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ABSTRACT

Beginning in 1957 and continuingintothe mid 1970s,the USSR conductedan extensive

investigationintothe use ofboth solidand gas corenuclearthermal rocketenginesforspace

missions. During this time the scientificand engineering,problems associatedwith the

developmentofa solidcoreenginewere resolved.At thesame timeresearchwas undertakenon a

gas coreengine,and some ofthe basicengineeringproblemsassociatedwith the conceptwere

investigated.At theconclusionoftheprogram,thebasicprinciplesofthesolidcoreconceptwere

established.However, a prototypesolidcoreenginewas notbuiltbecauseno establishedmission

requiredsuch an engine.For thegas coreconcept,some ofthebasicphysicalprocessesinvolved

were studiedboth theoreticallyand experimentally.However, no simplemethod of conducting

proof-of-principletestsin a neutronfluxwas devised.

Thisreportfocusesprimarilyon the developmentofthegas coreconceptintheformerUSSR.

A varietyofgas coreenginesystemparametersand designsarepresented,alongwitha summary

discussionofthe basicphysicalprinciplesand limitationsinvolvedin theirdesign.The parallel

developmentofthe solidcoreconceptisbrieflydescribedtoprovidean overallperspectiveofthe

magnitude ofthe nuclearthermalpropulsionprogram and a technicalcomparisonwith the gas

coreconcept.
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EDITORS' PREFACE

We arepleasedtopresentthissummary reportby Dr. MikhailGurfink,formerhead ofFuel
Confinementand Thermal Protectionin the Gas Core NuclearThermal PropulsionDepartment

of the DivisionofSpace Power and Propulsion,InstituteofThermal Processes,Moscow. Dr.

Gurfink isnow a permanent residentofthe United States.His preparationofthisreportand

collaborationwithus was fundedthrougha laboratory-directedresearchand development(LDRD)

projectatthe IdahoNationalEngineeringLaboratory.

Dr. Gurfink has extensive experiencein the characterizationand investigationof

hydrodynamics and heat and mass transfer,specificallyas appliedto propellantheating,

protectionofstructuralcomponents,and flowstabilityand turbulencesuppressioninthe gas core

nuclear thermal propulsionrocket engine. His work has included the theoreticaland

experimentalinvestigationoftheuse ofmagneticfieldstostabilizeflow.

In theprocessofeditingthisreportwe have triedtoretainthe tenorofthe originalEnglish

manuscriptpreparedby Dr. Gurfink.To the extentpossiblewe have verifiedtheequationsand

figuresand the accuracyofnumbers quoted.However,the availableinformationdid notpermit

exhaustivevalidationofeveryquantity.

We hope you findthisan interestingand informativeaccountofthegas corenuclearthermal

propulsionprogram intheformerUSSR. Gas corerocketenginesinvolvetheunderstandingofa

greatnumber ofcomplex physicalphenomena, and the time isrightforincreasedinternational

collaborationand exchangeon thisareaofadvancedsystemsforspacepropulsion.

Mervin Koehlinger

Ralph Bennett

ChetMotloch
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AUTHOR'S PREFACE

Aftera decadeand a halfofcalm inresearchand developmentofnuclearthermalpropulsion,

itisnow appropriatetocarryout an attentiveinventoryand analysisofwork whichhas been done

during the earlierdecades. Such an analysisis especiallyvaluablewith respectto gas core

nuclearthermal propulsionbecause of some principallynew scientificand technicalproblems

involved,such as thehydrodynamicsand neutronicsofgaseousfissioningplasmas,thephysicsof

dense plasmas,and the thermalprotectionofreactorcomponents. Regardlessofthe difficulties

arisingin conjunctionwith the developmentofgas corenuclearthermalpropulsion,the unique

performancecharacteristicsoftheenginejustifythe amount ofwork thathas been done and will

have tobe done.This reportisan attempttopresentand analyzethework done on gascorerocket

enginesintheformerUSSR.

The authorconsidersita pleasantdutytothank Mr. ChesterMotloch,Dr. Ralph Bennett,and

Mr. Mervin Koehlingerfortheirscientificeditorialwork, and alsofortheirattentionto the

Englishstyle.I am gratefulto my son Alexander- he has made me believethatthiswork was

necessary.And specialthankstomy wifeTamara forher kindattentionand patienthelp.

Mikhail Gurfink
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NOMENCLATURE

•

a Rocket acceleration
t

c Speedoflight

Cp Heat capacityofthepropellant

E T Strength of thermoelec'_ric f_eld

F Engine thrust

g Gravitationalacceleration

gU Mass fractionofuranium inthe propellant

H Magnetic field strength

Ha Hartmann number; ratio of magnetic to dimensionless
viscous forces

Isp Specific impulse

l'sp Characteristicspecificimpulse (usedtonon-
dimensionalizethe specificimpulse)

Isp'nix Specificimpulsewith entraineduranium

z_J Energyperunitmass absorbedby the
propellantinthereactor

zIJ* Characteristicenergyperunitmass absorbedby the
propellantinthe reactor(usedtonon-dimensionalize
thecorrespondingvariable,z_J) i

mf Mass flow rate of propellant

mf U Mass flow rate of entrained uranium

Oe Oersted, a unit of magnetic field strength. In this report, we
have generally substituted I tesla for every 10,000 Oe, since, for
nonmagnetic media, an Oe is roughly equivalent to a gauss

. (whichis10-4tesla).

Pr Prandtl number dimensionless

Q Pov.,eremittedby thespaceradiator

|
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De.finitiaa

Re Reynolds number dimensionless

Recr Critical Reynolds number with a magnetic field dimensionless

" Re°cr Critical Reynolds number without a magnetic field dimensionless

Re m Magnetic Reynolds number dimensionless

S Stuart number; ratio of magnetic to inertial forces dimension!ess

AT M Temperature difference between the
moderator inlet and outlet

t Time uranium remains in the core zone

v Velocity of fluid

x Distance from the upper cross section of the engine

? Specific weight

8 Width ofthemixinglayer

# Dynamic viscosity

p Density of fluid

¢r Electrical conductivity

v MHD time constant

• ' Ratio of heat released in the moderator to heat added
to the propellant dimensionless

_* Fraction of fission energy released in the moderator dimensionless

MU Fraction of fission energy removed by the
entrained and recycled uranium dimensionless
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GAS CORE NUCLEAR THERMAL ROCKET
ENGINE RESEARCH AND DEVELOPMENT

• IN THE FORMER USSR

1. INTRODUCTION

Space missionsundertaken by the SovietUnion have traditionallyreliedupon chemical

propulsionsystemsforEarth-to-orbitoperationsand unmanned interplanetaryexplorations.The

specificimpulseofthemost advancedofsuchchemicalsystemsislessthan 500 sec.However,as

earlyas the late1950s,itbecame apparentthatfuturemissions(suchas orbitingvery heavy

payloadsand conductinginterplanetarymanned spaceflights)would requirespecificimpulses

greaterthan 1,000sec. This is a much higher performancelevelthan couldreasonablybe
achievedwithinthe t,_chnologicaland economicframework of rocketenginesusing chemical

propulsion.This_-ecos_nitionledtotheearlyconsiderationofnuclearpropulsionsystems.

An extensiveinvestigationintothe use ofnuclearthermalrocketenginesformissionswith

, high propulsionrequirementswas begun inthe SovietUnion in the late1950sand coveredthree
main areas: investigationof basic feasibility,calculationof engine specifications,and

determinationofpotentialapplicationsfornuclear-poweredrocketsincludinga comparisonwith

conventionalrocketengines.An importantelementintheresearchprogram was thedevelopment

ofconceptualdesignsofa varietyofnuclearthermalpropulsionrocketengines.This included

characterizingthem fairlyaccuratelyand determiningthe range of basic engineeringand

technologicalproblems.

While work on nuclearthermalrocketengineshas been goingon in theformerSovietUnion

formore than threedecades,thegreatesteffortoccurredduringtheperiodofthe1960stotheearly

1970s. ltwas duringthattime thatthe technologiesinvolvedin a nuclearthermalpropulsion

rocketengine with a solidcore were studiedand the scientificand engineeringproblems

associatedwith itspracticaldevelopment were resolved. At the same time researchwas

undertakentodevelopthenecessarydatafora full-scaleprototypeofa nuclearthermalpropulsion

rocketengine with a gaseous core,a conceptwhich,theoretically,possessessome attractive

characteristicsbut alsopresentssome difficultengineeringproblems.

Thisreportisfocusedprimarilyon theprogram surroundingthedevelopmentofa gas core

nuclearthermal propulsion(GCNTP) rocketengine,ltdescribesthe overallassessmentofthe

concept,thedetailedanalysesperformedtocompletelycharacterizethe concept,and theresearch

and developmentundertakento solvesome basicproblems.In addition,theparalleldevelopment

program on the solidcorenuclearthermalpropulsion(SCNTP) rocketengineisbrieflydescribed

toprovidean overallperspectiveand technicalcomparisonwiththe GCNTP engine.
v
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2. HISTORICAL REVIEW

,L

2.1 Phase I Development

" In 1957, Dr. V. Ievlev I originated a paper 2 containing initial estimates of parameters of

rocket engines with solid and gaseous cores. In the paper he formulated the basic principles,

demonstrated the feasibility of this source of energy, and proposed a research program.

The paper was discussed at a meeting of the Scientific and Technical Council chaired by

Dr. A. Vanichev, and it was decided to undertake a more detailed analysis of a variety of designs

of nuclear rocket engines, select the most promising concepts, determine the basic parameters of

the selected systems, and define the main scientific _md technological problems. This work was

carried out over the next four years under Dr. Ievlev's supervision.

In the conceptual phase, four fundamentally different systems of increasing complexity were
chosen for consideration:

* A system in which the traditional chemical fuel and oxidizer are preheated by a nuclear

react of"prior to combustion;

* A system in which a propellant receives thermal energy from a solid core nuclear

reactor;

* A system in which a propellant receives thermal energy from a nuclear reactor

operating with liquid fissionable material; and

* A system in which a propellant receives thermal energy from a nuclear reactor

operating with gaseous fissionable material.

The work done on design definition is described for each of these concepts in turn.

Nuclear-Preheated Chemical Propulsion

A chemical system with nuclear preheating of the fuel and oxidizer was the natural first step

in the development of high specific thrust engines since it was technologically the simplest.

Indeed, the temperature required for efficient combustion does not exceed 700 K. At the same time,

" dependingon the physicaland chemicalpropertiesofthe propellant,thespecificimpulsecan be

increased15 to25% abovethatofa conventionalrocketengine,a significantincrement.

p

However, calculationsshowed that the added weight of the nuclearreactorresultedin

approximatelya ten-foldincreasein specificweight(theratioofweightto thrust)compared toa

2 EGC_NE-10391



conventionalchemicalpropulsionrocketengine,largelyoffsettingthe advantage of increased

specificimpulse. The main reasonforhaltingwork on thisconceptwas that the conventional

- rocketenginecouldbe redesignedtoreachthesame specificimpulsewithoutthe weightpenalty.

Furthermore,thereseemed tobe littlepossibilityofadvancingtowardsmore efficientdesignsand,

therefore,littleincentiveto formulatea convincinglong-termplanin which the developmentof

thissystemwould be a priorityconcern.

Solid Core Nuclear Thermal Propulsion

Heatingpropellantin a solidcorenuclearreactorwas the nextlogicalsteptowardshigher

specificimpulse. Investigatorscarriedout extensivetheoreticaland experimentalresearchto

selectsuitablepropellantsand materialsfora high-temperaturesolidcorerocketengine.

During thisphase ofwork the followingmaterialswere chosenforthe reactor:structural

material,graphite;fissionablematerial,235U; propellant,hydrogen (withsmall additionsof

hydrocarbonsto reduce corrosionof structuralmaterial).Materialsconsiderationslimitthe

operatingtemperatureforthisconcepttoabout2,800K. The specificimpulseisoftheorderof900
sec.

Effortswere concentratedon assessingthe weight characteristicsof the engine and on

trajectorycalculationspertainingto theplacementofheavy payloadsin orbitaround the earth

(requiringlargethrust)and toorbitalmaneuvers and flightstothemoon and Mars (requiringlow

thrust).Calculationson the nuclearreactortodeterminethe criticalpayloadand weightwere

carriedout in collaborationwith the KurchatovAtomic Energy Instituteand FEI3. The basic

designwas foundtobe promisingand a planwas outlinedforthenextphaseofwork.

The leadingscientistsinvolvedinthedevelopmentofthe SCNTP engineduringthisand the

subsequentphase were Dr. A. Gorin,Dr. V. Gorda, Dr. V. Martishin,Dr. V. Konyukhov, Dr.

Dzyubenko,and Eng. V. Kuznetsov.
o

Liquid Core Nuclear Thermal Propulsion

Next a system with a liquidcorewas consideredin an attempt to avoid the limitations

associatedwith stabilityof the solidcore reactorstructuraland fuel materialsat high

temperatures.In theliquid-coreconceptheatingofthepropellantcan,inprinciple,be considered

: fortemperaturesgreaterthan 2,800K, with theoperatingtemperaturebeingdeterminedby the

maximum permissiblelossoffissionablematerialas a resultofevaporationand entrainmentbymm

_ the propellant.

This systemwas conceivedas a cyclonein which a largenumber ofsmallliquidparticlesof
fissionablematerialwere suspendedina rotatingflowofthe propellant.This conceptwas later
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rejectedbecausetheevaporationratewas toohigh. In addition,the analysisdone on thissystem

revealedthatthisreactorpossessessignificantlyworse reactorphysicscharacteristicsthan a
" reactorwith solidfissionablematerial.

Gas Core Nuclear Thermal Propulsion

The most advancedconceptconsideredwas therocketenginewitha gaseouscore.The reactor

forthissystemisofthe cavitytype,i.e.,thegaseousfissionablematerial(plasmacore)islocated

in a sphericalor cylindricalcavitysurroundedby a moderator. The propellantflowsintothe

cavitybetween thecoreand moderator,and heatistransferredfrom thefissioningmaterialtothe

propellantlargelyby thermalradiationand conduction.

A portionofthe fissionenergygeneratedwithinthe coreisdepositedin the moderatorby

attenuationof neutrons and 7-rays.This energy can be used to regenerativelypreheatthe

propellantbeforeitentersthereactorcavity.For sucha designthepower outputislimitedby the

allowablemoderatortemperature.Thisplacesa theoreticalupper limiton the specificimpulseof

about2,900sec.4 Energy removalfrom themoderatorby thermalradiationintospaceisrequired

toobtainhigherspecificimpulse.

The gaseousstateand hightemperatureofthefissionablematerial,combinedwiththedensity

requiredforcriticalityofthereactor,leadstoa veryhighpressureinthecavity:500-800atm. More

extensiveanalysisofthedesignwas undertaken,but a significantreductionin thepressurecould
notbe achieved.

Afterthefirstreactorphysicscalculationsitbecame apparentthat,due tothesignificantnon-

homogeneityin .thecavity,the weightofthe reactorwould be verylarge,sincea largeamount of

moderator materialisneeded to producecriticality.On the otherhand, however,the specific

weightcouldbe reducedby increasingenginethrustsincereactorweightisdeterminedmainlyby

requirementsforcriticality,notby hydrodynamicsor heatexchange.Thus,relativelyhighthrust

isa characteristicinherentin the GCNTP design.

Participantsin the firstphase ofthegas corework includedDr.V. levlev,Dr.V. Martishin,

and Dr. A. Prishletsov.

2.2 Phase !1 Development

As a resultofthefirstphaseofresearch,two conceptswere selectedforfurther,more detailed
work:

• A solidcorereactorwithspecificimpulseup to900 sec;and
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• A gascorereactorwithspecificimpulseup to2,500sec.

" Beginningin theearly1960s,the main engineparametersforbc,thsystemswere determined
and thebasicscientificand technicalproblemswere formulatedand investigated.

Over the next few years intensivework was put intoformulatingand implementing

theoreticaland experimentalwork forthepurposeofstudyingthebasicprocessesinbothtypesof

nuclearrocketengines.Allthework was carriedoutunder thesupervisionofDr.V. levlev.The

solidcoresectionwas headed by EngineerYu. Treskin;thegas coresectionwas headed by Dr.K.

Artamonov.

Solid Core Nuclear Thermal Propulsion

By themid 1960sexperimentalinstallationshad been developed,and studieshad been carried

outon two basicproblemsofsolidcoreengines:materialsinteractionbetween thereactorgraphite

structureand the hydrogen propellantat working temperatures;and hydraulicsand heat

exchange in the reactorchannels. Experimentaldata were obtainedto developsufficiently
accuratemethods of computation,which were then employed to analyzevariousenginedesign

configurations.

At the same time,teststandswere developedfortestinggraphiteblocksin high.temperature

flows. Hot gases were producedby an electricalarc heatercalleda "plasmotron".Individual

designfeatureswere studiedina seriesoftests,which yieldedpromisingresults.Therefore,it

was decidedtotesta completefuelelementina neutronflux.

Testsofa graphiteelementimpregnatedwith235U were carriedoutintheearly1970sjointly

withtheKurchatovAtomicEnergy Instituteon theRVD researchreactor,a reactorwhich has the

capabilityofproducinga high neutronfluxand transientconditions.This major experimental

work concludedan importantresearchphase and demonstratedthe basicworkabilityoftheunit.

ltwas followedby thedevelopmentoftechnologyforconductinga full-scaleengineground testin

a pilotinstallation.However,thepilotinstallationwas neverbuiltbecause,atthattime,therewas

no establishedmissionthatrequiredjustsuchan engine.

The followingpeoplewere importantcontributorstothe SCI_TP work: Dr.A. Koroteyev,Dr.

B. Cheloznov,Dr.A. I_stylev,Eng. V. Koba, Eng. B. Lomovtsev,Dr. V. Bog,n, Dr.V. Andreyev,

Eng. V. Zaytsev,Dr. Yu. Demyanko, Dr. V. Kuznetsov,Eng. Yu. Bar,nov, Academician V.

, Glushko,and Dr. R. Glinnik.
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Gas Core Nuclear Thermal Propulsion

Researchon thegas corereactorbegan inthemid 1960swithcalculationoftherangeofbasic

parameters, lt was establishedthat,to ensure a criticalconfigurationofthe requiredloadof

, uranium,pressureinthereactorwouldbe oftheorderof500 atm and higher.Temperaturesofup to

40,000K foruranium and 10,000K forhydrogen,coupledwithhighpressure,correspondtodense

plasma states,the physicsof which had notbeen researchedup to thattime. For thisreason

investigationsof thermodynamic and heat transferpropertiesof dense plasmas were begun.

Experimentallabor_toryinstallationswere builtto producepropellantsby electricdischargein

shock tubes at temperatures in the 5,000 to 20,000 K range and at pressures in excess of 270 atm.

Data obtainedon the physicalpropertiesofpotentialpropellantsmade itpossibletorefinethe

calculationsofthehydrodynamicsand heat exchangeinthe fuelcavity,mainly fordetermining

the basicstructuraldimensions,and to undertake verypreliminarystructuralassessmentsto

establishtheengineconfiguration.At thattimethebasicfeasibilityoftheenginehad notyetbeen

proven,though thenecessaryprerequisiteshad alreadybeen formulated.

During the firstphase of development the calculationsassumed stationary(non-flow)

conditions,ltsoonbecame apparentthatmixingconditionsattheinterfacebetween thegaseous

uranium and flowinghydrogen had to be laminaror closelyapproachingit,which was almost

impossibletoachieveatthe actualflowconditions.Therefore,extensiveinvestigationsofstability

and transitiontoturbulencewere conducted.

Theoreticaland experimentalstudiesof the influenceof magneticfieldswere carriedout,

and it was shown that magnetohydrodynamic (MHD) effectsprovided a powerful toolfor

suppressingturbulenceat the interfaceand reducingmixing in the core. Other experimental

work was done on delayingtransitionto turbulencein jetflows by minimizing any initial

disturbance.The methodologiesformulatedas a resultofthiswork made itpossibletocarryouta

seriesofcalculationsand developdesignsforpracticalengines.

The MHD method offlowstabilizationin the cavityrequireddeterminationofthe technical

feasibilityofproducingpowerfulmagneticfields(up to80 tesla)in largevolumes. The studyof

acousticstabilityinthe coreshowed thatmagneticfieldsattainablewithmodern technologywere

adequateforcompletelystabilizingthe plasma. Importantcomputationaland theoreticalwork on

reactorstart-upand operationwas alsoconducted.

By the mid 1970s,when the gas corework began to graduallydecline,some of the basic

processesin the GCNTP rocketengine had been extensivelystudiedboth theoreticallyandlt

experimentally.Calculationalmethods had beendeveloped. Severalenginedesignsh_d been

developedand structurallyanalyzed,which made itpossibletoproposefutureapplicationsofsuch

: enginesas wellas definethe principalengineeringand technologicalproblemsyettobe solved.

However,incontrasttowork doneon theSCNTP engine,no prototypetestsina neutronfluxunder
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expected operating conditions were undertaken. Furthermore, no sufficiently simple and reliable

method of conducting such tests had been devised.

In the decade that followed more detailed research was conducted only in the area of dense-

plasma physics and hydrodynamics, and calculations and studies were carried out on a

simplified method of prototype tests in a neutron flux at zero power. At present virtually all of the

necessary scientific and technical data needed to stage a prototype experiment with a gas core
reactor are in place.

Contributors to the GCNTP effort were: Dr. V. Ievlev, Dr. N. Kuznetsova, Dr. S.

Solodchenkova, Dr. N. Lappo, Dr. M. Prudnikov, Dr. V. Levin, Dr. Ye. Krasilnikov, Dr. D.

Kovner, Dr. O. Navoznov, Dr. A. Pavelyev, Dr. R. Glinnik, Dr. A. Goldin, Dr. A_ Prishletsov,

Dr. S. Preobrazhensky, Dr. V. Bogin, Dr. K. Artamonov, Dr. N. Borisov, and Dr. M. M. Gurfink.
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3. ORGANIZATION OF THE DEVELOPMENT WORK

The organizationalframework for conductingnuclearthermal propulsionresearchand

developmenttookshape under theconstraintthattherewas not a specificmissionforwhich the

enginewas beingdesigned.In onlytwo departmentswas the work on nuclearrocketenginesthe

priorityassignment. Within the framework of the Ministry of General Machine Building

(MOM) a specialsectionwas setup intheInstituteofThermal Processes(NIITP). ltwas headed

by Dr.levlevand taskedwitha fullrangeofwork. Despiteitsbroadscopethework was basically

exploratoryinnature.FigureI shows the establishedorganizationalarrangement.

No similarunit was set up within the Ministryof Medium Machine Building(MSM).

However, a departmentwas setup in Dr.V. Glushko'sdesignofficewith the task ofdesigning

variantsofnuclearrocketengines.The designdepartmentwas administrativelysubordinatedto

AcademicianGlushko,but functionallyitwas directlylinkedwithlevlev'sdepartment.Requests

_ forproposalswere formulatedby NII TP in collaborationwiththedesigndepartment.

i To involveotherorganizationsin the work, NII TP employed a "contract"system financed

by the Ministryin accordancewith annualplans.The hierarchyunder the contractsystem was

verysimple.The MinistryallocatedfundingforNII TP, which coulduse itfairlyfreely.In this

way scientificand researchinstitutes,academicinstitutions,and technologicalorganizations
were drawn intothework.

When drawing up contracts,the scientificdefinitionand technicalassignments were

formulatedby NII TP. Fairlynarrow scientificand technologicaltaskswere set,and after

completing them the performing organizationcould cease work; that is,the contracted

organizationsplayeda passiverolewithregardtotheproblemas a whole.

Another way of developing cooperationwas by formulating and issuing so-called

"governmentdecrees".The onlyorganizationactivelyformulatingsuch decreeswas NII TP. In

preparingsuch decreesthe program was coordinatedwith the Ministryof Defense (MO), the

Military-lndustrialCommission (VPK), and the State Committee forScienceand Technology

(GKNT). In thiscasethework was plannedforseveralyearsahead and thedecisionswere made

at the levelofseveralministries.

Under thegovernment decreesystem thehierarchysp_mned to much higherlevels(GKNT,

VPK, CouncilofMinisters)and theinvolvementofhigherechelonswas reflectedin thefactthat

when theyendorseda program ofwork theyalsoprovidedadditiona]lfundingfortheMinistryof

• Medium Machine Buildingand othercollaboratingministries.This provideda greatmotivation

fororganizationswhich were passivewithrespecttotheentireproblemtogetactivelyinvolved.

' Disregardingstudiesofindividualprocessesconductedat NII TP, as wellas at Academy

institutesand universitieson a regularbasisunder NII TP contracts,thesequenceofwork on the

GCNTP enginewas as follows.At firstNII TP workers made ve_ approximateestimatesof
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Figure 1. Organization of GCNTP and SCNTP Departments.
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design parameters,such as thrust,specificimpulse,weight,dimensions,etc. Then these

parameterswere used forextensivesensitivitycalculationswith the purposeofdeterminingthe

" usesofsuchan engine.AfterthattheInstituteformulateda requestforresearchproposals.

Research and developmentwas alsocarriedout by a group of designersfrom the MOM

workingin closecollaborationwith,and under the supervisionofNII TP. The taskofthisgroup

was not thedevelopmentofa physicaldevicebut specificationofparametersand determinationof

engineeringan5 _echnologica_problems,i.e.,itwas partoftheR&D process.Alldesignchanges

and adjustmentswere made in directcontactwith NII TP, with the blueprintspreparedat the

conceptualdesign level. This work made it possibleto determine engine performance

parameters,which were used forspecificsecond-ordertrajectorycomputations.

The KurchatovAtomic Energy Institutealsoparticipatedin discussingproblems involving

nuclearreactors,however,itwas not a developerofspecificengines. The failureto reacha

decisionforthe developmentofa gas coreenginesystembroughtthe work to a haltbeforethe

designingand testingofprototypes.
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4. PRINCIPAL GAS CORE DESIGNS

d

Initiallya gas coredesignwith severalcavities(themost likelynumber being seven)was

proposed.This was a consequenceofthe earlyreasoningthatbecauseofthe largeweightofthe

reactorthe GCNTP engine must necessarilyhave a largethrust,which would be difficultto

achieve with a singlecavity. The second considerationfavoringmultiplecavitieswas the

simplersolutionthisofferedforaccommodatinghigh pressuresand temperatures,owing tothe

smallercavitydiameter.

In thelate1960seffortsshiftedtoinvestigatinga singlecavityinthe wake offailuretoclearly

establishthe need for a high thrustengine. The investigatorshad alsoencounteredgreat

difficultieswith the multi-cavitydesign,as discussedbelow. Of the designsdescribedin this

chapter,theone drawingthegreatestattentionwas theproposaltousea single-cavitydesignwitha

thrustof200-250klbfand specificimpulseof2,500secforrapidmanned flighttoMars.

4.1 MULTI-CAVITY DESIGN

Each cavityin the multi-cavitydesignconsistsof a prechamber,the cavityproper,and a

nozzle. Near the nozzle is an intake for collectinggaseous uranium. Each cavityis

hydrodynamicallyand thermallyindependent.They arehoused togetherinsidethe moderator,

which theyshare.The cavitywallsarerelativelythinand operateincomplexthermaland stress

conditions.A schematicdiagram ofan individualcavityispresentedinFigure2.

The designoperatesas follows:Liquiduranium isinjectedintothe prechamber,which is

locatedintheneutronflux.The purposeoftheprechamberistoevaporatetheuranium,creatinga

jetofgaseousfissionablematerialwhich isdirectedintothecavity.The uranium moves alongthe

centralaxisof the cavityto the recirculationintake. The flowfrom the recirculationintake

togetherwithadded hydrogenisdirectedtothecondenser,where most ofthe condensationoccurs.

Condensed uranium ispumped back intotheprechamber.The initialvelocityofthe uranium jet

issetin the prechamber at the cavityinlet;at the cavityoutletitalsodepends on the rocket

acceleration. The velocity range is 3-5 ft/sec for a flow section length of 3-5 ft.

Hydrogen propellant flows through the moderator, through the porous walls, and into the

cavity, where it is heated to operating temperature and ejected through the nozzle. The mean

velocity of the hydrogen increases from 100-150 R/sec at injection to 400-600 ft/sec at the cavity

outlet. Hydrogen is also fed to the recirculation intake, providing wall protection and the start of
. uranium condensation.

Hydrogen must be injected through the walls at a rate sufficient to prevent condensation of

uranium on the wall. Since uranium condensation depends on wall temperature, wall
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Figure 2. An Individual C_vity in the Multi-Cavity Gas Core Rocket Engine.
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temperatureshouldbe as high aspossiblesothatthehydrogeninjectionrateisadequate.These

requirementsgiveriseto thecomplextechnologicalproblemofdevelopinga designwitha porous

wallmade ofa refractorymetalthatcan withstandtemperaturesintherangeof2,000-2,500I_

Virtuallyalloftheuranium passingthroughthecavityentersthe recirculationintake.Some

uraniunlislostintheform ofvaporand 3malldropletsthatare carriedoutofthe nozzlewithtlhe

propellantflow. Uranium lossis determined,theoretically,by the vapor pressureat the

condensatetemperature. Thus, thisdesignis very sensitiveto the degree of uranium and

hydrogen mixing.

The main advantageof the multi-cavitydesignwith uranium recycleisthe possibilityof
i

easing,ifnot completelyavoidingthe main problem of lossof gaseous uranium through the

nozzle.However, thebasicrequirementofthisdesignwas veryhigh thrust.This immediately

restrictstherange ofapplicationofsuchan enginebecauseoflaunchconsiderations,with allt,he

attendantsafetyrequirements.

Anotheradvantageofthisdesignisthe relativelysmalldiameterofthe gaseousuranium jet,

which isa resultofusingseveralcavities.The re_uctioninjetdiameterleadstoan increasein

the ratioof surfacearea to volume,thus providinga larger_:hermalradiationsurface,a lower

temperaturegradientinthegaseousuranium,a sub_:tantialreductioninthemean temperatureof

theuranium,and a sharpreductionofpressurein_hecavity.Estimatesyielda pressurerangeof

200-440atm,which isquiteattainablewithmodern pressurevesseltechnology.

The principaldifficulty-_ththisdesignisassociatedwiththeuranium recirculationcircuit,

principallythecondenser.To illustratethemagnitudeoftheproblem,ata thrustof2 x 106Ibfand

assuming i% ofthefissionenergyremains in the uranium as itentersthe recirculationintake,

the c_ndenserisrequiredtcremove 106kW oi_residualheatplusan additionalamount offission

productdecayheat,whileoperatingwith an outlettemperaturegreaterthan 1,000I_ Sinceno

conceptualstudiesof the system were conducted,the technologicalor engineeringproblems

connectedwith the uranium recirculationcircuithave not been investigated.Accordingly,itis

alsonotclearwhat thepracticalweightparametersofsuchan enginesystemwouldbe.

4,2 SINGLE-CAVITY DESIGN

The main featureof the single-cavitydesign is a single,large cavitycontainingthe

fissionablemateri_land propellantsurrounded by the moderator. There is no uranium

. recirculationcircuit.Retentionof the fissionablematerialis achievedby hydrodynamic and

magnetohydrodynamic methods,whileuranium lossesare made up Ly a specialreplenishment

system.A schematicdiagram ofa single-cavitydesignispresentedin Figure3.

The gaseous fissionablematerialisconfinedin the middle of the cylindricalcavity.The

_. propellantflowsaround thiscentralre,on througha relativelynarrow annulus,absorbsenergy,
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Figure 3. The Singie-Cavity Gas Core Rocket Engine.
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and exitsthrough the nozzle.An end facepreventslongitudinaldisplacementofthe uranium

duringrocketacceleration.The uranium isseparatedfrom the end surfaceby a layerofgaseous

' alkalimetal,which reducesradiantheat flowand preventscondensationon the wall.A layerof

gaseous alkalimetal is alsoinjectedbetween the propellantand the uranium, separatingthe

, uranium from the hydrogen and preventingentrainmentof the fissionablematerialby the

propellant.

The hydrogen propellantpasses through a specialhoneycomb intake which eliminates

turbulentdisturbancesand alsoshapes the initialvelocityprofile,assuringlow mixing at the

initialsectionof thecavitywhere the propellanthas notyet heated toa temperatureensuring

sufficientlyhigh electricalconductivity.A powerfulmagneticfielddirectedalongthe hydrogen

flow is used to confine the gaseous uranium, stabilize the flow of the propellant, and maintain a

nearly laminar flow pattern in the cavity. The field is created by a solenoid surrounding the
moderator. There are no provisions for uranium recovery, so after passing through the cavity ali

fluids are ejected through the nozzle.

The main advantage of a single-cavitysystem is the potential for superior

magnetohydrodynamic confinementofthe fissionablematerial.This,however, isachievedby

introducinga complexand heavy magnet system,as wellas by a significantpressureincreasein

thecavity.Thispressureincreaseisa consequenceofan increaseofthediameteroftheuranium
zoneto2-3ftand an associatedconsiderableincreaseintemperature.In addition,thetemperature

ofthe uranium depends on power output,which can vary overa wide range,dependingon the

purposeoftheengine.Extensivecalculationsyieldeda pressurerangefrom 500-1,700atm. More

specificengineparametersarepresentedinthenexttwo chapters,aftera discussionofsome basic

engine designconsiderations.
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5, REMOVAL OF HEAT GENERATED IN THE MODERATOR

I

In contrastto the combustionprocessin a chemicalrocketengine,the amount of energy

producedby thefissionprocessina nuclearrocketenginedoesnotdirectlydepend on thenatureof

, thepropellant.Most ofthefissionenergyisreleasedinthefuelintheform ofthekineticenergyof

fissionfragmentsand _-particles.However, neutronsand ?-raysdeposita portionofthefission

energyinthemoderator,and thereforethemoderatormust be cooled.Investigationshave shown

thatthemethod ofcoolingthemoderatorhas an impacton thespecificimpulse•

Two methods of coolingthe moderatorwere considered.The firstincorporatesa specially

designedradiatortorejecttheheat to space.This configurationdoesnotinvolvetheflowofthe

propellant.The second method is to circulatethe propellantthrough the moderator,thus

regenerativelypreheatingitpriortoinjectingitintothereactorcavity.

5.1 Moderator Heat Removal by a Space Radiator

In thisdesign,the portionofthe reactorenergydepositedinthe moderatorisremoved by a

spaceradiator.The amount of energy removed can be relatedto the engine thrustand the

propellantflowrateas follows:

Thrust,specificimpulse,and propellantflowratearerelatedby thefamiliarrocketequation:

F = l_rn/ i;.)

The heat content of the propellant is directly proportional to its temperature, while the specific

impulse is directly proportional to the square root of the propellant temperature. Therefore the

specific impulse is directly proportional to the square root of the heat content of the propellant, and

one can use characteristic values for Isp and AJ yielding the relationship:

Solvingfortspand substitutinginteEquationI yields:

F= I_ /Al.m/, (3)

Now, let _F*represent the fraction of the fission energy released in the moderator, and let P be
the ratio of heat released in the moderator to heat absorbed in the propellant:
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Then an energy balance on the propellant yields:

mf AI =Q (5)

Simplealgebrayieldsthefinalform:

When using this equation,characteristicvalues are assigned to l'sp and AJ*. The

relationshipbetweenF and mf can then be determinedforvariousvaluesofQ/_. Finally,lap is

calculatedusingEquation1. Accordingtothisequationthethrustisproportionaltothesquareroot

ofthe propellantflowrate.The resultsofcomputationsusingthisrelationshiparepresentedin

Figure4 forthreevaluesofradiatorpower.

ltcanbe seenfrom thecurvesthat,owingtocomparativelylowerpower,thedesignwithspace

radiatormay provetobe more efficient(interms ofspecificimpulse)than the solidcoreengine

(forwhich lap- 800 sec)forthrustintherangeof10-30klbf,and comparabletoa gas corewithouta

radiator(forwhich lap = 2,500sec)forthrustin therangeof7-12klbf.The designwith a space

radiatorcan yieldhigherspecificimpulsethan thearrangementwithoutradiatoratthrustinthe

rangeof2-5klbf.

Notealsothat:

: ..

This demonstratesthat limitationsimposed on the capacityof a spaceradiatoralsoleadsto

correspondinglimitationson thrustor specificimpulse.

The foregoinganalysisshould be complemented with a considerationof the weight

characteristicsof a gas core reactor.Numerous calculations,which have been confirmedin

comparisons with the resultsof criticalassemblies,have shown that a gas core reactoris

significantlyheavierthan a solidcore reactor.This is due to the relativepositionsof the
fissionablematerial and the moderator,the large quantityof neutron-absorbingstructural

materials,and the heavy reflectorand housing which must be of considerablethicknessand
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withstandhigh operatingpressures.The use ofa magneticsystemforconfinementalsoincreases

weight.

ltisimportantto note thatthe reactorweight isdeterminedmainly by considerationsof

neutron physics,not engine design. Numerous calculationsand design estimatesat the
t

conceptuallevelhave demonstratedthatthe mass ofa graphitereactorwith a berylliumoxide

reflectorisin the40-50tonnerange, ltisespeciallyimportantto stressthat,in thecaseofa gas

reactor,itsweightisonlyweakly dependenton theenginethrust.For thatreasonenginespecific

weight(weight-to-thrustratio)isvirtuallyininverseproportiontothethrust.

Figure5 presentsthedependenceofthe specificweight,y,and the specificimpulseofa gas

core engine on thrustfortwo typicalvalues of Q/_F. Itcan be seen that the engine weight

considerablyexceedsthe thrustand,moreover,theincreasein specificimpulseisdirectlylinked

withlowerthrust,and hence withincreasedspecificweight.Such an enginecannotbe used for

launching,onlyforinterplanetarypropulsion;moreover,we repeat,itsweightisgreatregardless
ofthrust.

The foregoing study indicates the basic trend of increasing specific impulse with the

reduction in thrust inherent in this arrangement. Indeed, at a thrust below 5 klbf, Figure 5 shows

an incredible specific impulse for this type of engine: up to 5,00,0 sec. In this connection it is

necessary to note that an increase in the specific impulse of the engine inevitably leads to a sharp

pressure increase inside the reactor. Indeed, the temperature to which the hydrogen is heated

increases in proportion to the square of the specific impulse, which results in an approximately

linear increase in the temperature of the gaseous fissionable material. From the condition of the

need to piace the critical load in the cavity, it therefore follows that the pressure in the reactor must

increase accordingly. Tentative calculations carried out at NII TP indicate that at a specific
impulse of 5,000 sec, pressure in the reactor reaches 900-1,800 at,m, which is at the very limit of

technicalpossibilitiesintheforeseeablefuture,atleastas appliedtorocketengines.

5.2 Moderator Heat Removal by Regenerative Propellant Flow

Consider_F*,thefractionoffissionenergyreleasedinthe moderator,tobe a constantvalue.

Then theheatcontentofthepropellantatthereactoroutlet,AJ,isgivenby:

zkI = Cp AT_
• " (8)

• Thus,theheatcontentdependson thepropellant'sheatcapacityand theallowabletemperature

ofthemoderatormaterial.In otherwords,inthiscasetheenergygeneratedinthereactorisnot

independentof the typeofpropellant,which makes the choiceofhydrogenvirtuallymandatory.

Thisisshown in Figure6,which presentsthedependenceofspecificimpulseon thetemperatureof

thepropellantatthemoderatoroutletforbothhydrogenand methane.
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The foregoingleadsus to the conceptof"limitingspecificimpulse",which isdeterminedby
themaximum achievableheatingofthehydrogeninthe moderator.Numerous computationsfor

different arrangements yield a value of/sp = 2,500 sec, which corresponds to a maximum heating

temperature in the moderator of 2,800 K. Thus, the high-temperature moderator in a GCNTP

engine is fairly similar to the core of an SCNTP engine.

In this regenerative arrangement, the thrust can vary within a wide range, with no

limitations set by the value of the specific impulse, as in the case with the space radiator

arrangement. Without the radiator, the specific impulse is constant and the main lower
limitation of thrust is associated with a weight characteristic, namely, specific weight (see Figure

5). This is illustrated in Figure 7, which is a continuation of Figure 5 in the direction of higher

values of thrust since, as mentioned before, the reactor weight is virtually independent of thrust.

The arrow in Figure 7 indicates the point at which the specific weight is equal to the

corresponding parameter of a chemical rocket engine. This point is at a thrust of 107 lbl; i.e., with

respect to weight characteristics, the GCNTP engine is substantially a high thrust engine.

The foregoing considerations for both the space radiator design and the regenerative cooling

approach make it possible to identify three basic types of GCNTP engine, the parameters of which

are presented in Table 1.
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6. OVERVIEW OF BASIC PROBLEMS
'o

6.1 Entrainment of Fissionable Material

' There are several important aspects to the problem of confinement of the fissionable material

in the reactor cavity. The mixing of uranium with hydrogen changes the molecular weight and,

therefore, the dynamic characteristics of the propellant. The molecular weight of uranium is so

great that even slight entrainment by the propellant can significantly reduce the specific impulse.

Figure 8 presents the dependence of the ratio, Ispmix/Isp, on the mass fraction of uranium in the

mixture, gU, with hydrogen as the propellant. As can be seen from the curve, at gu = 10"1 the loss

of specific impulse due to uranium contamination is 5%, improving to 0.5% at gu = 10"2'

A second consideration related to the entrainment of uranium is the effect on reactor control.

Indeed, the average lifetime of various groups of delayed neutrons varies from 0.62-80.2 seconds,

and the groups with greater time make the main contribution to the reactor period. Thus, to ensure

reactor control the uranium fuel residence time should not be less than several dozen seconds,

which corresponds to a flow rate of about 2 lbm/sec. For low thrust engines with propellant flow

rate less than 10 lbm/sec, uranium entrainment should not adversely affect reactor control. With

higher thrust, and hence higher propellant flow rate, uranium entrainment may create a control

problem when the propellant flow rate is greater than about 200 lbm/sec.

It may be possible to satisfy the necessary retention condition by capturing the entrained

uranium before it exits the cavity, condensing it, and returning it to the core zone. The results of
approximate calculations are presented in Figure 9 in the form of a dependence of the portion of
heat removed during cooling and condensation of the uranium, _FU, on the thrust and the time the

uranium remains in the core zone. This portion of the hea_;should be added to the portion of the heat

released in the moderator and removed by the space radiator or the propellant as previously
discussed.

It can be seen from Figure 9 that the portion of heat carried by the uranium increases sharply

with decreasing thrust and decreasing time of uranium rosidence in the cavity. As the thrust

increases and the residence time approaches ten seconds, this scenario with uranium capture and

condensation becomes acceptable from the point of view of the heat balance and the limiting

specific impulse.

Numerous calculations for different designs indicate that the Reynolds number for the

• propellant in the cavity is of the order _t"105-108; i.e., the flow is clearly turbulent. The entrained
uranium mass flow rate (hence, uranium loss) in this case would be of the order of one to tlhree

times the hydrogen mass flow rate, which is absolutely unacceptable from the point of view of any

• of the aforementioned conditions, as well as cost. Moreover, the situation is not salvaged by

uranium capture and condensation. Thus, it can be concluded that retention of gaseous uranium
q
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in the cavityrequireslaminar or nearlylaminar flow of the propellantpast the fissionable

material.
,

Anotherimportantfactorthatdestabilizesthezone ofgaseousuranium istheforceassociated

withtherocket'sacceleration.Sincethedensityofthegaseousuranium issome tentimesgreater
o

thanthatofthehydrogen,theheavyuranium zonetendstofalloutofthecavitythroughthenozzle.

The velocityhead ofthe propellantisgreatincomparisonwiththehydrostatichead ofthecolumn

ofgaseousuranium. However,itwas foundimpossibleto shapetheducttogeneratean "upward"

longitudinalforcethatwould keep the uranium from falling.For thatreason,itisenvisagedto

installa supportplateatthebottomend topreventlongitudinalmovement oftheuranium towards

the nozzle at significantrocketaccelerationsand forceit to flow laterally,which can be

significantlyretardedby means ofa magneticfieldas discussedin Section7.5.

Estimatesof uranium entrainmentcaused by variousfactors,includingminimal laminar

mixing,were made for differentcorezone designs. These estimates,which approximatethe

variabilityofthephysicalparametersofgas inthemixinglayer,arepresentedin Figure10 inthe

form ofa dependenceoftherateofflowofuranium,mf U, on the Reynoldsnumber, Re. As can be

seen,uranium entrainmentincreaseswith Reynoldsnumber, which iswhy one ofthe proposed

ways ofreducingentrainmentwas tocreatea reduced-velocityzoneneartheboundarybetweenthe

propellantand the fissionablematerial.

6.2 Requirements for Reactor Criticality

Reactor physics calculations were carried out in which characteristic temperatures of the

uranium, propellant, moderator, and construction materials were taken into account and varied.

These calculations were performed along with fluid flow and heat calculations for design

sensitivity. As a result, typical reactor dimensions, materials and uranium loading rates were
determined.

Typical results from these studies were the following:

Cavity diameter 3-5 it

Cavitylength 5-811

Moderator Graphite

Reflector Berylliumoxide

Structuralmaterials Oxidesoftitanium,zirconiumand aluminum

Reactormass 80,000-100,000Ibm

• 235U charge 65-90 lbm

In an alternate arrangement with modular fuel "cells" the critical loading was not changed

significantly, since the increase in the amount of structural materials was onset by better
moderator geometry.
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6.3 Reactor Control and Engine Startup

• The problems of startingthe reactor,bringingit up to power, and achievingstable

hydrodynamic and thermalconditionsin thecorewere notstudiedindetail.Varioustheoretical

calculationswere performed,but therewas no experimentalwork. Two ideaswere proposed:
t

placementofthe startupchargeinthe moderatorchannelswithsubsequentinjectionas gaseous

uranium into the core cavity;and placement of gas-actuatedboron controlrods in special
channelswith shortcharacteristicactuationtime.

6.4 Properties of Dense Plasmas

The study of the propertiesof dense (non-ideal)plasma is requiredto determine the

thermodynamicpropertiesand heatand mass transfercharacteristicsofgaseousuranium at high

temperaturesand pressures.Theoreticaland experimentalstudieswere carriedout usingseveral

types of laboratoryinstallations:shock tubes,arcs formed during staticand impulsive

discharges,and explodingwires. The range of parametersat which the testswere conducted

differedsignificantlyfrom operatingparameters,so the correspondingtheoreticalestimatesfor

prototypicalreactorconditionswere no more thana roughextrapolation.

ltshould be note_dthat the accuracyof determiningbasicparameters variedwidely. In

particular,the temperatureof gaseousuranium was determinedmore precisely,sinceradiant

heat transferdepends greatlyon temperature.On the otherhand, the accuracyofdetermining

pressurewas poor due to onlyan approximateknowledgeofthe equationsofstateforuranium

plasma. In spiteofthefactthatmethods forcomputingstationaryprocessesin thecorezoneofa

GCNTP reactorhad been developedand employed extensivelyin designingconceptualvariants,

theimpreciseknowledgeofthephysicalparametersappliedtothosecalculationsmakes itpossible

touse them onlyasestimatesinthefirstapproximation,notforengineeringpurposes.

6.5 Radiant Energy Transfer

The problem of radiantenergy transferis fundamentalfortwo reasons: heatingof the

propellantand protectionofthecavitywall.Furthermore,formedium and low thrustenginesheat

lossto the wall can leadto a substantialreductionin specificimpulse,becauseitleadsto an

increaseintheportionofheatremovedby thepropellantbeforeitentersthecavity.

Calculationsshow thatthe radiantfluxhas a lineardependence on thrustat a constant

• specific impulse. For example, consider an Isp of 2,000 sec. For a thrust of 2.2 x 105 lbf, the radiant

flux is 1.1 x 109 Btu/ft2hr; and at 2.2 x 107 lbf, it is 1.1 x 1011 Btu/ft2hr. For medium and large

thrusts the fraction of heat radiated to the wall (from the point of view of thermal protection) should

not exceed 10-2 and 10-4, respectively, of the total heat generated. From the point of view of the
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specificimpulse,theportionofheatradiatedtothe wallshouldnotexceedseveralpercent.Allof

thisimposesveryrigidrequirementson theabsorptioncharacteristicsofthepropellant.
I

Sincethe hydrogen at the cavityinlet(temperature< 2,800K) isvirtuallytransparentto

. thermalradiation,itiscommonly proposedto darken itwith atomizedparticlesofa refractory

metal. Thisallowsheatingtotemperaturesapproaching5,500K. Furthermore,a smalladdition

oran alkalimetal would leadto the formationof negativehydrogen ionsmaking a significant

contributionto absorptionand facilitatingfurtherheating of the hydrogen to operating

temperaturesabove5,500K. Experimentsand calculationsshow thatinthiscaseitispossibleto

use an opticallydense approximationofradiantheat conductivity,which considerablyfacilitates

thedevelopmentofcomputationalmethods.

lt shouldbe noted thatnear the wall,where the temperatureisbelow 5,500 K, the only

mechanism of heat transferremains absorptionon particlessuspended in the gas. Thus, the

entireflowfieldofthepropellantisdividedby theapproximately5,500K isothermintotwo zones

withtheirrespectiveradiationabsorptionmechanisms,and inthecavityoutflowthelinepassesin

immediateproximitytothewall.ltisimportanttostressthatthispictureofradiationabsorptionby

the propellantisthe primary basisof the reactoroperation,and no otheralternativeswere

proposed.

6.6 Thermal Protection of Cavity and Nozzle Walls

lt was shown beforethatthe operatingconditionin the cavityisto a significantdegree

determinedby the absorptioncapabilityofthepropellant.The propellantisblackenedby special

additivesto the extentthat itbecomes possibleto apply approximationsof radiantthermal

conductivityforboth thehigh-and low-temperaturezones.Numerous computationshave shown

thatthe radiantheatconductivitynear the wall,which isstronglydependenton temperature,is

commensurate withturbulentheatconductivity.In theoutletcross-sectionofthe core,where the

heatflowtothewallishighest,itcanreachabout3 x 107Btu/ft2hr.A much more intensezoneisin

the neighborhoodof the nozzlethroat,where the main transfermechanism is turbulentand
convectiveheattransfercan reach1010Btu/i_2hr.

Thermal protectionisalsorequiredfortheprechamberwallsofthemulti-cavitydesign.The

flowofgaseousfissionablematerialmust be directedaway from thewall,otherwisetheuranium

willcondense,sinceitsboilingtemperatureat the characteristicpressuresofthe gas reactoris

upwards of 6,000 K, whereas the wall temperature would hardly exceed 2,500 K. The formation of a

uranium film would lead to high heat flows which would be impossible to remove. Thus, injection

into the hydrogen boundary layer is required for the partial pressure of uranium at the wall to be
lower than the vapor pressure at the wall temperature. Estimates show that the volume fraction of
uranium should be 10"2-10-3 near the wall..
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To protect the wall of the three most heat-intensive parts of the engine, the heat flux in a

turbulent boundary layer must be reduced by several orders of magnitude. Extensive
s experimental and theoretical studies showed that this problem could be resolved most

economically by injecting propellant through a porous wall. The need to reduce the parameters at

the wall by several orders of magnitude in comparison with conditions without injection called for

studies in "strong injection" conditions. It was shown that at Reynolds numbers typical of flows

in the cavity and nozzle, the required ratio of the rate of injection to the velocity of the main stream

was approximately 0.005-0.02.

ltshouldbe notedthatatsufficientlylow valuesofthrust,the amount ofcoolantneededfor

injectionand externalcoolingof the cavityand nozzlewallsnoticeablyaffectsthe specific

impulseand leadstoan appreciablereductioninthe limitingspecificimpulse.

6.7 .Acoustic Instability

Fissioning uranium plasma can experience thermoacoustic oscillations associated with the

volume distribution of generated heat. NII TP personnel developed an energy method theory for

this, making it possible to attain sufficient degrees of stability depending on the intensity of heat

generation, heat transfer, phase relationships between pressure and heat generation pulses, and
acousticconditionsat thevolume boundary.

The energymethod theorywas usedtodemonstratethestrongstabilizingeffectofa magnetic

fieldand obtainthe dependenceofthefieldintensityon controllingfactors.However,the strong

dependenceofstabilityconditionson gasboundary conditionsand physicalparametersmakes it

possibleto regard the quantitativeresultsonly as rough ordersof magnitude. Although a

theoreticaldescriptionofthe method has been developed,no computationalmethods have been

developedwhichcouldselecttheparametersthatensurethestabilityoftheprocess.
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7. CONFINEMENT OF GASEOUS FISSIONABLE MATERIAL

' Confinementofgaseousfissionablematerialin thereactorcavityisone ofthe key problems

of the GCNTP engine. Confinement means ensuringthat the criticalloadingismaintained

whilethe lossof materialdoesnot exceedcertainlimitswhich depend on operatingconditions

suchas the durationofenginefiringand thrust.Compromise solutionsarepossible,but theloss

must be as smallas possible.Given thehydrodynamicconditionsin thecavity,confinementisan

extremelydifficulttask.

7.1 Cavity Flow Characteristics

First,considerthe steadyflowin the singlecavityengineshown in Figure3. The overall

pictureis an axiallysymmetric flowof propellantpast a slowlymoving "stagnation"zone of

fissionablematerialand passingthrougha narrow annularchannelformedby the surfaceofthe

fissionablematerialand the wallof the cavity.The propellantisfed to the cavitythrough an

intake honeycomb which eliminatesturbulent disturbancesand forms a velocityprofile

increasingfrom a smallvalueat thegaseousuranium interfacetoa highervaluenear the wall.

Furthermovement ofthehydrogenalongthechannelisdeterminedby the thermalinputand the

magneticfielddirectedalongthe cavityaxis.

The propellantmean temperatureincreasesby a factorof4 to4.5,leadingtoa corresponding

increasein the mean velocity.The radialgradientofthe longitudinalvelocityvarieswith the

motion ofthe propellant.The hotterlayersofhydrogenadjoiningon the uranium zoneaccelerate,

leadingtoa significantdeviationofthevelocityprofilefrom theone establishedby theinletdevice

and totheappearanceofan associatedradialcomponentofthevelocity.The radialcomponent,in

turn,interactswith the longitudinalmagnetic field,which retardsthis motion. Detailed

computationsconfirmthatas thehydrogen moves alongthecavitythevelocitydistributionthat

formed atthe intakechangesintoa much more complextwo-dimensionalflow.

Development ofthe hydrodynamic flow patterndepends stronglyon the variabilityof the

physicalpropertiesofthe moving gas. Radiantheat transferlargelydeterminesgas temperature

and density.Electricalconductivity,which varieswithgas temperature,alsogreatlyaffectsthe

hydrodynamics.Near theuranium interfacethetemperatureishighand themagneticfieldhas a

strongstabilizingeffect,minimizingany lateralflows.On theotherhand,nearthe wall,ormore

precisely,between thewalland the approximately5,500K isothermthe electricalconductivityis

closetozeroand themagneticfieldhas no effect.Here theflowisshapedby thepressuregradient,

whichisweaker inthiszonebecauseoftherelativelyhigherdensity.

The velocityoftheuranium zone islow,determinedby theneed to compensateforthelossof
fissionablematerialdue to entrainmentand rocketacceleration.A protectivelayerof alkali

metal comes intocontactwith thehydrogenflow,and uranium diffusesintothislayer•Effective
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formationand preservationoftheprotectivelayerispossibleonlyin the presenceof a magnetic

field;thestabilizingeffecton thelayerisgreatdue tothemetal'shighelectricalconductivity.
a

In the multi-cavityarrangement with circulationof the fissionablematerial,rocket

. accelerationhelps uranium to flow along the cavity,and the stream entersthe intake. The

requiredvelocityoftheuranium flowatthecavityintakeisfedintotheprechamber.

In the single-cavityarrangement the gaseous uranium zone "rests"on the end plate.

Longitudinalaccelerationoftherocketproducesa pressuregradientwhich causestheuranium to

move,togetherwiththe alkalimetalprotectivelayer,ina radialdirection.Thismotionisopposed

by themagneticfield,and theradialvelocity,which determinesthelossofuranium,isestablished
as a balanceofaccelerationand Lorentzforces.

The mean velocity of the propellant is affected by different factors acting in opposite
directions.The main factorsaretheneed toheatthepropellantbutwithouttoogreata heatflowto

J

the wall. Furthermore,the velocityshould not be toohigh, so that magnetohydrodynamic

i stabilization of the flow can be effective. The width of the annular cross-section through which the
hydrogenmoves cannotbe toogreatbecauseofconsiderationsofneutronphysics,however,itmust

_ be large enough to prevent the boundary layers from affecting the main flow too greatly.

Many variants were numerically analyzed. They revealed that the specific geometry of the

flow section of the cavity and gaseous uranium zone was not a significant factor and that the
important parameters were the radiant heat transfer and electrical conductivity of the fluids, as

well as the velocity of the propellant. The calculations suggested the ranges of the hydrodynamic
parameters presented in Table 2.
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Table 2. Range ofReactorCharacteristicsand Hydrodynamic Parametersin the Single-Cavity

Gas Core RocketEngine
l l I tl IIIII

Characteristics Range

Cavitypressure 350-1,000atm

Mean velocityofpropellantat intakesection 100-1,150ft/sec

Mean densityofpropellantatintakesection 0.3-0.5Ibm/ft3

Mean densityofpropellantatoutletsection 0.1-0.13Ibm/ft3

Width ofannularcross-sectionofpropellantchannel 0.25-0.5ft

Cavity length 3.3-5 i_

Mean uranium density 0.6-0.9 lbm/ft 3
Uranium zone diameter 2.6-3.6 ft

Dimensionless Hydrodynamic Parameters of Propellant

Reynolds number 105-107

Magnetic Reynolds number 10-3-10-5
Prandtlnumber based on radiantdi_.usion 10"5-10-6

Hartmann number 3x 103-105

Stuartnumber 102-103

I I l I I II

7.2 Delaying Transition to Turbulence

When no special measures are taken, the velocity profile of submerged streams and wakes

can abruptly change• The transition to turbulent flow is very rapid and is stimulated by the

presence of initial turbulent disturbances in the streams forming the jet flow. A reduction in the

turbulent intensity of the main stream increases the transition Reynolds number, particularly in

the boundary layer. Furthermore, beyond We point where the flow becomes unsteady, a certain

distance along the stream is required for long-wave disturbances to develop into turbulence. The

flow at the boundary between gaseous uranium and propellant in the cavity is approximately a jet

flow, because the cavity wall is sufficiently far away.

Extensive experimental studies of jet flows were carried out at NII TP during which the effects

of initial conditions on the transition to turbulence were studied. Two factors were important as

initial conditions: the degree of turbulence and the velocity distribution in the initial cross-

section. The initial velocity profile was developed with the help of a honeycomb with variable

channel resistance. Cell size, edge thickness, Reynolds numbers, and gas density were varied.

Typical results are presented in Figure 11.
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Figure 11. Helium Jet in Coaxial Air Stream. Sources: O. I. Navoznov and A. A. Pavelyev, Izv.
AN SSSR, MZhG, 6, 1969, and O. I. Navoznov and A. A. Pavelyev, Izv. AN SSSR, MZhG, 4, 1972.
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ltcan be seenthatinthecaseofa smooth initialvelocityprofilethejetremainssmooth,thereare

no turbulencepulses,and flowremains laminar. Testsshowed thatby judiciousselectionof

' honeycomb parametersitwas possibletomaintainlaminarflowovera considerabledistanceup to

ten diametersof the initialvariablevelocitylayer.This isan importantqualitativeresultas

appliedtotheproblemofconfiningthefissionablematerialinthegas corereactor.

Unfortunately,the experimentsshowed a strongdependenceon theReynoldsnumber, which

was 4 to5 ordersofmagnitudebelowreactorconditions.Furthermore,thehighheattransferrate

inthe cavityleadstoa rapiddeviationoftheprofilefrom itsinitialvalue.Certainrestrictionson

theextentofthelaminarflowmay alsobe imposedby thedevelopmentofnaturalconvectionwhich

dependson therocketacceleration.

Overall,itwas determinedthattheuse ofspecialintakehoneycombs can resolvethe problem

offlowstabilizationintheregionwhere thepropellanthas notyetheatedtothetemperaturewhere

electricalconductivitybecomes sufficientfora magneticfieldtoeffectivelystabilizetheflow.

7.3 Suppression of Turbulence

A magnetic field strongly affects the flow of an electrically conductive fluid. To avoid

distortion of the main stream in the cavity, the field must be directed along the streamlines of the
propellant. At the same time the magnetic field always affects the turbulent flow, since turbulence

is basically three-dimensional flow, i.e., there is always a velocity component perpendicular to

the magnetic field vector.

An important magnetohydrodynamic parameter is the magnetic Reynolds number, which

characterizes the effect of motion on magnetic field strength. In the cavity, the magnetic Reynolds

number is substantially less than unity, being in the range, Re m = 10"3-10"5. The magnetic field

in the cavity is produced externa,iy by a solenoid magnet. The principal qualitative feature which

characterizes MHD turbulence at low Re m is that interaction with the magnetic field leads only to

the appearance of a Joule dissipation mechanism.

When NII TP began work on a gas core reactor there were not many experimental studies

indicating the suppressive effect of a magnetic field on turbulence. Such studies were launched on
an extensive scale at the Institute.

Experimentaldataon theattenuationofuniformturbulenceofliquidmetalpassingthrougha

grateare presentedin Figure12a as the time dependenceof a component perpendiculartotheo

magneticfield,ltcan be seenthatthe attenuationofturbulenceoccursmonotonicallyand very

quicklyoverthe entirerange ofstudiedvaluesofdimensionlesstime.

The characteristic MHD time is defined by the relationship:
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velocitycomponentperpendicularto the directionof the magnetic field

Shaded region: Experimentaldata from[1] .
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Graph B: Dragfactor for liquidmetal flowthrougha pipe in a longitudinalmagneticfield.
Experimentaldata from[3].

Curves1 and 2: Computationaccordingto [2] for limitingparametersin experiments.

V. M. levlev, TurbulentMotionof High-Temperature
ContinuousMedia, Nauka, 1975.

• [3] V. B. Levinand I. A. Chinenkov, MG, 3, 1970.

Figure 12. Suppressing Eft'ect of a Magnetic Field on Turbulent Flow.
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Z = c2p
O"H2 (9)

This quantity lies in the range of 10"4-10-6 seconds for conditions in the cavity. If t is the time

. of interaction of the magnetic field on the flowing fluid, then the ratio t/z > 200 is required for the

virtually complete suppression of turbulence. This is achieved over a length of several

centimeters, if computations are based on the typical mean velocity. A more accurate calculation

would be according to the velocity of the propellant close to the uranium, which would yield an even
smaller value.

Figure 12b presents experimental data on the reduction of the drag factor during motion of a
liquid metal through a long round pipe in a longitudinal magnetic field. The experimental points

form a simple dependence on the ratio of the Hartmann number to the Reynolds number, HaRe.

Experimental data indicate the drag factor decreases monotonically down to the value 0.025, which

is in the range of characteristic values of this ratio in the cavity.

An example of experimental data on the effect of a longitudinal magnetic field on jet flows is

presented in Figure 13. Figure 13a shows the contraction of the mixing zone width in the magnetic

field. As the magnetic field increases the growth of the mixing zone along the stream becomes

smaller because of reduced turbulent transfer due to suppression of turbulence pulses. There is a

similar explanation for the narrowing of the concentration profiles for a plasma filament in axial

flow, as shown by the experimental data in Figure 13b.

These data indicate that suppression of turbulence by a magnetic field, in the sense of the

reduction of mixing, has been proven experimentally. In addition, there are sufficiently detailed

theoretical methods making design calculations possible. 5

In the case of flow in a cavity, uniform turbulence can be suppressed rapidly by a ma[,metic

field in the absence of a turbulence producing mechanism. Of course, turbulence product:ion is

present in gas core flows with internal fluid shear layers. Further, at Reynolds numbers

characteristic of the gas core, the mechanism is very strong. As is shown in Figure 12b, even at

very high values of the Ha/Re parameter, the turbulent drag coefficient decreases by a factor of

less than 4 in comparison with the absence of a magnetic field.

During engine operation turbulent transfer exceeds molecular transfer by 2 to 4 orders of

magnitude. Solving the problem of reducing mixing at the uranium zone boundary t,o the

molecular level involves either choosing a sufficiently strong magnetic field to suppress

. turbulence in a flow with a mean velocity gradient, or by creating a flow near the uranium

interface that would have a small or zero mean velocity, gradient. Then the required magnetic

field would be much smaller. With regard to the thermal protection of the core componenl_s, the

" temperature near the wall is low enough so that the electrical conductivity is effectively zero, and

the magnetic field has no influence in this region.
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GraphA' Exampleof dependenceof displacementzonewidth,b, on
dista_e, x, fora liquidmetalflowfilamentfrom[1]and [2]

Curve1: H=0Oe
Curve2: H= 2,400Oe
Curve3: H= 5,000Oe

GraphB: Concentrationprofilesfora flowfilamentand plasmain confluentflow
Curve1: (abovethedashedline)-intheabsenceofa magneticfield
Curve2: (belowthedashedline)-Inthepresenceof a magneticfield

(theStuartnumberforthe filamentmixingzoneiscloseto 3).

[_] S. S. Freobrazhenskyand I. A. Chinenkov,MG,2, 1970.B.N. Baushev,Ye. Yu.Krasilnikov,V. G. Lushchik,
and I. G. Panevin.Izv.ANSSSR,MZhG,5, 1972.

Figure13.Effectofa LongitudinalMagneticFieldontheMixingLayerGrowthinJetFlows.
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7.4 Increasing Laminar Flow S_ability

" In fluid dynamics the problem of the stability of laminar flow with respect to infinitesimal

disturbances is distinct from the transition to turbulence since it defines loss of stability as a point

, at which an unsteadymode appearsand grows exponentiallywithtime. A similarmethodology

was appliedtotheMHD case,thegeneralconclusionbeingthata magneticfieldenhancesstability

with respectto infinitesimaldisturbances.Exceptionsto thisincludethe specialcaseof two-

dimensionaldisturbancesina planeperpendiculartothemagneticfield,as wellas caseswhere

thefieldsignificantlyaffectsthemean velocityprofile.

When appliedtoflowi_theengine,the problemisposeddifferently:We need todetermine

the sufficientconditionfortheabsenceofturbulence,i.e.,establisha criterionof stabilitywith

respecttofinite(notinfinitesimal)disturbances.The numerous and reliableexperimentaldata

on transitiontoturbulenceduringflowthrougha round pipeina longitudinalmagneticfieldcan

be expressedtoa highdegreeofaccuracyby theequation:

Re_--..z."= 1 + 0.4 S
Re_° (10)

At highvaluesoftheStuartnumber we obtaina simpleexpressionforthetransitioncondition:

(11)

The physicalmeaning ofthelineardependenceofthe criticalReynoldsnumber on theStuart

number isthatthisconditioncorrespondsto the equalproductionand dissipationofdisturbed

motion. A similarconditionwas obtainedtheoreticallyfor flow in a planar shear layer.6

Furthermore,theoreticaland experimentalconditionswere obtainedforcasesofflowsofentirely

differentconfiguration:annularCouetteflowin a coplanarmagneticfieldwith a rotatinginner

cylinder:(Ha/Re)cr= 0.015;7 and flow between coaxialcylindricalsurfacesin longitudinal

magneticand radialelectricalfields:(Ha/Re)cr= 0.038.8 The highernumber inthelattercaseis

due tothenatureoftheflowitself.On theotherhand,thelowvalueofthecriterionfora coplanar

fieldisdue toa change in stabilityand transitiontoless"dangerous"Tayloreddies.

On the whole,itcan be saidthat the stabilitycriteriawith respectto finitedisturbances,

(Ha/Re)or, is known to a satisfactory degree of accuracy.

i
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7.5 Effects of Rocket Acceleration on Uranium I.oss

• The density of the fissionable material is some ten times greater than that of the propellant.

Depending on the acceleration, a pressure gradient develops along the radius of the uranium zone,

. leading to radial displacement, since the end plate prevents axial displacement. Approximate
determination of uranium loss due to rocket acceleration, taking into account the stabilizing effect

of a longitudinal magnetic field, assumes that only the pressure of the uranium column and the

Lorentz force are balanced. In that case we obtain the following expression for the fissionable

material radial velocity versus distance from the upper cross section of the engine:

c2p xa
"_ v = HZ6 G . (12)
!

The volume flow isobtainedby integratingthisexpressionover the entirelengthof the

j uranium zone. The resultsfortypicalparametersare presentedin Figure14 as a functionofthe
I

time the uranium remains inthe cavity,the acceleration,and themagneticfield,ltcan be seen

! thatat the time requiredforlaminarflow,approximately103 sec,the magneticfieldintensity

must be in the range of i - 10 tesla..

In conclusion we note that the pressure drop associated with the acceleration of the propellant

has a value commensurate with the hydrostatic pressure of the uranium column, thus the results of

Figure 14 have a more general significance.

7.6 Using a Magnetic Field to Stabilize Flow

Rotational Motion in the Mixing Zone

The boundary of the fissionable material zone is a mixing zone of materials with different

ionization potentials, so that the electron concentration varies with the radius. Given a

longitudinal temperature gradient, this must lead to the appearance of thermoelectric current, the

radial component of which interacts with the longitudinal magnetic field, producing rotational

motion. A similar effect applied to turbulent motion was considered before. 9 Rotation of the

displacement zone can lead to the appearance of secondary currents and turbulence, especially

since the density decreases towards the periphery.

There are no stricttheoreticalsolutionsor experimentaldata forsuch a complex flowand

, stability problem. However, qualitative and approximate quantitative analyses could be carried

out on the basis of experimental data on the stability of rotational flows. Disregarding viscous

forces, the rotational velocity can be determined by equating the thermoelectric and induced
electrical fields:
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¢ (13)

where the thermoelectric field strength E T is determined according to the composition of the

. mixing zone and the longitudinal temperature gradient.

If we use the condition of stability of rotational flow in the form:

Ha
-- - constant
Re (14)

from these two equations we can determine the necessary magnetic field, which must satisfy the
condition:

H2 _'_ - constant
c2P ET (15)

Estimates using this equation yield a value for the required magnetic field of 7-10 tesla.

Interaction of the Propellant Flow with the Magnetic Field

The magnetic lines of force are directed along the velocity vector in the cavity. However,
downstream at the nozzle intake the streamlines of the propellant inevitably intersect the

magnetic field intensity lines. Estimates indicate that the corresponding pressure difference can
reach several pounds per square inch, which is commensurate with and even exceeds the velocity

head of the propellant in the cavity. Since in a magnetic field the effect of various fluctuations in

the velocity field extends upstream for a considerable distance, this effect may have a negative

impact on the flow pattern in the cavity.

7.7 Required Magnetic Field Intensity

In Table 3 we present a summary of magnetic field intensities necessary to stabilize

several different types of flow instabilities. These data were obtained on the basis of experimental

results in model experiments and approximate computations that extrapolated them to flow in a

gas core reactor cavity.

!
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TR_ble 3. Magnetic Field Strengths Required to Stabilize Undesirable Flow Characteristics ,
li

' Type of Instability Requi-'ed Magnetic Field

Acousticinstability 2-3tesla

Hydrodynamic instability(turbulencesuppression) 3-4tesla

Longitudinalacceleration 3-5tesla

Rotational instability 7-10tesla
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8, ISSUES IN SUBSEQUENT R&D

• 8.1 Current Status

The currentstateofdevelopmentoftheGCNTP shouldbe consideredfrom two pointsofview.

First,theenginemust be definedfrom thepointofviewoftheperformancenecessarytomeet space

mission requirements,includingengineeringand technicalissuesthat may ariseduring

practicaldevelopmentofa spacevehiclewith suchan engine.Secondly,a proofofprincil_lemust

be conductedtodemonstratethepracticalfeasibilityoftheconcept.

These two problemsare atentirelydifferentstagesofrealization.The firstcan be considered

asthemore resolved,whereasthesecondproblemhas notyetpassedan importantstageessentialto

confirmitspracticalfeasibility.

Engine Design Parameters

We can considerthattheoverallGCNTP parametersare,atthisstage,known withgeneral

accuracy.They includethe choiceofpropellant,cavitypressure,specificimpulse,and the total

weight. Then, giventhe necessarythrust,itispossibleto designallenginesystemswhich will

make itpossibletodefinethe weightcharacteristicsneededtocarryoutmore accuratetrajectory

computations.In our work,such scopingcomputationswere conductedon a continuousbasisto

takeintoaccountupdatednumbers,includingtheweightofthenuclearradiationshield.

Conceptualdesignsforallenginecomponentswere developed,ltisimportanttostressthatthe

main problemsassociatedwitha graphitemoderatorhave been resolvedtothe same extentthat

theyhave beenfora solidcorenuclearengine,sincetheoperatingconditionsofboththeseunitsare

fairlysimilar.

On the whole itcan be saidthat the availableenginerequirementsand data are a good

foundationforproducingworking designsofa specificengine,and forplanningmanufacturing

and testingofa prototype.

Proof of Principle

From the pointofview ofthe feasibilityofthe operationofa gas corereactor,problemsof

confiningthe fissionablematerial,radiantheating.ofthe propellant,and reactordynamics and

controlhave been resolvedonly at the levelsof theoreticalestimatesand experimental

investigationsof variousphysicalphenomena. Most experimentson hydrodynamic means of

• confiningfissionablematerialsand stabilizingvarioustypesofinstabilitywere carriedout with

liquidsand gases in conditionsofconstantphysicalparameters. Unfortunately,thereare no

experimentaldataon thereactorphysicsofa systemwhere a significantproportionofthethrustis
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producedby gaseousfissionablematerial,norarethereexperimentaldataon heatingofa gas flow

by radiationfrom a centralzone at prototypicengineconditions.The absenceofa prototypical

• experimentwhich would model the main thermaland hydrodynamic processesand demonstrate

the possibilityof confiningthe uranium and heating the propellantunder conditionsof a

. controllablefissionreactionmake itimpossibletoreacha finalconclusionon thefeasibilityof a

gas coreengine.

Major effortswere made beginningintheearly1970stoperformsuchan experiment.A non-

nucleartestwas considered,withheatingofa gas by a beam ofenergeticelectronsfrom a special

accelerator.This experimentwas conceivedingreatdetail,however,itwas neverimplemented

due to major technicaldifcultiesin achievinguniform heat releasein the uranium with a

narrow beam ofelectrons.

At the same time thepossibilityofan experimentinan externalneutronfluxusinguranium

hexafluoridewas considered.However, the smallscaleofthemodel and low neutronfluxofthe

availablereactormade itimpossibleto obtainsufficientlyhigh temperatures. This made it

impossibleto reproducethe thermal and hydrodynamic processesor to demonstratemagnetic

confinement.

Graduallyitbecame apparentthatrealisticmodel experimentswere infactcommensurate in

scaleand parameterswith the engine itself.However, experimentsinvolvingthe moderator

designand auxiliarysystems couldbe much simpler.The principalscientific,technical,and

technologicaldata necessaryfordevelopingand buildingsuch a proof-of-principledemonstration

were available.In theend,no suchexperimentwas designed,becausea decisiontoconductitwas
not made.

8.2 Selecting the Design

The basic engine design adopted in the USSR for continued work was the single-cavity

concept with magnetic flow stabilization and a thrust of 220-330 klbf. The main reasons for this
choice were:

• For thosespacemissionsbeingproposed,the high thrustmulti-cavitydesignhad no

distinctadvantageover suitablymodified,traditionalchemicalsystems.

• The single-cavitydesign was found to be the only system which could satisfythe

requirementsforcertainmissions,most notably,rapidmanned flighttoMars.

• The use of magneticflow stabilizationisrequiredto minimize lossesof fissionable

• materialduringtheextendedoperatingtimeproposedfortheengineon a Mars mission.

47. EGG-NE-10391



9. COMPARATIVE ASSESSMENT OF SOVIET AND AMERICAN
PROGRAMS

Both programs were begun ataboutthesame timeand continuedsimultaneouslyaccordingto

. more or lessthesame goals:evaluationofindividualprocessesand designwork atthe conceptual

designlevel.10 Also similarwas the proposeduse oftheGCNTP system forspaceflightto the

planetswi'ththrustrangingfrom 50-200klbf.

The main differencebetweentheprograms was themethod ofgaseousuranium confinement.

Literatureknown totheauthorindicatesthatAmerican scientistshad from theoutsetrejectedthe

idea of using a magnetic fieldand set theirsightsinsteadon using purelyhydrodynamic

confinementmethods. This was perhaps due to fearsof specificinstabilities,as wellas the

complexityand largeweightofa magneticsystem.11 Sovietscientistsproposedthe simultaneous

useofbothconfinementmethods.

As the authorseesit,both programs had preparedand approachedthe stageof a realistic

modelingexperimentin a neutronflux,which requiresa verylargeinvestmentofmoney. This

stagewas reachedinthemiddleorlate1970s,and thelackofdesiretoconductsuchan experiment

led to a gradual reductionin detailedtheoreticaland experimentalstudiesof the individual

physicalphenomena.

Going beyond the framework ofthisreport,itisfeltthatthe delayin developinga gas core

reactordelaysprogresson solvinga varietyofimportantproblemscentraltoadvanced systems

forpropulsioninspaceand powerproductionon earth.
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