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AN INVESTIGATION OF DU4L-XODE OPERATION
ROCKET ENGINE

by

OF A NUCLEAR-THERMAL

William L. Kirk,James C. Hedstrom,Stanley W. Moore,Robert D. McFarland,
MichaelA. Merrigan,John J. Buksa, MichaelW. Cappiello,DonaldL. Hanson,

and Keith A.Woloshun

ABSTRACT

A preliminary assessment of the technical feasibility and mass
competitivenessof a dual-modenuclear propulsionaridpower system based on
Rover-typereactorshas been completed. Earlier studieshave indicatedthat dual-
mode systems appear attractive for electrical power levels of a few kilowatts.
However,at themegawattelectricalpowerlevelconsideredin thisstudy,it appears
thatextensivemodificationsto the nuclear-thermalengineswouldbe required,the
feasibilityof whichis unclear. Masscompetitivenessat highelectricalpowerlevels
is also uncertain. Further study of reactor and shielddesign in conjunctionwith
missionand vehiclestudiesis necessaryin otier to determinea usefuldual-mode
powerrange.

I

L INTRODUCTIONAND BACKGROUND
The Space ExplorationInitiativethat was set in motion by PresidentBush in July 989

includesa mannedmission to Mars. This ambitiousmissionis an ideal applicationfor nuclear

propulsion,usingeithernuclear-themmlengines,in whichhydrogenis heatedby a nuclearreactor

and then expanded through a nozzle to produce a high-velocityexpellant, or nuclear-electric

engines,in whichthermalenergyhorn the reactoris convertedto electricitythatpowersan ionor
plasma thruster. Furthermore, there is a possibility of advantageouslycombining these two
propulsivemodes,using the high-thrust,moderatelyhigh-specific-impulse(Isp)nuclear-thermal

modefor propulsivemaneuversnew EarthandMars,wherethe highthrustis importantbecauseof

the largegravityeffects,and usingthe veryhjghIsp, low-thrustnuclear-electricengineduringthe

tip betweenthetwoplanets. Thepotentialadvantageis a reductionin theinitialmassin earthorbit

requiredfor the missionand/ora reductionin trip time. For the purposesof this study,we assume

that the combination~ advantageous, Our purpose is to explore alternativeconfigurationsfor
providingboth kindsof propulsion. In particular,we will examinethe use of a singlereactor to

bothheathydrogento extremelyhightemperaturesin theopen-cycle(nuclear-thermalpropulsion)
modeand to heatoneof a varietyof iluids in the closed-cycle(nuclear-electricpropulsion)mode.

The alternativeis to use two reactors,one for each modeof operation. There are two issues in

I
I

I
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choosingbetweena du:d-mo[!ereactoritndtwo s~’parittereactors. One is the feasibilityof itdual-
mode reactor .t the desired pcwer and operatin~ time; the other is whether the dual-mode

configur~t;ionprovidesa massreduf*tioncornpnrt>dwith the two-rmxor cortfigurittion.Section11
of :’lisrepo:t deals-.;-iththe imit issueimdSec.11i (Ieidsv,;‘hthe stxxmd isstle.

As a b;lsisfor :’”>dual-modereactoritniilysis,wc U:Wthercilctorconfigurationsdeveloped

b} Los:\lamos. uingthe RoverProgram,the niui(-.nednuclearrocketprogriunof 1955-1972.The
Los llamos role in the Ro\w ProgramWMthe developn:nt of thr nucleitrrocket propulsion

rei~ctortechn.’logy:the role of the mitjorindustriidcontractors(an engine contractor,Acrojet-

Gcneral :‘mpo:~~ion,itndii rr:wtorsubcontractor,WestinghouseAst[onucle:rLitborittwy)was to
adapl this m.“hnologym the dui Aoprnentof a flight-qualitledengine, the NucletirEngine for
Rocke; “ehiclc.\pplicatiuil.;(hTER\”.4)engine. Althoughthe progritmwas tennirmtedbeforethe

completlovof rngine developl,lent,major technical itchievements,including the testing of 20
reactorsat the A“uclearR.lcketDevelopment!;tittionin Nevada.demonstratedtllcsoundnessof the
hasicre:l,:torconfiguration.

A crosssectionof NtypicalRoverreiil:llwis shownin Fig.1. T!lereitc”wrCOJ-Cconsists c)f

an K ..L)oof hexagomtlelemei,~s,().’753in. acrossflats aJd tipproximntely52 in. long. Mostof the

c!mnents..~smanyas sixwItof seven,itrefuelelcments,piercedwithnineteen,().1-in.-diiunitxial

coulant ~itss;i~~s f see Fig. :J. Th: fuel CICIJ]{$J]I’~.~,ilsistof eilhur gr:iphitecontiiininguranium
~.:utiidepitrticlesor, i~sshown in Fig. 2, a composite of UC.ZrC solid solllticmi{ndgritphite.
[Limitedwork witsdoneon purecarbide(lJL,JZrC)fuel,whichis likelyto requireiidii”f!mmtfuel
~eome?n.,1 All SurfuccSof the fuel element iire coated with 1/’.rCto reduce ccirosi(mby the h~t. .
hydrogen. one-seventh or more c)fthe core elenwnts contain n(j uranium and house ii cooled

supportstructurethiitextcnd:ithe entire icngthof the rr.:ctoi.core. The supportelementgecmlctry
i.. shown in Fig, ? m-i ii cluster of I“ucl:md sujjportelements in I:ig. 4. The support element
configl!rittionticpictedin Fi~. 3 providesfor regenemtivccoding of the supporthardwitre;thntis,
Iow-”emper:!:ureH2entersthe supportelementat the inletend of the reactorcore, passes through

the ilinerilcn~’passageto he hotendof tile core,andreturnsto the inletendof thecore throughthe

.wterilOi’/annulus.

Eventuallythis hydrogen,perhapsitfterbeingused to drive the engine turbopump,returns
to thecoreinlcito passrhroug}ithefuelelements. {SeeFi~.5 foroneexampleof tinoverallengine

flowscheme.) Regenerii[ivecoolingof the sIipportstructuremitximizesengineIsp by reducingor

eliminatingbypassflowof coolH2intothe nozzle1.:,mber. Thisregenerativecircuitis referredto
iIsthetie-tubecircuit. It hasa potentiallyimportantrolein extractingheat fromthe reitctorcore in

7.-
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the closed-cyclephaseof the dual-modeconcept. Regenerativecooiingis also attractivefor low-
temperaturecomponentsat the reactorcore periphery,a fact we will also use in the analysisthat
follows.

The supporteiementversionshownin Fig. 3 also containszirconiumhydrideto provide

neutronmoderation.The zirconiumhydridewasoriginallyincorporatedto reduceths reactorsize
requiredfor nuclearcriticalityso that lower-thrustengineswouldbe feasible. However,it seems
!ikelythat incorporating the moderatorin the supportelementsWillprovetok advantageousfor

larger reactors s:!ch as the 1500-MWsize used as the basis for the present study. A better-
moderatedreactorneedslessuranium,whichshouldincreasethe temperaturecapabilityof thefuel.

In subsequent sections, we will consider support elements both with and without zirconium
hydride.

There are a numberof possiblefluid flow schemesthat need to be consideredfor closed-
cycleheatremovalfromthereactor. “1’oaid in thevisuali=tionof severalalternativesthatwehave

considered,we will use variationsof the quasi-blockdiagramshown in Fig. 6. The diagramin

Fig. 6 showsthe reactor-nozzleassemblyinternalflow paths usedduringopen-cycleoperations.
These internal circuit:’can be connected in different ways even for open-cycleoperation; for

example,theHZexitingfromthe tie tubesandpeiiphe~ may be usedto drivetheengineturbine-
or all of the Hzflow from the reflector, tie tubes, and periphexymay be collected to drive the
turbinebeforeenteringthe reactorcore. The choicedependson turbopumppowerneedsand the
poweravailablefromthe tie tubesand periphery. Also,Fig. 6 is arrangedto indicatesomeof the
thermalcouplingbetweenreactorregions,suchas theconductionof heat fromthe fuelelementsto

tis tubesandperiphery,and the potentialfor thermalconductionhadiationbetweencore periphery

andreflectorandbetweenthereflectorandpressurevessel.

A 75,000-lb-thrustenginerequiresabout 1500MWof reactorthermalpower;we assume

that 5-10 MWe,thus 20-100MWt,are neededfor the electricpropulsionmode. We will use 30

MWtas a nominalreactorpowerforclosed-cycleoperation.
We willpointout withoutmuchelaborationthat30 MWtfor 330daysis 10,000MWdays,

whichbums 10kg of U235.Totalfuel loadingsfor a 1500-MWRoverreactorwereabout200 kg.

We have no data for 5% bumup in Rover fuels. Maximumbumup in Rover reactor tests was

about O.ol%.
Anotherpossiblyimportantconsequenceof dual-modeoperationthatwe havenotanalyzed

quantitativelyis a requirementfor additionalshielding.Thereactorpowerintegralforclosed-cycle

operationmay beconsiderablylargerthattheopen-cyclepowerintegml. Furthermore,it is spread

over a long time intervalso that it is not feasibleto use a heavilyshielded“stormcellar,”whici:

mightbe advantageousfor the briefopen-cycleoperation. Therefore,the increasein shieldmass

requiredfordual-modeoperationmaybe quitelmge.

7
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II. FLOW CONFIGURATIONS
We willdiscussthefollowingpossibleclose&cycleheatremovalflowschemes:

A. Directflowpathwitiblockednozzle andabypass portinthe nozzlechamher.

(Closed-cyclecoolantremovesheatkm a!lreactorregions.)

B. Closed-cyclecoolantpath throughtietuhes andperiphery.
1. In serieswithnozzle-pressurevessel-reflector.

2. Withparallelcoolingof ex-coreregions.

C. A specialcoreclementchit
1. In serieswithothermaciorregions.
2. Withparallelcoolingofotherreactorregions.

D. In-coreheatpipes.

A. The Direct Flow Path
In this approach,we would allow the closed-cycleworking fluid (probablyhelium or a

helium-xenonmxture) to follow the same reactor flow path used in open-cycle operation (as

shownin Fig. 6) as far as the nozzlechamber. Then,in order to close the loop,we wouldneedto

block the f?owthroughthe nozzleat someconvenientnozzlestationand, upstreamof the block,

opena valvethatdivertsthefluidinto a ductpassingbetweenthe nozzlecoolingtubesand leading

I 8



to the energy-conversionsystcm. The approach has two potential advantages: flow circuit
simplicityandcooling of all reactor regions. However,there are major questionsregardingthe

feasibilityof blockingthe nozzle ir a leak-tightmanner,removingthe blockduring subsequent

open-cycleoperations,and,parcicuhirly,the fimsibilityof placinga poxtin the nozzlechamberthat
can surviveduringopen-cycleoperationkt chambertemperaturesapproaching3000K or higher.

Developinga plausibleconceptualdesignfor the nozzleclosure/portcombinationis beyondthe
scopeof the presentstudy. Nuclearenginenozzleportshave beenusedfor provkhig turbopump
energy in bleed-cycledesigns. Blockingthe nozzlemightbe more practicaiif the engineis not
requiredto returnto theopen-cyclemode.

There is one other concern. Because the radiatcr that rejectsthe waste heat from the

electricalenergygenerationsystemis a majorportionof the systemmass, it is important!Okeep
the rudiatortemperaturehigh. This meansthat tlwinlet temperatureto the reactoris muchhigher

thanduringopen-cycieoperation.Consequently,materialssuchas aluminumthatme attractivefor

the single-modenuclearthermalrwket designareno longerusablein thedual-modedesign,even
in the direct
temperature.

flow path case. Figure 7 shows
Without a detailed analysis,it is

the behavior of severa~structural materials vs
hard to judge the magnitudeof the mass and

z i r I 1 1 I 1 8 v 1 I I 1 . I I r 1 I I 9 u I I 1 I I r t 1 I 1 r l?

240 STRUCTURALMATERIALS

/

%Iwc.m .
/li MX)NEL718

f
*Y*

Y@ / ‘2w0hrC.R

TEMPERATURE~

Fig. 7.

Strengthvs temperaturefor selectedmaterials.

9

..
..



neutronicpenalties‘&atmightresult;however:theyare likelyto be less for this alternativethan for

those discussed in subsequent sections. Consequently, the direct flow path may be the best

approachfor dual-modedesign. However,muchmorework will be requiredto prove feasibility

of thisapproach.
B. The Tie-Tube Flow Path

Beginning with an initial study by Beveridge,l several authors including Booth and

Altsheinler,2andLayton,Grey,and Smith3haveconsideredthe useof the tie-tubecircuitto extract
heat from a nuclearrocketreactorcore. In one sense the tie-tubecircuit is ideallysuitedfor this

purposebecauseit providesan alreadyexistingclosedpath throughthe reactorcore (see Fig. 6).
If, as seemsdesirable, the core periphery also is cooled by a two-passcircuit, that circuit also

could and shouldbe used in parallelwith the tie-tubecircuit. both to provideadditionalcoolant
tlmvarea .i~ heat-transferareaandto coolan importantreactorregion.

~JI=mlyall of the previous studies have focusedon producingrelativelylow power in the

closed-cyclemode,generallya few kilowatts. BoothandAltsheimer,for example,concludedthat
a 16,000-lb-thrustengine (approximatelya 20-in.-diam core) would be limited to a maximum

closed-cyclemodepowerof 25 kWeevenwitrlchangesin materialsoutsidethecore.
Wefindthatfueltemperaturesmustbe veryhighto drivemegawattlevelsof powerinto the

tie-tubecircuit. Figures 8 through 10 show calculatedmaximumfuel temperaturesfor several
values of power per tie tube with different center element designs and different coolants. By
increasingthe numberof supportelementsto one for every two fuel elements (a near-m~iximum

ratio),we wouldhavemore than 600 supportelementsin a 75,000-lb-thrust(1500-MWt)engine.
For (K)OSUPPOII elements,50 kW per tie tubeyields30 MWt,or perhaps5 or 6 MWe. Figures 11

through 16 show the correspondingtie-tubeconditionsfor the cases of Figs. 8, 9, and lo. The

designdifficultycan be statedfairlysimply. The tie tubesare thermallyinsulatedto limit tie-tube
temperatureduring the open-cycle mode. The insulator, together with the gaps between the

supportelementand insulatorand betweenthe insulatorand outer tie tube are also effective in
limitingheat flowduringclosed-cycleoperation;therefore,a largeATbetweenfuel and tie-tube

resultsat powerlevelsof interest. Furthermore,our modelis extremelyoptimisticbecauseit does

not include the possiblegap between fuel and support element. The thermal resistance of the

support element insulation must be large enough to protect the tie tubes during open-cycle

operations. The limitingdesignpoint is generallynot at the full-power,steady-statelevel, but is

either during engine throttling (partial power, but full temperature) or during the shutdown
trimsient.Employinga higher-temperaturematerial,a carbon-carboncomposite,for example,for

thesuppon ,ti,w:~lewouldallowless insulation;however,a significantfractionof thefueltie-tube
AT duringclosed-cycleoperation is in the gaps. It is worth pointing out th:itthe gap thermal

I
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conductivityis higher when the gap containshydrogen,as it does during open-cycleoperation.
E;illPierce of Westinghousehas suggested that if might be possible to provide a low-pressure
hydrogenenvironmentin the core during closed-cycleoperationby using a nozzle block. This

blockwouldbe mucheasier to implementthan the high-pressureblockneededin the directflow

path schemediscussedin Sec.11.A.
Theeffectof low-pressurehydrogenin the gapsis quitedramatic,as shownbycomparison

of Fig. 10 with Fig. 17. Figure 17 shows fuel temperatureswith low-pressurehydrogenin the

gaps, whereasFig. 10 representsthe case of no conductinggas in the gaps. Of course there is

reason for concern regarding large temperaturedifferencesacross the conductinggaps that we

likelyto be nonuniformin practice. Therefore,therecouldbe largeuncertaintiesin heatflowand

temperatures,whichis usuallyan undesirablesituation.
The principalconcernabout high fuel temperaturesduring the closed-cyclemode is that

highfueltemperaturedriveslargequantitiesof heatintootherregionsof thereactorandthenozzle.

This heat,addedto the heatgeneratedin thesecomponentshV neutronsand gammarays,will tend

to produce high material temperatures,or require direct cooling of these components,or both.

Roughcalculations,whichyield the results shownin Fig.18,indicatethat thermalradiationfrom
the surfaceof a titaniumpressurevessel (all Roverreactorshad aluminumpressurevessels)will

removeonly220kW,butthe heatgenerm.dby nuclearradiationoutsidethecoreis about725kW

15
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;II;~Icwtor t!itmnitlpmt’crof 30 ‘$IW.l’hmefore. it is clear thittcooling of smnc or :dl noncorc
~.im~poncntsduringnwgitwtitt-kvelclosed-cy~”koperittionwillberequired.

\ ,l(}[~ier~llllcernre]ute~jto long.l~nn, hig}l-tcnlperatureoperationOfthe f“UCliS ]Jl~ssil~k..

[hcrmitllyinduced degeneration of the fuel. Even viithout hydrcqyn present, tttcrc will IW
siglli~icilntin[~rdiffusi(}l~;~nd~llcrni~~lin[.:ractionsitnmngfuelnxttcrialsif the l’uclis ;t[suffi~”icntly

hightempcr:uures.“[’heseeffectsnuy be o!”pitrticuktroftxmcern iI”the reactoris to bc used itguin

in [hcopen-c)~.lemode:tftcroprriltingin tlwclosed-cyclemode.
N:chitveuonsidcrcd.hut not ::mlyzed,[u{}coolantschwnesfor the noncorcregionsof the

rem.uwdt:i-ingc]oscd-cycle L’J[)C!Il[tiOn, \s’hichm shown in Figs. 19 itnd 20. Figure 19 puts
rctlect(~rcool;mtin serh with the tie-tulu’/peripherycoolitn[,whichrequiresit[]]iinit.ddK)CO!!M

[herctk .t(weffluentIxforc it gets w ttwfuel flowpiissitges.Suchitmimifck!mightbe :t stiitldilrd

fc;ilure d tt;c open-cyc]edesign, if full ].~il~tt>[.tluw is used to drive ;i:e Hz turbopump. On the
~}thcr;, ;nd, i;.;nc turbopumpcl]n;Wkil’cn withjust the energypicked t]p by tic-tubdperiphcry

i“l(m.,the pressure~wsselwill wc :1muchIowvrpressureduringupen-cycleopcrittion. We do no[
}c[ know w’hichtlow schemeis betterfur the open-cycledesign. The Fig. 19schwneminimizes

r:tdiittor:md flow s).stcm In:iss.hut requires it core inlet tnii[;ifolditnd exposes i~llnoncore
~C}lllp(ln~n[st ~r~lilti~?el~.highcooll~[~[i[~le[temperaturesduringclosed-cycle(]~~ri!th[~, h:iswI 011.

the s;ilil~ iirgt][n~nts iis thosein SW..11.A.FigureX)ShOWSa schemein whicilsepiirittecoolingis

prw’hkd for the reactorextemitls. The powerremovedin this sep:muecircuit is rejectedto !;pii~~

h! ii scpitrtite,possihiyIow-wmperature.ritdii~tor.The coolantpitssitgescould be the sameones
usedduringopen-cycleoperatiot](requiringitcor: inlet region mitnifold,itsdiscussedabove)or

differentones thittm unuseddurin~:open-cycleoperation. The Fig. 20 arrimgementmay require

l:trge iiuxiliitryradiitt(]ritnd flow systcm masses, but hits a mitjor potcntiitl itdvilntilgein the
~!ccol]plingof reflector,etc., tcnlperittlln’sfromthe Initinclosed-cycleIoop. Keepingtemperitturcs

!ov.’illthcs.c~’ompotl:Wt~;wnidsexumsivcchangesin m;ueriidsof provenrcliilbilityin the noncore

rc:ictorcomponents.

c. Special Unfueled Elements
Ikc;\usewe foundth;uhigh fuel-temperiiturelevelsitrcrequiredto force hcittthroughthe

suppon element insul;tmrinto [he tic-tube circuit, we considered using sp~~iid unlo:{dedcore

elementsthittwouldhaveno functionduringopen-cycleoperiition,but would))rovidci\two-pi\ss

circuit for heiitpickupin the closed-cyclenmde. In fitct,these.elcmtmtswould hi~ve no cwoling
duringopen-c~<leoperittion,whichmeimsthat they must k dusignedto includecmlyvery high-

tenqwrtiturcmateriids.In simplestfoml. theyconsistof itsingle-hok,U:lluide(lhe~iig~~nit]clcmcn[
hc)usinga high-[empcritturetllbllhll”flowsepitriltor.A hot-endtip thiltconnectsthe immritndouter

flowpitssagesis glued/hrazcdto t!~eclementand scpimttor. A miijorproblemfor this conccpl is
~mll:intleakage through the clcmtmtwallduringclosed-cycleupcriition. Anotheris the possible
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Blockdiagramof separatecoolingcircuitforexternalregions.



m“erhcating(by nuclemradialion)of the flow separatorduring open-cycleoperation. Also, the

special elements incrtwsecore volume, which in turn increases engine mass because several

compummts(for example, reflector,pressurevessel, and nozzle) would have a larger diameter.

Ho\\ever, the cmcept does suhstwttiallyreduce fuel temperatureduring closed-cycleoperation.
FigUI”CS~I and 22 SIIOWSOnWperformanceparameters for the individualspecia!element when

Lwol.dby hydrogen. Figures23 and 24 showthe samepammete]-swhenthecoolantis helium.

Again,there are possibilitiesof coolingmherreactorregionseither in seriesor h parallel
withthe speciidelementcircuit. Figures25 and 26 show twopossibleclosed-cycleflowschenws.

D. 1n-Corv Heat Pipes
In-corehentpipesarea potentialalternativeapproachfor heat extractionfrom the reactor

core. The principa~.. !vantageresuhinhfromthe useof herdpipesis that theyare morereadilyand
efficientlycoupledto a Rankinecycleenergy-conversionsystem. This is an importantadvantage,

sincenearlyall spacepower systemstudiesover the past 30 years indicatea power systemmass
reduction of a factor of 3 or more for a Rankine cycle as opposed to a Brayton cycle. In
implementationthe in-coreheat pipeswouldbe arrangedmuch like the tie tubes,with hexagonal

heatpipesreplacingoneof everysevenfueIelements.
The in-coreheat pipesmust be capableof deliveringthermalenergy to the Rankinecycle

voorkingfluidduringtheclosed-cyclemodewhilemaintainingfunctionalintegrityduringtheopen-

cyclemode. That is, the heatpipesmustnot dry outor otherwisefail during the open-cyclemode
whenthereactorcore is requiredto heat hydrogento 2500-3100K. Withoutin-coreheat trinsfer

due to thepresenceof the heatpipes,fueltemperatureswouldrangefrom800 K at the core inlet to
z700-3zo0K nemthe coreexit. The heatpipe is an efficientpassivethermaltransportdevicethnt

willrespondto thisgradientby transferringheat in thedirectionof the temperaturegradientwithin

the core. Thus, thereis a tendencyfor the heatpipesto reducethe desiredhigh ten.pemtureat the

reactorcore exit. The degreeto whichthisoccursis stronglydependentuponhow the heatpipe is

thermallycoupledto thecore. It wouldbedesirabletodecouplethe heatpipesto the greatestextent

possibleduring the open-cyclemode. However,during the closed-cyclemode of operation,it is

desirable to couple the heat pipes to the fuel as well as is practical to reduce the required fuel
operatinghot-spottemperature. The predictabilityand adjustabilityof the thermal couplingare
importantin assuringheat pipeperformanceat the properlevelduring the life of the systemin m

operatingenvironmentthatinvolvesthemmlcycling.

The closed-cyclepowergenerationrequirementhas beenestimatedm 5-10 MWe. At an

energy-conversionefficiencyof 25%,the thermalpowerloadfromthe reactorwillbe as highas 40

MWt. The heat pipe is a passive heat-transfer element that responds, within a performance

envelope defined by internal heat transport limits, to the external temperatureand heitt flux



Fig. 21.
Maximumfuel temperaturesusingspecialelementsat variousclosed-cyclepowerlevels,

hydrogencoolant.
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Specialelementexit gas temperaturesforFig.21 cases.

20



!!!
Maximumfuel

.

2000”

m ‘“”

m

012 S4S67 osmna
PREswREa?oP @a’)

Fig. 23.
temperaturesusingspecialelementsat vsriousclosed-cyclepowerlevels,

heliumcoolant.

\\\\

1

\
4 L Helium

Tla=800 K ● = ~

llmJ- PO,,=$O bar
● = &#
● = 60
●= m
●slm

Ot2S4 S670 9 10 RI .a
PfKs’smlmP(?lc2j

Fig. 24.

Specialelementexit gas temperatureforFig.23 cases.

I
I

i

I

21

— —.— —-. - - -. — —



R

DNDQasnmm

P!!!zl
—R

Fig. 25.
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Blockdiagramof flowpathsusingspecialele-mentsand seriescoolingof otherreactorregions.
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Imundiirycondit~ons. For this application, there me five parameters that intlutmcc the heat

transport: (1) the fuel temperature,(2) the heat pipe-to-fuelcoupling,(3) the energy-colivcrsion
temperature(hem pipe sink tempermure),(4) the heat pipe coupling to the energy-conversion
system, and (5) the hem pipe condenser length. It is not the intent of this report to provide u
parametric mapping of ~hepossible heat pipe designs that may be suitable. Rather, a single,

somewhatarbitraryexamplewillbegivento illustrateboththedegreeof conceptfeasibilityid tht

necessarycompromises.
Perhapsthe most viable and practicalmethodof decouplingthe heat pipe from the core

duringthrustmodeis to providea physicalgap betv:eenthe heatpipe and the fuel elements. This
gapwouldbe evacuatedduringopen-cycleoperationso thatheattransferto the heat pipewouldbe

by radiation alone. During closed-cycleoperation, the gap would be filled with a conducting
mediumfor improvedcoupling. practicalconsiderationsdictatethat the conductivemediumbc ;l

gas. The gas of choice for this applicationis H2becausethesystemwill be designedf-or~1~
tolerince, therewill be an adequmesupplyof HZavailable,and HZis the highestconductivitygas.

If an inert gas was necessary, it would be the logical gas because of its high conductivity.

However,the relative coupling would be reduced by 37%. We have not devised iImethod for
providingthis patternof gap conditions. The naturidbehavioris the exact reverse,with Hcin thu
capduringopen-cycleoperation..

To meetperformancerequirementsduringtheclosed-cyclemode,it is importantto keepthe

gapas smallas possible A pricticidlowerlimitundernormalcircumstancesis about 10mil (2.5x
10-4m). In this application,core swellingand the coefficientsof expansionof the fuel and h~iit
pipe materials would affect the gap specification. For the present calculation, a lo-roil gill)is

assumed.

Tables I-A and I-B present a summaryof input and the resulting output generated by

HTPIPE,the Los A1amossteady-stateheat pipe analysisprogram,for a lithium heat pipe that is

coupled to the fuel by a gas gap. The fuel temperatureis taken as 1800K and the heat pipe is

assumedto rejecrhe~:tat thecondenserend to a liquidmetalby forcedconvection. The heat pipe

geometryis detailedin the table. The heat pipe is limitedto 42.6kW by the evaporatorcoupling.
A 40-MWtsystemwouldrequire940 of theseheatpipes. Figure27 showsthe performanceIimi[

curvesfor thisheatpipe.
Duringtheopen-cyclemode,the heatpipe tempermne willrise to about 1750K. With t)w

gasremovedfromthegap surroundingthe heatpipe,heat transferto theheat pipe,with thecm ii[

2700K, wouldbe 9.3 kW by radiation. This heat transferwouldtendto lowerthe temperatureof

the fuel near the heat pipe elements. A detailed analysis would be required to predict the

temperatureprofilesin the fuel. If thiseffect is significantlydeleterious,one solutionwouldbe u)

leavesomelengthof reactorcoreat the hotend withno heatpipes. Heatremovalfromthe hotend

23
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I TABLE I-A
L?? - “- J HEAT PIPE INPUT FOR HTPIPE. . .

Input Parameters

Geometry:
N“mking fluid:

Sourcecm, ~in~..

Sinkucmpling:
~~ul~~[L”,.lptl”am:

... “-=eralure:

Evaporatorlength:

Adiabaticlengrh:

Condenserlength:
Tiltangle:
Pipeinsideradius:

Distributionscreenthickness:
W’ickpermeability:

Halfof wickdiameter:

Arterywickthickness:

Arteryinsideradius:
Effectiveporeradius,liquid/vaporinterface:

Numberof arteries:

Heat-transfercoefficient,sourceto pipe:

Heat-tri’‘sfercoefficient,sinkto pipe:
Wicksurfaceporosity:

Thermalconductivity,pipewick:

Thermalconductivity,pipewall:

Siteradius:

Pipeoutsideradius:
Vaporpassagearea:

Totalliquidflowarea:

Circulararteries
Lithium

Convective
Convective
1800K
1400K

100cm

Ocm

30cm
00(0°to90°,positiveforassist)
0.81 cm

0.035cm
O.18000e-06cmz

0.001cm

0.01 cm

0.1 cm
0.0032cm
4

0.31W/cm2K

5 W/cm2K

0.5

0.7 W/cm2K

0.7 W/cm2K

0.0001cm (if 0.0, defaultsto 0.00127)

0.96cm
1.73487cmz

0.12566cmz
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TABLE I-B
SUMMARYOF OUTPUT GENERATEDBY HTPIPE

Viscous Inertial Total
Distance Vapor Vapor Vapor Liquid

Along Local Vapor” Vapor Pressure Pressure Pressure Pressure

Pipe Power Temp. Pressure Drop Drop Drop Drop

(cm) (W) (K) (Pa] (Pa) (Pa) (Pa) (Pa)

o

20

40

60

80

100

106

112

118

124

130

0

8427

16869

25358

33924

42606

34263

25785

17200

8538

-171

1548

1547

1546

1543

1540

1535

1537

1539

1540

1541

1541

64231

64003

63314

62147

60469

58222

59247

61028

61145

0

25

99

224

403

639

790

892

955

986

998

0

204

818

1860

3360

5370

4194

3273

2613

2217

0

228

917

2084

3763

4984

4166

3568

3203

3086

0

54

129

228

348

492

664

831

993

1149

1300
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Fig. 27.
Performancelimitcurvesfor heatpipe.

of the core during closed-cycleoperationwould then depend on axiaI conduction and thermal

radiation to the nozzle. No calculations have been perfonmxl for this geome~y, but the heat

transferto theheatpipehorn thecorewouldbereducedin proportionto its lengthreduction.

In-core heat pipes can, in theory, provide a means of heat transfer to a Rankine cycle

energy-conversion system. However, accommodating dual-mode operation would require
sign~lcantimovations in systemdesign in order to obtain goodperformanceduring both open-
andclosed-cyclemodes.

III. SYSTEM ANALYSIS

It is necessary to predict the mass of the high-powerdual-mode system, in addition to

investigatingits designin orderto judge its worthin comparisonwith separatereactorsystems. A

priori, it was expected that the mass of separate propulsion and pcwer systems would be

competitivewith the dual-modesystem(especiallyat higherelectricpower levels). Ihis section

containsa comparisonof massestimatesfor severalpropulsion/powersystemsusingeitherdual-

mode(onexeactor)or independent(tworeactms)heatsources.

A large numkr of dynamic energy-conversionsystf.msare appropriatefor highpower
levels (in a minimummass sense). The challengesinvolvedin designingthe power-conversion

subsystemare bothsimilarto anddifferentthanthoseinvolvedin designingan independent,high-
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powerspace nuclearpowersystem. They are similitrin thittonce the therm] energy is iictiuirtx!
from the heat-generation point (whether it be a rocket reactor or a power reactor), the
thermodyniunicenergy-conversioncyclerequiresthe samecomponentsin the balanceof plitntfor

both systems. The design of the dual-mode subsystem, however, must take into itccountttw
requirementsfor bothmodesof operation,whichmayimposerestrictionson the choiceof rciictor

coolant and reiwtor coolant inlet and outlet stitte points for the closed-cycle mode. These

differencestranslate into additionalmass over the mass of an independentsyace nuclear power
s)”stemof the same power level. Althoughthere are in theorymitnypossibleenergy-conversion
schemes.thenm@ possibilitiesareM follows:

(1) dual-mode directBray~onor potassiumRankinecycles

(21 dual-mode indirectpotassiumRankinecycle
(3) independent directBrayton
(4) u~depcmdent director hewpipecoupledpotassiumRimkinecycle
(5) independent thermionicsystem
Of the dual-mode cuncepts. we have excluded all but the direct Brayton cycle from

~sorlsi(icr;itii.)n. Woehave n, “}-etfound any plausiblemethodof directly heating potassium ii, ii
dual-moderciictorthat must alstl hcilthydrogento 3000 K in its open-cyclemode nor hittc wc
txxn able to devise a believablew:iy to use heat pipes to transportheat from the reactor tothe
pl)t.issium working tlud. A ~iis-potiissiu[n heat exchimgerseemstechnicallypossible(but likely

icry m:issi~’c)and may deserve further considerimimin later studies. Becauseof these doubts

about the feasibilityof dual-modepo[iissiumRi:nkinesystems, we chose to focus only on the

direct Briiytondual-mode system. Of the separate reitctorsystems considered for producing

clcmicid power.we havefocusedon thedirect Braytoncyclebecauseof its similarityto the du:d-
modedirect Bmytoncycle. We alsoconsideredthedirectpotassiumRankinecycle becauseof its

potentiallowmassbutreservedthe thermionicsystemfor laterstudies.

To simplifythediscussion,the followingtermsaredefined:

● Ml is the mass of an unmodified (baseline) nuclear-thermal rocket without

shielding,
9 AM1is the mass incrementrequiredto use the baselinenuclear-thermalrocket in ii

~.!osed mode as ii heat source forelectricalpowergeneration(forpropuhion).

● S1is the mass of the shielding(bothinternaland external)of the baselinenuclear-
thermalrocket.

● AS1is the mass inwement in shieldingrequired to operate the baseline nuclear-

thermalrocket alsoin theclosed-cyclemode.
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● M2is themassof an independentnuclearreactorsewingonlyas ittlcii[s(ulrcct“{uo

electricidpowergeneration(forpropulsion).
● Szis themassof shieldingrequiredfor itnindependentrcilctorhewS( ;:c~s
● C is the mi~ssof a power-comwsionsubsystemof WI i:::icpcndcmnt]~l~iirpuwcr

system.
● ACis themassincrementof the pow$er-conversion.111],:::,tl’mrtxluircdb~~iltlt,lsof

operationlimitsimposedby thedttiil-modtrlwcttw.

It is assumedthittthepowercontrol,conditioningi~nddistributionsubsystem,il[]~iclc.cw”]~.;d

thrustermassesare not iiffecttdby the heatsourceconfiguriitioniud tlliltoplillmmtluc.1(.;lr~h~.v[luil

rocketpow’er(and thereforeMl) is the samefor either indepem!cmIN-d[iiil-mdt’contigurilli~)ns.
Fromthe definitionsitbove,the massof itduid-modesystem= Al1+ L\Mj t s I t. ‘3.5] + L“ “+i\(’

and the massof ilnimiependentre:ictorsystem= Ml + S1+ M2+ SZ+ (.’.

In order to facilitiitethe imidysisof the 13rilytonduid-modesystcm,VillU~Sof indciwndcn[
nuclear-elecrncpowersystemcompommtmiissesfromthe literaturew(w usedii!,;Ibitsisilnd\tvr(s

furthersupplementedwithsimplemodelingitndscidingcid~ulation>.Thcr~*is, llllLi~rStillldiltll)’hu[
unfortunately,a largevtii~tionin perfcmnimwpredictionsfornuclciw-electricpowerS}OSIUNSin the
literature, with an increa~]rlgdispersion i~thigher c]cctric:{lpr~v;cr]~~~Is. SilnciiilNiltiL)llil]

Laboratories(Sh’L)andNASA’SLewisReseitrch[‘enter(Lewis)hiivecxmlplctcda comprehensive
stud-~-bof variousmultinlega~”aunu~.~.tr-electricsystemsand the MissionAnidysisPuneliltIhu

1990h’TP/NEPWorkshopsT(hose some reprcscntiitivcspecific[ni~ssviducsfor nucleitrpower

systemcomponents. ,Massinfornlit;](’rl fr(m; :}.5T2 SOUrCeSk shown h Titbk II itndFig. 28. “I-o
supplement this information, radiator mass as it function of elcctricid power, turbine inlet
temperature,and radiatormass per unit i~ii ~’ii>~id~.ulilt~’tiusi[]g~ Iun]ped-pararnetermodel thiit

w-asbenchmarkedagainstthe ShTL-Lewisvaluesiit 10 YIWc. El!‘m 29 Wiisthen constructedhy

assumingthat the total mass of all non-radiatorpower-ccmversiunsubsystcmcomponentsviirittl

linearlywithpower (basedon Fig. 28). This figureprovidesa i due for C, as defined itbovc,for
any particularset of power-conversionsystemparametersitndcan iilsobe used to estimate AC if,

for instance,the dual-modereactorgasexit tempemtureis lessthan thittof an independentrciictor.
A similaranalysiscould be but has not beendone to estimatea AC effect for Iimititti[jnsIm [IN

dual-modereactorinlettemperature(subsequently,AC= Ois assumed).

Estimatingshieldingmassis extremelydifficult. The first intuitivethoughtis thii[rtsilll~t’tl
totalshieldingmass is a majoradvantageof a dual-modesystem. However,moreconsiderationot

thematterleads to a realizationthat thereare manyfactorsthat affectshieldmass. Bothdlc t! liil-

modeandthe independentreactorshieldsmay havemultipit purposes. For example,the NEF~’A
nuclear rocket engine internal shield was sited primarily to protect engine conqxxwntsid to

~~
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TABLE II
COMPONENTSPECIFICMASSESFOR A 10-MWEMAN-RATEDPOWERSYSTEM

(FROMREF.7)

Subsystem Specific Mass (kg/kWe)

Reactor 1.2

Shield 1.8

PowerConversion 2.4

MainRadiators 1.0

PowerConditioningandDistribution 2.5

:0 5 1

ELECTRIC POWER (MW)

Fig. 28.

Braytoncomponentmassas a functionof eleclricpowerlevel(fromRef.6).
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reducepropellant heating. A secondcxttrnid shield wtis to be incorporated to protccithe pityl(}id

for ii specificmission, Currtmtthoughts,howmwr,suggestthittshieldingto protcc!the engineiltd
ilropcllcnt may not be nccess;~rybecause of advances in materials technology since 1972.

Furthernlore.if thick payload shiekiing against space radiation is needed, then ~wh;qx WI

iilidith~id pityloitdprotectionin the formof rciictorshieldingis ne~essi~ly.“1’hescsiim~ilrgtlmcnts,
pcr}lilps]csspersuasively,C;lllbeextendedto it nuchxw-electricsystem. In thecontextc)fmr illilss

ncmwnulaturtmentiorwdabove, S1 is assumed to be about 6000-7000”kg for a typi~iilnu~]eiir
rocket eligine ~“ith about one-third of the mass in itn intemid shield.~ To be conscrviitivc,wc
i~ssumcdit specific mass of 1.8 kg/kWe in estimiitingS2. Unfortummdy,it is not iis ~iisyto

~s[imiit~ASI for iill~iis~s,piirtidiirly if the cross-sectionitltareaof the duid-modereactoris lilrg~

comparedw’iththat of the independentreactor. In cxdculatinga range of AS1,it is assumedthilt

[.\S; + S1) is i~tleastthe largerof S] or SZi~ndat mostis thissameminimumplussomefriictionor
S~(whichagain.is a li[le;lrfunctionof (heelectricpowerlevel). These itssumptionsitndthe !llli~~

shieldlnilsscstimiitesiwesllmmitrizcdinT;lbles111i~d IV,respectively.

~fi~sscst;;!~;~tesfur the duiil-nlodeand independentreiictorswere obtiiinedin a similiu”
m;inner. hl 1 has been estimated (Ref. 8) to be 8X)()kg for the reference rocket engine.

ApproximateViduesof MZare indicatedin Fig. 28. Note that the mass of gas-cooled reiic[ors

\.arieslittleotwr the 1- to 10-MWerange becausegi~s-cooledrei~ctorsare criti~idity;UNInot h~iit
tri~nsferlimited. Our engineeringjudgment imticipi~tesAM1to increaseiisthe requiredclcctrici~l

power level increases, bu[ [he ex;lct sh;tpeof this dependence is unknown. However, ils III]
t~itmpl~,il linei~rvariationof AM1vs electricalpowerlevelwas assumedin order to complete tlw

m;iss cornp;irison of the dual-mode iind independent reitctor systems. 7“able111contilins the

assumptionstind ranges used to i.miveat the values in Table IV, which sumrnitrizesthe nl;tss

estimatesfor botha dual-modeBriiytonsystem(bothhighand lowestimates)and an independeiit
Braytonsystem, To completethe preliminaryassessment,viduesfor M2and C for an indcpende[it

direct pomssiurnRimkinesystem were obtained (Ref.9) iindcombined with values for Ml, S1,

and SZto yield Fig. 30, which summarizesthe mass competitivenessof the dual-mode direct

Briiytonsystemwith independent Briyton and potassium Rankinesystems. From this figure
i: can ~ seen that the Braytondual-modesystemmay be masscompetitivewithan independent

Briytor or Rankinesystem,but the degree to which it is dependson the mass impi~ctof design
changesto the reactor(AM1)and shield(AS~).

Iv. SUMMARY AND CONCLUSIONS
Startingwithan assumptionthatdual-modepropulsionwill be advantageousfor a highAV

missionsuchas a mannedmissionto Mars,we havestudiedseveralconcepts for using the si~me
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TABLE 111
ASSUMPTIONSUSEDT() CALCULATE COMPONENT”MASSES FOR IIU,\ia-
MOt)E AND INDEPENDENT NUCLEAR PROPULSIOIWPOWER SYS’I*I?MS

Assumptions

Component or

Subsystem Power = 1 MWe Power = 5 NIWe Power = 10 MWe.-
Duid-Mode: 2L.~~k!k"E..!l.............."............................<

AM1 ~10%.cfM] e l(x)% 50%Ofhi] e 150’;;

1of Ml Iof M1

S1 ..I 6.5 Mg (fromRef. SJ,-.....- -—-. . ..........
AS1 Igreaterof S1 itlldS~ Igmitwof S1itndSz

less S1 e sitmcplus leSSS1= silllleplUS

i 10%of s11 50%of s1............. .. ............ ...... ................................................. . .................................
.’L_L______ from Fig. 29

; 100%”of M1e 200’.’;”

I OfM],................................................................

.. . . . ........................
greaterOfS1 illld !$~

1!2SSS1 = SillllC PIUS

100%” d-s ].......................................................
..... . . ............................I

Ac 1 assumedto be negligible
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reactoras the heat sourcefor bothnuclear-therm] itild nuclear-electricpropulsion. our ~t}idW:IS

to providesomebasisforjudgingthe meritsof usingone reactorvs usingtwo,one for each mode.

Ours. “es to date have beenquite limited in detail, but do show some significimtproblcmsin
:Idtiptinga nuclear-thermalenginereactorto closed-cycleoperation,particularlyat higherelcctricid

powerlevels. The simpicst and most generillyattractiveclosed-cycleconcepthits;Lclosec!-cycle

coolantflowpath throughthe reitctoridenticidto the open-cycleflowpath. The nozzleis blocked

and [hecoolantis divertedthroughti;c nozzlewall. All reitctorregionsare cooled,but the rciictor

inletcoolanttemperatureis muchhigherthanduringopen-cycleoperition,whichprobablyrequires

compromisesin miitexiih for thereflector,pressurevessel,andcore inletregions,



TABLE IV
COMPONENTCOMPARISONOF DUAL-MODEAND INDEPENDENT

PROPULSION/POWERSYSTEMS

ComponentMass (Mg)

Componentor Subsystem: Power = 1 MWe Power = 5 MWe Power = 10 MWe

Dual-Mode: Ml 8,2 8.2 8,2

AMl om~~* 8.2 4.1 e 12.3 8.2 e 16.4

S1 6.5 6.5 6.5
AS1 0.()e 0.65 2.5 e 5,75 11.5= 18.0

c 3.16 1~06 27.8

AC O.O 0.0 ().()

Total 18.68-26.71 33.9 @ 45.75 62.2 = 76.9

Independent: M2 8.0 8.0 8.0
s? 1.8 g,o 18.0

c 3.16 12.6 27.8
Ml 8.2 ~.~ 8.2
S1 6.5 6.5 6.5

Total 27.66 44.3 68.5

Usingthe iie tubeor similarsecondarycorecoolantcircuitsto collectenergyoriginatingin

the fuel willworkwellat lowerpowers,but becomesmuchlessattractiveat higherpowerbecause

the heat flow is limitedand controlledby imprecisegaps betweenthe core components. Active
coolingof noncoreregionswill be necessaryat higherpowers.

Introducingheat pipesinto thecore to extractheat for elecrncalpowerproductionleads to
so-farunresolvedproblemswithheatpipesurvivalat open-cyclecoreconditions.

Energy conversion and he~t rejection analyses provide estimates of the potential miiss

savingby usingone reactorinsteadof two. Two reactorsallowmore flexibilityin the choice of

reactor coolant and conversion cycle; however, dual-mode operation may reduce reactor and

shieldingmass.Themasscomparisonsof this studyare inconclusive.

We tentatively conclude that separate reactors are a better choice if tens of thermal

megawattsare requiredduringclosed-cycleoperation. Dual-modeoperationfor either poweror

propulsionwill be morefeasibleandmoreadvantageousat Iowerpowerlevels.
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Masscomparisonof 10-MWedual-modeandindependentnuclearpropulsion/powersystems,
NTR= nuclear-themalrocket.
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