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1 Intr oduction

This reportcontritutesto the 5" Framavork ProgrammeHTR-E WP 2. The aim of HTR-E WP 2

is to give aninsightinto the behaiour of therecuperatoin a directcycle High Temperaturédelium

CooledReactodesignduringathermaltransient.Fromthevariousrecuperatodesignsavailabletwo

designshave beenchosento be investicatedin detail within the project[1, 2, 3]. Onedesignbased
on printedcircuit technology(Heatric)andonedesignbasedon platefin technology(Nordon)have

beenchosen.A mock-upof both designsis to betestedin the CLAIRE testloop at CEA Grenoble
with alarge numberof startup andcool down thermaltransients.

This reportsummarizesheresultsof thethermalandmechanicabnalysegperformedfor the Heatric
mock-upto betestedn the CLAIRE testloop. Thethermaltransienbehaiour of themock-upduring
acooldown transienthasbeencalculatedwvith a computationafluid dynamicg(CFD) transientanal-
ysis. Thestressen the mock-upduringa cool down transienthave beencalculatedwith atransient
elasticfinite element(FEM) analysis. The transienttemperaturesalculatedwith the CFD analysis
have beenusedasathermalloadingin the FEM analysis.For the mosthighly loadedlocationsof the
mock-upfatigueevaluationshave beenperformed.For thefatigueevaluationghe stresgangeduring
the cool down transientin eachlocationis usedasinput. Fatigueevaluationshave beenperformed
basednthe ASME [4] aswell asthe RCC-MR[5] fatiguedata.

20793/05.67283/C Confidential 7



Confidential 20793/05.67283/C



2 Problem Definition

Theprincipleof anHTR reactoris shavn in Figurel. Theheliumgascomingfrom thehigh pressure
compressorand going to the reactorvesselis heatedin the recuperatoby the helium gascoming
from the turbine and going to the pre-cooler The useof a recuperatoresultsin a substantiakef-
ficiengy increase.A recuperatoshouldhave a high thermalefficiency, low pressurdosses,anda
compactdesign.During alossof offsite power with aturbo-machindrip therecuperatowill endure
acool down andsubsequendtartup thermaltransient.Thesetransientsaresevere,but therecupera-
tor designshouldbeableto withstandanumber(500)of theseransientgluringits operationalife [6].

Within theframework of the HTR-E projectthe behaiour duringthermaltransientf two recupera-
tor designds beinginvestigated. Thefirst designis basedn printedcircuit technology(Heatric)and

the otherdesignon platefin technology(Nordon). A mock-upof both designshasto endurea large

numberof startup andcool down transientsn the Claire testloop at CEA Grenoble.The mock-ups
to betestedn the Claireloop operatewith air insteadof heliumandhave areducedsizeandcapacity
dueto therestrctionsimposedoy thetestloop.

The startup andcool down thermaltransientgesultin large stresschangesn the mock-updesign.
Thesestresschangesesultpotentiallyin thermalfatiguedamagen the mock-up,which eventually
canresultin failure of the mock-up. The fatiguebehaiour of the Heatric mock-upduring a cool
down transienthasbeeninvesticatedusingnumericalsimulations.The cool down transienthasbeen
chosenpecausaet is the mostseverethermaltransientexperiencedoy the recuperataor The fatigue
strengthof the Heatricrecuperatomock-uphasbeenevaluatedusingathreestepapproach:

e determinatiorof thetransienthermalresponsef the mock-up;
e determinatiorof the stresschangeslueto thetransienthermalresponse;
e fatiguelife evaluationaccordingto nuclearsafetycodesbasedn the stresschanges.

The transientthermalresponsef the recuperatomock-uphasbeendeterminedusing a computa-
tional fluid dynamics(CFD) analysis. In a CFD analysisthe heattransferthroughthe mock-upis

calculatedbasedon the massflow andthe inlet temperaturesf the air flow at the hot andcold side.
Incorporatedn the CFD analysisof themock-upis theinteractionbetweertheair flows andthe solid

material. CFD hasbeenchoserfor the calculationof the transienthermalresponsef the mock-up
becausef the advancedmodellingavailablefor the interaction,especiallyat the interfacebetween
gasandsolid material.

The cool down transientresultsin substantiathermalgradientsin the mock-up. Especiallyin the
Heatricmock-up,becausét hasa large thermalcapacitydueto its solid design. The thermalgradi-
entsin the mock-upresultin large thermaldeformationsandstressesThe thermaldeformationsand
stresgsin the mock-uphave beencalculatedusinga transient~inite Element(FE) analysis. The FE
analysisusesthe CFD transientthermalresultsasa thermalloadinput. The FE resultsgive in each
locationof the mock-upthe stres changeduringthe cool down transient.

Fatiguedamagen a structureis causeddy a cyclic stresdoading. In the mock-upfatiguedamage

will occuratthe locationswith large stres changesiuring the cool down transient. The numberof
cyclesuntil failure canbe calculatedoy comparingthe stresqor strain)amplitudeper cycle with the

20793/05.67283/C Confidential 9



fatigueendurancesurvesasgivenin nuclearsafetycodeg4, 5]. This approachusingfatiguecurves
from safetycodesyesultsin very conserative estimategor thenumberof cyclesuntil fatiguefailure,
becausef the safetymaiginsincorporatedn the fatiguecurves. This shouldbe keptin mind when
viewing the fatiguelife predictionsfor the recuperatomock-uptestedin the Claire loop. For the
mock-upthefatiguelife predictionswill be supplementetby evaluationsin which the sensitvity of
thefatiguelife predictionfor variousload parameterss elucidated.

10 Confidential 20793/05.67283/C



3 Computational Fluid Dynamics Analyses

The steadystateand transientthermalbehaiour of the Heatric mock-uphasbeendeterminedus-
ing computationafluid dynamics(CFD) analysesThe CFD analyse$ave beenperformedwith the
generalpurposeCFD programCFX 5.7 [7]. The geometryof the mock-uphasbeensimplified to
a three-dimensionatalculationmodel containingan infinite array of hot andcold plates. With this
simplified model both the steady-statéhermalbehaiour and the thermalbehaiour during a cool
down transienthave beencalculated.

3.1 Model Description
3.1.1 Geometry

TheHeatricmock-upconsistof astackof plates,n which passagebave beenetchedthroughwhich
theair flows. A total of 62 passagebave beenetchednto asingleplate. Thestackis sealedatthetop
andthe bottomby a platewithout passagesThetotal stackof platesis joined by diffusion bonding,
in sucha way that the mock-upconsistsof basematerialonly without metallugical weaknesseat
theplateinterfaces.Thestackconsistof 51 cold sideplatesand50 hot sideplates.The cold andhot
platesarearrangedlternately

Figure2 shavs aschematidayoutof the Heatricmock-up.Thecentralpartof themock-upis thefish
bonesection. Herethe passageareetchedin a zigzagpatternfor optimal heattransfer In thefish
bonesectionthe hot andcold gasflows areoperatingin countetflow. The passages thefish bone
sectionarefed from thefeederchannelghroughthe so-calleddiffusorzone.In this diffusor zonethe
passagearestraightandthe hotandcold gasareoperatingn crossflow.

With aCFD analysidt is notfeasibleto make athree-dimensionahodelof the completemock-upin
whichtheplatesandpassagearemodelledin detail. A simplified CFD modelhasto be usedto study
thethermalbehaiour of the mock-up.Thefollowing attributeshave to bethe samein the simplified
modelasin theactualmock-up:

e theamountof gasflowing throughthe hotandcold side;

e thetotal heattransferbetweerthe hotandcold sideof mock-up;
e theresidencdime of the gasflowing throughthe mock-up;

e thetotal heatcapacityof the solid materialin the mock-up.

In the simplified CFD modela singlecold andhot platehave beenmodelled.By choosinganappro-
priateboundaryconditionaninfinite stackof alternatingcold andhot plateshasbeenrealised Notice
thatin this way the effect of the solid top andbottomplateis neglected.The passagebave notbeen
modelledin detail, but the platevolume containingpassagebasbeenmodelledasa slice of porous
material. The porousmediumapproachrequiresthatin the modelthelengthof the fish bonesection
is increasedn orderto obtainthe sameheattransferareaasin the mock-up. Thethree-dimensional
CFD calculationgrid is shawvn in Figure3. Thegrid consistof 132560cellsand159322nodes.De-
tailed views of the calculationgrid areshawvn in Figure4. The grid has20 elementsn the direction
of thethicknessp elementdor the cold andhot gasflow and10 for the solid platein between.The
cellssizehasbeenchoserin suchaway thatthe gasflow is accuratelymodelled.

20793/05.67283/C Confidential 11



3.1.2 CFD Model

The air flowing throughthe mock-uphasbeenassumedo be anideal gas. All air flow is laminar

Thisimpliesthatthe optionsnon-isothermalsinglecomponentsinglephaseandlaminarhave been
activatedin CFX 5.7. Also the option thatinvokesgravity hasbeenactivated. The heattransferin

the fluid, the solid, andthe fluid-solid interfacehasbeensolved simultaneoushoy CFD code. This
so-calledconjuagateheattransferapproactrequiresno additionalboundaryconditionsfor thethermal
behaiour.

As alreadymentionedtheporousmediumapproactrequiresanincreasen thelengthof thefishbone
sectionof the modelto achiese the sametotal surfacearea.Theincreasen heatcapacitydueto this
increasen lengthhasto becompensatetbr by adjustingthedensityof thefishbonesection.Figure5
shavsthecrosssectionof themock-up.Theresistanc®f theporousmediumis choserin suchaway
thatthe pressuredrop over the mock-upis equalto the pressuraropin PCHE DataSheetprovided
by Heatric. The CFX 5.7 option directionalloss modelis utilised to force the gasflow in the direc-
tion of thepassageBy increasingheresistancéor flow in thedirectionperpendiculato thepassages.

3.1.3 Material Properties

In the CFD modelof the mock-upboththe fluid medium(air) andthe solid material(stainlesssteel
AISI 316 L) have beenmodelled. For air the following materialpropertieshave beenusedin the
calculations:

density Cp = 3.3 [kg/m?]
viscosity i = 2.93E-05 [ Pas]

thermalconductvity A 0.06 [W/m-K]
specificheat : ¢ = 1.052E+03 [ J/kg:K]

Thesameair propertieshave beenusedasin the PCHEDataSheetprovided by Heatric. Theseprop-
ertieshave beenaveragedver thetemperatureéange.

The propertiesaken for the stainlesssteelAISI 316 L have beenbasedon the dataprovidedin [8].
Thepropertiesisedaregivenbelowv andhave beenaveragedverthetemperatureangel00- 500°C.

density . p = 7907 [kg/m?]
thermalconductvity A= 18 [W/m-K]
specificheat :Cp = 532 [J/KkgK]

3.14 Boundary and Loading Conditions

For the steadystateandtransientCFD calculationsa standarcho-slip boundaryconditionhasbeen
assumedor the walls. Becausdn practicethe mock-upis insulatedat the outer boundaryin the
Claire loop, all outsidewalls areassumedo be adiabatic. Table 1 summariseshe appliedloading
conditionsfor the steady-stat€FD calculation.

For the transientCFD analysisthe hot inlet temperaturdnasbeendecreasedtom 510°C to 105°C
in 5 secondsTheappliedcool down transients illustratedby Figure6.

12 Confidential 20793/05.67283/C



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-statanalysedave beenusedto adjustthe CFD modelparametersin particular the porous
materialparameterhiave beenadjustedn sucha way thata goodagreementvasreachedetween
the calculatedresultsandthe resultsgiven by the PCHE Data Sheetprovided by Heatric. Figure7
shaws the steady-statéemperaturalistribution in the hot and cold plate side of the mock-up. As
expected the temperatureare muchhigherat the sidewherethe hot inlet andcold outletare (right
sidepicture)thanatthe sidewherethe hot outletandcoldinlet are(left sidepicture). Thedifference
in temperaturdetweerthe hot andcold platesideis approximatelyl0 °C. Dueto the crossflow in
thediffusorsectionghetemperaturgradientis differentat thetop andbottomof the mock-up.

Figure 8 shaws the steady-statelistribution of the gaspressureat the hot andcold plate side of the
mock-up. The steady-statdistribution of the gasvelocity atthe hotandcold platesideof the mock-
upis shavnin Figure9. Dueto the porousmediumapproactthe calculatedvelocitiesin the diffusor
sectionsareslightly increasedowardsthe in- andoutlets. However, this is judgedto be acceptable.
Figure 10 shows the steady-statelistribution of the heatflux from the hot to the cold plate. Notice,
thatthis heatflux is nothomogeneousver the active length(fish bonesection)of the mock-up.

3.3 Results Cool Down Transient

Figure 11 shaws the gastemperatureasa function of time in the hot andcold in- and outlet. The

appliedcool down transienthasno influenceon the gastemperaturat the hot outletdueto thelarge

thermalcapacityof the mock-up,combinedwith thevery effective heattransferbetweerthe hotand

cold plate. Theresponsef the mock-upon the cool down transientcanonly beenseenat the cold

outlet. The gastemperaturet the cold outletdecreasesery rapidly. Becausefter 1 houra steady
statehasnearlybeenreachedn the cold outlettemperaturehe transientCFD calculationis termi-

natedatthistime.

Figurel2 shavsthetemperaturaistribution alongcrosssectionA-A throughthe centreof themock-
up (Figure 3) at varioustime intervals during the cool down transient.At the startof the cool down
transientlarge thermalgradientsoccurat the side of the mock-upwith the hot inlet and cold outlet
(right sidepicture). At the mock-upsidewith the hot outletandcold inlet (left sidepicture)the cool
down transieninoinfluenceis obseredatall. After 1 hourthetemperaturen the centreof theactive
part (fish bonesection)of the mock-upstill exceeds200°C. So,in contrastto whatthe cold outlet
measuremerguggestso steady-stateemperaturalistribution hasbeenreachedafter1 hour,

In Figures13to 33 thedistribution of thetemperaturegaspressue, andgasvelocity at the hot plate
andcold platesideof themock-upareshowvn atvarioustime intervalsduringthe cool down transient.
Thesefiguresillustrate that the mock-updoesnot cool down homogeneously The mock-upcools
down in alongitudinaldirectionfrom the endwith the hot inlet and cold outlet (right side picture)
towardsthe endwith the hot outletand cold inlet (left side picture). The figuresalsoillustratethe

20793/05.67283/C Confidential 13



effect of this cool down behaiour on the pressuralistribution andgasvelocity.

For thetestin the Claire loop thermo-couple$iave beenattachedo the mock-upat mary positions
to measurdhe temperatureasa function of time. For eachthermo-couplgositionasshowvn in the
FiguresA.1 andA.2 the calculatedemperatura@sa function of time is givenin appendixA, sothat
afterthe experimenta comparisorcanbe madebetweerthe calculatedandmeasuredemperatures.

14 Confidential 20793/05.67283/C



4 Mechanical Analyses

The deformationsandstresesin the mock-updueto the cool down transienthave beencalculated
usingatransienffinite element(FE) analysis.The FE analysishasbeenperformedwith the general
purposeprogramMARC Version2003[9]. The FE analysiscalculateghe stres changesccurring
in the mock-upduring the cool down transient. The fatigueevaluationis basedon thesecalculated
stresschanges.

4.1 Model Description
4.1.1 Approach and FE Model

Thetransientmechanicabehaiour of the mock-uphasbeencalculatedwith an elasticplanestres
FE analysis.Thetransienthermalbehaiour calculatedwith the CFD analysishasbeenusedasthe
appliedloadingin thetransienimechanicaanalysis.To simplify thedatatransferfrom the CFD anal-
ysisto the FE analysisa similar geometricnodelhasbeenused.In the FE-modelthe in- andoutlet
feederchannel$have notbeenmodelledandin the stackdirectionthe modelhasbeenreducedo one
layerof elements.

Figure34 shaws the utilized FE model. The FE modelconsistof 10332elementsand 16476nodal
points. The elementtype usedis an eight-node linear brick element(MARC elementtype 7). A

planestressanalysiscanbe performedwith this three-dimensionahodelconsistingof onelayer of

elementsy applyingthe correctboundaryconditions.Figure 35 shovs the meshdistribution around
the feederchannels.The sharpcornershave beencopiedfrom the CFD model. This will resultin

high peakstreseswhichwill notoccurin themock-updueto thetransitionradii atthesecorners.

41.2 Material Properties

The mock-upconsistsof AlSI 316 L. The temperaturedependentlastic material propertieshave
beentakenfrom [8]. Table2 summarizeshe materialpropertiesutilized for the solid metal. Some
partsof the mock-up,asshowvn in Figure 36, do not consistof solid metalbut have a porositydue
to the passagesunningthrough. For thesepartsthe Youngs modulus(E) hasbeenscaledwith the
porosity Poissorratio (v) andinstantaneousoeficient of thermalexpansion(\) have beentakenas
givenin Table2.

table 2 Applied temperature dependent material properties for AISI 316 L

T E v A
[°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

The FE modelcontainstwo planesof nodalpoints. For all nodesin oneplanethe displacemenper
pendicularto the planehasto be suppressd to obtaina planestressmodel. Figure 36 shavs the
postionsfor which the displacements the modelplanehave beensuppressedlheseboundarycon-
ditionssimulatethe mock-upsupports

Thetransientemperaturesalculatedusingthe CFD analysishave beenappliedasathermalloadin
theFE analysis.

4.2 Finite Element Results

The steadystatetemperaturalistribution in the mock-upresultsin a thermalexpansionof the mock-

up. Thisthermaldeformationis larger at the hot endof the mock-upthanat the cold end. At steady
stateconditionsthe thermalelongation of the mock-upis nearly 10 mm andthe maximumthickness
increaseapproximately2.8 mm. During the cool down transientthe mock-upthe thermalexpansion
of the mock-updecreaseskigures37 and 38 shav the thermalexpansionof the mock-upat steady
stateconditionsandafter 700 secondsluring the cool down transient.Figure 39 shavs the thermal

elongation of the mock-upduring the cool down transientandFigure40 the decreasef thethermal

expansionin thicknesdirection.

Therapidcool dowvn of thehotendof themock-upduringthetransientesultsin largethermalgradi-
entsandthushigh thermalstreses.The Figures41 to 46 shav thedistribution of the Trescastres at
varioustime intenals duringthe cool down transient.Thelegendof thesefigureshasbeenchoserin

suchaway thatthe maximumstresscorrespondsvith theyield stressat 510°C. Thethermalstresss
thatoccurarevery high. Thefiguresillustratein which partsof the mock-upplasticitywill occurdur
ing a cool down transient.However, the Trescastresesshavn in thefiguresareelasticstressesThe
fatigueevaluationis basedn the changeof the elasticTrescastresduringthe cool down transient.

Largestres change®ccurattheinterfacebetweerthefishbonesectionandthe outsideof solid metal
nearthehotinlet. Figure47 givesadetailedview of this partof themock-up.The positionsshovn in
Figure47 arethemostcritical positionswith respecto fatiguedamageFor thesepositionsFigure48
shaws the temperatureduring the transientasa function of time, while Figure49 shows the Tresca
stresdevel asafunctionof time.
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5 Fatigue Evaluations

5.1 Approach

Cyclic loadingcanresultin failure of a structureevenif the staticdesigncriteriaarenot exceeded.
This phenomends calledfatiguefailure. Whenfatiguefailure occursit is determineddy the follow-
ing two factors:

e theamplitudeof theappliedcyclic load;
e thenumberof appliedcycles.

In nuclearsafetycodes,suchas ASME andRCCG-MR, designfatigueenduranceurves are given,
which describeherelationbetweerthe cyclic loadamplitudeandthe numberof cyclesuntil theend
of thefatigueenduranceTable3 givesthe fatiguedesignendurancdimits for AlSI 316L at510°C
asspecifiedn ASME ([4], Table9.2(a))andRCC-MR([5], TableA3.3S.541).In theRCCG-MR code
the fatiguedesignendurancdimits are given asstrainamplitudesversusthe numberof cyclesuntil
the endof the fatigueenduranceThe strainamplitudeshave beencorvertedto stres amplitudesby
usingHooke’s law.

table 3 Design fatigue endurance limits for AlISI 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 atthe positionsof the mock-up,which areexposedo thelargeststres
changeduring the cool down transients. Large stres changesoccur at the interface betweenthe
fish bonesectionandthe outsideof solid metalnearthe hotinlet. For the critical positionsshavn in
Figure47 a fatigueevaluationhasbeenperformed.Figure49 shows the stresschangein thecritical
positionsduring the cool down transient.A cool-davn will resultin mainly tensilestresesnearthe
hotinlet, while astartup will resultin mainly compressie stressesThe stresdevelsduringa a cool
down anda startup transientwill be of the sameorderof magnitude.Therefore the stres changes,
shavn in Figure 49, areassumedo be stressamplitudesand a cool down and subsequenstartup
transienttanassumedo be onefatiguecycle.
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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 Tamp Nasme Nrco—Mr
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 137.5MPa 2002 cycles 2360 cycles

Table 4 shaws for the critical positionsthe maximumnumberof cyclesuntil the endof the fatigue
endurancebasedon fatigue evaluationsusingthe ASME and RCCGMR fatiguedesignlimits. For
the positionsA, B, and F theseresultsshouldbe viewed with caution. Thesepositionare located
at geometricdiscontinuitieswhich arenot modelledin detail. The stres amplitudescalculatedare
conserative andalsothefatigueenduranceleterminedvith thesestressamplitudes.

The maximumnumberof fatiguecyclesbasedon the ASME fatiguedesignlimits is slightly more
conserative thanthe maximumnumberof fatiguecyclesbasedon the RCC-MR fatiguedesignlim-
its. Thisis in contrastwith the datagivenin Table3. For the fatigueevaluationaccordingto the
RCC-MR codethe stres amplitudesgiven in Table 4 have beenusedasinput. But for the fatigue
evaluationaccordingto the ASME codethesestressamplitudeehave to be increasedwith a factor
1.13. Thisis theratio betweerthe Young’s modulusat 510°C andthe Youngs modulususedin the
ASME to corvert strainamplitudedo stressamplitudes.This approachmakesthe ASME codemore
conserative thanthe RCC-MR codewith respecto afatigueevaluation.

The fatigueendurancepredictionsbasedon the fatiguedesignlimits from nuclearsafetycodesare
consenrative. Thesearethe minimumnumberof cyclesthe structurecanwithstandandnotthe num-
berof cyclesuntil failure. A typical safetyfactorincorporatedn the fatiguedesignlimits is a factor
of 2 on the stressamplitude. This safetyfactoron the stressamplituderesultsin a safetyfactor of

approximately20 on the numberof cycles,dueto the logarithmic relationbetweenstressamplitude
andnumberof cycles. For the Claire loop mock-upthis shouldbe keptin mind, whenviewing the
resultspresentedn Table4. Basedonthis factandtheresultspresentedhereit canbe concludedhat
fatiguefailure of the mock-upmay not occurduring the Claire loop experimentgiven the planned
numberof actualcycles.

5.3 Sensitivity Analyses

In supportof the Claire loop experimentthe influenceof a changeof the cool down transienton
the predictedmaximumnumberof fatiguecycleshasbeeninvestigated. Threeadditionalcool dovn
transienthave beeninvesticgated,510/175510/85,and530/105°C. It hasbeenassumedhatfor these
transientghe stresschanges<anbe determinedy scalingthe calculatedresultsfor the 510/105°C
cooldown transient.The scalingfactoris theratio of thetemperaturalifferences.
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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

Table 5 shaws the resultsof the sensitvity analysisfor the fatigueevaluationbasedon the ASME
fatiguedesignlimits, while the resultsfor the fatigueevaluationbasedon the RCG-MR fatiguede-
signlimits aregivenin Table 6. Both tablesshav the sametendencies.Reducingthe temperature
differenceof the cool down transientwill increasehe fatigueendurancewhile alargertemperature
differencewill resultin a smallerfatigueendurancelncreasinghe maximumtemperaturavill am-
plify this effect. However, the conclusionthat fatiguefailure of the mock-upmay not occurduring
the Claireloop experimentremains.

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 Conclusions

Basedon the resultsof the transientthermaland mechanicakalculationandthe performedfatigue
evaluationsthe following canbe concludedor the Heatricmock-upto betestedn the Claireloop:

e Theheattransferthroughthe mock-upis nothomogeneouat steadystateconditions.

e Themock-updoesnot cool dovn homogeneouslguringthe cool down transient.The mock-up
coolsfrom thehhotendtowardsthecold end.

e Thehotendof themock-up,wherethehotinlet andcold outletaresituatedjs exposedo serere
thermaltransients.

e Thecompletecool down of the Heatricmock-uptakesmorethanl hour.
e At thehotendof themock-uplarge streschange®ccurduringthe cool dowvn transient.

e Fatiguefailure is mostlikely to occur at the interface betweenthe fish bone sectionand the
outsidesolid metalat the hot endof the mock-up.

e Fatiguefailureof the Heatricmock-upmay not occurduringthe Claireloop experiment.

It shouldalsoberemarledthatthe fatigueevaluationsbasedon thefatiguedesignlimits givenin the
ASME andRCC-MR do not predictthe numberof fatiguecyclesuntil failure of the mock-up.When
viewing theresultsof the performedatigueevaluationshis shouldbekeptin mind. The objective of
safetycodesds predictingsafeoperatiorandnot predictingfailure.
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Solid 2

figure 2 A schematic layout of the Heatric mock-up design
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figure 3 Calculation grid used for the CFD analyses
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Hot side

Cold side

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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Claire Mock-Up - Cool Down Transient
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figure 6 The applied cool down transient for the Claire mock-up in the CFD calculation
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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
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figure 9 The steady state gas velocity distribution at the hot and cold side of the mock-up
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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
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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
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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
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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
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figure 18 The gas velocity distribution at the hot and cold side of the mock-up after 50 seconds
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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
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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
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figure 21 The gas velocity distribution at the hot and cold side of the mock-up after 100 seconds
during the cool down transient

20793/05.67283/C Confidential 33



Hot Side

Temperature (K)

.783
702
— 621
540
459
378
9

Cold Side

figure 22 The temperature distribution at the hot and cold side of the mock-up after 300 seconds
during the cool down transient
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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
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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
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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
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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
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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
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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
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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
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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
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figure 38 The distribution of the displacement in thickness direction after 0 and 700 seconds during
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Heatric Mock-Up
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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 O seconds during the cool down
transient
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figure 42 The distribution of the Tresca stress in the mock-up after 25 seconds during the cool down
transient

42 Confidential 20793/05.67283/C



Tresca stress
[ MPa]

I 140.0

120.0

time=50s

[ | 100.0

<

figure 43 The distribution of the Tresca stress in the mock-up after 50 seconds during the cool down
transient
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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
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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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figure A.1 The positions of all thermocouples

Dimensions of thermocouples of the intermediate measurement plate of the Heatric exchanger
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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 Téd
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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 A5 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.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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