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PHENIX SODIUM FAST REACTOR FUEL BUNDLE
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SFR fuel assemblyusedin PHENIX
o ~200 pins + 200 wrappingwires (steel)

o 1 hexagonal box (steel)

o Small wire/pin gaps ~0,1mm
o Sodium flux  throughthe bundle

UO2 UO2



OBJECTIVE : FUEL BUNDLE BEHAVIOR PREDICTION
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Phenomena
o Loadings: T°, Dose, FP gaz pressure
o Thermal expansion

o Irradiation isotropicswelling

o Thermal creeping(low in normal conditions)
o Irradiation creeping

Experimentalresultsfor severeirradiations
o Numerouscontacts activated: wire vs pin or HT

o Pins swellingand creeping

o Pins helicalbow
o Pins ovalityafter hard contacts («phase3 »)

o Hot points  if contact betweencladdings

o Potentialcladdingcrack by  thermal creeping
o Bumpson hexagonal box

 



A NUMERICAL CHALLENGE
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A multi-body problem
- 1 hexagonal box + 217 pins + 217 wires
- 7000 to 14000 contact areas

- Etc.

Materialsare highlynon linear
- Swelling Č T° , dose

- Irradiation creeping Č T°, stress1, dose

- Thermal creeping Č T°, stress8, dose

Different scalesto look at 
- Contacts and helicalbow Č assemblyscale
- Local damage by thermal creeping Č claddingskin scale

A fully detailedmeshwould

require ~1010 cubicelements!

Extremeprecisionrequired locally

Å 7000 to 14000 contact areas



THE BUNDLE MODEL (LARGE SCALE)
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Simplifications
o Wire tension neglected: fast relaxation

o UO2 pellet mechanicalpresenceneglected: «soft contactwith cladding»

o Claddingtemperatureand dose givenby dedicatedCEA codes

Hexagonal tube
o Massive or Shell elements

Pins axial models
o Hollowbeammodel on the neutral fiber (TUYA elementin Cast3M):

o Stresses due to Internalpressure
o Modified to accessthe diametrechange

Contact and local pin model
o Modifiedbarr element



THE EXTENDED  BARR ELEMENT (LOCAL SCALE)
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Connections : a new BARR element with strain localization

A 1D model to representthe 3D non linear pinchingof a claddingportion underpressure

On the base of a BARR element, enriched:
a) gap / contact function
b) internalpressure Č stress addition + ovalityopposition
c) behavior: thermal elasticity+ swelling+ thermal & irradiationcreepings
d) damage evaluationČ3D straintensorlocalizationon the inner skin
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THE EXTENDED  BARR ELEMENT

Onlyone integration point requiredto describe the local & global states !

ÅIrradiation creepingisstress linear(„ ), and predominant(in std cond.)

Gap evaluation/ contact function

ÅInitial gap
ÅRelative movementof the 2 pins

ÅGap reductiondue to cladding+ wire swelling
ÅGap reductiondue to creeping(internalPressure)

with wall thicknessvariation

ÅGap increasedue to ovalisation
ÅOvality inducedby pin bending

ÅContact smoothingon 5 µm

Ⱦςcrushing

Ὑ

Givenby pin elements

|  PAGE 7CEA | Novembre 2016

F

F

P > 0
F

P > 0



THE EXTENDED  BARR ELEMENT
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Strainconcentration at the hot point (goinglocal)

ÅFree strainalreadyknown(everythingbut ovality)

ÅStrainconcentration due to ovalisation only (stamping <ɻ0)

Åɻ  isan internalvariable of the barr , similarto plastification

Å2D straintensorrequired for precision(+ pressure axial stress)

ÅⱦⱣⱣ( )ɻ and ⱦ◑◑( )ɻ identifiedon an elasticdetailedcladdingcrushingcalculation

Ä‐ Ὑ Ä‐ Ὑ ⱦⱣⱣόɻύȢ
Ä

Ὑ

Ä‐ Ὑ Ä‐ Ὑ ⱦ◑◑όɻύȢ
Ä

Ὑ

ȾςȾς

Complete behaviorintegrationat the hot point only Č ⱭⱣⱣ, Ɑ◑◑



THE EXTENDED  BARR ELEMENT
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Contact force in the barr (goingback global)

ÅBothlocal stresses computed

ÅὛ similarto a barr section, but non linear due to ovality change (stiffnessdecrease)

ÅὯ όɻύ: stress concentration factor, relatedtÏⱦⱣⱣand ⱦ◑◑
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THE EXTENDED  BARR ELEMENT
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Anti ovality effect of insidepressure

ÅAbsolutelynot neglectableČ

ÅInternalopposition force : 

ÅThe vertical extension of the ovalityshapedependson  (elasticcharacterisation)

ÅNon lineareffect of pressure and creepingon the shapenot takeninto account
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THE EXTENDED  BARR ELEMENT
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Summary

3D local behavior integration

(Runge Kutta 4)

Local strain tensor

Ὂ
Ovalisation

‐
damage

„
Ὓ ȟὯ ȟὯ , ὒ
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Peau interne

Gap evaluation

Contact criterium

3D elasticcharacterisation Hot point and contact Force 
computation in the barr

Update of F_barr and Ovality

- de-concentration of „
- anti ovalisation force



BARR VALIDATION
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1  of the Validationtests on a severecladdingpinching (Ref. = detailed3D simulation)

+ Wholemodel validation on 3 PHENIX integralexperimentsČ OK
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Reactionforce 
F_barr(N)

„ ͺ
inner skin 

Contact points radially
blocked
o T = 650ϲC
o Dose : 0 to 190 dpa
o Pressure : 0 to150 bars

„

déformée x10

‐
inner skin

‐ Ȣ
inner skin



SIMPLIFIED BUNDLE LOADINGS
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Inside sodium pressure:Profil axial constant 4 bar -> 1,79 bar au sommet
Outsidesodium pressure : 1,85 bar bottom -> 1,66 bar top
FP pressure: from 10 to 40 bar
Matérials : 1515 Ti E variantsand EM10(TH)

- Radial decrease

- Dmax = 113 dpa 

Dose

time

Dmax

1441 jours

- Axial and radial gradients

- Tmax ~ 600°C

Irradiation Dose Temperature

T

time

Tmax

1441 jours

20°C

12 h 24 h




