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ABSTRACT
This paperdescribestwo typical studieson thermalhydraulicproblemson high tem-
peraturereactors.The first concernsthe coreheattransferperformanceof a pebble
bedcore, the seconddealswith thermalstresseson the coreoutlet region of a high
temperaturereactor. Thesesimulationsareperformedwith the TRIO_U/PRICELES
codedevelopedby theC.E.A.

1 Intr oduction

As a resultof a screeningreview of candidatetechnologies,CEA hasselectedaninnovative conceptof
high temperaturegascooledreactorwith a fastneutronspectrum[1]. This long term objective partly
builds on the currentupdatingof High TemperatureReactortechnologiesthat CEA carriesout with
Europeannetworks to supportthe developmentof Modular Helium cooledReactorsby Framatome-
ANP andinternationalpartners.
Thermalhydraulicperformancesareakey issuefor thecoredesign,theevaluationof thethermalstresses
on thestructures,theefficiency of decayheatremoval systemsandsafetyanalysis.This paperpresents
two typical studiesconcerningthe core heattransferperformanceof a pebblebed core, and thermal
stresseson thecoreoutletregion of aHTR.

TheTRIO_U/PRICELEScodeandtheCATHARE codeusedfor theseapplicationsarebothdevel-
opedby CEA. TheTRIO_U/PRICELEScode[2] is a general3D CFD codein which variousstatistical
turbulencemodels(RANS) andLargeEddySimulationmodelsareimplemented.TheCATHARE code
[3], developedin collaborationbetweenCEA, EDF, IPSNandFRAMATOME, is thereferencecodein
Francefor thePWRsafetyanalysis,but it hasalsobeenusedfor otherreactorsapplications.

2 Thermal Fluctuations in the Lower Plenum on a HTR

2.1 Technicalcontext : HTR Core Outlet Flow

In someHTR coredesigns,the helium is flowing downwardsthroughvertical columnsat the exit of
the hexagonalblocks(Fig. 1). The cylindrical structureof eachcolumnis perforatedby holeswhich
allows theheliumto exit horizontallyin a plenumlimited by two horizontalplates.Theheliumis then
flowing in the radial directionto the hot duct which connectsthe corevesselto the power conversion
systemvessel.Theseinternalstructuresbelow thereactorcorehave an importantmechanicalfunction
asthey take part to thesupportof thecore.Thestructuresplacedat theoutletof thecorearesubmitted
to a helium temperatureof about850

�
C. However, the cold helium coming from the cold duct at a

temperatureof 490
�
C is flowing underthe lower plateof the previous plenum. The vertical columns

mayalsobeaffectedby significanttemperaturegradientsandtemperaturefluctuationswhich canled to
thermalfatiguephenomena.As a consequence,the estimationof the thermalstressesinducedby the



temperaturegradientsontheverticalcolumnsandthelowerhorizontalplateis required.Thisestimation
is ratherdifficult becauseof thecomplex flow patternin theplenum.

Figure1: Modellingof thecoreoutletregion

2.2 Requirement: global thermal hydraulic behaviour

Theunderstandingof thecoreoutletflow requiresa quantitative descriptionof globalthermalhydraulic
behaviour. For thecalculationof thenominalsituation,thewholereactorplanthasbeenmodeledwith
theCATHARE code,with thefollowing characteristics.Thecoreis modeledby two parallel1D circuits.
Theturbineandthecompressorsaremodeledin a first stepwithout dynamicalcharacteristics,but these
developmentsarein progress.Therecuperators,pre-coolerandinter-cooleraremodeledby two parallel
countercurrent1D circuits, which canexchangeheatthrougha wall. Pressuredrop andheattransfer
correlationsarebasedon thegeometricalandthermalhydrauliccharacteristicsof thecomponent.The
variousvolumesandplenaaremodeledby a 0D approach.A nominalsteadystatesituationat a power
of 600 MW is presented(Fig. 2). The evolution of the pressureand temperaturealongthe circuit is
estimated.

Figure2: Globalcalculationof aHTR usingtheCATHARE code(temperaturefield)



2.3 Conditions of the calculation

As apreliminarystep,3D computationsof oneisolatedcolumnwereperformedto evaluatetheability of
theLargeEddySimulationapproachto calculatethelocal thermalhydrauliccharacteristics.Dueto the
hugesimulationdomain,a insufficiently resolvedLargeEddySimulationapproachis usedwhichcanbe
characterisedas" simulationof thesysteminstabilities". This approachhasbeenwidely validatedfor
PWRapplications.As theflow patternsarehighly dependenton thetransverseflow rate,a computation
with a transverseflow rateis presentedwhich correspondsto a locationof thecolumnneartheoutletof
theplenum.

Themainphysicalcharacteristicsof thecomputationwhich takesinto accountboththeheatconduc-
tion in the solid andthe heatandmasstransportin thegas-phaseare: a pressureof 7 Mpa, a column
inlet flow rateof about0.5 kg/s anda temperatureof 875

�
C, a transverseflow rateof 33.5kg/s anda

temperatureof 850
�
C, thedownwardfaceof thelower platemaintainedat490

�
C.

Thepresentcomputationis usingBoussinesq’s approximationandthesimilarity of heatandmomen-
tum transfer(Prandtlmodeling),nonslip boundaryconditionson walls, typical meshsizeof about10
mmwhatleadsto about1 million meshes(fluid andsolid).

2.4 Main results

Thecomputationresultspresentedin (Fig. 3) show :� anotexpectedmotionof thetransverseflow into theupperpartof thecolumn� the jet througheachopeningof the column dependon the vertical andangularposition of the
opening� thewakeflow patternof thetransverseflow aroundthecolumn,with typicalvon-Karmaninstabil-
ities� thehotheliumpenetratingin theplenumandmixing with thetransverseflow.

Thesepreliminarynumericalresultsgiveafirst evaluationof thetemperaturegradientsandthetempera-
turefluctuationson thestructuresof thelowerplenum.

Figure3: Computationof a HTR coreoutlet region usingthe TRIO_U/PRICELEScode(temperature
field). Thetwo first figuresarehorizontalsectionsof acolumn,thethird is averticalsection

2.5 Future work on the subject

Furthercomputationswith the samespatialresolutionare in progressusing up to 7 columnsto take
into accountmorerealistictransverseflow conditions.A cross-comparisonbetweendifferentturbulence
codesis organisedby theCEA on thesubjectin 2002.



3 Quasi-compressibleflowsmodeland application to the pebble bedmod-
ular reactor

In gascooledreactorstudies,the fluid is consideredasa perfectgasbut it cannotbe consideredasan
incompressiblefluid dueto thelargetemperaturevariations.A low machnumbermodel[4] is thenused
in orderto take into accountthedensityvariations.
Thequasi-compressiblemodelis built asfollows: thepressureis split into two parts
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is thethermodynamicpressure,only time-dependentandit is usedin the
perfectgaslaw to computethedensity. Theacousticwavesarethenfilteredout.
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is thehydrodynamic

partof thepressureandit is usedin themomentumbalanceequations.
Accordingto thissplitting, thegoverningequationsof thequasi-compressiblemodelis written :�             !              "
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are the velocity, the density, the calorific capacity, the temperature,the first
viscosityandtheconductivity of thegasrespectively;

E
representsa constantgravity.

The thermodynamicpressureis determinedby solvinganordinarydifferentialequation.Moreover the
viscosityis computedby theSutherland’s law while theconductivity is constant.In additiontheDarcy
andForchheimerlaws areusedto modeltheporosityof themedium(Ergunequation).

Theprecedentmodelsareintroducedin thethermal-hydrauliccodeTrio_U/PRICELES.In this sec-
tion, we presentan applicationof thesemodelsto a pebblebedmodularreactor. This approachwas
validatedin awide rangeof applications[5].

3.1 Problemdescription

Thegeometryof thereactoris cylindric. Thereactoris a bedof sphericalparticlesof diameterW H 
YX
cm : the indice of porosityof the bedis Z 
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differentneutronicalproperties,generatingdifferentthermalpower sources(
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Dueto thesymmetryof thereactor, only thequarterof thegeometryis studied.A threedimensional

structuredmeshof about 9 XsS2S2S elementsis used.
The figure 4 a) shows the computingdomainwith boundariesconditionsand it also illustatesthe

geometry.



Figure4: a)Computingdomainandboundariesconditions;b) Temperatureprofilesin theinlet andoutlet
sectionsfor Boussinesqandquasi-compressiblecalculations(qc); c) Densityprofilesin theinlet, middle
andoutletsections(qc);d) Densityweightedverticalvelocity (qc).
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3.2 Numerical results

In this paper, two calculationswereperformed:the first with Boussinesq’s approximation,the second
with quasi-compressiblemodel.
TheFig. 4b)showsthetemperatureprofilesin theinletandoutletsectionsfor bothBoussinesqandquasi-
compressiblecalculations.It is seenthat the maximumvalueis reachedfor the Boussinesqcase.The
Fig. 4 c) showsthedensityin theinlet, middleandoutletsectionsfor thequasi-compressiblecalculation.
The densityshows a strongdependenceon the temperature.The fluid becomeslighter astemperature
increases.TheFig. 4 d) shows thedensityweightedverticalvelocity for thequasi-compressiblecase.It
canbeobservedhow thedilatability affectsthevelocityfield.
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