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초초초 록록록

일반상선에 적용 가능한 핵 추진에 대한 연구

지도교수 이귀주
조선대학교 일반대학원
선박해양공학과

핵추진상선의 개념은 지난 40년 동안 조선분야에서 이야기만 되어왔다.그러나

최근 상선은 보다 크고,빠르며,보다 효율적인 배에 초점을 맞추어 개발하고 있다.

이러한 시점에 핵 추진은 고려할만한 가치가 있다고 사료된다.고속

해상운송수단으로서 핵 추진을 동반한 선박 설계의 개발은 새로운 시장의 개척과

항공 운송수단으로만 운송이 가능했던 소량의 고가 운송물자의 확보를 가능하게

할 것이다.오래전부터,운송 수단 발전 방향은 고속화,정기선의 증가,가능성

있는 다른 시장과의 도조하려는 추세를 보여 왔다.이러한 발전은 새로운 선형

설계,고 사양의 추진기와 고 사양의 발전시설의 출현을 가능하게 하였다.

위험하다는 인식 속에서도,핵 추진 기관은 가장 새로운 기술의 사용하는 차세대

선박을 설계하는데 이용할 수 있다.현재 복합되어 사용되고 있는 추진기와

에너지변환을 위한 가스터빈과 열 교환기를 포함하는 핵 기술은 기존의

추진기관을 대체할 수 있는 추진기관이다.핵 추진은 1회 항해에 5000톤 정도의

연료를 절약할 수 있고,안정된 가동과 비교적 낮은 핵연료의 핵연료가 그

장점이라고 할 수 있다.본 논문은 기존에 상선에서 사용하던 전형적인 추진을

넘어선 핵추진의 장점을 알리는데 그 목적이 있다.
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A FeasibilityStudyofNuclearPoweredFreightCarriers.

Theconceptofnuclear-poweredmerchantshipshasbeenbloominginthe

navalarchitecturecommunityformorethanfourdecadesnow.Buttherecent

developmentsincommercialshippingincludebigger,fasterandmorepowerful

ships,wherenuclearpropulsionmayproveanoptionworthconsidering.The

developmentofadvancedshipdesignsalongwiththenuclearpoweropensan

opportunityforhigh-speedmaritimetransportationthatcouldcreatenew

marketsandrecoverafractionofthehighvaluegoodscurrentlyshippedonly

byair.Overthepastyears,marinetransportationhasshownanevolutionary

trendinthehigh-speedtransportsegment,withamarkconsolidationinfast

ferries,andanencouraginginnovationpotentialinothermarkets.Thisevolution

hasbeenpossibleevolutionhasbeenpossibleduetothejointemergenceof

new hulldesigns,highperformancepropulsorsandhighlycompactpowerplant

package.Despiteperceivedhazards,inherentlysafenuclearpropulsionplantscan

bedesignedfornextgenerationmerchantshipsemployingthenewest

technology.Combininganexistingandwellprovengasturbineplusheat



exchangerswithinherentlysafenucleartechnologyforenergyconversion

promisesaviablealternativepropulsionsolutionforvarioustonnagetyped

vessels.Nuclearpowerwouldsave,pertrip,almost5000tonsofexposureto

fuelpricefluctuation,nottoforgettheadvantageofamorestableoperation

duetotherelativelyconstantlow priceofnuclearfuel.Thisthesisisaneffort

torevealtheadvantageouspositionofnuclearpropulsionoverconventional

propulsionmethodsformerchantvessels.
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111...IIINNNTTTRRROOODDDUUUCCCTTTIIIOOONNN

Overthepastyears,marinetransportationhasshownanevolutionarytrend

inthehigh-speedtransportsegment,withamarkconsolidationinfastferries,

andanencouraginginnovationpotentialinothermarkets.Thisevolutionhas

beenpossibleevolutionhasbeenpossibleduetothejointemergenceofnew

hulldesigns,highperformancepropulsorsandhighlycompactpowerplant

packages.Atomicenginesoffercapabilitiesthatcannotbeachievedwithfossil

fuelengines.Nuclearfissionrequiresnooxygenandproducesnoexhaustgases,

andnuclearreactorsarereliable,compactsourcesofcontinuousheatthatcan

lastforyearswithoutnew fuel.Thesebeyondcompetitioncapabilitieshave

encouragedthedevelopmentofcertaintypesofnuclearsystemswithoutmuch

regardforcost.Economicconcernsarelow ontheprioritylistifthedesired

productisahighendurancesubmarineoraspeedyaircraftcarriercapableof

independentoperations.Ofcourse,contractorslovetoworkforacustomerwho

hasa"costisnoobject"mentality.

Conventionalwisdom statesthatthehighcostofmilitarynuclearships

provesthatnuclearpowercannotcompeteinlessspecializedmarkets.Advanced

nucleartechnologiesandacarefulfocusoncostconsciousdesigncanresultin

nuclearpropulsionsystemsthatareeconomicallysuperiortoconventional

systemsforawidevarietyofcommercialapplications.Thenucleargasturbine,

forexample,offersthesimplicityandlow capitalinvestmentofcombustiongas

turbinescombinedwiththehighendurance,low fuelcostandzeroemission
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characteristicofnuclearpoweredsystems.Thisconceptshouldattractthe

attentionofcommercialshippingindustrydecisionmakersintheirunending

questforacompetitiveadvantage.

InOctoberof1999,aninterestdevelopedwithintheSocietyofNaval

ArchitectsandMarineEngineers(SNAME)toexaminepowerplantsforthe

nextclassesoflarge,high-speed,ocean-goingships.Theseshipswillattain

higherspeeds(over40knots)andcontainmoreinstalledpower(over325,000

hp)thanthemostpowerfulmerchantshipeverbuiltpreviously,theSSUnited

States.Itwasprojectedthatasthesenew shipsprovethemselvesin

transatlanticservice,shipownerswillbedrawntoPacificOceantrade-routes,

requiringlargershipswithevenhigherspeedsandpowerlevels.

Million-horsepowershipscouldpossiblybeontheCADscreensofship

designersbytheendofthedecade.Theshipsnow perceivedinthiscategory,

aprecursorofwhichmightbethosedesignedbyFastShip,Inc.,willuse

gas-turbineenginessimilartothejetenginesofthelargestairliners.However,

withfiveenginesineachshiprunningondieselfuel,theSocietyisconcerned

abouttheenvironmentalimpactoftheseships,eventhoughitwillstillbemuch

lower,perunitofcargocarried,thantypicallyattributedtoairfreight.In

Januaryof2000,ameetingwasheldatSNAMEheadquarterstodiscussthe

feasibilityofcommercialshipnuclearapplications.Whileitwasdecidedthat

thistopiccouldprovepromising,itwasalsodecidedthatthescopeofstudy

shouldbebroadenedtoincludeotheralternativessuchasfuelcellpower.
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Accordingly,an"AdHocPanel"wasformed.SNAMEAdHocPanelsarethe

mechanismsusedbytheSocietytoinvestigateandaddressmattersofurgent

concerntothemarinecommunitythatjustifymoretimelytechnicalevaluation.

TheresultingMissionofthePanelistodeterminetheStateoftheArtin

selectedmarinepropulsionandrelatedsystemstechnology:

￭ Emphasiswillbeoncommercialmarineapplications.

￭ Itwillincludenationalandinternationalinitiativesandprograms.

￭ Itwillconsiderbothacurrentandnear-term rangeofdevelopment.

￭ Itwillincludealiteratureandtechnologysearchascanbestbe

accomplishedbythePanelparticipants.

Inadditiontolow environmentalimpact,criteriatobeconsideredincludethe

technicalandeconomicfeasibility,safety,andsocialandpoliticalacceptability

(astimeandresourcesallow).

222...HHHIIISSSTTTOOORRRYYY OOOFFFNNNUUUCCCLLLEEEAAARRRPPPOOOWWWEEERRREEEDDDSSSHHHIIIPPPSSS

OnJanuary17,1955,theNautilusreported"Underwayonnuclearpower."Her

successclearlydemonstratedthatnuclearreactorscouldbeusedastheheat

sourceformarineengines.Inthefortyyearssincethatfirstnuclearpropelled

voyage,however,nuclearpowerhashadessentiallynoimpactoncommercial

shipping.TheonlyonesstillinoperationareRussianice-breakers.This

situationwasnotwhatwaspredictedby1950svintagevisionaries.Large
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passengerlinersliketheUnitedStatesandtheQueenMarywereprodigiousoil

burners,consuming50tonsperhourathighspeed.Fastcargoships,likethose

usedtotransportperishableitemswerenotaslargeorpowerful,buttheycould

consume10-20tonsperhour.Evenwithoilpricedat$320.00perton,fuel

representsasignificantoperatingcost,butevenmorecriticalisthefactthat

thefuelstoragespaceneedsforlong-range,highspeedtravellimitingthe

operatingrangeoftheship.ManyshipssuchasN SSavannahandN S

Ottohan,provedtobeeconomicallyinefficientconsequentlypertainingtothe

factthattherewaslessadvancementinnucleartechnologyduringtheirlife

time.

￭ Nuclearpowerisparticularlysuitableforvesselswhichneedtobeat

seaforlongperiodswithoutrefueling,orforpowerfulsubmarine

propulsion.

￭ Over150shipsarepoweredbymorethan220smallnuclearreactors

andmorethan12,000reactoryearsofmarineoperationhasbeen

accumulated.

￭ Mostaresubmarines,buttheyrangefrom ice-breakerstoaircraft

carriers.

￭ Infuture,constraintsonfossilfueluseintransportmaybringmarine

nuclearpropulsionintomorewidespreaduse.

Workonnuclearmarinepropulsionstartedinthe1940s,andthefirsttest

reactorstartedupinUSA in1953.Thefirstnuclear-poweredsubmarine,USS
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Nautilus,puttoseain1955.

Thismarkedthetransitionofsubmarinesfrom slow underwatervesselsto

warshipscapableofsustaining20-25knotssubmergedforweeksonend.The

submarinehadcomeintoitsown.Nautilusledtotheparalleldevelopmentof

further(Skate-class)submarines,poweredbysinglepressurisedwaterreactors,

andanaircraftcarrier,USSEnterprise,poweredbyeightreactorunitsin1960.

A cruiser,USSLongBeach,followedin1961andwaspoweredbytwoof

theseearlyunits.Remarkably,theEnterpriseremainsinservice.By1962the

USNavyhad26nuclearsubmarinesoperationaland30underconstruction.

NuclearpowerhadrevolutionizedtheNavy.

ThetechnologywassharedwithBritain,whileFrench,RussianandChinese

developmentsproceededseparately.AftertheSkate-classvessels,reactor

developmentproceededandintheUSA asingleseriesofstandardizeddesigns

wasbuiltbybothWestinghouseandGE,onereactorpoweringeachvessel.

RollsRoycebuiltsimilarunitsforRoyalNavysubmarinesandthendeveloped

thedesignfurthertothePWR-2.RussiadevelopedbothPWRandlead-bismuth

cooledreactordesigns,thelatternotpersisting.Eventuallyfourgenerationsof

submarinePWRswereutilized,thelastenteringservicein1995inthe

Severodvinskclass.Thelargestsubmarinesarethe26,500tonneRussian

Typhoon-class,poweredbytwin190MWtPWRreactors,thoughthesewere

supersededbythe24,000tOscar-IIclass(egKursk)withthesamepower

plant.ComparedwiththeexcellentsafetyrecordoftheUSnuclearnavy,early
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Sovietendeavorsresultedinanumberofseriousaccidents-fivewherethe

reactorwasirreparablydamaged,andmoreresultinginradiationleaks.

However,bythethirdgenerationofmarinePWRsinthelate1970ssafetyhad

becomeparamount.

222...111NNNuuucccllleeeaaarrrNNNaaavvvaaalllFFFllleeeeeetttsss

Russiabuilt248nuclearsubmarinesandfivenavalsurfacevesselspowered

by468reactorsbetween1950and2003,andwerethenoperatingabout60.At

theendoftheColdWar,in1989,therewereover400nuclear-powered

submarinesoperationalorbeingbuilt.Some250ofthesesubmarineshavenow

beenscrappedandsomeonordercancelled,duetoweaponsreductionprograms.

RussiaandUSA hadoveronehundredeachinservice,withUK andFrance

lessthantwentyeachandChinasix.Thetotaltodayisabout160.TheUSA

hasthemainnavywithnuclear-poweredaircraftcarriers(11),whilebothit

andRussiahavehadnuclear-poweredcruisers(USA:9,Russia4).Russiahas

eightnuclearicebreakersinservice.TheUSNavyhasaccumulatedover5500

reactoryearsofaccident-freeexperience,andoperatesmorethan80

nuclear-poweredships(with105reactorsasofAug2004).Russiahaslogged

6000nauticalreactoryears.

222...222CCCiiivvviiilllVVVeeesssssseeelllsss

Nuclearpropulsionhasproventechnicallyandeconomicallyessentialinthe

RussianArcticwhereoperatingconditionsarebeyondthecapabilityof

conventionalice-breakers.Thepowerlevelsrequiredforbreakingiceupto3
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metersthick,coupledwithrefuelingdifficultiesforothertypesofvessels,are

significantfactors.ThenuclearfleethasincreasedArcticnavigationfrom 2to

10monthsperyear,andintheWesternArctic,year-round.Theicebreaker

Leninwastheworld'sfirstnuclear-poweredsurfacevessel(20,000dwt)and

remainedinservicefor30years,thoughnew reactorswerefittedin1970.Itled

toaseriesoflargerice-breakers,thesix23,500dwtArktika-class,launched

from 1975.Thesepowerfulvesselshavetworeactorsdelivering56MW atthe

propellersandareusedindeepArcticwaters.TheArktikawasthefirst

surfacevesseltoreachtheNorthPole,in1977.Foruseinshallow waterssuch

asestuariesandrivers,twoshallow-draftTaymyr-classicebreakersof18,260

dwtwithonereactordelivering38MW werebuiltinFinlandandthenfitted

withtheirnuclearsteam supplysystem inRussia.Theyarebuilttoconform to

internationalsafetystandardsfornuclearvesselsandwerelaunchedfrom 1989.

Developmentofnuclearmerchantshipsbeganinthe1950sbutonthewhole

hasnotbeencommerciallysuccessful.The22,000tonneUS-builtNSSavannah,

wascommissionedin1962anddecommissionedeightyearslater.Itwasa

technicalsuccess,butnoteconomicallyviable.Ithada74MWtreactor

delivering16.4MW tothepropeller.TheGerman-built15,000tonneOttoHahn

cargoshipandresearchfacilitysailedsome650,000nauticalmileson126

voyagesin10yearswithoutanytechnicalproblems.Ithada36MWtreactor

delivering8MW tothepropeller.However,itprovedtooexpensivetooperate

andin1982itwasconvertedtodiesel.
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The8000tonneJapaneseMutsuwasthethirdcivilvessel,putintoservicein

1970.Ithada36MWtreactordelivering8MW tothepropeller.Itwasdogged

bytechnicalandpoliticalproblemsandwasanembarrassingfailure.These

threevesselsusedreactorswithlow-enricheduranium fuel(3.7-4.4% U-235).

In1988theNSSevmorputwascommissionedinRussia,mainlytoserve

northernSiberianports.Itisa61,900tonnelash-carrier(takinglightersto

portswithshallow water)andcontainershipwithice-breakingbow.Itis

poweredbythesameKLT-40reactorasusedinlargericebreakers,delivering

30propellerMW from the135MWtreactoranditneededrefuellingonlyonce

to2003.RussianexperiencewithnuclearpoweredArcticshipstotalled250

reactor-yearsin2003.A morepowerfulicebreakerof110MW netand55,600

dwtisplanned,withfurtherdual-draughtonesof32,400dwtand60MW

poweratpropellers.

222...333...NNNSSSSSSaaavvvaaannnnnnaaahhhEEExxxpppeeerrriiieeennnccceee---PPPuuurrrpppooossseeeooofffttthhheeeSSSaaavvvaaannnnnnaaahhh TTThhheeeFFFiiirrrsssttt

NNNuuucccllleeeaaarrr---PPPooowwweeerrreeedddMMMeeerrrccchhhaaannntttVVVeeesssssseeelll

A technologicalsuccess,theN.S.SAVANNAH wasneverintendedtobe

commerciallycompetitive,andwasnot.TheN.S.SAVANNAH servedasthe

trailblazerforfuturegenerationsofnuclear-poweredmerchantvessels.It

demonstratedtotheworldtheinterestoftheUnitedStatesinthepeaceful

applicationofnuclearpowerandprovidedavehiclewhichwouldestablishthe

proceduresandprecedentsforthefutureoperationofcommercialnuclearships.
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FFFiiiggguuurrreee111...NSSavannah

222...444HHHiiissstttooorrryyyooofffttthhheeeSSSaaavvvaaannnnnnaaahhh

OnApril251955,inaspeechbeforetheAssociatedPressinNew York,

PresidentDwightD.Eisenhowerannouncedplansforanuclearpowered

merchantship.Theshipwouldbebasedonspecificationsdevelopedbythe

AtomicEnergyCommissionandtheMaritimeAdministrationthathewould

submittoCongress.AuthorizationtobuildtheshipwasgivenbyCongresson

July30,1956throughpubliclaw 848Chapter792.Theshipwasdesignedby

GeorgeG.Sharp,Inc.ofNew YorkandwasbuiltbytheNew York

ShipbuildingCorporationofCamden,New Jersey.TheBabcockandWilcox

Companyasprimecontractorforthepowerplantdesignedandbuiltthe74

maximum powerthermalmegawattpressurizedwaterreactor.Inaceremonyon

July21,1959,Mrs.DwightD.EisenhowerchristenedtheN.S.SAVANNAH

whichthenslippeddownthebuildingwaysintotheDelawareRiver.Itwas

fittingthatthisship,tousherintheAtomicAgeofmerchantships,be
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christened"SAVANNAH",forinMayof1819a320-tonshipstartedan

epoch-makingvoyagefrom Savannah,GeorgiatoLiverpool,England.Shewas

theS.S.SAVANNAH,thefirstvesseltousesteam onatransatlanticvoyage.

Her29-day,11-hourvoyagehadusheredintheSteam Ageinoceantravel.

Constructiontooklongerthanplanned,butwasessentiallycompletedinthe

springof1961.Afterpublichearingsonthesafetyoftheship'snuclearsystem

andfollowingextensivetestsofthereactorandpropulsionplant,thereactor

wasloadedwithuranium oxidefuelinthefallof1961.Ittooklessthanthirty

hourstoinsertallthirty-twofuelbundleswhichwouldsupply3½years'power

forthehistoricship.Duringherseatrials,thecaptainshowedthatthe

SAVANNAH'Sreactorcouldactuallysurpassitsoriginaloperatingobjectives.

Insteadofdelivering20,000shafthorsepowertoasinglepropeller,theplant

easilyproducedmorethan22,300.Insteadofbeinglimitedtoabout20knots,

SAVANNAH surgedalongat24.Consideredbysomemarineengineersthe

mostbeautifulshipeverbuilt,thesleekwhiteSAVANNAH wasshownoffto

thecrowdsatthe1962SeattleWorld'sFair.Then,suddenly,inGalveston,

Texas,thetriumphantcruiseswereinterruptedbyanargumentoversalaries.

TheengineeringofficersontheSAVANNAH hadbeengrantedextrapayfrom

theoutsetbecauseoftheneedednucleartraininginadditiontotheirother

qualifications.However,thedeckofficersinsistedthattheyshouldbepaidmore

thantheengineeringofficersbecauseadeckofficer'sdutiesweretraditionally

moredemanding.Anarbitratoragreedwiththedeckofficers,buttheengineers
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refusedtoaccepttheruling.InMay1963,theengineersshutdowntheship's

reactorinprotest.Noonecouldpersuadetheengineerstoreturntoworkso

longastheywerebeingpaidlessthanthedeckofficers.Finally,theFederal

MaritimeAdministrationcancelleditscontractwithStatesMarineLinesand

pickedAmericanExportIsbrandtsenLinestooperatetheship.Thismeantthat

anentirelynew crew (from adifferentunion)wouldhavetobetrained.So,for

almostayear,theworld'sfirstnuclearpoweredmerchantshipsatatthedock

inperfectconditionbutgoingnowhere.Whenthecrew wasready,the

SAVANNAH steamedbackintothespotlight.Morethan150,000visitors

boardedheratthefirstfourEuropeanportsshevisited.Inmid-1965,the

luxuriouscabinswerestrippedoutandthepassengerspacessealedoffand

1,800tonsofsolidballastwasremovedinpreparationfortheshiptocarry

nothingbutcargo.InSeptember,1965,theSAVANNAH leftNew Yorkforthe

firsttimewithacapacityloadof10,000tonsofgeneralcargo.Eveninhernew

role,theSAVANNAH continuedtoserveasagoodwillambassadoranda

cruisingexhibitforthepeacefuluseofnuclearpowerinvisitstoAfrica,the

FarEast,theMediterranean,andNorthernEurope.Inthefallof1968,the

SAVANNAH spenttwomonthsataGalvestonshipyardforrefuelingand

maintenance.Theactualrefuelingtookonlytwoweeks.Afternearly350,000

miles,onlyfouroftheoriginalthirty-twofuelbundleshadtobereplaced.A

secondcompletecorewasbuiltfortheSAVANNAH,butneverinstalled.Since

therewerenoplansforfutureships,theMaritimeAdministrationdecidedthat
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littlemoreresearchanddevelopmentinformationcouldbegainedfrom the$90

million-pluswhichhadbeeninvestedintheentireSAVANNAH project.Inthe

fallof1971,thehistoricshipwasretired.InJanuaryof1972,thedeactivated

shipwaspresentedtothecityofSavannah,Georgiaaspartofaproposed

Eisenhowerpeacememoriallocatedthere.Thecitywasunabletoraisethe$2

millionrequiredtodevelopthecenterand,afterfouryears,theSAVANNAH

wasagainretired.OnAugust28,1980,throughpubliclaw 96-331,Congress

authorizedtheSecretaryofCommercetochartertheSAVANNAH toPatriots

PointDevelopmentAuthority,anagencyoftheStateofSouthCarolina.At

Christmastime1981,theSAVANNAH becameapermanentexhibitatthe

PatriotsPointNavalandMaritimeMuseum inMt.Pleasant,SouthCarolina.

FFFiiiggguuurrreee222...NSSavannahin1968



- 13 -

FFFiiiggguuurrreee333...DeckplanofNSSavannah

TheseDeckPlansshow theattractiveandamplespacesallocatedto

SAVANNAH'spassengers.Thepublicrooms,modernandcolorfulindesign,

areconvenientlylocatedonthePromenadeDeck."A"Deckprovides

air-conditionedaccommodationsfor60passengers,withaprivatebathforeach

stateroom.TheDiningRoom islocatedon"B"Deck.
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FFFiiiggguuurrreee444...Profileview

Figure5.DimensionalCharacteristicsofNSSavannah
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333...PPPOOOWWWEEERRRPPPLLLAAANNNTTTSSS

Navalreactors(withoneexception)havebeenpressurisedwatertypes,which

differfrom commercialreactorsproducingelectricityinthat:

￭ theydeliveralotofpowerfrom averysmallvolumeandthereforerun

onhighly-enricheduranium (>20% U-235,originallyc97% but

apparentlynow 93% inlatestUSsubmarines,c20-25% insome

westernvessels,andupto45% inlaterRussianones),

￭ thefuelisnotUO2butauranium-zirconium oruranium-aluminium

alloy(c15%U with93% enrichment,ormoreU withless-eg20% -

U-235)orametal-ceramic(Kursk:U-Alzoned20-45% enrichedcladin

zircaloy,withc200kgU-235ineach200mW core),

￭ theyhavelongcorelives,sothatrefuelingisneededonlyafter10or

moreyears,andnew coresaredesignedtolast50yearsincarriersand

30-40yearsinsubmarines(USVirginiaclass:lifetime),

￭ Thedesignenablesacompactpressurevesselwhilemaintainingsafety.

TheSevmorputpressurevesselforarelativelylargemarinereactoris

4.6m highand1.8m diameter,enclosingacore1m highand1.2m

diameter.

￭ Thermalefficiencyislessthanincivilnuclearpowerplantsduetothe

needforflexiblepoweroutput,andspaceconstraintsforthesteam

system.

Thelongcorelifeisenabledbytherelativelyhighenrichmentoftheuranium
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andbyincorporatinga"burnablepoison"suchasgadolinium inthecoreswhich

isprogressivelydepletedasfissionproductsandactinidesaccumulate,leadingto

reducedfuelefficiency.Thetwoeffectscanceloneanotherout.Long-term

integrityofthecompactreactorpressurevesselismaintainedbyprovidingan

internalneutronshield.(ThisisincontrasttoearlySovietcivilPWRdesigns

whereembrittlementoccursduetoneutronbombardmentofaverynarrow

pressurevessel.)TheRussianAlfa-classsubmarineshadasingleliquidmetal

cooledreactor(LMR)of155MWtandusingveryhighlyenricheduranium.

Thesewereveryfast,buthadoperationalproblemsinensuringthatthe

lead-bismuthcoolantdidnotfreezewhenthereactorwasshutdown.The

designwasunsuccessfulandusedinonlyeighttrouble-plaguedvessels.

Reactorpowerrangesfrom 10MWt(inaprototype)upto200MW (thermal)

inthelargersubmarinesand300MWtinsurfaceshipssuchastheKirov-class

battlecruisers.TheFrenchRubis-classsubmarineshavea48MW reactor

whichneedsnorefuelingfor30years.Russia'sOscar-IIclasshastwo190

MWtreactors.TheRussian,USandBritishnaviesrelyonsteam turbine

propulsion,theFrenchandChineseusetheturbinetogenerateelectricityfor

propulsion.Russianballisticmissilesubmarinesaswellasallsurfaceships

sincetheEnterprisearepoweredbytworeactors.Othersubmarines(except

someRussianattacksubs)arepoweredbyone.

ThelargerRussianice-breakersusetwoKLT-40nuclearreactorseachwith

241or274fuelassembliesof30-40% enrichedfueland3-4yearrefueling
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interval.Theydrivesteam turbinesandeachproduceupto33MW (44,000hp)

atthepropellers.Sevmorputusesoneofthesameunits,thoughitissaidto

use90% enrichedfuel.ForthenextgenerationofRussianice-breakers,

integratedlightwaterreactordesignsarebeinginvestigatedpossiblytoreplace

theconventionalPWR.

Decommissioningnuclear-poweredsubmarineshasbecomeamajortaskfor

USandRussiannavies.Afterdefuelling,normalpracticeistocutthereactor

sectionfrom thevesselfordisposalinshallow landburialaslow-levelwaste.

InRussiathewholevessels,orthesealedreactorsections,sometimesremain

storedafloatindefinitely.A marinereactorwasusedtosupplypower(1.5

MWe)toaUSAntarcticbasefortenyearsto1972,testingthefeasibilityof

suchair-portableunitsforremotelocations.Russiaiswelladvancedwithplans

tobuildafloatingpowerplantfortheirfareasternterritories.

333...111FFFuuutttuuurrreeeppprrrooossspppeeeccctttsss

Withincreasingattentionbeinggiventogreenhousegasemissionsarising

from burningfossilfuelsforinternationalairandmarinetransportandthe

excellentsafetyrecordofnuclearpoweredships,itisquiteconceivablethat

renewedattentionwillbegiventomarinenuclearpropulsion.

333...222AAAssspppeeeccctttsssooofffHHHiiiggghhhSSSpppeeeeeedddSSShhhiiipppDDDeeesssiiigggnnn

Inrecentyears,therehasbeenasteadyincreaseinthelevelsofinstalled

propulsionpowerforcommercialshipsaswellasanincreaseinthelevelof
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environmentalawareness.Theneedforshipsthatcancompetesuccessfully

withairfreightincertainnichemarketsaswellasshipsthatcanprovidea

crediblefast-sealiftcapabilityhavebeentheprimarydriversinhighspeedship

design.Theneed,inbothcases,tocompeteeconomicallywithexisting

technology,or,toprovideatleastanorderofmagnitudereductionincostof

transportisessentialforthesuccessfultransitionofideastoreality.The

highestpowerlevelsaretypicallyachieved,currently,withverylargemarinized

gasturbinesandtoalimitedextentwithlargemedium speeddiesels.The

increasingpriceoffossilfuelaswellastheenvironmentalimpactoffossilfuel

basedpoweringoptionshasbroughttheuseofnuclearpowerasapotential

solutionforshipswithhighpowerrequirements.Fuelcellsareprovingtobea

viableoptionforvesselswithlowerpowerrequirementsdesignedforcoastal

operations,whereemissionsfrom marineengineshavebeencomingunder

increasingscrutiny.Inthepast,theuseofnuclearpowerforcommercialships

hasbeenlimitedtotechnologydemonstratorsandhasnotbeenactively

consideredasaviablesourceofcommercialshippropulsionpowerdueto

issueslikerisk,internationalpoliticsandtheunwillingnesstotransfer

successfulnavalapplicationsofnuclearpowertocommercialoperators.Several

new high-speedshipconceptshaveemergedinrecentyearsandhavereceived

tremendouspressinrecenttimes.Mostoftheseconceptsinvolvenaval

architecturaladvancesandhighlightinnovativesolutionstoimprovingthe

efficiencyofmovinganobjectontheair-waterinterface.Themotionofabody
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attheinterfaceoftwofluids,likeairandwater,resultsintheformationofa

wavetrainthatrequiresenergytoovercome,inadditiontothedrag

experiencedbythebodyduetoitstranslationinthemedium.Briefdescriptions

ofhigh-speedshipconceptscurrentlyreceivingattentionarepresentedto

provideaflavorofthetechnologies.

333...333FFFaaasssttt---SSShhhiiippp

TheessenceofFast-Shipisreliability,ofwhichspeedisanimportant

adjunct.Thevessel,860-footlongandcarryinga10,000-tonpayload,is

designedtomakethepassagefrom PhiladelphiatoCherbourginlessthanfour

days,andtosustainspeedsofupto40knots,maintainingreliabilitytowithin

onehourofscheduleover97percentofoperations.Thevessel,860-footlong

andcarryinga10,000-tonpayloadisdesignedtomakethepassagefrom

PhiladelphiatoCherbourginlessthanfourdays,andtosustainspeedsofupto

40knots.Thisisroughlytwicetherateofconventionalfreightersandcutsthe

transatlanticcrossingfrom sevenoreightdaystothreeandahalf.Thekeyto

thisimprovementistheship's"semi-planing"hull.Whilethesternofan

ordinaryshipdrivesdeeperintothewaterasspeedincreases,theFastShip's

sterniswideandshallow,withahydrodynamiccurvethatliftsitpartwayout

oftheseaathighspeeds.FiveRolls-RoyceMarineTrentgasturbinesdriving

largewaterjetspowersFastShip.Therevolutionarysystem deliversatotalof

250megawatts,or335,000horsepower.Thehullform,coupledwiththe
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propulsionpackage,willenabletheshiptomaintainthosespeedsevenunder

adverseweatherconditions.Onceinport,theshipswillbeloadedandunloaded

insixhoursusingarail-basedroll-onroll-offsystem.

333...444...KKKMMMMMM TTTrrriiimmmaaarrraaannn

Onepromisingareaforcommercialshipsystem engineeringapplicationis

veryhigh-speedtrimarantechnologywithspeedsupto70knots.Kvaerner

MasaMarine(KMM)isleadingatechnologyteam whichincludesBandLavis

& AssociatesandSAICtodevelopcomputationalfluiddynamics(CFD),

high-powered/highspeedshipwaterjetdesign,structuralanalysisandother

designengineeringanalyticalmethodsandtools.Thissetofcomputationaltools

willbeapplicabletothedesignandengineeringofalltypesofhigh-speed

ships.KMM'sveryhighspeedtrimarandevelopmenthasincludedtwosetsof

largescalehydrodynamictestsincludingfluidflow andwakeanalysistoallow

futurevalidation,andvalidationofCFDcodes.Italsoincludeswaterjet

technologydevelopmentforpropulsionpowersupto100megawattsperunit

andspeedsupto70-knotshipoperation.

333...555...SSSuuurrrfffaaaccceee---EEEffffffeeeccctttSSShhhiiipppsss

Salientresultsofthe1997workshophostedbyNavalSurfaceWarfareCenter

-Carderock,Maryland(NSWC-CD)onHigh-SpeedSealiftandthepost

workshopbrief-outindicatethatwithbothnear-term andfar-term propulsion
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technology,SurfaceEffectShipsaretheleastpoweroptionsforspeedsgreater

thanapproximately45knots.Theavailabilityofmarinizedgasturbinesinthe

60,000hprangeandthecommercialdevelopmentoflargewaterjetunitsthat

canbematchedtothesegasturbineshave,thus,ledtothedesirabilitytore-

examinethepotentialofSESforfastsealiftapplications.

333...666...EEEvvvaaallluuuaaatttiiiooonnnMMMeeettthhhooodddooolllooogggyyyooofffHHHiiiggghhhSSSpppeeeeeedddSSShhhiiipppCCCooonnnccceeeppptttsss

Theabilitytodesign,constructs,andoperateshipsthatachievehighspeedin

dynamicoceanenvironmentsisacontinuingchallengetotheinternational

marinecommunity.Fastshipsofferimportantadvantagesinbothcommercial

andmilitaryapplications,inmanydeployments,andmissionsthroughoutthe

maritimeworld.Whileeachsuchvesselmustbeuniquelydesignedtomeetits

specificmissionrequirements,therearesomegeneralmethodologiesavailable

thatallow fortheexplorationofthekeyenablingtechnologiesforhigh-speed

ships.Therearethreeprincipalshipperformanceparametersrelativetomission

effectiveness:

￭ Payload themorethebetter

￭ Speed thehigherthebetter

￭ Range thegreaterthebetter

Ofcourse,therearetechnicalandeconomicpricestobepaidforeachof

theseperformanceparameters.Clearly,theobjectistomaximizethem relative

toatotalownershiplifecyclecostfortheship,orbetteryet,fortheship
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system.Costsshouldincluderesearch,development,design,construction,

acquisition,deployment,operation,support,anddisposalovertheeconomiclife

oftheship,inthecontextoftheshipsystem,orthe"business"environment

withinwhichtheshipperformsitsmission.Therelativeeffectivenessof

differentplatformsinperformingthesamemissioncanbequantified

parametrically.Theshiptechnicaleffectivenessparameterandthetransport

factoraretwosuchparametersandarebrieflydescribedbelow.Shiptechnical

effectivenessisatypeof"transferfunction"whichdescribesthe"effectiveness"

ofashipin"converting"installedpowerintopayloaddeliveryrate.Ship

technicaleffectivenessisafunctionoflift/dragratio,overallpropulsive

coefficient,deadweight/displacementratio,specificfuelconsumption,fuelmargin

andrange.TheTransportFactoralsocomparescompetingdesignstorelatethe

utilityofeachdesignwhenperformingitstransporttask,andassumesthat

thereisauniquenon-dimensionalcharacteristiccalledTFforeachdesignthat

relatesthefullloadweightoftheshiptothetotalinstalledpowerontheship

andtheaveragevoyagespeed.

Whiletheship'stechnicaleffectivenessandtransportfactordescribethe

performanceofashipinaparticularmissionordeployment,costmustbe

consideredinanyoverallmeasureofeffectiveness(MOE).Furthermore,cost

considerationsmustincludethosecomponentsrelatedtoacquisitionorcapital

costaswellasoperationandsupportcostsinatotalownershipcost(TOC)

contextonalifecyclecost(LCC)basis.Thisbringsintofocusdesign
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methodologiesandtoolsthatcanobjectivelydesignandcompareseveraldesigns

foragivenmission,likewhole-shipdesignsynthesismodels.

333...777...AAAsssssseeessssssmmmeeennntttooofffWWWhhhooollleee---SSShhhiiipppIIImmmpppaaaccctttooofffPPPrrrooopppuuulllsssiiiooonnnSSSyyysssttteeemmm CCChhhoooiiiccceee

Whole-ShipDesignSynthesisModelshavebeendevelopedandemployedfor

manyyears.Additionally,therecentgrowthincomputingpowerhasresultedin

renderingtheseverypowerfultoolsreadilyavailabletothenavalarchitectto

perform rapidshipdesignandassessmentstudies.Whole-shipdesignsynthesis

modelsaredesignedtosimulatethetypicalnavalarchitecturedesignspiralina

rapid,automated,andconsistentlyrepeatablemanner.Thisisaccomplishedin

ordertoquicklyproduceandvisualizeabalanceddesignandprovidesthe

capabilityofrunningsystematicparametricvariationsinordertoevaluatethe

keydriversofthedesignbeingdeveloped.Inthepast,designsynthesismodels

haveoftenbeenfinelytunedtorepresent,withgoodaccuracy,thetypeof

designprimarilyperformedbynavalarchitects.Modelsweredesignedtohandle

specifichullformssuchasmonohulls,catamarans,SWATHs,surfaceeffect

ships,aircushionvehiclesetc.Asaresult,thesemodelsarebuiltonalgorithms

thatreflectaccepteddesignpracticeandtendtobeprimarilyempiricalinnature.

Thislimitstheuserfrom utilizingthesemodelstoinvestigatetheimpactof

new andemergingtechnologieswithoutunduebiasfrom built-inempirical

algorithmsthatrepresenttheparadigm ofexistingtrends.Theincorporationof

capabilitiestoincludeemergingtechnologiesinsynthesismodelswillresultin



- 24 -

theirusewithgreaterreliabilitytohelpshapeinvestmentstrategiesforfuture

researchanddevelopment.Thisrequirementisachallengeandcallsfortheuse

ofphysics-basedalgorithmsthatwillallow ustodepartfrom ourexistingor

priortechnologybaseandincorporatesnew technologytrendsasandwhenthey

occur.Thishasledtothedevelopmentofanew generationofdesignsynthesis

models.PASS,for"ParametricAnalysisofShipSystems"isaphysics-based

designsynthesismodelthatsatisfiesthisemergingrequirement.Theparametric

natureofPASSisidealforquickexplorationofthedesignspaceorfor

examiningthesensitivityofshipcharacteristicstochangingrequirementsor

subsystem choices.PASSwasdevelopedbyBand,Lavis& Associates,Inc.

(BLA),underaSmallBusinessInnovationResearch(SBIR)effortleadbythe

U.S.OfficeofNavalResearch(ONR)andmonitoredbytheCarderockDivision

oftheNavalSurfaceWarfareCenter.PASS,withitsemphasisontheuseof

physics-basedalgorithms,isthefirstofanew generationofconcept

explorationmodelsthatallowsrapidandreliableexplorationoftheavailable

designspacebeyondthatwhichcanbeexploredreliablywithnormal

empiricallybasedtools.Intrinsiccapabilityfortechnologyinnovation

characterizedintermsofitsmassproperties,energy-needs,geometryandcost

todevelop,buildandoperateisincludedinPASSasillustratedinFigure6.

Includingthisinformationalongwiththeotherinputsrequiredtodescribethe

typeandoperationalneedsoftheship(s)beingexaminedwillallow theuserof

PASStodeterminethewhole-shipcostandperformanceimpactofthe
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innovation.Comparingthiswiththeinvestmentcosttodeveloptheinnovation

willthenallow theusertojudgewhethertheinvestmentwouldbeworthwhile.

Inaddition,withPASS,thedesignerortechnologistcan:

￭ Comparevesseltypesdesignedtocommonrequirements.

￭ Optimizevesselandfleetsizeforminimum cost.

￭ Comparesubsystem innovationoptions.

￭ Providerapidresponseto"WhatIf?"questions.

Allofthesecanbedonewithahighlevelofaccuracyandanalyticrigor.

FFFiiiggguuurrreee666...TheApproachtoAnswering:WhatR&DisWorthPursuing?Or,

WhatReturnWillWeGetOnOurInvestment?

Theuseofsuchdesign-synthesismodelsandtheuseofmeasuresof

effectivenessdescribedearliercanquiteeasilyhelpinprovidingdirectionin

focusingresearchanddevelopmentintoareasthataremorepromisingthan

others.Theimpactofalternativepropulsionforhigh-speedships,especially

withnuclearandfuelcellbasedpower,canbeinvestigatedtodetermine
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limitinglevelsofpowerthatareeconomicallyviableandhencepursuinginthe

nearfuture,whileprovidingdirectionforfar-term research.

444...NNNUUUCCCLLLEEEAAARRRPPPOOOWWWEEERRRRRREEESSSEEEAAARRRCCCHHH

TheemergenceofcandidatecommercialHighSpeedShipsystemsdesignedto

attractselectedsegmentsoftheinternationalHighValue/TimeSensitivecargo

marketsuggestsaradicalchangeinbothshipdesignandshippropulsion

systemsinordertomeetmarketrequirements.

Theissueisnolongerthemovementofcargofrom docktodockasa

prescribedservicebutratheroneofmovementfrom cargoorigintodestination

withadvancesinshipsspeed,docksidecargotransferandsubsequent

intermodalmovements.CandidateHighSpeedShipsystemsareconsidering

speedsof40knots,containerterminaltransferinthe6-8hourrangeand

commensurateintermodaltransfertimes.HighSpeedShipsystemsareweight

anddisplacementsensitive,andrequirehighhorsepowerpropulsionsystems

(withtheirattendantfuelweightforthepowerandspeedsrequired)toassure

thecriticalrequirementofdependabilitytomeetthescheduledmovementsof

cargo.Therequiredfuelweight(severalthousandsoftons)representsa

deadweightthatcouldhavesignificantimpactonavailablerevenueandsystem

profitability.Ithasbeen25yearssincetheUnitedStateshasconsiderednuclear

poweringasanalternativeforcommercialshipsystems.Thestateoftheartin

nuclearpowerhassinceseenmanysignificantadvances;theeconomics
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associatedwithinternationalmovementofcontainershasbeentheprecursorto

largerships,collaborativemanagementandtheformationofcountlessalliances.

World-widetrendsindicateadoublingofmarinetradewithinthenext20

years,possiblethreatsofGlobalWarming,theindirecteconomicimplications

whichmaybeincurredbyfossilfuelpoweringsystems(withtheirattendant

increasingoilcosts),growingrequirementsfortherapidoceantransportoftime

sensitivefreight,andfinally,continuedtechnologicaladvancementswhichhave

beenmadeintheareaofnuclearreactordesign.These,collectively,allleadto

conclusionsthatjustifysupportforamorein-depthanalysisofboththe

technologyandtheprospectiveeconomicsassociatedwithacommercialnuclear

powersystem forthecommercialHigh-Speedshipsystemsbeingconsideredfor

theTwenty-firstCentury.Nuclearpowercouldofferspeed,power,

environmentallysafeburning,andcleareconomicfeasibilityforhighspeedand

highpowervessels.Theeffectsfrom today'shighoilpricesaredestinedto

remain,regardlessofOPEC,asadditionalcostwillprobablybeaccruedtooil

burningfacilitiesforthereductionofsulfurdioxideandgreenhousegas

emissionslikelymandatedbyfuturelegislationandlevies.Inaddition,thereare

anumberofemergingnuclearpowertechnologiesandreactorconcepts,which

mightform abasisforrebirthofcommercialnuclearpoweraswellasnuclear

merchantships.Someoftheseconceptsarebrieflydescribedhere.

444...111...NNNuuucccllleeeaaarrrSSShhhiiipppCCCrrriiittteeerrriiiaaafffooorrrttthhheeeEEErrraaaAAAfffttteeerrr111999999000
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Theshippingbusinesshaschangeddramaticallysince1955.Shipshave

grown,thecontainerrevolutionhascutinportturn-aroundtimesforgeneral

cargoships,andinternationaltradeinhighvaluecargoslikeautomobilesand

constructionequipmenthassteadilyincreased.Manyshipsinbusyportcities

arenow requiredtoinstallexpensiveequipmentand/orrestricttheiroperations

tomeetanti-pollutionlawsthatlimitdischargesofoil,stackgases,andballast

water.Inordertodecideifnuclearpowerisnow rightforaparticularship,the

followingadditionalfactorsshouldbeconsidered:

￭ Speedrequirements

￭ Volumelimits

￭ Emissionslimits

￭ Oilhandlinglimits

￭ Ballastwaterlimits

￭ Deckspacelimits

￭ Needforflexibleoperation

￭ Localcost,availability,andqualityoffuel

Thefollowingtypesofshipsmaybenefitfrom nuclearpower.Operatorsof

theseshipswouldbewelladvisedtolearnmoreaboutwhaturanium fuelcan

do.Asusual,adetailedeconomicanalysiswillberequiredtoreachacorrect

propulsionplantdecision.

￭ Largecontainerships

￭ Automobilecarriers
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￭ Refrigeratedcargoships

￭ Longdistancepassengerships

￭ Logisticssupportships

￭ Commercialsubmarines

￭ Bulkcargocarriers

555...AAADDDVVVAAANNNTTTAAAGGGEEESSSOOOVVVEEERRRCCCOOONNNVVVEEENNNTTTIIIOOONNNAAALLLFFFUUUEEELLLSSS

555...111...TTThhheeeNNNeeeeeedddfffooorrrSSSpppeeeeeeddd

Anexamplecalculationmighthelpexplainthecharacteristicsofnuclear

propulsionthatallow ittoclaim aspeedadvantageoveroilburningships.Ifa

shipneeds26,000shafthorsepowertotravelat17knots,itwillburnabout

1700gallons(6.4tons)ofbunkerfueleveryhour.Ifthesameshipwishedto

increasespeedto25knotstomakeadeliveryschedule,thefuelratewould

increaseto8500gallons(32tons)perhourwhilethepowerneedswould

increaseto130,000SHP.Itisobviouswhyfastshipsarenotgenerally

consideredtobeaneconomicalwaytotransportbulkcargo.Evenifoilis

cheap,thespacerequiredforstorageforalongtraderoutebecomesamajor

concern.A shipliketheabovecarryinggoodsfrom New YorktoCapeTown,

SouthAfricawouldneedatleast2.3milliongallonsoffuel(6900tons)tomake

thetripat25knotsversus673,000gallons(2019tons)at17knots.Even

thoughthetriptakesfivedayslonger,spaceandfuelcostsfavortheslower

journey.Withnuclearships,fuelexpendituresareminor,bothintermsof
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weightandcost.AtcurrentnuclearfuelpricesanSHPhourproducedby

fissioningslightlyenricheduranium fuelcostslessthanonesixthasmuchas

anSHPhourproducedbyburningresidualoil.Theadvantageisevenmore

dramaticwhencomparedtodistillatefuels.Thereisvirtuallynochangein

weightonanuclearpoweredshipbecauseoffuelconsumption.

Thereareobviousadvantagestoincreasedspeediffuelconsumptionisless

constraining.Morecargocanbemovedwiththesamenumberofships.Cargo

willspendlesstimeatseaandmoretimewhereitisneeded.Shipperswillpay

higherratesforcertaintypesofcargosincetheywillsaveonfinancial

carryingcosts.Sinceafastershiprequiresthesamecrew sizeasaslow one,

productivitycanincreasebeimprovedwithoutpainfullay-offs.

555...222...RRReeellliiiaaabbbiiillliiitttyyy

Nuclearshipshavedemonstratedahighdegreeofreliability.Theyhave

operatedfordecadesinsomeoftheworld'sharshestclimatesincludingthe

PersianGulfandtheArcticOcean.Theyarenotsubjecttocloggedfuelfilters,

burstfuellines,lossofcompressedstartingair,contaminatedfuelfrom

substandardsuppliers,bentrods,failedgaskets,orawholehostofother

problemscommontocombustionengines.Evensinglereactorplantsubmarines

comfortablyoperateundertheArcticicecapwherealossofpropulsionpower

canbedeadly.Theenginesrarelyfail.Sinceasubstantialportionofthemarine

accidentscanbeblamedonpropulsioncasualties,thischaracteristicisan

importantadvantagefornuclearpower.
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555...333...PPPooowwweeerrrDDDeeennnsssiiitttyyyCCCooommmpppaaarrriiisssooonnnsss

Savannah'spropulsionplantweighedabout2500tonsincludingtheshielding.

Herspecificpowerratiowas238lbs/hp(151kg/kw),whichisobviouslynot

verycompetitivewithtoday'smedium speeddieselsorgasturbines.However,

Savannah'spropulsionplantweightincludedenoughfuelfor340,000milesof

operation.Incontrast,adieselenginesystem withaspecificweightof36

lbs/SHP(23kg/kw)andaspecificfuelconsumptionof.3lbs/hp-hr(.2

kg/kw-hr)wouldmatchSavannah'scharacteristicsifitsrequiredvoyagelasted

28days(13,000milesat20knots),ignoringtheweightoftanks,andpipingand

reservefuelrequirements.Actually,thecomparisonbetweenamoderndiesel

anda1950sfirstgenerationnuclearplantwithalow pressuresaturatedsteam

plantdoesnotprovidearealisticpictureofwhatanuclearplantcanachieve.

Thebelow table,whichincludesductsandfoundations,providesbetter

information:

Table1.Powerdensityoftypicalenginetypes

555...444...TTToootttaaalllsssyyysssttteeemmm pppooowwweeerrrdddeeennnsssiiitttyyycccooommmpppaaarrriiisssooonnnsss

Enginetype Specificweight

combustiongasturbine 2.9kg/kw

medium speeddiesel 10kg/kw

nucleargasturbine(includingshielding) 15kg/kw

nuclearsteam plant(includingshielding) 54kg/kw
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Enginepowerdensityisnottheonlyconsiderationforvehicleslikeshipsthat

mustcarrytheirfuel.Oneofthemainreasonsforconvertingshipsfrom coal

tooilrestedonthefactthatoilhasmoreenergyperunitweight.Therefore,

weneedtocomparethepowerdensityofvarioustypesofenginesincluding

storedfuel.Whenfuelfora10dayvoyageistakenintoconsideration,nuclear

plantscanhaveadecidedadvantageovercombustionplants.Thisadvantage

allowsagreaterportionoftheshiptobededicatedtocarryingrevenue

generatingcargo.

Enginetype Specificweight

nucleargasturbine 15kg/kw

nuclearsteam plant 54kg/kw

dieselengine(.2kg/kw-hr) 58kg/kw

combustiongasturbine(.24kg/kw-hr) 60kg/kw

TTTaaabbbllleee222...Powerdensityforvariousengineswith10dayfuelsupplies

555...555...SSSpppeeeccciiifffiiicccvvvooollluuummmeeecccooommmpppaaarrriiisssooonnnsss

Manyoftoday'sshipsaremorelimitedbyspacethanbydisplacement.

Nuclearpropulsionplants,withhighdensitymaterialsmakingupalarge

portionoftheirweight,haveanadvantageoverfossilfueledships.A nuclear

gasturbineplantwouldrequireapproximately60% ofthevolumeofan

equivalentcombustiongasturbineforanominal10dayvoyage;theadvantage
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increasesforlongerranges.Containerships,likeaircraftcarriers,needasmuch

freedeckspaceaspossible.Thisrequirementisonethingthathasinhibited

theuseofmarinegasturbines,whichrequireahighairflow andsubsequently

requirelargeintakesandexhausts.Nucleargasturbines,however,havenoneed

forintakesandexhausts.Thespacesavedondeckcanincreaseoperating

efficienciesandrevenuesforthelifeoftheship.

555...666...EEEnnnvvviiirrrooonnnmmmeeennntttaaalllcccooonnnsssiiidddeeerrraaatttiiiooonnnsss

Inmostports,itisillegaltodischargeoilcontaminatedwater.Thishasled

tothedevelopmentofsegregatedballastingsystemstoensurethat

compensatingwaterisnotcontaminated.Therearealsolimitsassociatedwith

biologicalhazardsthatpreventthedischargeofballastwatertakeninata

differentport.Nuclearshipshavenoneedtocompensateforchangesinfuel

weightduringavoyagesotheycanhavesimplerballastingsystems.

Governmentshaveimplementedairemissionlimitsincertainbusyportsthat

requirecostlymodificationstoexistingpropulsionsystems.Simple,butsomewhat

costly,solutionsincludeseparatebunkerswithlow sulfur(butmoreexpensive)

oil,andshipspeed(power)limitswhenwithincertainboundaries.Thereis

increasingpressurefortheinstallationprecipitators,selectivecatalyticreformers

andscrubbers.Asidefrom theexpense,thesetechnologiescanbedifficultto

adapttoshipsbecauseofspacelimitations.Nuclearshipsdonotemitany

exhaustgases,afactthatisclearlydemonstratedbythesuccessofnuclear
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poweredsubmarines.

Finally,rulesonliabilityforoilspillsareincreasingthecostofbunkering.

Provisionsmustbemadeforcontainmentboomsandstand-byresponseteams.

Separatefuelingpiersarebecomingcommon,requiringextratimeinportand

extraexpensefortugsandpilots.Bottom tanksnow needdoublehull

protection,increasingthecostofbothconstructionandoperations.Nuclearships

willberefueledduringscheduledmaintenanceperiods;itiseasilypossibleto

designcoresthatcanlastforsixtotenyearsofnormalshipoperation.

555...777...AAAvvvaaaiiilllaaabbbiiillliiitttyyy&&& EEEnnneeerrrgggyyyPPPrrroooddduuuccctttiiiooonnnRRRaaattteeesss

Consideringtheavailabilityoffuels,fossilfuelwouldlastfor,keepingin

mindtheusagerate,wouldlastfornotmorethan50yearsfrom now.Whereas

thenuclearfuels,keepinginmindtheusagerate,wouldlastformorethan200

yearsfrom now.Uranium-235istheisotopeofuranium thatisusedinnuclear

reactors.Uranium-235canproduce3.7milliontimesasmuchenergyasthe

sameamountofcoal.Asanexample,7trucks,eachcarrying6casesof2-12

foothighfuelassemblies(referFig),canfuela1000Megawatt-electrical(Mwe)

reactorfor1.5years.
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FFFiiiggguuurrreee777.Truckloadedwith6casesof2-12footfuelassemblies

Duringthisperiod,2metrictonsofUranium-235(ofthe100metrictonsof

fuel-uranium dioxide)wouldbeconsumed.Tooperateacoalplantofthe

sameoutputwouldrequire1trainof89-100toncoalcarseacheveryday.Over

350,000tonsofashwouldbeproducedANDover4milliontonsofcarbon

dioxide,carbonmonoxide,nitrogenoxidesandsulfuroxideswouldbereleased

totheenvironment.

FFFiiiggguuurrreee888.TypicalContainerwith2FuelAssemblies
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555...888...EEEnnneeerrrgggyyyPPPrrroooddduuuccctttiiiooonnnCCCooossstttsss

Thebestexampleofcostcomparisonisshownbythisgraphprovidedbythe

NuclearEnergyInstitutethatcomparesaveragenuclearandcoalproduction

costsoverrecentyears.Nuclearfuelcostsareconsiderablylessthancoal.

However,variouscapital,operatingandmaintenancecostsforcoalmaybe

lowerthannuclear.Thus,the2costsarecomparable.

FFFiiiggguuurrreee999...PowerProductionCosts

Thevariouscomponentsofenergygenerationaccountforthefollowing:

￭ Capitalcoststobuildtheplantandmodificationsaftertheplantisbuilt

￭ Ongoingoperationandmaintenancecosts

￭ Fuelcosts

￭ USDepartmentofEnergy(USDOE)chargesforultimatespentfuel

disposal
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￭ USNuclearRegulatoryCommission(USNRC)chargesforregulation

Typically,theplantcapitalexpensesaredepreciatedover30to40years.

Modificationsaredepreciatedovertheremaininglifeoftheplant(usuallytaken

astheendofthecurrentlicense).TheoperatingandmaintenancecostsandUS

DOEandUSNRCchargesareaccountedforasanannualexpense.Fuelcosts

areusuallytreatedseparatelyasacapitalexpensedepreciatedoveranumberofyears.

666...SSSUUUIIITTTAAABBBIIILLLIIITTTYYY OOOFFFRRREEEAAACCCTTTOOORRRTTTYYYPPPEEESSSFFFOOORRRMMMAAARRRIIINNNEEEUUUSSSEEE

666...111...PPPrrreeessssssuuurrriiizzzeeedddWWWaaattteeerrrRRReeeaaaccctttooorrrsss(((PPPWWWRRRsss)))

ThePressurizedWaterReactor(PWR)hasbeeninuseinnavyshipsfor50

years.ThenavyPWRsarefullydeveloped,butmuchofthedataisclassified.

Thetechnologyofcivilapplicationsisrepresentativeforearlyapplications.

ExceptforsomeoftheRussianice-breakersnuclearpowerhasceasedtoexist

incivilshipping.Sizeandweightandsafetyandcontrolsystemsoftheplants

oftheSavannah,MutsuandOttoHahnneedtobeimproved.Powerplantsof

Russianice-breakerssaw anevolutioninsafetyandreliabilityontheirships

(Khlopinetal[1]),althoughtheymaynotbefullyoptimizedforweightand

volume.Furthermore,theydonotmeetthehighpowerrequirementsof

high-speedcargoships.TheJapaneseAtomicEnergyResearchInstitute

(JAERI)hasrecentlydesignedastate-of-the-artPWRformarineuseinJapan

calledMarineReactorX(MRX)(Kusunokietal[2]).The100MWthPWRof
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theintegraltypeshowsenhancedsafety,reliability,compactandlightweight

constructionwiththeadoptionofnew technologies.A 210MWthdesignisalso

available,althoughlessdataisprovided(Fujino[3].WestinghouseElectric

Companydesignedaland-basedreactorthataddressesthehighUSDOE

GenerationIV requirementsParamanov[4]).TheIntegralReactorInnovative

andSecure(IRIS)isacandidatemarinepowerplantbecauseofthelow to

medium powerrange(100-350MWe)andthesimplicityindesign,while

maintainingalladvantagesofthelatestreactortechnology.Unfortunatelythe

containmentofthisreactorisnotsuitedformarineapplicationyet.Toconclude,

thereisnoexistingmarinePWRthatprovidesthehighpowerforhigh-speed

transatlanticcargovessels.Thereactorsthatareavailableareeithertoosmall,

land-basedorhavenotyetbeenpresentedinliterature.Thereisnoreference

PWRintherequiredpowerrange.Thesolutionprovidedhereistoscaleupthe

mostmodernPWRdesignsuitedformarineapplication.TheupscaledPWRs

canbecomparedwiththecompetingHTGRreactortypes,andtheoptimum

powerplantsizecanbeselected.Theunavailabilityofan'off-the-shelf'PWR

marinereactorunfortunatelyreducesthechancesofnearfutureapplications.

6.1.1.PWRDESIGN

TheMRXservesasareferencereactorforscaling.TheRussianKLT-series

couldalsobeused,butlittleispublishedonweightandvolumesofthereactor

installations.TheMRXdesignismorestate-of-the-art.Low powerdensityof
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theMRXisnotfavorableforsmallsize,butensurespassivesafety.The

designershavehoweveroptimizedthepowerplantforsmallsizewhile

maintaininglow powerdensity.Landbasedreactorscanhaveacoredensityof

upto130MWth/m3,whiletheMRXhasabout40MWth/m3.Thereactorwill

thereforenotprovidethesmallestavailable.Thecorevolumecouldbeabout

threetimesassmall,leadingtoconsiderablesmallerpowerplants.Thesafetyis

paramounthoweverforapplicationonboardships,astheMRXdesigners

recognize.Figure10showsthescalingprocedurethatisusedtodimensionthe

reactorplant.Theoutcomeofthedimensions-scalingispresentedinFigure5.

TheassociatedweightanalysisisbasedonaweightbreakdownoftheMRX.

Kusunoki[2]showsabreakdownoftheweightsoftheMRXreactorplant

components.Usingthesedataandthescalingmethodologypresentedabovefour

weight-scalingfactorsareappliedtothecomponents:

￭ Corevolume

￭ Reactorvessel-volume

￭ Reactorvessel-outersurface

￭ Containmentvolume

TheresultsarepresentedinFigure10.1.Thesmallbendinthecurveresults

from achangeintheshapeofthecore;between100to200MWththeheight

increaseswithpower,beyondthatpointonlythecorediameterincreases.
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Figure10.ModelofthePWRforParametricConceptualDesign.
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Figure10.1.PWRScalingResults.

Forobviousreasonsonlythelow powerendofthecurvecanbevalidated,

buttwodesignsofintermediatepowerareworthmentioning.A weightof

5800tonisreportedbyFujinofortwoMRXplantstogetherof210MWtheach.

Thisweightisslightlyunderpredictedbythemodel.Dutchdesignfrom '71by

Muyskenalsoshowssatisfactorycomparison.Estimatesfortwo

submarine-classesshow lowerweights,thiscouldbecontributedtothehigher

powerdensitiesofthecore.

PWRsarerobustandprovenreactorsforaircraftcarrierandsubmarine

propulsion;however,specificvolumeandweightseemstobeprohibitivefor

merchantshippropulsion.Thisemergesfrom thechoiceofthecoolant,which

demandsmassivehigh-pressurevesselsandcomponentsforasatisfactory

thermalefficiencyinliquidphase,andwhicharesubjectedtoin-service

degradation.Also,unlessthesereactorsbecomeradicallysimplified,theywould
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remainrelativelyexpensiveunderforahighefficiencyi.e.500MWe(electric)

perunit.A schematicdiagram isshowninthefigurebelow.

Fig.11Schematicdiagram ofaPWR

666...222...BBBoooiiillliiinnngggWWWaaattteeerrrRRReeeaaaccctttooorrr

BWRistheabbreviationfortheBoilingWaterReactor.Thesereactorswere

originallydesignedbyAllis-ChalmersandGeneralElectric(GE).Othersuppliers
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oftheBWRdesignworld-widehaveincludedASEA-Atom,KraftwerkUnion,

Hitachi.CommercialBWRreactorsmaybefoundinFinland,Germany,India,

Japan,Mexico,Netherlands,Spain,Sweden,Switzerland,andTaiwan.Japanand

TaiwanhavethenewestBWRunits.

TheBWRreactortypicallyallowsbulkboilingofthewaterinthereactor.

Theoperatingtemperatureofthereactorisapproximately570Fproducingsteam

atapressureofabout1000poundspersquareinch.CurrentBWRreactors

haveelectricaloutputsof570to1300Mwe.AsthisthePWRdesigns,theunits

areabout33% efficient.Inthefigurebelow,wateriscirculatedthroughthe

ReactorCorepickingupheatasthewatermovespastthefuelassemblies.The

watereventuallyisheatedenoughtoconverttosteam.Steam separatorsinthe

upperpartofthereactorremovewaterfrom thesteam.

Figure12.BoilingWaterReactorSystem
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Thesteam thenpassesthroughtheMainSteam Linestothe

Turbine-Generators.Thesteam typicallygoesfirsttoasmallerHighPressure

(HP)Turbine,thenpassestoMoistureSeparators(notshown),thentothe2or

3largerLow Pressure(LP)Turbines.Inthesketchabovethereare3low

pressureturbines,asiscommonfor1000MWeplant.Theturbinesare

connectedtoeachotherandtotheGeneratorbyalongshaft(notonepiece).

TheGeneratorproducestheelectricity,typicallyatabout20,000voltsAC.

ThiselectricalpoweristhendistributedtoaGeneratorTransformer,which

stepsupthevoltagetoeither230,000or345,000volts.Thenthepoweris

distributedtoaswitchyardorsubstationwherethepoweristhensentoffsite.

Thesteam,afterpassingthroughtheturbines,thencondensesintheCondenser,

whichisatavacuum andiscooledbyocean,sea,lake,orriverwater.The

condensedsteam thenispumpedtoLow PressureFeedwaterHeaters(shown

butnotidentified).ThewaterthenpassestotheFeedwaterPumpswhichin

turn,pumpthewatertothereactorandstartthecyclealloveragain.

TheBWRisuniqueinthattheControlRods,usedtoshutdownthereactor

andmaintainanuniform powerdistributionacrossthereactor,areinserted

fromthebottom byahighpressurehydraulicallyoperatedsystem.TheBWR

alsohasaTorus(shownabove)oraSuppressionPool.Thetorusor

suppressionpoolisusedtoremoveheatreleasedifaneventoccursinwhich

largequantitiesofsteam arereleasedfrom thereactorortheReactor

RecirculationSystem,usedtocirculatewaterthroughthereactor.Intheboiling
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waterreactor(BWR),thewaterwhichpassesoverthereactorcoretoactas

moderatorandcoolantisalsothesteam sourcefortheturbine.The

disadvantageofthisisthatanyfuelleakmightmakethewaterradioactiveand

thatradioactivitywouldreachtheturbineandtherestoftheloop.A typical

operatingpressureforsuchreactorsisabout70atmospheresatwhichpressure

thewaterboilsatabout285.ThisoperatingtemperaturegivesaCarnot

efficiencyofonly42% withapracticaloperatingefficiencyofaround32%,

somewhatlessthanthePWR.BWRsaresupposedtoofferslightinvestment

reductions,butthisdesignhasnotfoundjustificationinMarinepropulsion,

becauseofphasedifferencesandheavingaccelerationsthatwouldimpairreactor

powercontrol.Moreoverheavingaccelerationswouldinturnresultinheavy

vibrationsthataretotallyunacceptableinmarineapplications.Another

disadvantageofthesetypesofreactorsisthatitrequiresheavyandextensive

shielding,duetoradiochemicalcarryoverincreasingradioactiveradiation

hazards.A schematicdiagram ofaBWRisshowninthefigurebelow [Fig.13].
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Figure13.Schematicdiagram ofaBWR

666...333...GGGaaasss---CCCoooooollleeedddRRReeeaaaccctttooorrrsss(((GGGCCCRRR)))

FFFiiiggguuurrreee111444.Schematicdiagram oftheAdvancedGas-cooledReactor.

Notethattheheatexchangeriscontainedwithinthesteel-reinforcedconcrete

combinedpressurevesselandradiationshield.AnAdvancedGasCooledReactor

(AGR)isatypeofnuclearreactor.ThesearethesecondgenerationofBritish
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gas-cooledreactors,usinggraphiteastheneutronmoderatorandcarbondioxide

ascoolant.Thefuelisuranium oxidepellets,enrichedto2.5-3.5%,instainless

steeltubes.Thecarbondioxidecirculatesthroughthecore,reaching640°Cand

thenpassesthroughboiler(steam generator)assembliesoutsidethecorebut

stillwithinthesteellined,reinforcedconcretepressurevessel.Controlrods

penetratethemoderatorandasecondaryshutdownsystem involvesinjecting

nitrogenintothecoolantorreleasingboronballshutdowndevices.Thedesign

oftheAGRwassuchthatthefinalsteam conditionsattheboilerstopvalve

wereidenticaltothatofconventionalpowerstations.Thusthesamedesignof

turbo-generatorplantcouldbeused.Inordertoobtainhightemperatures,yet

ensureusefulgraphitecorelife(graphiteoxidisesreadilyinCO2athigh

temperature)re-entrantflow isutilised,ensuringthatthegraphitecore

temperaturesdonotvarytoomuchfrom thoseseeninaMagnoxstation.The

AGRhasagoodthermalefficiency(electricitygenerated/heatgeneratedratio)

ofabout41%,whichisbetterthanmodernpressurizedwaterreactorswhich

haveatypicalthermalefficiencyof32%.Thisislargelyduetothehigher

coolantoutlettemperatureofabout640°Cpracticalwithgascooling,compared

toabout325°CforPWRs.Howeverthereactorcorehastobelargerforthe

samepoweroutput,andthefuelburnupratioatdischargeislowersothefuel

isusedlessefficiently,counteringthethermalefficiencyadvantage.

TheAGRwasdevelopedfrom theMagnoxreactor,alsographitemoderated

andCO2cooled,anumberofwhicharestilloperatinginUK.TheMagnoxused
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naturaluranium fuelinmetalform andmagnesium basedcladding.Theoriginal

designconceptoftheAGRwastouseaberyllium basedcladding.Whenthis

provedunsuitable,theenrichmentlevelofthefuelwasraisedtoallow forthe

higherneutroncapturelossesofstainlesssteelcladding.Thissignificantly

increasedthecostofthepowerproducedbyanAGR.LiketheMagnox,

CANDU andRBMK reactors,andincontrasttothelightwaterreactors,AGRs

aredesignedtoberefueledwithoutbeingshutdownfirst,thoughanumberof

nuclearsafetyissueswereidentifiedinrelationtothisandsoallAGRseither

refuelatpartloadorwhenshutdown.TheprototypeAGRattheSellafield

(Windscale)siteisintheprocessofbeingdecommissioned.Thisprojectisalso

astudyofwhatisrequiredtodecommissionanuclearreactorsafely.Currently

therearesevennucleargeneratingstationseachwithtwooperatingAGRsin

theUnitedKingdom.TheyareallownedandoperatedbyBritishEnergy.

ThesearelocatedatDungenessB,Hartlepool,Heysham 1,Heysham 2,Hinkley

PointB,HunterstonBandTorness.

OfthevariouskindsofGCRs,themostcommononesareGT-MHR(Gas

TurbineModularhelium reactor),PBMR(PebbleBedModularReactor)and

HTGR(HighTemperatureGasReactor).

6.3.1.GT-MHR

Thisreactorisanaero-derivativegasturbine,exceptfortheexistenceofa

nuclearreactorinsteadoffuelburners,andthechoiceofaclosedhelium cycle,

resultinginadecreaseinthecompressionratio.Helium isheatedbythe
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nuclearfissionreactionandexpandsacrossthebladesoftheturbine.The

helium isrecompressedandredeliveredtothehotsideoftheengine.The

turningturbineproducestorque,andinsomecasesisdirectlycoupledtoa

generator(withinthecontainmentshell)fordirectdeliveryofelectricalpower.

GTMHRsarelighter,simpler,havehighthermalefficiencyhavechemical

fuel-coolantaffinity,andfuelburnup.Thesearelesssensitivetoshipmotion

unlikePWRsandBWRs.TheGasTurbine ModularHelium Reactor

(GT-MHR)isanadvancednuclearpowersystem thatiswellsuitedto

shipboardapplicationbyvirtueofitscompactsize,highthermalefficiency,

inherentsafetyfeaturesandenvironmentaladvantages.Theconceptwas

originallydevelopedbyGeneralAtomicsunderU.S.DepartmentofEnergy

fundingforstationarypowerproduction.However,itshighdegreeofsafetyand

flexibledesignarrangementmakeitadaptabletomanyapplications.The

GT-MHRcouplesahelium-cooledmodularhelium reactor,containedinone

vessel,withahighefficiencyBraytoncyclegasturbinePowerConversion

System (PCS),containedinanadjacentvessel.ThestationaryGT-MHR

module,asshowninFigure3isdesignedtobelocatedbelow groundina

concretesilowithbothvesselsinaverticalarrangement.However,thevessel

dimensionsandorientationofthePCSvesselcanbealteredtofitthespecific

application.TheGT-MHRpowerconversionsystem employsanoptional

intercoolerandseawatercooling.Helium coolantisheatedinthereactor.The

heatedcoolantflowsthroughthecross-vesseltothePCS,whereitisexpanded
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throughagasturbinetodrivetheelectricgeneratorsandcompressors.Helium

re-compressionisaccomplishedusingprecoolingandoptionalintercooling.

Energyistransferredbackintothehelium inarecuperatorpriortothehelium

beingreturnedtothereactor.Anintermediatecoolingloopisusedasasafety

bufferbetweentheprimarycoolinghelium andtheexternalheatsink(e.g.,

seawater).Thisprovidesadoublebarrier(precoolerandintermediateheat

exchanger)againstpossiblereleaseofanyradioactivematerialtothe

environment.Theintermediatecoolingloopalsoprovidesessentialcoolingtothe

generator.OneofthemostimportantfeaturesoftheGT-MHRforshipboard

applicationissafety.TheGTMHR

ismelt-downproofandpassivelysafe.Thissafetyisachievedthrougha

combinationofinherentsafetycharacteristicsanddesignselectionsthattake

maximum advantageoftheinherentcharacteristics.Thesecharacteristics

include:

￭ Helium coolant:whichissinglephase,inert,andhasnoreactivity

effects

￭ GraphiteCore:whichprovideshighheatcapacityandslow thermal

response,andstructuralstabilityatveryhightemperatures

￭ Refractorycoatedparticlefuel:whichretainsfissionproductsat

temperaturesmuchhigherthatnormaloperations

￭ Negativetemperaturecoefficientofreactivity:whichinherentlyshuts

downthecoreabovenormaloperatingtemperatures
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￭ A low powerdensitycoreinanun-insulatedsteelreactorvessel

surroundedbyareactorcavitycoolingsystem (RCCS).

TheRCCSisanindependentmeansprovidedfortheremovalofcoredecay

heatfrom thereactorvesselinapassivemannerintheeventthetwoactive,

diverseheatremovalsystems,thepowerconversionsystem andashutdown

coolingsystem,arenotavailable.Forpassiveremovalofdecayheat,thecore

powerdensityandthecoreconfigurationaredesignedsuchthatthedecayheat

canberemovedbyheatconduction,thermalradiationandnaturalconvection

withoutexceedingthefuelparticleaccidenttemperaturedesignlimit.Coredecay

heatisconductedtothepressurevesselandtransferredbyradiationfrom the

vesseltothenormallyoperatingRCCS.Asaresult,radio-0nuclidesareretained

withtherefractorycoatedfuelparticleswithouttheneedforsafetysystem

actuationoroperatoraction.Thesesafetycharacteristicsanddesignfeatures

resultinareactorthatcanwithstandlossofcoolantcirculationorevenlossof

coolantinventoryandmaintainfueltemperaturesbelow damagelimits(i.e.,the

system ismeltdownproof).Thelargeheatcapacityofgraphitecorestructureis

animportantinherentcharacteristicthatsignificantlycontributestomaintaining

fueltemperaturesbelow damagelimitsduringlossofcooling,orcoolant,events.

Thecoregraphiteheatcapacityissufficientlylargetocauseanyheatup,or

cooldown,totakeplaceslowly.A substantialtime(ontheorderofdaysversus

minutesforotherreactors)isavailabletotakecorrectiveactionstomitigate

abnormaleventsandtorestorethereactortonormaloperations.Thehigh
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negativetemperaturecoefficientofreactivityprovidesprotectionagainstcontrol

malfunctionsand/orfailureofnormalreactivitycontrolmechanisms.This

feature,whichisaninherentpropertyoftheuranium fuelandgraphite

moderator,addsalargeamountofnegativereactivityintheeventthatthecore

temperaturerisesabovethenormaloperatingtemperature,thuscausingthe

powertoreducetotheshutdownlevel.Thus,acoreheat-upwillinherently

shutthereactordown.

FFFiiiggguuurrreee111555.GT-MHRCrossSection

A schematicdiagram isshowninfigure[Fig.16]below.
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FFFiiiggg...111666Schematicdiagram ofaGT-MHR

ThesimplicityofaGT-MHRisshowninthefigure[Fig.17].

FFFiiiggg...111777SimpleconstructionofaGT-MHR

Thistypeofreactorhasbeenchosenanoptionfortheconceptualideaofa

fastcontainershipthatwasconceivedbyThornycroft,Giles& Co.forfast
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shipAtlanticInc.ofVirginiawiththeassistanceofMIT (DeptofOcean

EngineeringforHullDesignandSeaKeepingSimulation)[Fig.18].

Fig.18SPMH (Semi-PlanningMonoHull)Concept

6.3.2.PBMR

ThePBMRisanadvancednuclearreactordesign.Insteadofwater,ituses

aninertorsemi-inertgassuchashelium,nitrogenorcarbondioxideasthe

coolant,atveryhightemperature,todriveaturbinedirectly.Thiseliminates

thecomplexsteam managementsystem from thedesign,andincreasesthe

transferefficiencytoabout50%.SafetyFeatures:Thereactoriscooledbyan

inert,fireproofgas,soitcannothaveasteam explosionasalight-water

reactorcanandthereactorwillnotcrack,melt,explodeorspew hazardous

wastes.Theprimaryadvantageofpebblebedreactorsisthattheycanbe

designedtobeinherentlysafe.Inparticular,mostofthefuelcontainment
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residesinthepebbles[Fig.7],andthepebblesaredesignedsothata

containmentfailurereleasesatmosta0.5mm sphereofradioactivematerial.A

significanttechnicaladvantageisthatsomedesignsarethrottledby

temperature,notbycontrolrods.

FFFiiiggguuurrreee111999...FuelElementDesignforPBMR

666...444...TTThhheeeHHHiiiggghhhTTTeeemmmpppeeerrraaatttuuurrreeeRRReeeaaaccctttooorrr---GGGaaasssTTTuuurrrbbbiiinnneee(((HHHTTTRRR---GGGTTT)))

TheHTR-GT isaninherentlysafe,helium cooled,graphitemoderated,high

temperaturereactordirectlycoupledtoaclosed-cyclegasturbine.The

NEREUSinstallationisthe20MWthor8MWeversionoftheHTR-GT with

apebble-bednuclearreactorasheatsource.TheHTR-GT isnotacompetitor

forexistingPressurizedWaterReactor(PWR)installations,whicharedesigned

fordirectdriveincommercialshippingapplications.TheHTR-GT isnot

suitablefordirectdriveandonlysuitableforlow powerrangeandasaprime

moverinshipswithanall-electricpropulsionsystem.Theheartofthe

installationisaso-calledpebble-bedreactor.
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FFFiiiggguuurrreee222000...Thenuclearfuel

FFFiiiggguuurrreee222111...TheNEREUScycle

Thebasicfuelelementistheso-calledcoatedparticle,consistingofa

uraniumoxidefuelkernelsurroundedbyfourcoatings(seefigure20):from

insidetooutsideaporouspyrolyticgraphitecoating,ahighdensitygraphite

coating,asiliconcarbidecoatingandanouterpyrolytichighdensitygraphite

coating.Thediameteroftheuraniumoxidekernelisabout1mm.Thewhole

fuelelementconstructioniscalledatrisocoatedparticle.Thesiliconcarbide
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coatingactsasanimpenetrablecontainmentfortheradioactivefissionproducts

insidethefuelkernelandtheporouscoating.Theporouscoatingallowsa

build-upinsidethefuelkerneloffissionproducts,whicharepartlygaseous.It

hasinpracticebeenproventhattheseparticlescanwithstandtemperaturesof

upto1600°Cduringanindefinitelylongperiodoftimewithoutanyreleaseof

integrityandconsequentlywithoutanyreleaseoffissionproducts.The

enrichmentoftheuranium dependsupontheamountofenergyrequiredforthe

fuelcycle(8 19.75%).FortheLWRtheenrichmentis3-5%.This

constructionformsthefirstcontainmentoftheradioactivematerialfrom the

biosphere.From theoutsidethefuelelementslooklikegraphiteballsof6cm

orpebbles,hencethenameofthereactor.About10,000ofsuchtrisocoated

particleshavebeenputinthegraphitematrixofthefuelelement.Thefuel

elementscanbemadeoxidation-resistantbycoatingthem withsilicon.Asa

consequencetheyarefireproofaswellascorrosionproof(e.g.ingressof

steam).Infactthegraphitematrixandgraphiteouterlayerform thesecond

containment,whichisimpenetrableformostofthefissionproductsevenat

prolongedexposuretohightemperatures.Thebuilt-upofhighlymobilefission

productsinthehelium coolantwillbelow aswasalsoobservedatAVR/Jülich.

Infactthegraphitematrixandgraphiteouterlayerform thesecond

containment,whichprovedinteststobeimpenetrableforthefissionproducts.

ThenumericalfiguresforthecurvesshowninFigure22denotethediameter

(inmm)ofverysmallcylinders('needles')ofburnablepoison,embeddedinthe
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fuelelements.Withadiameterof0.8mm thereactivityofthereactorasa

functionoftime(expressedineffectivefullpowerdaysEFPD)isalmost

constantwhicheliminateslong-term reactivitycontrolbycontrolrods.Inthe

reactorcore,duringitsfuelcycle,achainoffissionreactionshastobe

maintained.Becauseofthefissionstheamountoffuelaswellasthereactivity

decreasesaftersometime.Refuelinghastotakeplace.Moststudiesonthe

pebblebedHTRassumeon-linerefueling.

Figure22.Criticalitycontrolthroughburnablepoison

ConsequentlythereisnoexcessreactivityinthecoreofanHTR.Buton-line

refuelingmeansaconstantaddingoffreshfuelandremovalofspentfuel.

Especiallythefuelremovalimpliesacomplicatedinstallation,whichmaybe

pronetobreakdowns.However,theNEREUSinstallationisbaseduponthe

principleofsimplicity.Theintentionistouse"burnablepoison".Somematerials

havesuchahighneutronabsorbingproperty,thatwhenplacedinthereactor

coretheirconcentrationdiminishesbecauseoftransmutationasafunctionof
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time.Suchmaterialsarecalled"burnableneutronpoisons".Theyfacilitate

higherfuelconcentrationinthereactorcoreandconsequentlyalesserpacein

thedecreaseofthereactivity.Theburnablepoisonalsosimplifiesthecontrol

rodrequirements."Burnablepoison"isaverybasicfeatureforthistypeof

smallscaleenergyproductionunits.Controloftheenergyproduction:The

reactivityisstronglydependentuponthetemperatureofthefuel.HTR'sfuel

possessesanegativetemperaturereactivitycoefficient.Thisimpliesthatwhen

thetemperatureofthereactortemporarilydecreasestosomeextent,its

reactivityincreases,itspowergenerationincreasesandtheoriginaltemperature

levelisrestored.Thisphenomenonisbeingusedforpowercontrolinthe

NEREUSreactorconcept.Whenmorepowerisneededthecoolantflow is

increased,thetemperatureofthefuelwilldecrease,thenumberoffissionswill

increaseandasaresultthepowerproducedbythecorewillincreaseaswell,

andreversibly.ThisfeatureoftheHTRhasbeenfullydemonstrated,evento

theextreme,withasuddenpowerchangefrom maximum powertozeropower,

duringtheoperationoftheAVR/Jülich.Itisalsoanimportantfeatureofthe

inherentlysafecharacteroftheHTR.

DecayHeat:Thedecayheatistheheat,whichisstillgeneratedbythe

nuclearfuelaftershutdown.Thecompletelypassiveremovalofthedecayheat

isanecessitytopreventameltdown.Forthispurposethereisaspace

betweentheoutsideofthereactordrum andtheinsideofthebiological

shielding,throughwhichairflows.Thisflow isdrivenbynaturaldraft.This
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coolingwillbethereallthetimeandisestablishedwithoutanyventilators,

blowersorothermechanicalmeansbutinanaturalway.Forthispurposea

normalship'sfunnelconstructionisverysuitable.Thisconstructioncanalsobe

usedastransportrouteforrefueling,maintenanceandrepairbyreplacement.

Thecoolingairmustbesuppliedfrom theopendecks.Thispassiveheat

removalsystem isalwaysinoperationandremovesabout0.5% oftheenergy

producedinthereactorduringnormaloperations(100kW).Duetothelow

energydensityinthecoreandthesmallconstruction,theoutsidesurfaceofthe

reactordrum isenoughtoallow thedecayheattobetakenawaybynatural

draft.Iftheshipsinks,thereactoritselfgetsflooded.Althoughtherewillbe

automaticandhandcontroldevicestocontrolthereactorinanykindof

situation,itisassumedthatthereisnotimeornoopportunitytodoso,orthat

theautomaticsystem fails.Atthemomentthedesignissuchthatwhenthe

shipsinksortheengineroom getscompletelyfloodedtheseawaterwillenter

thehelium circuitthroughfastcorrodingplugs.Thehelium willdisappearand

seawaterwillentertheclosed-cyclesystem andsothenuclearcore.
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777...OOOVVVEEERRRVVVIIIEEEWWW OOOFFFNNNUUUCCCLLLEEEAAARRRPPPRRROOOPPPUUULLLSSSIIIOOONNN

Once,navalpropulsiongavebirthtothedominantcommercialnuclearpower

reactors.Now,theadvancesininnovativereactordesignsmaypayback.Even

thoughmostofthereactorsdiscussedabove,wouldincuraneconomicviability

averagelyof200million$foronlytheplantinstallation,thereisanadvantage

ofconsiderablereducedweightforeachtypeofreactorswhichisevidentfrom

thetable[Table2]below.

Components AddedWts(tons) RemovedWts(tons)
Reactorvessel 270
ReactorCore 380

ShieldsandStructures 1050
Powerconverters 290
Helium converters 40
Coolingsystems 15

SpareHeCompartment 5
AuxiliaryEquipments 150
Decontaminationchamber 40

GasTurbines&

Auxiliaries
50 250

Airducts& Exhaust 20 150
FuelOil 300 4800
Total 2610 5200

NetWt.advantage 2590

TTTaaabbbllleee333Relativepowerplantweightestimation

Thisreducedweightalsograbsinittheadvantageofasimplerconstruction

ofthevessel.Consideringthesepoints,andotherservicefactors,thevessels
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whichcanhavenuclearpropulsionarecontainercarriers.Thenetbenefitsper

ship,consideringrevenuesatapreferentialrateof38cents/kgwithaservice

factorof87%,andaloadfactorof70% with7.25tons/TEU,wouldbe$65

millionsperyear.Thisprovesthattheonlyeconomicbarrier,otherthanthe

notspecificandflexiblerulesfornuclearmerchantvessels,isonlyfora

short-term basisandisprofitableonalong-term basis.

777...111CCCooonnncccllluuusssiiiooonnn

Theeconomicviabilityofnuclearpropulsionisanticipatedforfastcontainer

ships.Thereiscurrentlylittleinterestintheworldonthepartofeitherthe

governmentormajorcorporationstoconsiderthepossibilityofuranium fueled

ships.Thereareobvioushurdlesthatmustbeovercome,butthebenefitsof

nuclearpropulsionmaketheeffortworthwhile.Thebenefitsareenoughto

encouragecountriestocontinuetosupportnuclearshipresearch.Thefutureis

bright,thebenefitsareapparent,andthetechnologyisavailable.Theimpactof

nuclearpoweronoceanshippingcanbeasgreatasthatofcontainerization.

Becauseoftheincreasedspeedandflexibilityofoperation,atomicenergycan

allow shipstocompetemoreeffectivelywithaircraftinthemarketfor

internationaldeliveries.
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