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ABSTRACT

This paperdescribegwo typical studieson thermalhydraulicproblemson high tem-
peraturereactors. The first concerngthe core heattransferperformanceof a pebble
bedcore, the seconddealswith thermalstresse®n the core outletregion of a high
temperatureeactor Thesesimulationsare performedwith the TRIO_U/PRICELES
codedevelopedoby the C.E.A.

1 Intr oduction

As aresultof a screeningeview of candidatdechnologiesCEA hasselectedaninnovative conceptof
high temperatureggascooledreactorwith a fastneutronspectrum[1]. This long term objectve partly
builds on the currentupdatingof High TemperatureReactortechnologieshat CEA carriesout with
Europeannetworks to supportthe developmentof Modular Helium cooled Reactorsby Framatome-
ANP andinternationalpartners.

Thermalhydraulicperformanceareakey issuefor thecoredesign theevaluationof thethermalstresses
on thestructuresthe efficiengy of decayheatremoval systemsandsafetyanalysis.This paperpresents
two typical studiesconcerningthe core heattransferperformanceof a pebblebed core, and thermal
stressesnthecoreoutletregion of aHTR.

The TRIO_U/PRICELEScodeandthe CATHARE codeusedfor theseapplicationsareboth devel-
opedby CEA. The TRIO_U/PRICELEScode[2] is ageneral3D CFD codein which variousstatistical
turbulencemodels(RANS) and Large Eddy Simulationmodelsareimplemented. Th€ATHARE code
[3], developedin collaborationbetweenCEA, EDF, IPSNandFRAMATOME, is the referencecodein
Francefor the PWR safetyanalysisbut it hasalsobeenusedfor otherreactorsapplications.

2 Thermal Fluctuations in the Lower PlenumonaHTR

2.1 Technicalcontext: HTR Core QOutlet Flow

In someHTR core designs,the heliumis flowing dovnwardsthroughvertical columnsat the exit of

the hexagonalblocks (Fig. 1). The cylindrical structureof eachcolumnis perforatedby holeswhich

allows the heliumto exit horizontallyin a plenumlimited by two horizontalplates. The heliumis then
flowing in the radial directionto the hot duct which connectghe core vesselto the power corversion
systemvessel. Theseinternalstructureselown the reactorcore have animportantmechanicafunction
asthey take partto the supportof the core. The structureplacedat the outlet of the corearesubmitted
to a helium temperatureof about850°C. However, the cold helium coming from the cold duct at a
temperatureof 490°C is flowing underthe lower plate of the previous plenum. The vertical columns
may alsobe affectedby significanttemperaturgradientsandtemperaturdluctuationswhich canled to

thermalfatiguephenomena.As a consequencehe estimationof the thermalstressesnducedby the



temperaturgradienton theverticalcolumnsandthelower horizontalplateis required.This estimation
is ratherdifficult becaus®f the comple flow patternin the plenum.
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Figurel: Modelling of the coreoutletregion

2.2 Requirement: global thermal hydraulic behaviour

Theunderstandingf the coreoutletflow requiresa quantitatve descriptionof globalthermalhydraulic
behaiour. For the calculationof the nominalsituation,the whole reactorplanthasbeenmodeledwith

the CATHARE code with thefollowing characteristicsThecoreis modeledby two parallel1D circuits.
Theturbineandthe compressoraremodeledn afirst stepwithout dynamicalcharacteristicshut these
developmentsarein progressTherecuperatorgre-coolerandinter-cooleraremodeledby two parallel
countercurrent1D circuits, which canexchangeheatthrougha wall. Pressurelrop andheattransfer
correlationsare basedon the geometricakindthermalhydrauliccharacteristice®f the component.The
variousvolumesandplenaaremodeledby a OD approach A nominalsteadystatesituationat a powver
of 600 MW is presentedFig. 2). The evolution of the pressureandtemperaturealongthe circuit is

estimated.

Figure2: Globalcalculationof a HTR usingthe CATHARE code(temperaturdield)



2.3 Conditions of the calculation

As apreliminarystep,3D computation®f oneisolatedcolumnwereperformedo evaluatethe ability of
the Large Eddy Simulationapproactto calculatethe local thermalhydrauliccharacteristicsDueto the
hugesimulationdomain,ainsuficiently resohed Large Eddy Simulationapproachs usedwhich canbe
characteriseds" simulationof the systeminstabilities". This approacthasbeenwidely validatedfor
PWR applications As theflow patternsarehighly dependentn thetranserseflow rate,a computation
with atrans\erseflow rateis presentedvhich correspondso alocationof the columnnearthe outletof
theplenum.

Themainphysicalcharacteristicef the computatiorwhich takesinto accountboththe heatconduc-
tion in the solid andthe heatand masstransportin the gas-phasare: a pressureof 7 Mpa, a column
inlet flow rate of about0.5 kg/s anda temperaturef 875 C, a transwerseflow rate of 33.5kg/sanda
temperaturef 850°C, the downwardfaceof thelower platemaintainecat490°C.

Thepresentomputatioris usingBoussines® approximatiorandthe similarity of heatandmomen-
tum transfer(Prandtimodeling),non slip boundaryconditionson walls, typical meshsize of about10
mm whatleadsto aboutl million meshegfluid andsolid).

2.4 Main results

Thecomputatiorresultspresentedn (Fig. 3) shaw :

e anotexpectedmotionof thetranswerseflow into the upperpartof the column
e the jet througheachopeningof the columndependon the vertical and angularposition of the
opening
o thewake flow patternof thetranserseflow aroundthe column,with typical von-Karmarninstabil-
ities
e thehotheliumpenetratingn the plenumandmixing with thetrans\erseflow.
Thesepreliminarynumericalresultsgive afirst evaluationof thetemperaturgradientsandthetempera-
turefluctuationson the structuref thelower plenum.

Figure 3: Computationof a HTR coreoutletregion usingthe TRIO_U/PRICELEScode(temperature
field). Thetwo first figuresarehorizontalsectionsof a column,thethird is a vertical section

2.5 Futurework onthe subject

Furthercomputationswith the samespatialresolutionare in progressusingup to 7 columnsto take
into accountmorerealistictrans\erseflow conditions.A cross-comparisohetweendifferentturbulence
codesis organisedby the CEA onthesubjectin 2002.



3 Quasi-compressibleflows modeland application to the pebble bed mod-
ular reactor

In gascooledreactorstudies the fluid is consideredasa perfectgasbut it cannotbe consideredasan
incompressibldluid dueto thelargetemperaturevariations.A low machnumbemodel[4] is thenused
in orderto take into accountthe densityvariations.
Thequasi-compressiblemodelis built asfollows: the pressuras split into two parts

— with X is thethermodynami@ressurepnly time-dependerandit is usedin the
perfectgaslaw to computethe density Theacoustiovavesarethenfilteredout.  is thehydrodynamic
partof the pressurendit is usedin themomentumbalancesquations.

Accordingto this splitting, the governingequationf the quasi-compressiblamodelis written :

where—, , , , , arethevelocity, the density the calorific capacity the temperaturethe first
viscosityandtheconductvity of thegasrespectiely; — representa constangravity.
The thermodynamigressuras determinedy solving an ordinarydifferentialequation.Moreover the
viscosityis computedoy the Sutherlands law while the conductvity is constant.In additionthe Dargy
andForchheimefaws areusedto modelthe porosityof the medium(Ergunequation).
Theprecedenmodelsareintroducedn the thermal-hydraulicodeTrio_U/PRICELESIn this sec-
tion, we presentan applicationof thesemodelsto a pebblebed modularreactor This approachwas
validatedin awide rangeof applicationg5].

3.1 Problemdescription

The geometryof thereactoris cylindric. Thereactoris a bedof sphericalparticlesof diameter

cm : theindice of porosity of the bedis . In the coretherearethreezonesof pebbleswith
differentneutronicabropertiesgeneratinglifferentthermalpowersource , , ):

1. therelectricezone: inactive pebbles

2. intermediatezone

3. actvezone

Thecooledgasis Heliumunderhigh pressuré  bars)andhigh temperaturé K) :
kgm s ; kg.m ; W.m K ;
Jkg K
The gasruns acrossthe pebblebed from the top with the inlet velocity m.s andinlet
temperature K.

Dueto the symmetryof thereactor only the quarterof the geometryis studied.A threedimensional
structuredmeshof about elementss used.

The figure 4 a) shawvs the computingdomainwith boundariesconditionsandit alsoillustatesthe
geometry



Figure4: a) Computingdomainandboundariegonditions;b) Temperaturgrofilesin theinlet andoutlet
sectiondor Boussines@ndquasi-compressiblealculationgqc); ¢) Densityprofilesin theinlet, middle
andoutletsectiongqc); d) Densityweightedvertical velocity (qc).

3.2 Numerical results

In this papey two calculationswvere performed:the first with Boussines@ approximation the second
with quasi-compressibleodel.

TheFig. 4 b) shavsthetemperatur@rofilesin theinlet andoutletsectiondgor bothBoussinesgndquasi-
compressiblecalculations. It is seenthatthe maximumvalueis reachedor the Boussinesgase. The
Fig. 4 c) shavsthedensityin theinlet, middleandoutletsectiondor thequasi-compressiblealculation.
The densityshavs a strongdependencen the temperature.The fluid becomedighter astemperature
increasesTheFig. 4 d) shavs the densityweightedvertical velocity for the quasi-compressiblease.lt
canbeobseredhow thedilatability affectsthe velocity field.
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