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1 Intr oduction

This reportcontributesto the 5��� Framework ProgrammeHTR-E WP 2. The aim of HTR-E WP 2
is to give aninsight into thebehaviour of therecuperatorin a directcycle High TemperatureHelium
CooledReactordesignduringathermaltransient.Fromthevariousrecuperatordesignsavailabletwo
designshave beenchosento be investigatedin detailwithin theproject[1, 2, 3]. Onedesignbased
on printedcircuit technology(Heatric)andonedesignbasedon platefin technology(Nordon)have
beenchosen.A mock-upof bothdesignsis to be testedin theCLAIRE testloop at CEA Grenoble
with a largenumberof startupandcooldown thermaltransients.

This reportsummarizestheresultsof thethermalandmechanicalanalysesperformedfor theHeatric
mock-upto betestedin theCLAIRE testloop. Thethermaltransientbehaviour of themock-upduring
a cool down transienthasbeencalculatedwith a computationalfluid dynamics(CFD) transientanal-
ysis. Thestressesin themock-upduringa cool down transienthave beencalculatedwith a transient
elasticfinite element(FEM) analysis.The transienttemperaturescalculatedwith the CFD analysis
havebeenusedasa thermalloadingin theFEM analysis.For themosthighly loadedlocationsof the
mock-upfatigueevaluationshavebeenperformed.For thefatigueevaluationsthestressrangeduring
the cool down transientin eachlocationis usedasinput. Fatigueevaluationshave beenperformed
basedon theASME [4] aswell astheRCC-MR[5] fatiguedata.
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2 Problem Defin ition

Theprincipleof anHTR reactoris shown in Figure1. Theheliumgascomingfrom thehighpressure
compressorandgoing to the reactorvesselis heatedin the recuperatorby the helium gascoming
from the turbineandgoing to the pre-cooler. The useof a recuperatorresultsin a substantialef-
ficiency increase.A recuperatorshouldhave a high thermalefficiency, low pressurelosses,anda
compactdesign.During a lossof offsite power with a turbo-machinetrip therecuperatorwill endure
a cool down andsubsequentstartup thermaltransient.Thesetransientsaresevere,but therecupera-
tor designshouldbeableto withstandanumber(500)of thesetransientsduringits operationallife [6].

Within theframework of theHTR-Eprojectthebehaviour duringthermaltransientsof two recupera-
tor designsis beinginvestigated.Thefirst designis basedonprintedcircuit technology(Heatric)and
theotherdesignon platefin technology(Nordon). A mock-upof bothdesignshasto endurea large
numberof startup andcool down transientsin theClairetestloop at CEA Grenoble.Themock-ups
to betestedin theClaireloopoperatewith air insteadof heliumandhaveareducedsizeandcapacity
dueto therestrictionsimposedby thetestloop.

Thestartup andcool down thermaltransientsresult in largestresschangesin themock-updesign.
Thesestresschangesresultpotentiallyin thermalfatiguedamagein themock-up,which eventually
canresult in failure of the mock-up. The fatiguebehaviour of the Heatricmock-upduring a cool
down transienthasbeeninvestigatedusingnumericalsimulations.Thecool down transienthasbeen
chosen,becauseit is the mostseverethermaltransientexperiencedby the recuperator. The fatigue
strengthof theHeatricrecuperatormock-uphasbeenevaluatedusinga threestepapproach:

� determinationof thetransientthermalresponseof themock-up;
� determinationof thestresschangesdueto thetransientthermalresponse;
� fatiguelife evaluationaccordingto nuclearsafetycodesbasedon thestresschanges.

The transientthermalresponseof the recuperatormock-uphasbeendeterminedusinga computa-
tional fluid dynamics(CFD) analysis. In a CFD analysisthe heattransferthroughthe mock-upis
calculatedbasedon themassflow andtheinlet temperaturesof theair flow at thehot andcold side.
Incorporatedin theCFDanalysisof themock-upis theinteractionbetweentheair flowsandthesolid
material.CFD hasbeenchosenfor thecalculationof thetransientthermalresponseof themock-up
becauseof the advancedmodellingavailablefor the interaction,especiallyat the interfacebetween
gasandsolidmaterial.

The cool down transientresultsin substantialthermalgradientsin the mock-up. Especiallyin the
Heatricmock-up,becauseit hasa largethermalcapacitydueto its solid design.Thethermalgradi-
entsin themock-upresultin largethermaldeformationsandstresses. Thethermaldeformationsand
stressesin themock-uphave beencalculatedusinga transientFinite Element(FE) analysis.TheFE
analysisusestheCFD transientthermalresultsasa thermalload input. TheFE resultsgive in each
locationof themock-upthestress changeduringthecooldown transient.

Fatiguedamagein a structureis causedby a cyclic stressloading. In the mock-upfatiguedamage
will occurat the locationswith largestress changesduring thecool down transient.Thenumberof
cyclesuntil failurecanbecalculatedby comparingthestress(or strain)amplitudepercycle with the
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fatigueendurancescurvesasgivenin nuclearsafetycodes[4, 5]. Thisapproach,usingfatiguecurves
from safetycodes,resultsin veryconservativeestimatesfor thenumberof cyclesuntil fatiguefailure,
becauseof thesafetymargins incorporatedin thefatiguecurves. This shouldbekept in mind when
viewing the fatiguelife predictionsfor the recuperatormock-uptestedin the Claire loop. For the
mock-upthe fatiguelife predictionswill besupplementedby evaluationsin which thesensitivity of
thefatiguelife predictionfor variousloadparametersis elucidated.
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3 Computational Fluid Dynam ics Anal yses

The steadystateand transientthermalbehaviour of the Heatricmock-uphasbeendeterminedus-
ing computationalfluid dynamics(CFD) analyses.TheCFD analyseshave beenperformedwith the
generalpurposeCFD programCFX 5.7 [7]. The geometryof the mock-uphasbeensimplified to
a three-dimensionalcalculationmodelcontainingan infinite arrayof hot andcold plates.With this
simplified modelboth the steady-statethermalbehaviour and the thermalbehaviour during a cool
down transienthavebeencalculated.

3.1 Model Description

3.1.1 Geometry

TheHeatricmock-upconsistsof astackof plates,in whichpassageshavebeenetched,throughwhich
theair flows. A totalof 62passageshavebeenetchedinto asingleplate.Thestackis sealedat thetop
andthebottomby a platewithout passages.Thetotal stackof platesis joinedby diffusion bonding,
in sucha way that the mock-upconsistsof basematerialonly without metallurgical weaknessesat
theplateinterfaces.Thestackconsistsof 51coldsideplatesand50hotsideplates.Thecoldandhot
platesarearrangedalternately.

Figure2 showsaschematiclayoutof theHeatricmock-up.Thecentralpartof themock-upis thefish
bonesection.Herethepassagesareetchedin a zigzagpatternfor optimalheattransfer. In thefish
bonesectionthehot andcold gasflows areoperatingin counter-flow. Thepassagesin thefish bone
sectionarefed from thefeederchannelsthroughtheso-calleddiffusorzone.In thisdiffusor zonethe
passagesarestraightandthehotandcoldgasareoperatingin cross-flow.

With aCFDanalysisit is not feasibleto makeathree-dimensionalmodelof thecompletemock-upin
whichtheplatesandpassagesaremodelledin detail.A simplifiedCFDmodelhasto beusedto study
thethermalbehaviour of themock-up.Thefollowing attributeshave to bethesamein thesimplified
modelasin theactualmock-up:

� theamountof gasflowing throughthehotandcoldside;
� thetotal heattransferbetweenthehotandcoldsideof mock-up;
� theresidencetimeof thegasflowing throughthemock-up;
� thetotal heatcapacityof thesolidmaterialin themock-up.

In thesimplifiedCFD modela singlecold andhot platehave beenmodelled.By choosinganappro-
priateboundaryconditionaninfinite stackof alternatingcoldandhotplateshasbeenrealised.Notice
that in this way theeffect of thesolid top andbottomplateis neglected.Thepassageshave not been
modelledin detail,but theplatevolumecontainingpassageshasbeenmodelledasa sliceof porous
material.Theporousmediumapproachrequiresthat in themodelthelengthof thefish bonesection
is increasedin orderto obtainthesameheattransferareaasin themock-up.Thethree-dimensional
CFD calculationgrid is shown in Figure3. Thegrid consistsof 132560cellsand159322nodes.De-
tailedviews of thecalculationgrid areshown in Figure4. Thegrid has20 elementsin thedirection
of thethickness,5 elementsfor thecold andhot gasflow and10 for thesolid platein between.The
cellssizehasbeenchosenin suchaway thatthegasflow is accuratelymodelled.
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3.1.2 CFD Model

The air flowing throughthe mock-uphasbeenassumedto be an ideal gas. All air flow is laminar.
This impliesthattheoptionsnon-isothermal, singlecomponent, singlephase, andlaminarhave been
activatedin CFX 5.7. Also the option that invokesgravity hasbeenactivated. The heattransferin
thefluid, thesolid, andthefluid-solid interfacehasbeensolvedsimultaneouslyby CFD code.This
so-calledconjugateheattransferapproachrequiresnoadditionalboundaryconditionsfor thethermal
behaviour.

As alreadymentioned,theporousmediumapproachrequiresanincreasein thelengthof thefishbone
sectionof themodelto achieve thesametotal surfacearea.Theincreasein heatcapacitydueto this
increasein lengthhasto becompensatedfor by adjustingthedensityof thefishbonesection.Figure5
showsthecrosssectionof themock-up.Theresistanceof theporousmediumis chosenin suchaway
that thepressuredropover themock-upis equalto thepressuredrop in PCHEDataSheetprovided
by Heatric. TheCFX 5.7 optiondirectionallossmodelis utilised to force thegasflow in thedirec-
tion of thepassagesby increasingtheresistancefor flow in thedirectionperpendicularto thepassages.

3.1.3 Material Properties

In theCFD modelof themock-upboth thefluid medium(air) andthesolid material(stainlesssteel
AISI 316 L) have beenmodelled. For air the following materialpropertieshave beenusedin the
calculations:

density : � = 3.3 [ kg / m� ]
viscosity : 	 = 2.93E-05 [ Pa
 s ]
thermalconductivity : � = 0.06 [ W / m
 K ]
specificheat : c� = 1.052E+03 [ J / kg
 K ]

Thesameair propertieshavebeenusedasin thePCHEDataSheetprovidedby Heatric.Theseprop-
ertieshavebeenaveragedover thetemperaturerange.

Thepropertiestaken for thestainlesssteelAISI 316L have beenbasedon thedataprovided in [8].
Thepropertiesusedaregivenbelow andhavebeenaveragedoverthetemperaturerange100- 500 � C.

density : � = 7907 [ kg / m� ]
thermalconductivity : � = 18 [ W / m
 K ]
specificheat : c� = 532 [ J / kg
 K ]

3.1.4 Boundary and Loading Conditions

For thesteadystateandtransientCFD calculationsa standardno-slipboundaryconditionhasbeen
assumedfor the walls. Becausein practicethe mock-upis insulatedat the outerboundaryin the
Claire loop, all outsidewalls areassumedto be adiabatic.Table1 summarisesthe appliedloading
conditionsfor thesteady-stateCFD calculation.
For the transientCFD analysisthehot inlet temperaturehasbeendecreasedfrom 510 � C to 105 � C
in 5 seconds.Theappliedcooldown transientis illustratedby Figure6.
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table 1 Loading conditions for the steady state CFD calculation
Cold side Hot side

mass flow 0.1 0.1 [ kg / s ]
inlet temperature 105 510 [ 
 C ]
inlet pressure 4.5 4.5 [ bar ]

3.2 Steady State Results

Steady-stateanalyseshave beenusedto adjusttheCFD modelparameters.In particular, theporous
materialparametershave beenadjustedin sucha way that a goodagreementwasreachedbetween
the calculatedresultsandthe resultsgiven by the PCHEDataSheetprovided by Heatric. Figure7
shows the steady-statetemperaturedistribution in the hot andcold platesideof the mock-up. As
expected,the temperaturesaremuchhigherat thesidewherethehot inlet andcold outletare(right
sidepicture)thanat thesidewherethehot outletandcold inlet are(left sidepicture).Thedifference
in temperaturebetweenthehot andcold platesideis approximately10 � C. Dueto thecrossflow in
thediffusorsectionsthetemperaturegradientis differentat thetopandbottomof themock-up.

Figure8 shows thesteady-statedistribution of thegaspressureat thehot andcold platesideof the
mock-up.Thesteady-statedistribution of thegasvelocity at thehot andcold platesideof themock-
up is shown in Figure9. Dueto theporousmediumapproachthecalculatedvelocitiesin thediffusor
sectionsareslightly increasedtowardsthe in- andoutlets.However, this is judgedto beacceptable.
Figure10 shows thesteady-statedistribution of theheatflux from thehot to thecold plate. Notice,
thatthisheatflux is nothomogeneousover theactive length(fishbonesection)of themock-up.

3.3 Results Cool Down Trans ient

Figure11 shows the gastemperatureasa function of time in the hot andcold in- andoutlet. The
appliedcool down transienthasno influenceon thegastemperatureat thehot outletdueto thelarge
thermalcapacityof themock-up,combinedwith thevery effective heattransferbetweenthehot and
cold plate. The responseof themock-upon thecool down transientcanonly beenseenat thecold
outlet. Thegastemperatureat thecold outletdecreasesvery rapidly. Becauseafter1 houra steady
statehasnearlybeenreachedin the cold outlet temperaturethe transientCFD calculationis termi-
natedat this time.

Figure12showsthetemperaturedistributionalongcrosssectionA-A throughthecentreof themock-
up (Figure3) at varioustime intervalsduring thecool down transient.At thestartof thecool down
transientlarge thermalgradientsoccurat the sideof the mock-upwith the hot inlet andcold outlet
(right sidepicture).At themock-upsidewith thehot outletandcold inlet (left sidepicture)thecool
down transientno influenceis observedatall. After 1 hourthetemperaturein thecentreof theactive
part (fish bonesection)of themock-upstill exceeds200 � C. So, in contrastto what thecold outlet
measurementsuggestsnosteady-statetemperaturedistributionhasbeenreachedafter1 hour.

In Figures13 to 33 thedistribution of thetemperature,gaspressure,andgasvelocity at thehot plate
andcoldplatesideof themock-upareshown atvarioustimeintervalsduringthecooldown transient.
Thesefiguresillustrate that the mock-updoesnot cool down homogeneously. The mock-upcools
down in a longitudinaldirectionfrom the endwith the hot inlet andcold outlet (right sidepicture)
towardsthe endwith the hot outlet andcold inlet (left sidepicture). The figuresalsoillustratethe
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effectof this cooldown behaviour on thepressuredistributionandgasvelocity.

For the testin theClaire loop thermo-coupleshave beenattachedto themock-upat many positions
to measurethe temperatureasa functionof time. For eachthermo-couplepositionasshown in the
FiguresA.1 andA.2 thecalculatedtemperatureasa functionof time is givenin appendixA, sothat
aftertheexperimentacomparisoncanbemadebetweenthecalculatedandmeasuredtemperatures.
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4 Mechanical Anal yses

The deformationsandstressesin the mock-updueto the cool down transienthave beencalculated
usinga transientfinite element(FE) analysis.TheFE analysishasbeenperformedwith thegeneral
purposeprogramMARC Version2003[9]. TheFE analysiscalculatesthestress changesoccurring
in themock-upduring the cool down transient.The fatigueevaluationis basedon thesecalculated
stresschanges.

4.1 Model Description

4.1.1 Approach and FE Model

The transientmechanicalbehaviour of themock-uphasbeencalculatedwith anelasticplanestress
FE analysis.Thetransientthermalbehaviour calculatedwith theCFD analysishasbeenusedasthe
appliedloadingin thetransientmechanicalanalysis.To simplify thedatatransferfrom theCFDanal-
ysis to theFE analysisa similar geometricmodelhasbeenused.In theFE-modelthe in- andoutlet
feederchannelshavenotbeenmodelledandin thestackdirectionthemodelhasbeenreducedto one
layerof elements.

Figure34 shows theutilized FE model. TheFE modelconsistsof 10332elementsand16476nodal
points. The elementtype usedis an eight-node,linear brick element(MARC elementtype 7). A
planestressanalysiscanbeperformedwith this three-dimensionalmodelconsistingof onelayerof
elementsby applyingthecorrectboundaryconditions.Figure35shows themeshdistributionaround
the feederchannels.The sharpcornershave beencopiedfrom the CFD model. This will result in
highpeakstresses,whichwill notoccurin themock-updueto thetransitionradii at thesecorners.

4.1.2 Material Properties

The mock-upconsistsof AISI 316 L. The temperaturedependentelasticmaterialpropertieshave
beentaken from [8]. Table2 summarizesthematerialpropertiesutilized for thesolid metal. Some
partsof the mock-up,asshown in Figure36, do not consistof solid metalbut have a porositydue
to thepassagesrunningthrough. For thesepartstheYoung’s modulus(E) hasbeenscaledwith the
porosity. Poissonratio ( � ) andinstantaneouscoefficient of thermalexpansion( � ) have beentakenas
givenin Table2.

table 2 Applied temperature dependent material properties for AISI 316 L
T E � �

[ 
 C ] [ MPa ] [ - ] [ 1 / 
 C ]
0 200333 0.2921 1.631E-05

50 196273 0.2957 1.670E-05
100 192213 0.2993 1.709E-05
150 188153 0.3029 1.748E-05
200 184093 0.3064 1.787E-05
250 180033 0.3100 1.826E-05
300 175973 0.3136 1.864E-05
350 171913 0.3172 1.902E-05
400 167853 0.3208 1.940E-05
450 163793 0.3244 1.978E-05
500 159733 0.3279 2.016E-05
550 155673 0.3315 2.053E-05
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4.1.3 Boundary and Loading Conditions

TheFE modelcontainstwo planesof nodalpoints.For all nodesin oneplanethedisplacementper-
pendicularto the planehasto be suppressed to obtaina planestressmodel. Figure36 shows the
postionsfor which thedisplacementsin themodelplanehavebeensuppressed.Theseboundarycon-
ditionssimulatethemock-upsupports.

ThetransienttemperaturescalculatedusingtheCFD analysishave beenappliedasa thermalloadin
theFE analysis.

4.2 Finite Elemen t Results

Thesteadystatetemperaturedistribution in themock-upresultsin a thermalexpansionof themock-
up. This thermaldeformationis largerat thehot endof themock-upthanat thecold end.At steady
stateconditionsthethermalelongationof themock-upis nearly10 mm andthemaximumthickness
increaseapproximately2.8mm. During thecool down transientthemock-upthethermalexpansion
of themock-updecreases.Figures37 and38 show the thermalexpansionof themock-upat steady
stateconditionsandafter700secondsduring thecool down transient.Figure39 shows the thermal
elongationof themock-upduringthecool down transientandFigure40 thedecreaseof thethermal
expansionin thicknessdirection.

Therapidcooldown of thehotendof themock-upduringthetransientresultsin largethermalgradi-
entsandthushigh thermalstresses.TheFigures41 to 46show thedistribution of theTrescastress at
varioustime intervalsduringthecool down transient.Thelegendof thesefigureshasbeenchosenin
suchaway thatthemaximumstresscorrespondswith theyield stressat510 � C. Thethermalstresses
thatoccurareveryhigh. Thefiguresillustratein whichpartsof themock-upplasticitywill occurdur-
ing a cool down transient.However, theTrescastressesshown in thefiguresareelasticstresses. The
fatigueevaluationis basedon thechangeof theelasticTrescastressduringthecooldown transient.

Largestresschangesoccurattheinterfacebetweenthefishbonesectionandtheoutsideof solidmetal
nearthehot inlet. Figure47givesadetailedview of thispartof themock-up.Thepositionsshown in
Figure47arethemostcritical positionswith respectto fatiguedamage.For thesepositionsFigure48
shows the temperatureduring the transientasa functionof time, while Figure49 shows theTresca
stresslevel asa functionof time.

16 Confidential 20793/05.67283/C



5 Fatigue Evaluations

5.1 Appr oach

Cyclic loadingcanresult in failureof a structureeven if thestaticdesigncriteriaarenot exceeded.
This phenomenais calledfatiguefailure. Whenfatiguefailureoccursit is determinedby thefollow-
ing two factors:

� theamplitudeof theappliedcyclic load;
� thenumberof appliedcycles.

In nuclearsafetycodes,suchasASME andRCC-MR, designfatigueendurancecurvesaregiven,
which describetherelationbetweenthecyclic loadamplitudeandthenumberof cyclesuntil theend
of thefatigueendurance.Table3 givesthefatiguedesignendurancelimits for AISI 316L at 510 � C
asspecifiedin ASME ([4], Table9.2(a))andRCC-MR([5], TableA3.3S.541).In theRCC-MR code
the fatiguedesignendurancelimits aregivenasstrainamplitudesversusthenumberof cyclesuntil
theendof thefatigueendurance.Thestrainamplitudeshave beenconvertedto stress amplitudesby
usingHooke’s law.

table 3 Design fatigue endurance limits for AISI 316 L at 510 
 C
Number of cycles Allowable stress amplitude

ASME RCC-MR
10 1228.0 MPa 1122.0 MPa
20 699.1 MPa 645.2 MPa
40 457.1 MPa 435.4 MPa

100 318.5 MPa 297.8 MPa
200 251.0 MPa 235.8 MPa
400 215.1 MPa 200.1 MPa

1000 177.2 MPa 163.7 MPa
2000 155.1 MPa 141.6 MPa
4000 137.2 MPa 125.2 MPa

10000 116.5 MPa 106.5 MPa
20000 104.1 MPa 94.9 MPa
40000 95.1 MPa 85.8 MPa

100000 80.7 MPa 72.6 MPa
200000 71.7 MPa 64.9 MPa
400000 64.1 MPa 58.3 MPa

1000000 55.2 MPa 50.4 MPa

5.2 Results

Fatiguefailurewill occurfirst at thepositionsof themock-up,whichareexposedto thelargeststress
changesduring the cool down transients.Large stress changesoccurat the interfacebetweenthe
fish bonesectionandtheoutsideof solid metalnearthehot inlet. For thecritical positionsshown in
Figure47 a fatigueevaluationhasbeenperformed.Figure49 shows thestresschangein thecritical
positionsduringthecool down transient.A cool-down will resultin mainly tensilestressesnearthe
hot inlet, while a startup will resultin mainly compressive stresses. Thestresslevelsduringa a cool
down anda startup transientwill beof thesameorderof magnitude.Therefore,thestress changes,
shown in Figure49, areassumedto be stressamplitudesanda cool down andsubsequentstartup
transientcanassumedto beonefatiguecycle.
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table 4 Maximum number of fatigue cycles for the critical
positions according to an ASME and RCC-MR
fatigue evaluation

Position ������� N������� N�! " �#$���
A 1024.4 MPa 11 cycles 11 cycles
B 461.4 MPa 32 cycles 36 cycles
C 308.3 MPa 80 cycles 92 cycles
D 218.7 MPa 216 cycles 274 cycles
E 231.9 MPa 177 cycles 214 cycles
F 242.7 MPa 155 cycles 183 cycles
G 230.2 MPa 181 cycles 221 cycles
H 194.4 MPa 367 cycles 456 cycles
I 164.4 MPa 806 cycles 980 cycles
J 137.5 MPa 2002 cycles 2360 cycles

Table4 shows for the critical positionsthe maximumnumberof cyclesuntil the endof the fatigue
endurancebasedon fatigueevaluationsusing the ASME andRCC-MR fatiguedesignlimits. For
the positionsA, B, andF theseresultsshouldbe viewed with caution. Thesepositionare located
at geometricdiscontinuities,which arenot modelledin detail. Thestress amplitudescalculatedare
conservativeandalsothefatigueendurancedeterminedwith thesestressamplitudes.

The maximumnumberof fatiguecyclesbasedon the ASME fatiguedesignlimits is slightly more
conservative thanthemaximumnumberof fatiguecyclesbasedon theRCC-MRfatiguedesignlim-
its. This is in contrastwith the datagiven in Table3. For the fatigueevaluationaccordingto the
RCC-MR codethe stress amplitudesgiven in Table4 have beenusedasinput. But for the fatigue
evaluationaccordingto the ASME codethesestressamplitudeehave to be increasedwith a factor
1.13. This is theratio betweentheYoung’s modulusat 510 � C andtheYoung’s modulususedin the
ASME to convert strainamplitudesto stressamplitudes.This approachmakestheASME codemore
conservative thantheRCC-MRcodewith respectto a fatigueevaluation.

The fatigueendurancepredictionsbasedon the fatiguedesignlimits from nuclearsafetycodesare
conservative. Thesearetheminimumnumberof cyclesthestructurecanwithstandandnot thenum-
berof cyclesuntil failure. A typical safetyfactorincorporatedin thefatiguedesignlimits is a factor
of 2 on the stressamplitude. This safetyfactoron the stressamplituderesultsin a safetyfactorof
approximately20 on thenumberof cycles,dueto the logarithmicrelationbetweenstressamplitude
andnumberof cycles. For theClaire loop mock-upthis shouldbekept in mind, whenviewing the
resultspresentedin Table4. Basedon this factandtheresultspresentedhereit canbeconcludedthat
fatiguefailure of the mock-upmay not occurduring the Claire loop experimentgiven the planned
numberof actualcycles.

5.3 Sensitivity Anal yses

In supportof the Claire loop experimentthe influenceof a changeof the cool down transienton
thepredictedmaximumnumberof fatiguecycleshasbeeninvestigated.Threeadditionalcool down
transientshavebeeninvestigated,510/175,510/85,and530/105� C. It hasbeenassumedthatfor these
transientsthestresschangescanbedeterminedby scalingthecalculatedresultsfor the510/105� C
cooldown transient.Thescalingfactoris theratioof thetemperaturedifferences.
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table 5 Results sensitivy analysis of fatigue evaluation according to ASME
Position 510 / 105 510 / 175 510 / 85 530 / 105

A 11 cycles 14 cycles 10 cycles 7 cycles
B 32 cycles 47 cycles 30 cycles 17 cycles
C 80 cycles 135 cycles 71 cycles 34 cycles
D 216 cycles 513 cycles 183 cycles 71 cycles
E 177 cycles 399 cycles 146 cycles 62 cycles
F 155 cycles 317 cycles 135 cycles 56 cycles
G 181 cycles 403 cycles 157 cycles 63 cycles
H 367 cycles 896 cycles 295 cycles 93 cycles
I 806 cycles 2130 cycles 643 cycles 157 cycles
J 2002 cycles 5839 cycles 1557 cycles 333 cycles

Table5 shows the resultsof the sensitivity analysisfor the fatigueevaluationbasedon the ASME
fatiguedesignlimits, while the resultsfor the fatigueevaluationbasedon theRCC-MR fatiguede-
sign limits aregiven in Table6. Both tablesshow the sametendencies.Reducingthe temperature
differenceof thecool down transientwill increasethefatigueendurance,while a larger temperature
differencewill resultin a smallerfatigueendurance.Increasingthemaximumtemperaturewill am-
plify this effect. However, theconclusionthat fatiguefailureof themock-upmaynot occurduring
theClaireloopexperimentremains.

table 6 Results sensitivy analysis of fatigue evaluation according to RCC-MR
Position 510 / 105 510 / 175 510 / 85 530 / 105

A 11 cycles 14 cycles 10 cycles 7 cycles
B 36 cycles 55 cycles 33 cycles 19 cycles
C 92 cycles 158 cycles 81 cycles 36 cycles
D 274 cycles 633 cycles 224 cycles 81 cycles
E 214 cycles 485 cycles 182 cycles 70 cycles
F 183 cycles 394 cycles 159 cycles 63 cycles
G 221 cycles 501 cycles 186 cycles 71 cycles
H 456 cycles 1088 cycles 368 cycles 108 cycles
I 980 cycles 2511 cycles 787 cycles 177 cycles
J 2360 cycles 6902 cycles 1827 cycles 388 cycles
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6 Conc lusions

Basedon the resultsof the transientthermalandmechanicalcalculationandthe performedfatigue
evaluationsthefollowing canbeconcludedfor theHeatricmock-upto betestedin theClaireloop:

� Theheattransferthroughthemock-upis nothomogeneousat steadystateconditions.

� Themock-updoesnot cool down homogeneouslyduringthecool down transient.Themock-up
coolsfrom thehotendtowardsthecoldend.

� Thehotendof themock-up,wherethehot inlet andcoldoutletaresituated,is exposedto severe
thermaltransients.

� Thecompletecooldown of theHeatricmock-uptakesmorethan1 hour.

� At thehotendof themock-uplargestresschangesoccurduringthecooldown transient.

� Fatiguefailure is most likely to occur at the interfacebetweenthe fish bonesectionand the
outsidesolidmetalat thehotendof themock-up.

� Fatiguefailureof theHeatricmock-upmaynotoccurduringtheClaireloopexperiment.

It shouldalsoberemarkedthatthefatigueevaluationsbasedon thefatiguedesignlimits givenin the
ASME andRCC-MR donotpredictthenumberof fatiguecyclesuntil failureof themock-up.When
viewing theresultsof theperformedfatigueevaluationsthisshouldbekeptin mind. Theobjectiveof
safetycodesis predictingsafeoperationandnotpredictingfailure.
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Figure s

figure 1 HTR principle
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figure 2 A schematic layout of the Heatric mock-up design

figure 3 Calculation grid used for the CFD analyses
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figure 4 Detailed views of the CFD calculation grid

figure 5 Cross section view of passages in the Heatric mock-up
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figure 6 The applied cool down transient for the Claire mock-up in the CFD calculation

figure 7 The steady state temperature distribution at the hot and cold side of the mock-up
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figure 8 The steady state pressure distribution in the gas at the hot and cold side of the mock-up

figure 9 The steady state gas velocity distribution at the hot and cold side of the mock-up

figure 10 The steady state distribution of the heat flux at the hot and cold side of the mock-up
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figure 11 The temperature at the hot and cold in- and outlet as a function of time during the cool
down transient
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figure 12 The temperature distribution along cross section A-A at various time intervals during the
cool down transient
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figure 13 The temperature distribution at the hot and cold side of the mock-up after 25 seconds
during the cool down transient

figure 14 The pressure distribution in the gas at the hot and cold side of the mock-up after 25
seconds during the cool down transient

figure 15 The gas velocity distribution at the hot and cold side of the mock-up after 25 seconds
during the cool down transient
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figure 16 The temperature distribution at the hot and cold side of the mock-up after 50 seconds
during the cool down transient

figure 17 The pressure distribution in the gas at the hot and cold side of the mock-up after 50
seconds during the cool down transient

figure 18 The gas velocity distribution at the hot and cold side of the mock-up after 50 seconds
during the cool down transient
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figure 19 The temperature distribution at the hot and cold side of the mock-up after 100 seconds
during the cool down transient

figure 20 The pressure distribution in the gas at the hot and cold side of the mock-up after 100
seconds during the cool down transient

figure 21 The gas velocity distribution at the hot and cold side of the mock-up after 100 seconds
during the cool down transient
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figure 22 The temperature distribution at the hot and cold side of the mock-up after 300 seconds
during the cool down transient

figure 23 The pressure distribution in the gas at the hot and cold side of the mock-up after 300
seconds during the cool down transient

figure 24 The gas velocity distribution at the hot and cold side of the mock-up after 300 seconds
during the cool down transient
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figure 25 The temperature distribution at the hot and cold side of the mock-up after 700 seconds
during the cool down transient

figure 26 The pressure distribution in the gas at the hot and cold side of the mock-up after 700
seconds during the cool down transient

figure 27 The gas velocity distribution at the hot and cold side of the mock-up after 700 seconds
during the cool down transient
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figure 28 The temperature distribution at the hot and cold side of the mock-up after 1500 seconds
during the cool down transient

figure 29 The pressure distribution in the gas at the hot and cold side of the mock-up after 1500
seconds during the cool down transient

figure 30 The gas velocity distribution at the hot and cold side of the mock-up after 1500 seconds
during the cool down transient
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figure 31 The temperature distribution at the hot and cold side of the mock-up after 3600 seconds
during the cool down transient

figure 32 The pressure distribution in the gas at the hot and cold side of the mock-up after 3600
seconds during the cool down transient

figure 33 The gas velocity distribution at the hot and cold side of the mock-up after 3600 seconds
during the cool down transient
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figure 34 The finite element model of the Heatric mock-up

figure 35 Detailed view of the finite element model of the Heatric mock-up
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figure 36 The applied material sets and boundary conditions for the finite element model
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figure 37 The distribution of the axial displacement after 0 and 700 seconds during the cool down
transient

figure 38 The distribution of the displacement in thickness direction after 0 and 700 seconds during
the cool down transient
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figure 39 The decrease of axial length of the mock-up as a function of time during the cool down
transient
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figure 40 The decrease of thickness of the mock-up as a function of time during the cool down
transient
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figure 41 The distribution of the Tresca stress in the mock-up after 0 seconds during the cool down
transient

figure 42 The distribution of the Tresca stress in the mock-up after 25 seconds during the cool down
transient
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figure 43 The distribution of the Tresca stress in the mock-up after 50 seconds during the cool down
transient

figure 44 The distribution of the Tresca stress in the mock-up after 100 seconds during the cool
down transient
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figure 45 The distribution of the Tresca stress in the mock-up after 300 seconds during the cool
down transient

figure 46 The distribution of the Tresca stress in the mock-up after 700 seconds during the cool
down transient
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figure 47 The most critical positions with respect to fatigue damage in the Heatric mock-up
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figure 48 The temperature in the critical positions as a function of time
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figure 49 The Tresca stress in the critical positions as a function of time
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Append ix A

figure A.1 The positions of all thermocouples

figure A.2 The possible positions of the thermocouples T12e up to T20e
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figure A.3 The predicted temperature as a function of time for thermocouples T1d untill T6d
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figure A.4 The predicted temperature as a function of time for thermocouples T7d ec untill T11d ec
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figure A.5 The predicted temperature as a function of time for thermocouple T12e at different levels
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figure A.6 The predicted temperature as a function of time for thermocouple T13e at different levels
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figure A.7 The predicted temperature as a function of time for thermocouple T14e at different levels
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figure A.8 The predicted temperature as a function of time for thermocouple T15e at different levels
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figure A.9 The predicted temperature as a function of time for thermocouple T16e at different levels
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figure A.10 The predicted temperature as a function of time for thermocouple T17e at different levels
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figure A.11 The predicted temperature as a function of time for thermocouple T18e at different levels
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figure A.12 The predicted temperature as a function of time for thermocouple T19e at different levels
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figure A.13 The predicted temperature as a function of time for thermocouple T20e at different levels
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figure A.14 The predicted temperature as a function of time for thermocouples T21d untill T25d
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