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Abstract

For sub-segpower generationa nuclearreactorof modestoutput power is an attractve op-
tion. Giventhe operationaldemandof sub-segpower generationa reactorof the 'graphite-
moderatedgas-cooledHigh Temperatur&eactoHTR)' typeis thebestalternatve. Thisreac-
tor conceptcombinesnherentand passve safety fuel economyloadfollowing capabilityand
long operatingtimesof up to several yearswithout refueling. The HTR conceptalsoprovides
achoiceof power conversionsystemsrangingfrom direct-g/cle gasturbinefor electricity pro-
duction,to indirectcyclesor industrialheatapplications. A numberof optionsareopenfor the
working uids andgasesn the primaryandsecondargycles.

The HTR o0 ersextremepassie safety i.e. safetyby design,relying only on the laws of
natureinsteadof active devicessuchaspumpsyvalvesetc. The safetyof the HTR renderamajor
accidentsalmostimpossible,and if thereis anincidentthe e ectswill be small. The HTR
concepis by farthe safesnuclearreactortype currentlyavailable. Accidentsinvolving massie
releasenf radioactve materialsnto the ervironmentareimpossible.

TheHTR o ersload-follonving capability of up to 50% of the nominal power output: the
power outputcanbe regulatedbetweerfull pover and50% of full power. The HTR requires
only aminimumof controlsystemsdo achieve thisloadfollowing capability unlike othernuclear
reactorswhich aredesignecasbasdoadunits. HTR power outputcanbevariedin atimescale
of minuteswhereothernucleareactorshave timescale®f hoursor evendaysbecausef safety
precautions.

The costinvolved with a sub-seanuclearpower plant cannotbe estimatedaccurately A
study performedin The Netherlandson a small-scaleco-generatiomuclearpower plant with
an electricoutputof 16.5MW in 1996 shaved a capitalinvestmentof roughly 4Me per MW
electric (total 66Me ), an estimatedOperations& MaintenanceCostof 1.5Me peryear and
decommissioningostswereestimatectsomes50ke perMW electricoverthereactodifetime.

In this reporta generalintroductionof nuclearreactorsandreactorcontrolis givenin the

rst chapter followed by an introductionof the helium-cooledHTR conceptand associated
basicdesignchoices andthe safetycasefor this reactortypeis presented As an extra a short
analysisis suppliedof two importantaccidentscenarios:the Chernobyl-accidentandthe so-
callednuclearcoremelt-davn. In the third chaptersomespeci ¢ detailsregardinglong time,
remotecontrolledsub-sea@perationarepresentedaswell asshortanalysisof thecosts.



Generalntroductionof nucleamreactors

1.1 Basicsof nuclear chain reactingsystems

All matteraroundusis composeaf atoms.Theatomitself consistf theatomicnucleusmade
of protonsandneutronsaroundwhich circle the electrons.The neutronsn the nucleusactas
a kind of glueto keepthe positvely chagedprotonsfrom ying apartby Coulombrepulsion.
Not all con gurationsof protonsandneutronsarestable[1]. Someheay nuclei canbe split
( ssioned)into smallerpartsby introducingan extra neutroninto thenucleus.The ssion event
creates? (rarely more) smallernuclei (the FissionProducts) releasingenegy anda number
of new neutrons. If the numberof newv neutronsis larger thanone, the possibility of a self-
sustainingchain reactionexists. In naturethereis only one nucleuswhich canbe ssioned
easily: U-235!. The ssion of 1 U-235 nucleusreleasegon average)2.44 new neutronsand
200MeV (3:2 10 1! J)of enegy [2]. This mayseemasmallamountof enegy, but complete
ssion of 1 gramof U-235released MWd of enegy (roughlyequialentto burning 2600liters
of gasoline).

Usingasu cientamountof ssile materialin the correctgeometricabon gurationachain
reactionsystemcanbe made:the nuclearreactor The nuclearreactoralsorequiresa cooling
systemto remove thegeneratedheatfrom thereactor The FissionProductsaareusuallyunstable
nucleiwhich decay(radioactve decay)until stablenucleiareformed. The enegy releasedy
theradioactve decayis several percentof the total power generatedn the nuclearreactor[2].
Becauseof the radioactity andthe neutronradiationthe nuclearreactorhasto be shielded
adequately

U isthesymbolof thechemicaklementuranium.235is thenumberof subatomigarticlesin theatomicnucleus.
A U-235nucleuscontains235nucleonspf which 92 areprotonsand143areneutrons.
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1.2. THERMALIZATION OF NEUTRONS 3

1.2 Thermalization of neutrons

Thenew neutronghataresetfreeby ssion have ahighenegy (high velocity). The probability
thata neutronwill induce ssion in a ssile nucleusis dependenbn the enepgy of theincident
neutron,and generallyincreasesharplywith decreasingenegy (see g. 1.1)[2]. A higher
probabilityof inducing ssion meanghattheamountof ssile materialrequiredto maintainthe
chainreactioncanbereduced.Thusa mechanisnis requiredto slow down (moderate}heneu-
tronsafterthey areborn. Slowing down is achiered by repeatecklasticcollisions(hardsphere
collisions)betweenrnthe neutronsandnucleiof the surroundingnedium(the moderator).In the
collisionsenepy is transferredrom the neutronto the moderatar Moderationis moste ective
whenthe moderatomuclei have the samemassasthe neutrons.Hydrogenis the bestmoder
ator (a hydrogennucleusconsistsof 1 proton,which hasalmostthe samemassasa neutron),
but otherlight nucleiarealsoused. The mostcommonlyusedmoderatorsrelight andheary?
(watercontains2 hydrogennuclei per molecule),beryllium(oxide)andgraphite. The neutron
canbeslowveddown until its movementis in equilibriumwith the thermalmotion of themoder
atornuclei. The neutronis thensaidto be'fully thermalized'andnuclearreactorsn which the
majority of the ssions areinducedby thermalizecheutronsareknown as'thermalreactors'.

Fission cross section of U-235
10 T

Fission cross section [b]

Energy [eV]

Figure 1.1: Theenegy dependencef the ssion crosssectionof U-235. The ssion crosssectionis
essentiallya measue for the probability that anincidentneutonwill in factcausea ssion.
Notethe doublelogarithmic scale Theneutionsare born with an average enegy around
10° eV and after modeation they havean enegy around 10 2 eV In this enegy interval
(thermalenegies)the probability of inducing ssion is abouta 1000timeslarger thanin the
MeVregion. DatafromJEF2.2nucleardatalibrary [3].

2Thechemicaformulaof wateris H,O. Thereare2 isotopesf hydrogenH): H-1 (justaproton)andH-2, which
hasa protonanda neutronandis knovn asdeuterium,symbol D. Heary wateris D,0O, andhasa slightly higher
densitythannormalwater hencethe name'heavy water'.
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The vast majority of nuclearreactorsin operationtoday are thermalsystems. A thermal
systenrequireghreeingredientsthenuclearfuel,amoderatarandacoolingmediumto remove
the generatecheatfrom the fuel material. In light waterreactors(the majority of all reactor
systems)the water actsas both moderatorand cooling medium. In gascooledreactorsthe
moderatoiis usuallygraphitewith CO, or heliumascoolingmedium([4].

1.3 Reactorcontrol, Doppler e ect,decayheatremoval

The nuclearchainreactionis controlledby adjustingthe amountof absorbingmaterialin the
core. More absorptionrmeansthat lessneutronssurvie to initiate newv ssions, thusreducing
the neutronpopulation. In mostreactorsthis control is doneby using so-calledcontrol rods,
rodsmadeof a highly absorbingmaterial. By moving theserods, the amountof absorptionis
regulated,anddoing sothereactorpower canbe controlled[5].

ThenuclearDopplere ectalsoprovidesamechanisnior controlof reactorpower. Loosely
statedthenuclearDopplere ectisthee ectthatfor all materialsabsorptiorincreasesvith in-
creasingemperatureThis givesa negative power feedbacko all nucleareactorsanexcursion
in power leadsto highertemperaturesncreasedbsorptiona smallerneutronpopulationand
decreaseg@ower [6].

As statedearlierthe ssion productsaregenerallyradioactve, andthe enegy releasedrom
thisradioactve decayequalsseveralpercenpf thetotal power outputof thereactor Radioactie
decayis notinstantaneoudyut takessometime. This meanghata nucleareactorwill keepon
producingpower even after the neutronchain reactionhas completelystopped. This decay
heatequalsseveral percent(usuallysome6 - 8 %) of the core power outputimmediatelyafter
shutdevn, decreasingo 1 % afterseveralhours[7]. Fig 1.2givesthedecayheatasafunctionof
time. Specialmeasurefave to betakento make surethatthis decayheatis adequatelyemoved
from the core after shutdevn. Specialattentionmust be given to decayheatremoval under
accidentatonditions.

1.4 Fuel enrichment, corversion and depletion

Thereis only one ssile nuclidein nature,U-235. Uraniumis a chemicalelementandhas?2
isotopes:U-238 (92 protons,146 neutronsabundance9.3%), whichis not ssile, andU-235
(92 protons,143neutronsalundance.7%). For mostreactorsiaturaluraniumdoesnot contain
enoughof the ssile isotopeU-235to maintainthe nuclearchainreaction. Thereforethe fuel
is enriched:the concentratiorof U-235is increasedFor example,mostpower reactorgun on
fuel with 3 - 4 % U-235,while researchieactorgun on 20 % enrichedfuel [5].

Thereare 2 enrichmentmethods: gasdi usionand centrifuges. Both methodsuse UFg
gas.Thegasdi usionmethodis a molecularseparatiorprocesdasednthedi erentpassage
times of moleculesthrougha semi-permeablenembranedueto di erencesn sizeandmass.
In the centrifugeprocesshe UFg gasis let into a rapidly spinningcentrifuge(ultra-centrifuge),
afterwhichthemasddi erencebetweerlJ-235andU-238providesasmalldi erencedn isotope
concentrationin the centrifuge. Urencoin Almelo (The Netherlands)s one of the world's
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Figure 1.2: Decayheatvs. time asa percentaye of the powerof thereactor Thisgraphis usedby IRI
for decayheatcalculationsof heliumcooledHTRs. Initially the decayheatequalsseveral
percentof the reactor power deceasingrapidly to 1 percent. Notethe time scale 45000
secondequalsl2.5hours.

leadingcompaniesuilding ultra-centrifugesand providing nuclearenrichmentservices. The
enrichmentprocesss quite expensve andamountsto an appreciabldraction of the total fuel
costs.Enrichmenin ultra-centrifugess cheapethanthegas-di usionmethod.

The U-238nucleuscanabsorba neutron,andbecomeJ-239,whichis anunstablenucleus,
decayingeventually to form Pu-239,which is also unstablebut with a very long half-life of
24000years. Pu-239is ssile, soin this reactionnon- ssile materialis corvertedto ssile
material. Thecorversionof U-238to Pu-239is a naturaloccurrenceén uraniumfueledreactors.
In normaloperationPu-239 ssions accountfor some40% of thetotal reactorpower[8].

Thee ectve multiplicationfactorke is the mostimportantparameteof a nuclearreactor
Looselystatedt is themultiplicationfactorbetweerthe numberof neutrongn thereactorfrom
generationio generationFor steadystateoperationke mustbeexactly equalto 1. Thecontrol
rodsareadjustedio reachke = 1. During irradiationthe numberof ssile nucleiin the fuel
decreasegndat somepointtherearenotenoughssile nucleileft to reachke = 1. Thefuelis
depletecandmustbereplacedy freshfuel or the chainreactionwill die out.

1.5 Spentfuel treatment

The fuel dischaged from the reactorcontainsup to 96 % U-238, small amountsof various
Pu-isotopegmainly Pu-238to Pu-242),minor amountsof heavier nuclideslike Am, Cm, etc.,
andtherestare ssion products,mostof which arehighly radioactve, causingan appreciable
amountof decayheat. The spentfuel is di cult to handleandis left to cool down for several
yearson site. After sometime mostradioactity hasdecayedandthefuel canbetransported.
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Figure 1.3: Anillustration of the nuclearfuel cycle Uraniumore is minedand UF¢ is produced,and
subsequentlysedin the enrichmentprocess EnrichedUF¢ goesto the fuel elemenfactory
to male fuel elementsfor instanceTRISOparticlesembeddeth graphitespheesfor HTRs.
After usein thereactorthe spentfuel goesto thereprocessinglant. After reprocessingnen
fuel elementg£anbe madeusingtheuraniumand plutoniumretrievedfromthe spentfuel.

Therearebasically2 stratgiesof spentfuel treatment:

1. OnceThroughThenOut (OTTO) stratgy: all of the spentfuel is packaged¢conditioned
for storageandputinto therepository E ectively a batchof fuel is usedonly once(‘'open
fuel cycle").

2. Reprocessinduel cycle: the spentnuclearfuel is disassembledand the uraniumand
plutoniumareextractedfrom the spentfuel mixture. Uraniumandplutoniumareusedto
make new fuel. Theremaindewf thematerialis conditionedfor end-storag€'closedfuel

cycle’).

Fig. 1.3 givesanimpressiorof all stepsof a closednuclearfuel cycle. The openfuel cycle
di ersfromtheillustrationin thatthe spentfuel elementsio not goto areprocessinglant, but
insteadgo to a repository After reprocessingthe wastestreamof materialsinto therepository
is muchsmallerthanwith the OTTO-stratgy, becausé) andPuform thegreatestractionof the
spentfuel. The closedfuel cycle useslessraw materialsandhasbetterfuel economythanthe
opencycle. The disadwantagesf reprocessingrethe requiredtransportatiorto andfrom the
reprocessingdacility, andthe factthat ssile material(mainly Pu-239)is separategomavhere
down theline, which is conceved asa proliferationrisk. In EuropeandJapanspentfuel from
power reactorsis reprocessedn the US an OTTO stratgy is adopted. The world's largest
reprocessingacilities are locatedin Europe,of which the plantsat Sella eld (U.K.) andLa
Hague(Francearethemostwell-knowvn. Releasesf radioactve materialfrom thereprocessing
plantsto the environmentsare small and have beenreduceddrasticallyover the last 10 years.
Severalimproved reprocessingyclesare understudyin Europe,Japanandthe U.S., because
reprocessingreatlyreducesonsumptiorof uraniumandrepositoryrequirement$9].
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The OTTO fuel cycle is economicabecausdor mostnuclearpower applicationsthe fuel
costsareonly amanginal fractionof thetotal costs.This meanghatfuel economyis nota prime
tamget. In the OTTO cycle the wastestreaminto the repositoryconsistsof almostall materials
taken out of thereactorduring the operatinglife. The OTTO cycle will remaineconomicabs
long asuraniumis cheap. The uraniumpriceis currentlynot very volatile. The OTTO cycle
requiresthat all fuel be conditionedin sucha way thatit canbe safelystoredin a land-based
intermediatestoragefacility.

Theamountof ssion productsn spentfuel canbeeasilyestimatedrom thethermalpower
outputof the reactorandthe time it hasbeenoperating,usingthe factthat 1 gramof ssile
materialproducegoughly 1 MWd of enegy, andthatfor every massof ssioned materialthe
samemassof ssion productsis producedconseration of mass).For instancea 1350 MWth
reactor(Borsselepower station)will produceroughly490kg of ssion productsfor every year
of full power operation.

Storageof nuclearrest-materialss dividedin intermediateland-basedtoragetime frame
100years),and nal storagein geologicallayers(for ever). Intermediatestorageis meantas
a temporarysolution while geologicalrepositoriesare being developed. In The Netherlands
the HABOG at COVRA, the nationalintermediatestoragefacility, was recently opened. In
intermediatestoragdacilitiesstainlessteelcaskssuchasshavn in theright handsideof g. 1.4
arestoredinsideair-cooledconcretecavities. The facilities arehighly automatedo reducethe
exposureto radiationof the personnel.Conditioningfor the repositoryconsistsof vitri cation
in boratedglassof the materials,after which everythingis packagedn several stainlesssteel
casks.The containergequirecoolingduringthe rst severalyearsbecausef thedecayheat.

Final disposalinvolves a repositorythat is safeon geologicaltime scales. The materials
storedin the repositoryshouldunderno conditionsever enterthe biosphereaslong asthey
aretoo radioactve, which is a periodof 10° yearsor longer Geologicaldisposalrequiresfor
instanceseismicstability no o w of groundvater no possibleentranceby manor animals,etc.
Currentlythereareno suchrepositoriesn the world, but investigationsarein adwvancedstages
in Belgium(Mol) andtheU.S. (YuccaMountain). The YuccaMountainrepositoryis quitehigh
above ground. The soil andair arevery dry. The geologicalsystemto which YuccaMountain
belongsis very old, seismicallystableand specialin thatit is almostperfectlyisolatedfrom
otherpartsof the earths crust.In Mol (Belgium)therepositoryis located223m belov ground
in alayerof clay (see g 1.5). Thisclayis impenetrabléo waterandanimals,andis somevhat

e xible. In caseof aseismicupheaal, theclaywill move until it is fully closedagain.Research
hasshavn thattheclay layersarehighly stable andthatdi usionof materialghroughthelayers
is virtually absent.The projectedrepositoryin Mol will have concretetubes(galleries),which
arelined on the insidewith anextra protectve layer of concrete.The stainlesssteelfuel casks
arethemselesaresuppliedwith a protectie layerof concreteandstoredin thegalleries.

1.6 Decommissioning

In a nuclearreactorthe fuel shouldnot be dispersedn the primary system,becausehe fuel
containsradioactve ssion products. However, di usionis a naturalprocessthat cannotbe
stoppedBecaus®f theinevitabledi usionof radioactve ssion productsduringnormalreactor
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@ (b)

Figure 1.4: Left: a transportcontainerfor spentfuel elements.Thecontainerhascooling ns on the
outsideto releasedecayheat. Thiskind of containeris usedfor transportof fuel elements
fromtheirr adiationsiteto thereprocessingr conditioningsite Photofrom Phénixlea et.
Right: intermediatestorage container Insideis vitri ed high level radioactivewaste This
kind of containeris usedfor storage periodsof several decadesbut notfor nal disposal.
Thesecontaines are placedinsidecooledconcietecavities.Photofrom Areva.

IN SITU TEST PROGRAMME HADES AS BUILT
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Figure 1.5: A schematicview of the HADES-facilityin Mol, Belgium. The namesindicate running
experimentsHADES:Is usedto performreseach on nal geological disposalin clay layers.
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operationall partsof the primary system(reactorpressureressel piping connectinghe reactor
to the power conversionsystem pumps)will su er from someradioactve contamination.All
partsof the primary systemare subjectto intenseneutronirradiation, leadingto actvation of
constructionmaterialsetc., which forms a secondsourceof radioactve contaminationof the
primarysystem.

The radioactve contaminationposesproblemswhenthe reactoris taken apartat the end
of the operatinglife. All partsof the primary systemwill have to be treatedas, and stored
in a facility for, radioactve waste. Decommissioningf a nuclearreactoris a costly exercise
that hasto be taken into accountin the planningphasealready Currentlythe IAEA allows 3
decommissioningcheme$10]:

1. EntombmentFueletc.is removedfrom the primarysystemafterwhichtheentiresystem
is left as-is,entombedn a safeenclosurenever to be openedagain. Thereactorbasically
becomesgrave.

2. Delayeddecommissioningthe fuel etc. is removed, after which a so-called safeenclo-
sure'is erectedaroundthereactor The safeenclosureshouldkeepout peopleandkeepin
all materialsduringthe waiting period. After the waiting periodthereactoretc. is taken
apartif the radiationlevels have goneto an acceptablyow level. The waiting periodis
notprescribedfor the powver plantat Doodevaard(The Netherlandsa safeenclosurevas
erectedecentlyfor 40years,in the U.K. 110yearsis theusualtime frame.

3. Immediatedecommissioningthefuel is removed, afterwhich thereactorsystemss taken
apartand disposedof. This is the most costly option and causeghe highestdosesof
radiationfor the decommissioningrew.

It is upto theindividual ownerof areactorsystento selecthedecommissioningedesires,
aslong ashe stayswithin the limits setby the IAEA, andaslong asthe licensingauthorities
allow theplans.



HTR: High Temperaturd&keactor

The High Temperaturdkeactor(HTR) is a reactorof the graphitemoderatedgas-cooledype.
Theoutlettemperaturef thereactoris higherthanotherreactorsbetweer750 C and850 C (cf.
watercooledreactors350 C, CO, cooledreactoramax450 C - 500 C, sodium-cooledeactors
max550 C). Thecoolantis helium. Thereareseveraladwantagedo this design[4, 11]:

Thecoolantis alwaysgaseousyithoutthe possibilityof phasdransitionof thecoolantin
thecore

Heliumis chemicallyinert: thereareno corrosione ectsonthecorematerials.

Heliumis neutronicallyinert: He-nucleihave almostno interactionwith neutronssothe
coolantdoesnotactivate,i.e. doesnotbecomeradioactve. Radioactie contaminatiorof
the primarysystemis minimized,andif the coolantever escape$rom the primarycircuit
thereis no risk of radioactve contaminationof the surroundingsy the coolant. Also
leakageof the coolantfrom the primary systemdoesnot in uence the neutronicbehaior
of thereactor

Graphitecanbe usedasastructuralmaterialwith excellentthermalandnuclearproperties

The high temperaturef the coolantallows a highercycle e ciengy, directcouplingof a
gasturbineto thereactor or industrialheatapplications.

HTRs usea specialfuel form, so-calledcoatedparticle fuel, which will be presentedn
thefollowing section.In the 2 following sectionghe two basiccorelayoutsare presentedihe
pebblebed con guration and the prismaticblock con guration. Currentlythereare2 HTRs
in operationin the world, HTR-10in China(since2000)which is a pebblebed reactor and
HTTR in Japan(since1998),which hasa block-typecore. Both coreconceptsare studiedand

10
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Feature PeachBottom | Fort St. Vrain AVR THTR
(U.s) (U.Ss) (German) | (Germar)
Power [MWth] 115 842 46 750
Pow. dens.[MW/m?3] 8.3 6.3 2.6 6
Tout[ C] 728 785 950 750
Pressurg¢bar] 25 49 11 39
Fueltype Fuelrods block pebble pebble
Operation 1966- 1974 | 1977-1989 | 1966- 1988 | 1985- 1989

Table 2.1: An overviav of HTR demonstation reactoss that havebeenopertedthroughoutthe world.
Apart from the systemsnentionedhere a multitudeof reseach reactos hasbeenoperated.
TheTHTR(ThoriumHochtempeaturreaktor)wasshutdownunderpublic pressue after only
4 yeais of operation. All thesereactors useda secondarysteanxcircuit.

developedin several EuropearCommunityresearciprogramsandit is likely thatHTRsof both
conceptswill beconstructedn Europein thefuture.

2.1 HTR history and futur e

Thepotentialuseof nucleareactorswith high outlettemperaturewasalreadyrealizedin 1945,
whenthe rst heliumcooledHTR wasproposedwith a secondangir circuit with a gasturbine.
Thefuel technologythatled to the TRISO particlewasdevelopedin thelate 50sbothin theUS
andtheUK. The rst large scaleHTRswentinto operationn the early60s. The developmenis
summarizedn table2.1.

The HTRslow power densityandthe goodperformanceof graphiteasa moderatorenable
very smallcoresizeswith low outputpover. Researcthasbeendonein TheNetherlandénto the
ACACIA-reactor a40 MWth HTR intendedfor industrialheatapplicationd15, 16]. Siemens
preparedseveraldesigngor modularHTR systemof modesboutput(Siemendviodul with 100
MWsth output). Recentlythe medium-temperaturgascooledreactoris making a comeback
in research.This reactorusesCO, asa coolant,but with the coldestpoint in the systemvery
closeto the critical point of CO, [17]. The lower thermale cieng of the cycleis o setby
areductionin pumpingpower andsmallersize of the primary system. The potentialof HTRs
in industrial heatapplications,most notably thermo-chemicahydrogenproductionusing the
lodingSulfur processandthe possibility of modularHTR systemshassparled a new interest
for HTRs. Currentlythereare2 HTRsoperatingn theworld:

1. HTTR (JapanHigh Temperatur&ngineeringrestReactor) pover 30 MWth, poverden-
sity 6 MW/m?3, designoutlettemperaturesf 950 C, prismaticfuel blocksusing TRISO
particles[18]

2. HTR-10 (China),a 10 MWth unit, using TRISO particlesin pebblesmaximumoutlet
temperaturef 900 C (e.g.[19]).
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In SouthAfrica researclis continuingof thePebbleBedModularReactorapebblebedHTR
with online refuelinganddirect cycle gasturbine,intendedfor small unit size (currently 170
MWe) for developingpower grids. Planningcallsfor a rst demonstratiomeactorby 2010[20].
Researchinto small-scalesystemsis also going on in Russia(Gas Turbine Modular Helium
Reactor using plutoniumretrieved from nuclearweapong?21]), andJapan(GasTurbineHigh
Temperatur&keactor300[22]). All thesesystemsaredesignedo be quite small,modularunits.
The philosophyis thatmass-productionf smallreactorswill improve systemeconomics.The
generationtV internationaforum haspreparedroadmagor thedevelopmenif nucleampower
generatiorfor the comingcentury[23]. Oneof the six selectecdcoreconceptds the very High
Temperaturé&keactoy a furtherdevelopmentof the currenthelium-cooledHTRswith increased
temperatures.

2.2 HTR: CoatedParticle Fuel

A fuel particleconsistof asmallkernelof fuel, usuallyin theform of anoxide (UO>) or carbide
(UC, UCy,), with atypicaldiameterof 500 m. Thefuelkernelis surroundedby abu erlayerof
porousgraphite(typical thickness5 m), alayerof pyrolytic carbon(Inner Pyrolytic Carbon,
IPyC,typicalthicknesst5 m), adensesealingayer(usuallySiC,45 m)andanouterpyrolytic
carbonlayer (OPyC,45 m) [12]. The overall diameterof the particleis 0.9 mm. The dense
SiC sealinglayer providescompleteretentionof all ssion products.Thesefuel particleswith
3 sealinglayersare known as TRISO CoatedParticle Fuel (see g 2.1). TRISO fuel allows
operationat very high temperaturesf up to 1200 C, and provides adequatession product
retentionup to 1600 C. TRISO particlescanbe easilymass-producedlhe kernelsare usually
madeusinga drop precipitationprocesgdropsof a uid in anotheruid) afterwhichthesmall
dropsaresintered.The graphiteandSiC layersaredepositedvith ChemicalVaporDeposition.
TRISO particlesare not usedindividually in the core,insteadthey are mixed with graphiteto
make up alargerfuel elemen{FE). Onefuel elementontainsseseralthousandRISOparticles.

Thereare 2 major core layoutsfor HTRs: the so called pebblebed con guration andthe
prismatic(akahexagonal)block con guration.

2.3 Pebble bedcore

Thecoreis alargecylinderwith aHeightDiameter(H/D) ratio closeto unity. Thefuel elements
arein theshapeof spheresvith atypical diameterf 6 cm. EachFE containsacentralfuel zone
of 5 cm diametemwith a mix of TRISOsandgraphite,aroundwhichis a shell of puregraphite
of 5 mmthickness Thesefuel ballsareknown asfuel pebbles A large numberof thesepebbles
areplacedinsidethecorecavity andthecoolantis pumpedhroughthebed. A usualnumberfor
thepebbless about1000pebblegpperMW of thermalreactorpower for powver reactorqd14].
The mainimpetusfor the developmentof the pebblebedis the possibility of online (con-
tinuous)refueling: during operationof the reactorfreshfuel pebblescanbe addedo thetop of
the bedwhile spentfuel pebblescanbe taken out at the bottom of the reactoy allowing fully
continuousoperatiorof thereactof14]. Anotherpossibilitythatis of interestfor smallHTRsis
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Figure 2.1: Left: An electon microscopemage of a TRISOparticle. Thelight colored shellis the SiC
layer. Photoreproducedirom[13].
Right: A bottle with TRISOparticles as usedin the High Tempeature EngineeringTest
Reactor(HTTR)in Oarai, Japan.Photoby the author

peua-peurefueling,whereextrafreshfuel pebblesareaddedo the bedaftera certainoperating
periodto extendtheservicelife of thefuel loading[15].

2.4 Prismatic block core

The coreis a large hexagonalcylinder with a H/D-ratio of roughly unity. Insidethe coreare
smallerhexagonalblocksof graphiteinto which cylindrical holesaredrilled. Thefuel elements
arein the shapeof rodsandplacedinsidethe cylindrical holes. The coolant o ws in the space
betweerthefuel rod andthe surroundinggraphiteblock (annularcooling), or the coolant o ws
in specialunfueledcoolantholes[11]. Heatis transportedrom the fuel rodsto the coolant
holesby conduction. The fuel rods are madeof smallerfuel pelletsinside of which are the
TRISO particles.A fuel block of the High Temperaturd&ngineeringlestReactorin Japarand
the completecorelayouttheHTTR coreis givenin g 2.3.

The prismaticblock HTR is a naturaldevelopmentrom the graphitemoderatedjas-cooled
reactorthatwerein operationin the earlydaysof nuclearesearch4].

2.5 HTR safety

Safetyof nuclearreactorsis mainly concernedvith two propertiesthat make nuclearreactors
di erentfrom otherlarge-scaldgechnicalinstallations:

1. Thecorecontaingadioactve material. Specialcaremustbetakento avoid ary releaseof
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Figure2.2: Top Left: HTRfuel pebbles.

Top Right: This photagraphwastaken during the r st fuel loading of the THTR (Thorium
High Tempeature Reactor)in Germanyin theearly 80s. Thecylindrical rodsare thecontol
rods. Notethat thefreshnuclearfuel is notradioactive the fuel becomesadioactiveduring
irr adiation becauseof the build-up of ssion products. THTRhad a thermaloutputof 750
MW, geneitedin 675.000fuel pebbles.

Bottom: A look into the core cavityof HTR-10in China. Fuel pebblescanbeseenin thefuel
discharge tube For operationtheentire cavityis lled with pebbles.
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(@) (b)

Figure2.3: Left: Afuelblock of theHTTR.Two fuelholesare occupiedby fuelrods. Photoby theauthot
Right: Overviav of the HTTRcore. Theblodkswith large holesare for the control rods,and
thefuelrodsare insertedinto the smallerholes.Souce unknown.

thesematerialanto theervironmentunderary condition.Nuclearinstallationsareplaced
insidespecialcontainmenbuildings, for instance.

2. The nuclearfuel continuesproducingpower, even after the neutronchainreactionhas
completelydiedout, dueto radioactve decayof ssion products.An adequate&ecayheat
removal (DHR) is requiredunderall conditions.Failureof DHR resultsin increasingem-
peraturesn thecorewith possibledetrimentalke ectsonthecoreinternals(fuel, cladding
etc). Severeoverheatingcanresultin melting of the core(melt-davn, seesection2.10).

Both prismaticblock and pebblebed HTRs have excellent ssion productretentionunder
all conditions.The excellentsafetycasefor HTRsis basedn thefollowing properties:

The coolantis not radioactve, henceary releaseof coolantto the ervironmentdoesnot
causeaadioactve contamination.

The coolantis chemicallyinertandnon-toxic. Releasef coolantdoesnot leadto chemi-
cal (e.g.comhustive or oxidative) or biologicalreactions.

GraphitehasexcellentthermalpropertiesIt cannotmelt (decomposetom 3850K), and
maintainsstructuralstrengthup to hightemperatures.

TRISOcoatedpbarticleshave excellenthightemperaturatability, 0 eringadequatession
productretentionup to very high temperaturefor adequatelyongtimes.

All fuel is enclosedwice, onceinsidethe TRISO particle,andthenin the fuel element,
raisinganextrabarrierto ssion productreleaseo the ervironment.



16 CHAPTERZ2. HTR: HIGH TEMPERATUREREACTOR

HTRshave alow volumetricpowver density andgraphitehasalarge heatcapacityleadingto
thepossibility of fully passie DHR. In caseof anaccidenwith completdossof DHR machin-
ery, DHR canbehandledby naturalconvection. If thereis no opportunityfor naturalcirculation
thecorematerialswill heatup slowly, andheatwill bedissipatedy conductiorandradiationto
theenvironment.Thisis possiblebecaus®f thethermalpropertiesof graphite andbecausehe
TRISOparticlesretain ssion productsup to very hightemperaturesdTRsareinherentlysafe,
i.e. safeby designandphysicalpropertiesof the systemandthe safesteactortype available.

2.6 Safety: LossOf Flow / LossOf Coolant Accident

Two importantaccidentsnustbe consideredor gascooledreactorsthe LossOf Flow Accident
(LOFA) andLossOf CoolantAccident(LOCA), in combinationwith atotalfailureof all actve
DHR systems. The nuclearchainreactionstopsdueto temperataeactvity feedbackbut the
corewill heatup becaus®f thedecayheat.

In a LOFA thecirculatorsstoppumping,but the pressurés maintainedat nominallevel. A
naturalcirculationof coolantwill develop. In the HTR the massve amountof graphiteandthe
low power densityprovide enoughthermalinertiato accommodateoolingby naturalcirculation
withoutdamagdo corematerialsor ssion productreleaseln g. 2.4thetemperaturestimeis
givenfor the THTR aftera LOFA. Thisreactorhasa dowvnward o w, sothe naturalcirculation
patternis againstthe nominal o w direction, and this is the causeof the heatingof the top
re ector duringLOFA. In theleft graphof g. 2.4theheatexchangersn the power corversion
systemare still operableto extractheat. A naturalcirculation o w developsthroughthe heat
exchangergo releaséneatto theernvironment,andafterseveralhoursthe maximumtemperature
is reached(1200 C). This maximumtemperaturas within fuel operatinglimits. In the right
handgraphthe heatexchangersareinoperatve. Thereis no o w throughthe heatexchangers,
andthetemperaturef thecorerises.After roughly5 hoursatemperaturef 1200 C is reached.
At thatmomentit is still possibleo startactve DHR withoutary coredamagelf anactve DHR
systemcannotbe startedafterthis time, the corewill heatup further The TRISO particleswill
startto releasession productsby di usion. If thetemperatureeaches/aluesof over 2500 C
massve failureof the TRISOparticleswill occur contaminatingheprimarysystem(for THTR
the maximumtemperaturavasestimatedo becloseto but below thislimit [14]). This doesnot
meanthatradioactve materialis releasedo theernvironment.More advancedHTR designdave
improvedpassie DHR, leadingto slower heatingof thecoreandlower maximumtemperatures.
It mustbe stressedhat only someother reactortypesfeatureadequateDHR without active
systemsandthereare no otherconceptshat canwithstanda loss of DHR systemsand heat
exchangerdor long periods.

In aLossOf CoolantAccidentall coolantis rapidly lostfrom the primarysystem.To reduce
thee ectsof suchanaccidentall penetration®f the primarysystemarekeptsmall(coolantgas
cannot o w outtoo quickly). In agas-tightcontainmenbuilding a mixture of air andcoolantat
abackuppressuref severalbarwill develop,without suchabuilding thereactorwill endup at
atmospherigpressurelUnderdepressurizedonditionsnaturalcirculationof the coolantcannot
develop. In this caseradiationandconductionarethe only mechanismef DHR. ModernHTR
designdeaturespecialwalls andreactorvesselswith liner cooling (coolant o wing throughthe
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Figure 2.4: Left: THTRtempeaturesafter a LossOf Flow Accident,with operating heatexchangers.
Themaximumtempeature in the core reathes1200 C after 4 hours of the beginning of the
accident,andthis tempeature is well belowthe maximunallowabletempeature for ssion
productrelease

Right: THTRtempeaturesafter the sameaccident,but withoutheatexchangers. A natural
circulation cannotfully develop,insteadthe coolantcirculateswithin the core, heatingthe
entire core. Graphsadaptedirom[14].

concreteof the pressurevessel.for instance)to provide adequatgassie DHR underLOCA

conditions. In gure 2.5 the temperaturds given as a function of time for the HTR Modul

reactoraftera LOCA. Thefuel staysbelonv 1600 C. It mustbe stressedhatin all othernuclear
reactortypesa LOCA will causea core melt-davn (see2.10). The very benignbehaior of

the HTR coreaftera LOFA andLOCA is ratedas'inherently safe’, meaningsafeby design,
withoutrelying onary othersystenthanthecorematerialsandpropertiesTheHTR is theonly

nucleareactorableto withstandalossof all actve emegeny systemsor severalhourswithout

damageandwithout dangerof ary releaseo the ervironment.

2.7 Safety: water ingress

A possibleaccidentscenarioinvolvesthe ingressof waterinto the core, eitherin the form of
steamor liquid. Wateris ane cientmoderatarandvery corrosiie atHTR temperaturesiater
ingresshasbeenstudiedwell becauseall HTRs that have beenin operationthroughoutthe
world wereequippedvith a secondangteamcycle [14]. Wateringressnto thecorethroughthe
heatexchangerss unlikely but notimpossible.Waterenteringthe corewill turn to steamand
expand,increasinghe systempressureAt the surfaceof the hottestpebbleshe heterogeneous
hydrogerreactionwill occur producingH, andCO, corrodingthe graphiteof the pebblesThis
reactionwill only occuron the hottestspotsin the reactor If the CO andH, somehw enter
thecontainmenbuilding, explosive mixturescanexist within theHe/H »,/O,/CO system.Several
passie and semi-passie measuresanbe taken to alleviate the e ectsof wateringress,e.g.
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Figure 2.5: Tempeaturesin the Modul HTRafter LOCA.Graphadaptedrom[14].

pressureperatednix-condensersthe pressureéncreasecausedy the waterenteringthe core
opensvalvesto condensersyherethewatercondensesNateringressdeseresspeciakattention
for sub-seaeactorsseesection3.4.

2.8 Safety: air ingress

Ingres=of air (containingoxygen)into theHTR coreleadsto severaloxidationreactiondetween
graphiteand oxygen(burning). Oxidizing reactionsare highly exothermic,releasingheat,in-

creasingthe core temperatureand therebyspeedingup oxidation. Threetypesof oxidizing

accidentareconcevable:

1. At hightemperature€L000 C andup) COis formed,whichcanform anexplosive mixture
with air. Theheliumin the primarysystemhelpsto reducetherisk of explosionsair-CO-
heliummixturescannotexplodeif the heliumcontentis abore some40%][14].

2. The oxidationrate of the graphiteis determinedoy the temperaturef the graphiteand
the o w velocity of theair. If anair tight pressurevesselis used,the dimensionsof the
penetrationshroughwhich air can o w in determinethe massin o w of air andthusthe
corrosionspeed. The corrosionrate of nucleargraphiteis not very high. It is shavn
in [14] thata burning pebblewill looseon averagel.3 mm of graphiteperhourburning.
Thisgivesamaigin of some3to 4 hoursbeforethefueledpartof thepebblestartsto burn.

3. In areactorthechimneg/-e ectmayoccur:the burning materialin the corecauseanup-
draftof air, increasinghemasso w of air throughthereactorandspeedingiptheburning
processAgainthesizeof the penetrationsletermineshemass o w of air resultingfrom
thechimneg/-e ect. The hottestpartsof the reactorarethere ectors closeat the coolant
exit, andthusthesere ectorswill burnmosteasily It is only afterthere ectorshave burnt
thatthefuel pebblesarein dangerof seriousdegradation.This givesanextratime-tu er
to take actionin casea HTR catchesre.
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In all caseghein o w of air is determinedy thedimension®f the penetrationshroughthe
pressurevessel Air ingresds arelatively minor risk for sub-seaeactors.

2.9 lllustration of graphite burning: the accidentin Chernobyl

It is instructive at this time to take a look at the accidentthat occurredin Chernobyl[7]. The
reactorin ChernobyWwasof the RBMK-type, atype of reactomotusedin theWest. TheRBMK
is agraphite-moderatedatercooledreactor Thereactorwasdesignedvith the mainfocuson
economydisregardingbasicsafetyprecautionsuchasnegative feedbackcoe cientsor acon-
tainmentbuilding. Theactualaccidentin Chernobylhas3 stagesln stagel a powver excursion
with a peakof 100timesnominalpower occurred but damageo thereactorremainedimited.
Thetemperaturef the corerosequickly, andbecausef a positve temperatureoe cientthe
reactvity increasedthis wasa basicdesign aw of the RBMK-type reactor),causinga second
power excursionpeakingat 500timesnominalpower. This blew away the upperlid of there-
actorvesselmass 10° kg), enablingmassie ingressof freshair into the now extremelyhot
core. Immediatelythe graphitebeganto oxidize with the air. The watertubesruptured,and
oxidizing reactiondetweerwater graphiteandmetallic partsof thereactorbeganon amassve
scale,releasingCO andH,. The following chemicalexplosiondestrged the reactorandthe
buildings aroundit. The graphite re wasnow fed by massie amountsof air, melting all the
fuel material andreleasinghemasoxidesinto theair. It mustbestressedhattheenegy release
of thechemicalexplosionwasmuchlargerthanthatof the nuclearexcursions.
A Chernobyl-lile accidenttannever occurin anHTR:

HTRsaredesignedvith afocusonsafety Careis takenthatnegative feedbacKeaturesare
availableat all working pointsof thereactor Very fastpower excursionsareimpossible.

Thereis no waterin the reactoy the helium helpsprevent explosions,andthetime scale
for oxidizing is muchlongerbecausehe mass o w of air remainslimited at all times.
Penetrationsf thereactormpressureresselrekeptsmallto limit themasso w in caseof
air andor wateringress.

Fuelis not cladin metal,andthe claddingcannotmelt. Thereis anadequateontainment
building, thusthecorewill never be exposedo the outsideair.

For sub-seapplicationghis accidentscenarids impossiblebecauséhereis no air avail-
able,andthewaterwill provide cooling.

2.10 Excursion: nuclear core melt-down

Thefuel in the core of a nuclearpower reactoris usuallyin the form of an oxide: UO,. The
UO, powderis pressedo form pellets. Pelletsare stacled inside a metallic tube, forming a
fuel pin (see g. 2.6). Many pinstogetherform a fuel assemblyandmary of theseassemblies
togethemale up the core. If a LOCA occurs the nuclearchainreactionwill die out, but if no
coolingis available,the corematerialswill heatup quickly. The pointwherethe metallictubes
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Figure 2.6: A fuel assemblyor a PressurizedMater Reactoythe mostcommortypeof nuclearreactor
to date Eadh pin is several metes long and containsa large numberof fuel pellets. This
assemblys a 17x17grid, which is a commoncon guration. Each assemblyholds264 fuel
pinsand 25 contml pins. Thecoolantmodeator (light water) simply ows aroundthetubes
upwad.

becomeductileis alreadyreachedat 750 C. Full melting of the claddingoccursbetweenl1100
and1300 C, afterwhich the entirecorecollapsesThisis knowvn asa coremelt-davn accident.
Thetime scaleof a melt-davn mightbe asshortasseveralminutes.

In somereactortypesthe densemixture of fuel pelletsandmoltensteelcanbecomecritical,
with the possibility of atremendougexplosive) power excursion.Evenwithout recriticality, the
fuel - steelmixture will heatup until the UO, alsomelts(2400 C - 2600 C). At this point the
mixture is so hot thatit will melt all steelandconcretebelovr the reactorvessel. The mixture
of moltenfuel, steeland concreteis known ascorium. Modernreactorsare designedwith a
so-calledcorecatcherwhichis volumeof sacri cial materialbelov thereactorcavity, designed
to meltandevaporatefakingheatfrom the coriumandin this way preventingmoredamageln
Chernobyla partof the corehada melt-davn, andthe now solidi ed coriumbelow thereactor
cavity is knowvn as'theElephant foot'. In thepower stationat ThreeMile Islandin Harrishurg
apartialmelt-davn occurredn 1979afteravalve failedto opento let coolantinto thecore.Note
thatthis accidentremainedcon ned to theinner containmenbuilding andthatno radioactvity
wasreleasedo theernvironment.

A core melt-davn is impossiblein an HTR, becauseagraphitecannotmelt. Graphitehas
a high heatconductwity, so all decayheatis e ciently transportedo the walls of the reactor
vesselndreleasedo the ervironmentin caseof aLOCA. Thereis no steelcladding,obviating
fuel restructuringor geometricatearrangemengotherecannotbeary reactvity accident.The
HTR is theonly reactortype wherea melt-davn accidentis impossibleby designandmaterial
properties.



HTR sub-seapplications

For sub-seapplicationsthereare somespecialconsiderationso be taken into account:long
term operationwithout refueling,the possibility of loadfollowing to adjustthe power outputto
actualneed high reliability of the coreandbenignbehaior in caseof anaccident.The sub-sea
environmentposesits own speci ¢ accidentscenarios.Thesepointswill be explainedin the
following sections.

3.1 Fuellifetime and burnable poison

Freshnuclearfuel hasa ks,e largerthan1. To maintainke equalto 1 the control rods are
usedto counteracthe excessreactvity of thefreshfuel. ky,e) decreasesughlylinearly during
irradiation, until at somepoint ke equalto 1 canno longerbe maintained. The decreasef
reactvity! with irradiationis known as the 'burnup reactvity swing'. The steepnessf the
reactvity swingdependon the power outputof thereactor a larger power outputwill causea
steepegraph. It is possibleto extendthelife of the fuel by makingthe excessreactvity larger
atstartup.Thisis illustratedin gure 3.1.

In gure 3.1threeevolutionsof ks areindicated. The normalline is areferencecasefor
a certainreactorwith a certaininitial fuel composition. The fuel canbe useduntil ks, drops
below unity. Thedottedline givesthe evolution for afuel with a higherinitial ksye. Thelifetime
of thefuel is longerthanthereferencecase. The dashedine is for areactorwith alower power
densityandthe samaeinitial fuel. Comparedo thereferencecasethefuel lifetime is longer

It may be temptingto selecta fuel with a very high initial ks, but this is safetyrisk. If
for somereasorthe controlrodsareaccidentallywithdravn from thereactoy oneis left with a
reactomwith avery large reactvity, resultingis possiblyuncontrollablebehaior anddestruction

IReactvity is commonlyde®nedas = k—kl; = 0 correspondso steadystateoperation(k = 1). Freshfuel has
> 0 andcanbeuseduntil = 0.

21
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Figure3.1: Anillustration of theburnupreactivityswing Thethick line is therefeencecase Thedotted
line is a reactorwith higherinitial reactivityof the fuel. Thedashedine is a reactorwith
refelenceinitial fuelanda lower poweroutput.

of thereactor Fuellife canbe extendedby usinga lower power density but this meansthat
it takesa longertime to earnbackthe investmentn fuel. Usuallyatrade-o is madebetween
initial fuel compositionandpower densityto give a refuelingintenal of 12 or 18 monthsfor a
power reactor Fuel enrichmentcostsandinvestmentcostsarealsoincludedin thesetradeo
calculations.

For applicationsvherelong corelifetimes arerequired,a so-calledournablepoisoncanbe
introducedto thefuel. The'poison' is a nuclidewith very high neutronabsorptionlike boron-
10. After absorptionof a neutron,the newly formednucleusis not a goodabsorber Thusthe
freshfuel hasa low Kks,el becausenary neutronsare capturedby the poison. During operation
the numberof poisonnuclei decreasesandthe decreasen kj,e dueto fuel depletionis 0 set
by anincreasein Kkg,e dueto poisondepletion. In a well-designedsystemthis leadsto the
possibility of a very small burnup reactvity swing, giving very long fuel lifetimes with only
a limited amountof excessreactvity of the freshfuel. This is indicatedin the fourth line in
gure 3.1. Application of burnablepoisonis commonpracticein power reactors:the waterin
PressurizedVaterReactorontainsa smallamountof dissoled boric acid (containingboron-
10), in Boiling Water Reactorsgadoliniumis includedin the fuel. More informationon the
applicationsof burnablepoisonin HTR fuel canbefoundin [24]. Fuelcyclesof upto 10years
canbeachiered by a properfuel designwith burnablepoison.

A pebblebedcoreo ersthepossibilityof continuougefueling: freshballsareaddedo the
top of the bedwhile spentfuel pebblesaredischagedfrom the bottom. The big adwvantageof
this systemis thatthe amountof overreactyity in the coreis limited at all times. Theoretically
k = 1 canbe maintainedat all timesin a continuousrefueling reactoroperatingat nominal
power. Anotherpossibilityo eredby the pebblebedcon gurationis peua-peurefueling,where
from time to time freshfuel pebblesare addedto the top of the bedto counteracthe burnup
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reactvity swing. To dateno reactorshave beenconstructedperatingon this principle, but for

instancethe ACACIA conceptusespeua-peurefueling. Continuousrefuelingand peua-peu
refuelingrequireintricaterefuelingmechanismsomplicatingthe designof the primary system
considerablyandtheserefuelingoptionsareprobablytoo ambitiousto pursuefor sub-seamall

scaleHTR systems.

3.2 Dynamic behavior and load following

Most nuclearreactorsare designedasbase-loadinits. Changesn the power outputof there-
actorleadto temperature&hangesgiving reactvity feedbacke ectswhich mustbe controlled.
For this reasorsteadystateoperationis a safetyprecaution.The HTR corehasa large thermal
inertia,andavery conserative fuel design.allowing somemoreliberty in loadfollowing. Sev-
eralstudieg[15, 16] investigatethe possibilitiesof safelyinitiating rapidtransientsof power in
small-scaleHTR systems.HTRs have an excellentresponseo almostall transientghat could
occur: suddenincreaseor decreas®f coolant o w, suddenstepsin the inlet temperatureetc..
Of all nuclearreactorthe HTR is themostsuitedfor load-folloving operation.

TheHTR o ersthepossibilityof automatidoad-folloving: anincreasen coolant o w will
decreasehe temperaturef the core,after which the reactvity feedbackcausesanincreasen
reactorpower, leadingto the original temperaturgro le, but at a higher o w rateandthusa
larger power output. A reductionof o w throughthe coreleadsto a lower power output. The
HTR is capableof thesetransientsdbecausehe thermalresponsef the reactoris ratherslow.
The o w changds causedy injecting or extractingheliumfrom the systemwhile keepingthe
pumpsetc. attheirnominalcon guration. Theheliumthatis notusedis storedin storagdanks.
The power requiredto remaove helium can be taken from the mismatchbetweenthe current
power level andthe desirednew power level. Verkerk [15] shavs thatthesetransientscanbe
accommodatedithout ary useof controlrods. In g 3.2the power responsef the ACACIA
HTRis givenafterareductionof theheliuminventoryfrom its nominalvalueto 50%of nominal.
As canbeseenthe coretemperaturéncreasesandthereactvity feedbackdecreasethe powver
output. This situationcanbe maintainedor seseralhourswithout arny problem.After resetting
the heliuminventoryto its nominalvalue,the reactorrespondswith a quick increaseof power
to thenominallevel. All thisis achieredwithout ary active controlelementsinsteadthe power
transientssolely relieson feedbackmechanismsThis kind of transientwithout actve control
would leadto seriousproblemsn othernuclearreactors.

Apart from load following an accidentcould occurin the non-nucleapart of the system
leadingto a changen operatingconditionsof the reactor Theseaccidentsncludefor instance
a malfunctionof the generato(generatotrip), a suddendisconnectiorof the load (loadrejec-
tion). Suddenchangesn coolanttemperaturegpressureandor o w may occurasa resultof
theseaccidentsTheHTR canwithstandmostof theseaccidentsvith a combinedfailure of the
isolationsystem.A notemustbe madehowever on the behaior of the coreon verylow ow
rate. It wasfounde.g. by [15] thatthe highesttemperaturegs the HTR coresarenot reached
afteraLOCA, asexpectedputin factafterprolongedoperatiomatverylow o w rates.TheHTR
canthusnotbe usedto arbitrarily low power output.
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Figure 3.2: Top Left: themass ow throughthe core as a functionof time A reductionof the helium
inventoryceterisparibusleadsto 50%reductionin massow throughthecore.
Top Right: theevolutionof the gasoutlettempeature. Theoutlettempeature increasesbut
sodoestheinlettempeature. T overthecoreis almostunchanged.
Bottom: Power outputduring the transient. Outputpower equalsessentiallyP = mc, T,
andsincebothc, and T are almostunchanged during the transient,the outputpower is
proportionalto the mass ow m, and thusgoesdownto almost50% of the nominalvalue
Thevariouslinesindicateresultsfromdi erentcomputercodes.Takenfrom[15].
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3.3 Alternative coolantsand power corversion systems

The graphite-moderatebelium-cooleddesignis mostoften usedfor HTRs. Thereare other
possiblecoolantsapplicablefor HTRs. The selectionof coolantdependsn the speci ¢ goals
theHTR hasto meet.Thefollowing optionsarethe mostpromising:

COy: lower systemtemperatureand pressurejower e cieng/ of the power corversion
system. CO, hasthe adwantagethatit reduceshe risk of graphiteoxidation. CO; is
very corrosve at high temperaturege.g. Boudouardreaction: C + CO, 2C0O), so
the maximumsystemtemperaturearelower thanfor helium. CO, hasdi erentmaterial
propertieghanhelium,allowing smallerpumps.

moltensaltcoolant(’Li-BeF;). The saltcannotbe usedfor power corversion,so a sec-
ondarysystemis alwaysrequired. The moltensaltreactoris a di erentreactorconcept
becausat is liquid cooled. The saltis uid betweerd50 C and1430 C at atmospheric
pressureThecoreis a prismaticblock type (sameaswith helium), with the salt o wing
throughthe coolantchannels. The salt hasa much higher densitythan helium, allow-
ing aslower o w andgreatlyreducingpumpingrequirementsThe temperatureise over
thecore T (some400 C for helium cooledHTRSs) canbe muchsmaller which canbe
adwantageousor thekind of secondaryycle intendedor thereactoqf25].

The HTR wasoriginally designedo be coupleddirectly to a gasturbine (Brayton-gcle).
The high pressurecoolantandlarge T over the corein the helium cooledHTR allow this
gasturbineoperation.Direct-g/cle operationtakes mostadwantageof the high temperatureso
improve cyclee cieng. However, therearemary practicaldi cultiesconnectedo thehelium
turbomachineryandfor that reasonno direct cycle reactorshave beenbuilt yet (PBMR will
bethe rst). The solutionis the applicationof a secondarycycle, with a heatexchanger All
operatingHTRsin theworld have useda secondarysteamcircuit. This greatlyreducessystem
e cieng, but decreaseR&D requirementgor the secondarycycle. Theworking uid in the
secondarycycle hassereral options,including water helium,CO», N5 or evenair. The choice
dependon the possibility of makingadequatéeatexchangerdor the working uid. If a He-
He heatexchangelis possible the secondaryycle canbe at working temperaturegust belov
the reactorandvery e cient gasturbine operationwould still be possible. Note that helium
turbomachinerys very bulky. For Brayton-gclesworking on CO, the machineryis saidto be
4 timessmaller[17]

An applicationfor theHTR thathasbeendiscussedor mary yearsis couplingto achemical
procesqprocess-heatpplications)for instancefor hydrogenproductionthroughthermolysis
of water As is shavn in [25] mostchemicalreactionsrequirea sourceof heatat a constant
temperatureandthe helium-cooledHTR with its large T would not be the prime candidate.
The molten-saltcooledreactorwould be a bettersolutionbecausats T over the corecanbe
madesmaller WhentheHTR is connectedin achemicalprocessasecondarygycleis necessary
to isolatethe reactorfrom the chemicalplantin caseof anemegeng. In Japanthe HTTR is
to be coupledto a steam(methaneYeformerto producehydrogen,andin a later stagean I/S
(lodine- Sulfur) plantis to be connectedo make hydrogenfrom water
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3.4 Sub-seasafetyissues

Theprimarysystemof ahelium-cooledHTR is pressurizedHigh pressuréncreaseshecooling
capacityof the gaseousoolant,reducingthe pumpingrequirement. The systempressures
usually3 - 7 MPa. A subseaHTR could take the location deepin the waterinto advantage
becausdhe pressuradi erencebetweenthe primary systemand the surroundingds smaller
thanon land (lighter construction).Molten salt coolantdoesnot requirepressurizationenda
detailedanalysisof thereactordesignfor sub-seaperatiorwill determinavhattheidealsystem
pressurevould be.

Thelocationdeepin thewateralsoreduceshe shieldingrequirementNuclearinstallations
onlandarerequiredto have su cientshieldingthatany memberof the public cansafelyspend
2000hoursperyearoutsideof thereactorsitewithoutexceedinghedoselimits setfor members
of the public. For a subseaeactortheselimits canprobablybe relaxed. A smallershielding
requiremenimeandighter andcheaperconstruction.All nuclearreactorsreleasdiny amounts
of radioactve materialto the ervironment. It hasto be examinedwhetheror notit is allowable
to releasehis materialinto thedeep-seakE ectsof radiationon marinelife arenotwell-knowvn
andshouldprobablybe examinedbeforealicensecanbeissued.

If asub-sedHTR isto bebuilt onthe seabottom,specialcaremustbe takento ensurethat
a properfoundationis possible. Seismicactvity canalwaysoccurandleadto damageof the
reactor whichwould be quite hardto repair In Japaralarge numberof nuclearpower plantsis
operatingn a seismicallyvery active region, soit is safeto assumehatan earthquak resistant
designcanbeprepared.

For sub-seapperationwateringresscould also occur whenthe structuralintegrity of the
reactorsurroundings somehw compromisedindthe outsidewaterpressures largerthanthe
systempressureafter which the entire systemmight be completely ooded with water Apart
from possibledamageo the primary systemdueto thermalshocksetc. specialcaremustbe
takenthatthe ooded core,whichis farbelav its nominaloperatingemperaturegannotoecome
critical (recriticality). Recriticality of the ooded core canbe obviated by usinga properfuel
composition. Water ingresscan be accuratelymeasuredy monitoring the systempressure
(wateringressincreasepressure) Fissionproductdispersionfrom the fuel to the watercould
occurbut would be limited becausef the doubleenclosureof the fuel. Some ssion product
migrationcanoccurby di usionfrom thefuel to thewater

An adwantageof sub-seaoperationis the presenceof an almostin nite heat-sinkat low
temperature,e. thewater Theoceancanbeusedfor coolingpurpose$othfor normalando -
normaloperatingconditionswith highreliability. Forinstancgassie heatexchangergooledby
seawatercanbeusedfor DHR stratgies. If thecoreis completely ooded thewatercanbeused
for DHR althoughadetailedanalysisof accidenscenariogindtheresulting o w conditionsmust
bedone.Graphiteburningis almostimpossiblelnotenoughoxygenwithin thecontainmentand
canbecompletelyeliminatedif theentiresystemis lled with nitrogenor asimilar gas.

Land-basedhuclearinstallationsrequiresomespecialsta : a radiationprotectiondepart-
mentis required,asarenuclearsafetypersonnebndquali ed operatorsat all time the reactor
is running. All non-military nuclearinstallationsare inspectedregularly by the International
Atomic Enegy Ageng (IAEA), andall nuclearinstallationsarerequiredto reportto the |AEA
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whenasled. Many nuclearmpoweredvesselsarein operationn internationawatersworld wide,
mainly submarinegdyut stationaryremotecontrollednucleampower systemsn thedeepseahave
notyetbeenused soit is not clearwhich regulationsapplyto thesesystems.

3.5 Spentfuel

Thefuel costsarea only a mamginal contritution to the total costof nuclearpower generation.
Thereforethe OTTO fuel cycle canbe quite economicalmore so becauseeprocessings not
verycheapeither HTR fuelis quitepracticalfor the OTTO fuel cycle,becauséhefuel is already
enclosedwice insidea materialthatwill not degraderapidly. For PBMR anOTTO fuel cycle
is ervisaged.lt is possibleto designthe TRISO coatedfuel particlesandfuel pebblesn sucha
way asto decreas¢heamountof conditioningoperationsequiredfor nal storageappreciably
For instancethe sealinglayersof the TRISO particlescanbe madethicker to reducedi usion.
The pebblescan then be storedin an intermediatestoragefacility without further ado. The
bestform of nal disposalshouldbe researchedThe fact thatthe spentfuel pebblesrequire
only aminimumof conditioningbeforestoragemalkesthe OTTO fuel cycle extra attractve for
small-scaleHTR applicationsvherefuel economyis not of the utmostimportance.

3.6 Sometypical numbers

A rudimentarydesignof a 30 MWth HTR cannow be preparedto give someimpressiorof the
systemsizes. All thesecalculationsareto give aninsightonly. In the actualdesignsizesand
dimensionswill bedi erent. The goal of long term operationwithout refueling,say 10 years,
canbeachieved by a combinationof low power density sayl MW/m?, anda relatively highly
enrichedfuel (10 - 15 %) with burnablepoisonto counteracthe excessreactvity. For a 30
MWth systemthis meansthe corevolumeis 30 m3. Using pebbleswith a diameterof 6 cm,
the corewould contain167000pebblegweighing 37500kg), which would hold somel1700
kg of nuclearfuel (10 gramsof fuel per pebble,with 1 gram ssile material). The height
of the corewould be some4.8 m, the diametersome2.8 m, surroundedy thick graphitewalls
(re ectors, they returnneutronghatleak from the corebackto the core). Notice however that
thesenumbersdependon the chosenpower density Choosinga power densityof 2 MW/m?3
alreadychangeghe numbersappreciably The reactorvesselwould be concretewith a steel
liner. If aload-folloving unit is desired,the volume of the helium storagefacility would be
several timesthe corevolume. Operationof the reactoris assumedo be 10 yearswith aload
factorof 90%. This leadsto consumptiorof somel00kg of ssile material,androughly the
sameamountf ssion productswill bebuilt up. Thesenumbersareafunctionof thecumulative
reactoroutputonly.

After theirradiationcycle of 10yearsthespentuel would remainon sitefor sometime (say
2 years)to cool down. After the cool down period,a choicecanbe madeto eitherreprocesshe
fuel or conditionit for end-storageOtherreactormaterialsalsorequireexchangingfor instance
thegraphitere ectorsaccumulatenaterialdamagelueto collisionswith the neutronsandthey
needto bereplacedafter sometime. Control Rodsalsorequirerenaval becausehe absorbing



28 CHAPTER3. HTR SUB-SEAAPPLICATIONS

Figure 3.3: An artist impressionof the PBMR and its associatecpower corversion system.Thelarge
cylinderon the left containsthe pebblebedandthere ectors. Thegeneator is in thelarge
cylinderon theright, with auxiliary systemgpre- andintercoolers etc)in thetwo housings
in between.

nucleiare depletedduring operationof the reactor Servicelife of thesepartsis (much)larger
thanlirradiationcycle.

Thecostof asub-seddTR cannotbeestimatedaccuratelylt is possibleto derive anestima-
tion of the orderof magnitudeof the costinvolved. To preparethis estimationwe will usethe
costanalysisvhichwaspreparedor theINCOGENreactomprogrammen TheNetherland$26].
This programmestudiedthe feasibility of a 40 MWth, 16.5MWe HTR with a directcycle gas
turbine. Theresidualheatof the reactorwasto be usedfor heatapplicationgcity heatingetc.).
Thisreactorthasroughlythesamesizeastheernvisagedsub-seddTR. Thecostbreakdavn given
in [26] is basedon Dutchguildersin 1996,which aresimply convertedto euroshere. The fuel
costswereestimatedetweere 60ande 120perfuel pebble includingtransport.Decommis-
sioningwasestimatecdat e 550 per kWe over the lifetime of the reactor The mostimportant
costfactor (for all nuclearpower stations)arethe capitalcosts. For this postthe analysisgave
anumberjustovere 4000perkWe. Plantoperationandmaintenancevereestimatecdetween
1.25and2 Me peryearof operation.Theoverall costcalculationresultedn anoverall pricees-
timatefor electricitygeneratiorof e 0.072kWhe. This numberis considerabljhigherthanthe
costof electricitygeneratedn large scalenucleampower plants(e 0.02kWhe- e 0.03kWhe),
becausef the very smallpower outputof theINCOGENTreactor

To concludethis report,anillustrationof amodernHTR with directcycle power cornversion
system(PBMR) is given. Thereactoris on the left side. The two componentsn the middle
houseturbocompressorgqre- and intercoolersetc., the rightmostcylinder containsthe main
turbineandgeneratar



Researclopportunities

The ReactorPhysicsgroupat IRI hasa long tradition in basicreactorphysicsof small-scale
HTR systems.For the proposedsub-segower generatiorunit the groupcano er expertisein
thefollowing elds:

Designandoptimizationof the fuel compositionandthe geometryof the TRISO particle
for sub-seanuclearreactors.

Coredesigne.g.thesizeanddimension®f thecore,theselectiorof thecoolant,working
pressurandtemperaturesjirector indirectcycle operation.

Reactvity controlby burnablepoison,corecontrolstructures.

Modelingof dynamicbehaior usingcoupledneutronicsaandthermo-hydrauliceodesfor
load-folloving ando -normalsituations.

Accidentscenariosgvaluationof risksandsafetyanalysis.
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