUBLIC RELEASE



9* ● .** ● .
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rf<<c <<l
1

\ k~(l+

In view of the fact

1.72f+ 2.72e)1

UNCLASSIFIED

(A1503)

thattheseare only for an approximatelimiting

case,that theygivevery similarresults,and that in practice~ - f

for both nuclearand chemicalsystems,we choosea compromisewhich is

correctfor ~ = f and reflectsthe relativeimportanceof the two par.

ameters,

Iny= -(1+1.42f+2.9~)# .
e

(M6)

UNCLASSIFIED

● b
● ● ●**
● e*
● **

● ● ● ● 9* ● m*
● * ● *. ● ● ● .*
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