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HIGH BURNUPUO; FUEL ILo(:A"CAL'cm'.AﬁdNS "
70 EVALUATE THE POSSIBLE IMPACT . * ..« -~
OFEUELRELOCATIONAFTER BURST - .

C GRANDJEAN G. HACHE, C. RONGIER
Instxtnt de Protection et de Sdreté Nucléaire
-CEN Cadam:hc FRANCB. ‘

Ab.rtract ‘

- A Iueraturc nvxew, conducted at IPSN af available mu!:.r of pa.ft " LOCA m-pzle expenmmts w:xh u'mdwred ’
© Juel has revealed that irradiaredrods bd:avwrmngmﬁawlfydﬁ'enntﬁ'om thatofummuﬁated mdr upder = - . -

similar condisions.

. ardcalarly, a:.mgge:ted from the results Jfrom PBF-, LOG, FR2 and FLASHS qemnem mdxca:mg a gaxeral
- occurrence of the relocation affragmmtedﬁtd within the ballooted cladding, 'a main concern was raised
-ngardmgthepom%kmpadq'ﬂdnbcmwnmpwkchdumpemnmdbmlondammte. . -

Inview of oblaining some mszgh.' irito the ficel rod performance follawmg fuel relocation ina PWR high BU UO;
rod under LOCA, calculations were being pafomed. using the French CATHARE-2 code with_specific

modifications in the ﬁ;el routines'so as to describe a ﬁwl accunmlatxon aﬁer burst in the ntptured mesh of the

mdcladdmg A

s "Mam re.rults mdwa:c that the pealc ctad‘tempemm:-e mayincred.re :tgngﬁ'cantly % .m'tf remqm.r ,belaw the

ECCS acceptarice limit o PCT. On the other hand, the maximum cladding oxidation rate may exceed the 17%
acceptance limit when the initial (in service) oxidation rate is' cumulated with the transient oxidationi rate.’
However, ¢I:enuuve embrittlement criteria based on residual thickness of ductile metal, such as the Chung and -

- -Kassner criteria, indicate a fair remaining" margin to the thermal shock cmbmtlemen: lum:, wherca: :he

handlmg embm:lement lum: may be exceeded. .

1 INTRODUCTION . o
" In the followmg of the studies that were Jomtly conductcd by IPSN and EDF in o:dcr to mvesﬁgate _—_
* thie-behavidr of high'burnup fuel claddmg tinder LOCA conditions, IPSN has béen re-examining the . -
‘problem of Lioss-of-Coolant-Accidents with consideration “of specific aspects related to fuel and

cladding’ |rradxauon, 50 as to-identify the remaining needs for furthcr studies and cxpcnmntal data.

" Theése conccms have led IPSN to initiate new studies in ordcr to prowde the-answers to pcndmg
‘ quesuons regardmg the behavxot of m'adlated rods'and asscmblxes undcr LOCA condmons )

Ina p:ebmmary step, m view of obtammg some insight i mto the fuel rod pcrformanoe following fuel

relocation in a PWR high BU UO; rod under LOCA, calculations were being perforined, using the -

* * . Freach CATHARE-2 code with specific modifications in,the fuel routines 5o, as to > describe a fuel
. accumulanon after burst in'the rnpturod mesh of !hc rod claddmg .

2 BACKGROUND
) 2.1 lnad’ ated fuel rod behavfor

. 2 1 1 Literature revxew

" There. exists a few numbcr of avaxlable results of snch expcnmcms th.h uradmted fuel rods under
" LOCA conditions : main issues were, found-in results from the. PBF-LOC tests in the USA[J 2, the

FR2 tests in Germany{3}; and the FLASH5[41 test in Francc '
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A process of fuel relocation was clearly evidenced from the experimental obsexvanons madc in these
tests -series : in all jrradiated rods of the PBELOC, FR2 and FLASHS tests, ﬁze!tclomnonhas .

- occurred as a'result of slumping of pellets ﬁ'agmcms from upper locations into the.swollen région of

the burst cladding. Fuel irclocation phenomena. is not restricted to high burnup fuel since fuel

ﬁagmentanonoccumassoonaslowbumuplcvcls(‘twasﬂmsnohcedonLOCS-mmd,freshrod .
pre-conditioned up to 48 MWd/). - 4 , .

A main question conceras the mstantofﬁxclrelocauonoocmcnccmtbcsccxpenmcnts Iusnoteasy -
tomakcltpexfectlyclearformostoftcstsbut,mFRthtsBmd&lhatwmspecmﬂy T
instrumented for that purpose, it was demonstrated that the fuel movement initiation occurred at the
time of cladding burst, possibly initiated by the pressure dxﬁcmnce between rod plenum and coolant ‘

channel with assistance of gravity slumpmg

. 'The fuel movement was probably. favored in PBF-LOC and FR2 experiments where the fuel-claddmg .

£ap. was ziot totally closed, due respectively to low bumup ot to the inverted rod internal-extemal - -

- .prcssurcdlﬁ'crencedunngmmalmdmtxonatlowtempmnm Aughtbondmgbe:wemfucland‘ -
. clad was supposed to counteract the fuel motion inception. However, in FLASHS experiment with

high burnup fuel (50 GWdf), and in spite of a low clad ba'lioomng {not higher than 16%) post-test
examinations have shown that fuel fragments were no mom stuck to the cladding : the transient

' temperature rise combined to clad deformation way be sufficient to suppress facl-c!addmg bondxng

2.12 Main concem .
For irmadiated fuel rods, as observed in the PBF LOC results, the clad deformation is expected to be
larger than for fresh rods, as a result of 2 more uniform temperature distribution associated to pellet_-.- .

clad gap reduction followmg clad creepdown during rod irradiation. The increase in clad’ deformati o
will leave more space for fuel fragments to relocate. Since the fuel fragmentation is clearly assocxatrd
to burnup, with fiher fragments at higher BU, a pellet stack s]umpmg is hkcly to- occur after burst
resulting in more or less compact filling of clad balloons, A major question is then what could be the
impact on peak clad temperature and final oxidation ratio of the local increase in lmcxc and surfacic

powerandofmcassxxatcdlocaldecreasemﬁzcl-cladgap? . )

It stiould be emphasized' that this qucstxon is partwularly important for UO, fuel at bcgummg-of -life

* and for MOX fuel at end-of-life where power gcncratxon 1s not reduced unlike for UQ, fuel.

213 Early eva!uat:ons

- The State-of-the-Art Review performed by P.D. PARSONS et al. for CSNIPWG-2 and’ publxshcd m.'

1986(5), thus after PBF-LOC and FR2 tests completion, reports two calculation studies addrcssmg the -

' nnpactoffucltelocanononpcakcladtcmperamrc . L

2. 1.3.1 Calwlauons in Sweden

Thc first one was conductod in 1978-7% in Swedcn by Ba‘gqmst[G], wnthm the frame of the ECCS o
cvaluation for the Ringhals 3 power plant. It consisted of a series of parametric transient calculations,
performed with the TOODEE-2 code, 5o as to evaluate the response on clad tcmperatnrc wndnlwnthout _
fuel relocation in the balloon after rod burst. )

The main assumption for fuel relocation was a uniform mdxsmbuuon of fuel in the- ﬂcformcd meshes
of the balloon with a density taken to 50% of the theoretical density in the base case; a fuel thermal
conductivity of 0.6 W/m/K and heat exchange between fuel and cladding dealt with aii exchange

coefficient of 5000 W/m¥K. In the reference case, the hoop strain of the most deformed mesh of the: " s

balloon was 42%, and the peak clad temperanuc (PCT) wnthout fuael mlomnon did not exowd 2000°F .
(=1093°C). . '
Calculations with fuel relocation showed that the evolutxon of clad temperature in the mpm:cd mesh T
is essentmﬂy dcpendcnt of the power rating in that mesh, in relatxon with fuel average densxty
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at43 kWIm linear power (Fq =2 09) ‘the clad temperature evohmon lemams of classml shapc,
‘with 2 PCT around 2050°F (1121°C); ~ -

- 2t 47.87 kW/m linear power (Fq 2.‘32) the clad temperature evolution exhibits a significant rate .

increase around 2000°F with a subsequent tempetanre eecalauon after45sin'the tmnsxent H

the clad temperature evolution again exhibits a significant rate increase after 45 s, reach of the
2200°F 1imit around 62 s, followed by subscquent temperature escalation.

Although these early calculations had to be considered with large reservations, it may look surprising
that they were not much discussed - nor compared to countér-calculations, in consxdemt:on of the
possible importance of ca]culated trends with tespect to safety analysxs ‘

2132 INEL Calculatzons .

'mcmondeva!uauonwasastcadystatethennalana!ysxsofabanoonedﬁxelmdfoﬂomngafuel o

redistribution, the amount of which based on PBF-LOC tests results.- This analysis was performed by
TR Yackle[7] as a response to a NRC request it is also mentioned by Broughton in the PBR-

LOCYLOCS test report 1],

Fuel redistribution in the ballooned claddmg is modeled by a scries- of up to 7 concentric. rmgs of-

different width to take accom:t of large particles of original fuel and small particles of additicnal fuel,

neighbor rings being separated by gas gaps: Only radial heat transfer is considered, with a rod power ) )

corresponding to ANS decay heat 100 s after scram (~ 3% ongmal power), and a flat radial power .~ - ..
profile. A cladding surface heat transfer coefficient: of 60 W/m’/K- was’ assumed, ‘3 fuel’ thermal ... . "

conductivity constant at 2.6 W/m/K and no radiative transfer between fuel particles.
‘The amonnt of fuel redistribution bas been determiined from the xesults of the PBF LOC-3 and IDC

tests.-A line fit through the available data of fuel relative increase as function of cladding relative -

volume increase indicates an average filling ratio closed to 0.65. “Three calculations have then been

considered, corresponding to clad strain of 0, 44 and 89%. The following table gwes the temperanmes L

at fuel eenterlme and clad outside surface obtmned in thesethree ca!culauons

Clad strain (%) . .| - 'TQ.(K)'.‘- ", sm@
0 b Troes 1180 -
4 a1 16
8o | im0 |- oaso ]

For the worst case, with 89% clad strain allowmg the’ redmm’buuon of 160% addmonal fuel, the . .
outside clad temperature is 225 K larger than for the reference case (without defomratxon). whilethe =~ ..

correspondmg increase on maximum fuel temperamre is. 1270 K.

The conclusion that was drawn at-that time appears present]y qu:te surpnsmg, as 1t was staxed that" -

“fuel relocation into a balloon (with’ conditions such those calculated) will not pose a sighificant
. problem during 2 LOCA since both fuel and clad temperatures remain well below the corresponding

melting points”..
to explain such shift of concerns from LOCA to Severe Accxdent 1ssues. ;

3. IPSN CALCULA TIONS "

.f‘

3.1 Reference code and calculat:on procedure

The French CATHARE-2 code has been chosen asa base tool due fo xts capabxhty o pnovnde a bcst- o

estimate evaluation of the thermalhydraulic evolution in hot assembly, as :well as: in inean’ core

subchannels. The code otgamzanon allows to run_ stand-alonc calculations of the fuel modulc (tbc .
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" CATHACOMB module) m. order to provide rapidly information about the behaviour of specific fuel.
rods subjected to a given set of hydraulic conditions ; these hydraulic conditions will thus not be .

influenced by the behaviour of such specific. rods. The hydraulic conditions may be retricved fmm a

. piwxousCA‘['HAREwholccalm!auon,ormaybedzatofthcqmentCAmARBcompuuuon wzth :

which the stand-alone fuel module is‘carriéd out in parallel.’

For the purpose of this study, the calculauons were pexfonned as follows :
maﬁrststepawholcCA’l'HAREdcompumnonwasmn,foralargcbrealeCAu-anslcm
gonatypxcalFrcnchPWR,thhanmputdeckconespmdmgtoafreshﬁxel“m&ncorc

rod anid a high bumup UO, fuel “hot asscmblf’ rod ; this’ oomputanon provxded the hydraubc file

used as input in the following calculations ;
~in d second step a’series of stand-alone CATHACOMB calculauons were run, usmg “the
prcwously created hydmnhc file, for a specific hot rod of the hot assembly, and with the inclusion

'ofspemﬁcmdnﬁmnansmsomcfuelrouunesmordertosmnﬂaxcfuc!tclomoqafwtburstm'

** “the roptured. meshi ; these mdxﬁmmns ‘will be bneﬂy described in the followmg

2.2 Co:de version’ o

 The CATHARE—Z V13L code version was used as staxtmg version, accordmg to the lmown
' m:pmvcmcnts xmplcmemcd in thxs version to calculate the reflooding phase of the LOCA transient.

~ Slight modeling xmprovcmcnts bave been-aided in the fuel routines so as to coxnputc at the end of

each time step the oxidafion ‘weight gain (using both Cathcart—Pawcl ‘and Baka—l ust rate laws) as well . .

- -as the tbxclmess -of a-Zr[O] oxjdatiop fayer -;. th¢ .former: variable allows a direct calculation of the, - .-
' equlvalent ‘oxidation rate’ECR, whxlc the Iatter variable a[lows to dcave the tcmamlng thickness ot'

the central B-Zr layer. ~

: .3.3 Basic Input options for the initial CA mARE-z whale mlcu!ation

3 3. 1 Aoadent transient cond‘ tions

" The’ mam assumpuons are’in agrecmcnt thh thpse retamcd m the Standard Safety chort for 900.

MWe Frcnch PWRs:

’ ._--doubleendedbreakoncoldlcgbfthe.loopbeanngthcpressumer, e

~core at 102% nominal power at aoc;dent mmatxon )

" - residual power = ANST + 20%.

' 332 Fuel fods descnptuon . : o
< Ba.sxcally,threc fnel rods may be descnbod fora CATHARE calculatxbn
. - the'mean core rod, with a weight of N —Dx N . :

whete N,, is the number of assemblies in the core and Ny, the number of actwe rods per asscmbly

" . -t]whotassemblymcanrod. thhawc:ght of Np.

- one (ot several) hot rod(s) in the hot assembly
Each of these rods is described in terms of geometry, claddmg oxide thickness proﬁlc, power proﬁle.

_ A typxcal axlal meshmg thh 40 mcshcs was chosen

) In agrcement with the optxons netaxned in sensmv:ty stud:cs pexformcd at EDF some years ago, the’
. linetc: power of the thean core rod-was chosen s that of beginning of life (BOL) while only the hot - -
" assembly rods wefe chosen irradiatéd to 57 GWjAU'; the ratio Fo, of hot rod powet to mean c¢ore rod
- power was chosen to 1.28 (as compared to the 1.55 value for BOL case), and the ratio F of hot rod

) powar to hot assembly mean rod power was kept to 1.05 |dent1ca! to BOL case. ; _
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Prior to the LOCA initiation, the reactor core is then supposed fo be s'ubjeeted to a transient evolution

- that brings thé three above mentioned rods respectively to : 68.20 kW, 83.25 kW and 87.41 kW, and
with 3 truncated cosine axm] power profile. -
The irradiated rods b&ranex(emal oxide layer on themm!oy clad, mﬂuthxcknusproﬁlc typxcal

of 4 cycles irradiation, the maximum thickness reaching 106 pm.at 2.79 m elevation. The pellet-
claddmggapnssupposedtobeclosedmﬂ:clmdlatcdrodsatuanswntmmamncmtemal

pressure in hot condmons in irradiated rods is sxgmfcanﬂy inghcr (~156Mpa) than in mean core
'freshrods -

Two hydzauhc channcls are assoc:ated to the mean core and hot assemb!y rods 'l‘he thcrmo-'

mechanical behaviour of the hot rod(s) is mﬂncnced by thé hot usembly chantel hydraulics during
- ;he blowdown and rcﬁll pham and by the mean core chansiel hydmuhcsdxmng tbe mﬂoodmg phase.
: 3.4 Reference case behaviour (withaut fuel relawt:an)

A refetcncc calculanon wnhout fuel relocation was first performed for tbe hot rod of the hot
-assembly. Itmnstbepomt.dmnt!:atabest—esumazeu'canncrtofthcdadbaﬂoonmgandbzmtforthc

- * - jrradiated rod was not searched here : lhcstandardcladdefomnhonandburstmdelsforﬁwhﬁxel

© were hcpt unchanged in CATHARE.

However, i in consideration .of the results of the TACIR experiments (ondanon and queaching tests) -

‘on imadiated cladding [8), having clearly indicated that the jnitial oxide scale was no more protective
for high temperature oxidation, it was chosen to suppress the’ protecuvc effect of the initial oxide

s scalc fowards. transxent oxxdanon of (hc clad, 1 that is normally actwe m the smndard oxxdauon model

" 'of CATHARE.
The rod- cladding appeared to rupture at302 seconds on mesh 24 (elcvanon 215 m) with a hoop
strain of 56.3%. All the followmg ‘results, unless exphcntlystated, wnll refer to. the mpmmd mesh

. elevation.

- . Figure 1, dlsplays thc evqluuon of the fue! centerlmc and clad outslde tempemtm‘es thc clad outside
temperature rises to a maximum of 970°C wlnle the- fucl ccntcrlmc temperature remains bclow

: 1100°C durmg the heatup phase.
Figure 2 displays the equivalent ¢ladding reacted ECR- evohmon. as. ca!wlatcd w:th Cathcart-Pawel

j rate law, for the. ruptured mesh and. the two. nclghbor nieshes. For the non tuptured meshes, due to
- unprotected oxidation on the external face only; the oxidation rate ECR is increased by about 1.7% in

absolute valile, while on the ruptured mesh, due to two-slded oxxdanou. the ECR rises. from an mlual .

- . valueat92%to 12. 6% at the énd of the transient.”

Figure3 compares the equnvalentcladdmg reacted ECR evolutxons as calculated with Cathcart-Pawel
and Baker-Just rate laws, for the mptnrcd mesh. It can be noticed that both corrélations give very
.Close results in the corresponding range of clad tempcerature. Acceptance cmenon on clad maximum
oxndatlon rate (<17%) is clearly well satxsﬁcd. . .

Fxgurc 4 dlsplays thc evolution of the remammg thxclmcss of the clad B- Zx layer, showmg the sharp
drop in thickness (from ~520 to ~330 um) corresponding to clad ballooning up to rupture, followed

by a.slow decrease corresponding to hlgh temperature oxidation. The final thickness rémains just
above 300 pm, indicating a fair remaining resistance to thermal shock embrittlement, with reference

L “to. -embrittlement criterion proposed by Chung and. Kassner[9] wlnle |hc lmndlmg l1m1t proposed by -
i thcsoauthors is just reachcd . . o

) 3 5 Fuel re!ocat:on case.

35.1. Bas:c assumptlons and modelmg ophons

“*With rcferencc to the FR2 expenmental results discussed bcforc in section 2 1.1, we assumed that fuel
pcllcts cnxmblmg and relocation oocurred mm\cdzately ‘after the cladding burst. leading to a partial
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filling of the inside. volume of the ballooned cladding mptured mesh. This volame was calculated as

“that of a cylindrical volume with clad inner radius at burst and mesh height. It was then assumed that - -
this ruptured mesh volume was filled homogeneously with fuel fragments up ta an user’s input filling -

rate (=ratio of dense fuel volume to new mesh volume). A base calculation was performed with a

filling ratio of 61.5% corresponding to a value measured in the FR2 expenmcnt ES. Two other

calculations were conducted with values of the filling ratio of 40% and 70% in order to evaluate the
sensitivity of the results to this main parameter. -

The fuel fragments were assimilated to spherical particles with user’s input diameter. These fragments

are in contact with the cladding, leadmg thus fo a closéd ﬁxcl—claddmg £ap.

The effective thefmal conducnvxty of the fuel fragments was derived from the Imura[lO] correlation -

and taking into account the radiative transfers between particles accondmg to the Yagl theoretical
model, The resulting model, so-called *hmura-Yagi® model, had been implemented in tbc SFD code
ICARmofPSNaﬁcrnthadbmvdxdawdagamstSmdeCtexpenmL T . .

According to the tesults of the. TAGCIR ‘experiments mentioned.in prevxous secuon, the protecnvc

effect of initial oxide scale towards LOCA -transient oxidation -was agam supprcsscd in a!l the

. following calculatxons mvolvmg fuel relocation.

352 Results of the base case (61.5% fllmg ratio)
A basic calculation was pcxformed with a filling ratio of 615% eompondxng to a focal value

measured on a sample taken from the ballooned region (with 67.5% total circumferential elongation)

of the theFRZexpcnmentES 'I'hcpamde dxameterwastakenasme ave@gcsmdetcrxmncdmm o

experiments, i.c. 2.7 mm. -
Figure 5 displays the evolution of the fucl ccntcrlmc and c!ad outsldc temperatnrcs the clad outside

temperature reaches a maximum level around llOO°C while the fuel centerline tcmpe:amre remains

‘below 1200°C during the hcatup phasc

Figure 6 shows the evolution of the oxxdanon rate ECR, as calculated with Cathcart-Pawel rate law
‘for the ruptured mesh and the two neighbor meshes.-It appears that the oxidation rate rises from 9:2%

to near 18% on the rupture/relocation mesh, while the-increase in ECR does not exceed 2% on-the -

neighbor meshes. Figure 7 displays the evolution of ECR values at ruptured mesh; as caléulated with

Cathcart-Pawel and Baker-Just rate laws ; compared to thc corresponding curves for the calculation - o

witliout_fuel relocation (ﬂgurc 3) a. clear dxstmcnon m now: be ‘made’ betwccn both -evolutions;

corresponding to the increase in clad lcmpcrature The mhkimum value of ECR calculdted with Bakcr- o

Just rate law is 19.4%, thus cxcccdmg the current acceptance limnit.

Figure 8 dxsplays the evolution of thc remaxmng thickness of the clad §-Zr Iayer, showmg tbc sime

sharp drop as in reference case correspondmg {o clad bal!oomng up to rupture,. followed by the

decrease correspondmg to high temperature oxidation, with a final thickness just below 250 pm. -

Since the maximum oxygen content at this temperature level rémains below 0.9 wt %, it appears that- -

limit.
3.5.3 Sensmwty to the balloon fi llmg ratlo
- Figally, comparative calculations were performed with filling ratio values of 40% and 70%, xhc latter

the Chung/Kassner criterion would be sansf ed for the thcmlal shock lnmt but not for the bandlmg ) - i l

value corresponding to the fuel void fraction measured by gamma. demy counts in some. PBFLOC-. .. ...
experiments. Thc particle diameter was kept at thc same value a in the prckus calculanon 27 mm) T

Figure 9 dxsplays the evolution of clad outsxdc temperamre withi mcreasmg valuc of the balloon ﬁ!lmg ‘.

ratio : for 40% filling the temperature-level is sirilar to that of reférence case thhout fuel relocat:on .

whcrcas peak clad temperature reaches 1144°C thh 70% ﬁllmg

Figurcs 10 and 11 display the evolutions' 6f the: 0x1dauon rate ECR, as m!culatcd Wxth Cathcart-

Pawel; and of the remmnmg thlckness of the clad ﬂ-Z: layer respcctxvcly, thh mcrcasmg ﬁllmg ratio.
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values. For highest’ ﬁl!mg valuc, thc total omdaﬁqn rate ECR reathes 19. 7% (2% wnh the Baker-Just -

rate law) while the f-Zr layer remammg thickness remains near 230 ) pm at tbc ead of LOCA tmnsxcnt

' 4 SUMMARY AND.CONCLUSIONS
. LOCA transient calculations have been petformed vmh an adapted versxon of the anch code |
CATHARE-2 in order to evaluate the possible impact of crumbling and rclocatzon of irradiated facl in

the ballooned region of a cladding after burst.
Focus has been put on tbcsmsmvxtyofpcakcladtempemmmandfinalondahonmcon the filling

_ratio of the ballconed cladding with fuel crumble.

The calculations do not-intend to give a best-estimate view of the detaxl behaviour of lugh bnmup fuel

. rod under LOCA. txanswnt.lnpamcu!ar the thermo-mechanical properties ofmdxatcd zircaloy were )
not available for the calculanon of claddmg déformauon and buirst with mdxated nntcnal.

. Tbcresults mdxca!c thazforfuel n:!ocanon in thcballooned regxon with aﬁ!lmgunoupto mevalues
obtamed in FR2 or PBF-LOC expemmnts, ‘the peak clad teiiperature thay mcrmse sxgniﬁmntly, but

" still remainis below the ECCS acceptance limit (1200°C) on PCT.

On the other band, the maxmmm claddmg oxndanon rate e.xweds the 17% acccptance Limit when the

- initial (in service) oxidation rate is cumulited ‘with the transicat oxidation rate and when the initial _
oxide layer is ‘assumed ‘no more protective for ‘transient oxide - growth. ‘However, " altemative’ .

. _émbrittlement criteria based-on residual thickness of ductile metal, such as the Chung and Kassner R
-criteria, indicate a fair remaining margin to the thcrxml shocl: embnn]enmt hmxt, whcreas thc . o

-ﬁ_.handlmgembnttlemt lmm_appmrs cxcecded e . c Tt
_Thc results of the prescht study give ‘some msxght into thc possxble lmpact of thc a-umblmg and . -
relocation of high bumup UO, fuel in a LOCA transicnt, a'pheriomena that was observed previoasly

a el

in in-pile cxpcnmcnts and whxch might significantly affect the late evolation of accident transient and

" associated safety issues. It mnst be pointed out that results of corresponding calcufations with low
burmup ‘UO; or lugh bumup MOX fucls would have becn more scvere thh mgard to acccptance

limits.

The results of the prescnt calculation study give some suppon to the need for funher expcnmental

data, t6 _be provided by irradiated fuel LOCA expmmenfs ‘involving fuel relocation. A best
repreSentatmty should be obtained ‘with m-p:le experiments, s0 as (6 maintain heat gcnemtxon in fuel

o fragments' whatéver their displacemént, may bé. during the: relocation process. Such expenments dres ..
currently under planmng by Halden Reactor Pro;ect and by IPSN . . L
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.. C. Grandjean

ol

ngh Bumnp Fuel LO CA Ca!cn]atlons to Evaluate R )
. the Posstble Impact of Fuel relocatlun after Burst .

BACKGROUND (1)

.\

Mam ﬁndmgs were provzded by the results of PBF-LOC FR2 FLASH5 expenments ;

| U .-‘fuel relocatton was observed i all m‘adxated rods as a slumpmg of fucl fragments from- upper .
< - - Tocations into the swollen'region .- .
- > f.fuel movement mmauon occurred at burst in E3 and E4 FR2 tests
> .

firel inotion, (favored in FR2 due to non closure of gap) is supposed to be counteracted by a: tlght
'fuel-clad bonding = . ©

.~> bonding was not observed on FLASHS (50 GWd/t) despzte low clad balloonmg (1 6%)
Important issue: oL 2

“Fuel relocanon o mcreases local power and reduces drastxcally pellet-clad gap

‘6 zmpact on Peak Clad Temperature and Oxzdatton Rate ?

- 1mportance UOz at BOL, MOX at EOL, -

' OECD Topical Mmlng on LOCA Fuel Safcly Criteria
. Aix-m Provence, 22.23 Mamh. 2001
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‘ High Burnup Fuel LOCA. Caleulations to Evaluate
the Possible Impact of Fuel relocation after Burst

BACKGROUND (2) -

% BERGQUIST (Sweden, 1978-79) : Parametric transient calculations with TOODEE-2 code
- 1mpact of fuel relocation after clad ballooning and burst / réference case w1thout relocation
- mam sensmvny to peakmg factor (Fq) and density of relocated fuel (p,,k,c)
Results* - ref casé (Fy =2 32) w/o relocatxon - PCT 2000°F = 1093°C

relocatlon, Fq=2 09 p,,loc = 50% ptheor - PCT ~ 2050°F -1121°C - _
relocatxon, q =209, preloc = 60% pmm - Tdad 2 above 2150°F and subsequent escalatlon .

4zps - vt xon
£E€0IT0

* YACKLE (INEL 1980) Steady state thermal analysxs of a fuel rubblc in clad balloon

.. fuel relocatlon ratio. extrapolated from PBF-LOC expenments .
. rclocated fuel modeled as a series of 7 concentric nodcs with stagnant stearn gaps
;< power s ANS decay heat at 100 5 ; flat radial power profile ‘

" 'f_'Results worst case 89% claddmg stram -)160% fuel redlstnbutlon
D% Ta = 1320 K (+225 K) and Tentebuel = 2450 K (+1270 K)

B '.;Concluston L fuel relocatzon not a problem since both Tare well below meltmg poznts /-

" Grmi&jean"' R ; S N B . o ; ‘. OECDTopicnlelngonLOG&FheISqfernduda
s R . . . - . ] - Atv-umvence.zzz.?March.zoal




ngh Bumup Fuel LOCA Calcnlaﬁons to Evaluate
the Posslble Impact of Fuel relocation after Burst

IPSN Calculatlons Largc Break LOCA calculauons thh m*adlated fuel rods L

Code verszon

CATHARE2 Vl 3L w1th spemﬁc modlﬁcanons to:
L s1mulate fuel accumulation in the ruptured mesh aftcr burst
' >~ calculatc ox1dat1on ratc ECR and B-Zr remammg thlckness

Calculatwn Procedure : '- P "'- | e

Gaps - Va1 xOM

l’EOIIO

1“t step whole CATHARE2 LOCA computatxon run w;thout fue} relgcatxog

, ‘b providés the- hydrauhc condxtlons for follong calculatlons :
K 2"d stcp stand-alone fuel module (CATHACOMB) calculauons '

s
>
>

C. Grandjear

- the ﬁllmg of the clad balloon _

under 1mposcd hydrauhc conditions retneved from prevmus step

"w1thout fuel rclocatlon (reference case)

with simulation of fuel relocation after. burst accordmg to user s mput charactenstlcs for

e 0.

OECD Topleal Mmmg on LOCA Fuel Sqfcgy Criteria .

ix-m -Provence, 22 23 Mamh. 2001
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Whole CATHAREZ standard calculatlon g

'>
>

.3

e

High Bumnp Fuel LOCA Calculatlons to Evalunte L
the Possible Impact of Fuel relocation after Burst

large break LOCA (double ended break on cold leg)

,’ mean core rod fresh fuel

hot assembly rods m‘adlated fuel 57 GWdlt
Phot rod /P mean core rod = 1 28 (1 55 at BOL)

C. Grandjean

_at acc1dcnt 1mt1at10n' SR

core at 102% of nommal power, o
. cosine axial power proﬁle

"Fq=194" (2352t BOL)

pellet-clad gap closed in 1rrad1ated rods

. rod internal _pressure Pi= 15.6 Mpa

- OECD Topical Meeting.on LOCA Fuel Safety Criteria
' Alx-en-Provence, 22.23 March, 2001




- High Burtiu§ Fuel LOCA Calculations to Evaluate
" the Possible Impact of Fuel relocation after Burst

Stand-alone CATHACOMB calculatxons :

> suppressxon of the protectwe effcct of 1mt1a1 oxide scale Co
(accordmg to the results of TAGCIR expenments on madxated claddmg’)

> homogeneous filling of the balloon =

' Fﬂhng ratio- (= 1- void ratio) :

Apfog - ¥21XOW

950110

) . ‘base case : 61.5% ( value measured in FR2 expenment ES)
. sensxtmty study ; 40% and 70%

> fuel fragments aqsmulated to sphencal pamcles in. cgntac W1th the claddmg wall (res, gap lpm)
: parucle d1amcter 2.7 mm (- average value m FR2 cxpenmcnts)

> thermal conductmty derived from a debns bed model mcludmg convectwe and rachauve heat
- transfer between fuel pamcles s

IM‘URAIYAGI model vahdatcd agamst the DCl expcnment (SNL)
’ C Grandjean . ' OECD Toplcal Meeting on LOCA Fuel Safety Criteria
. ' . * " Alx-en-Provence, 22-23 March, 2001'
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