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IHGH BLIRNUP`:U0 2 HiEL LouA CALCULATIONS.
* ~TO EYAJJUATE THlE POSSIBLE JMPACT
* ~OF 1EMURELOCATION A~tER BUMS

* ~C. GRAMDJEAN, 0. HACHE~, C. RONGIIER
Institut dePmotectioneCt de S~retNuclaire

-CEN(Adarace,,FRANCE.

. Abstract

A l~eatwe eb'ew codutedatLPS. f availabe resuk of past'LWC4A in-u experiments with imzadiated
uiwihasorevealfed that irradiaed rods behavioz %w suipqxcfiaily difere jtfrom Owa of wdninzdated rods ,0der

* jbldarondiiions.

* Pardedlarly as sggested from the resultsfrom PBF.LOC FR2and FLASH5expeimenuiindkalinga4geneal.
e0CCzrrence of the reboctin offihgmentedfude wihin the balio~fzed cladding&a ainam concern was raised

-eading the poslbk impact of fuel relocation on peak clad temperature and localoxdto ae

* In vi~iw bf obtaining some insight hito she fuel rod performancefollwigfitet relocation in a PWR high BU V0 2
*.rod undter LOC4. calculations were being perfornett. using the French CATHARE 2 code witsh.specific
mno~i~ins in' theful routines so as to describe a fiwi accumulatio a~fer bwst in the rnpturcd mesh of the

- Ma~~in " ksid a dicat -htihe, tiprtr dres i~ u sdJkas ~i

IECCa cceptawcee limit on ITTr On the other handr the miawimnunm crladding oxidation rate may exceed the 17%.
accep~tnce Anit when the initia (in servicefoxidation rate Is cumulared with the traif~ient oxidation rute.'
However, alternative embrittlement criteria based on residual shickss of ductilernesaL such as the Chung and

* Kasmer criteria, indicate a fair remaining -nmagin to the thermal shock embrintlmer# JIMit whercas- the
handlmg embtittlement limit may be w~eed~edL

* If the -following of ihe'stutdies' that`-wer .joiptly conducted by IPSN and EDF in drdei to investigatS
fth-behavidr tif hig~bumup fuel-ciddin'g iixid'LOCA conditions' JPSN htis b~ea re cxamning the

problem. or Losi-of- oat-Ac6cidezns -with consideraton f sp&~ific: aspects related to fuel. and-
* . cLiddiinegiadiatioii, so. as to-identify the rempaining-needts for fdrthe studies and experimenWna daia.

Ths cnershave led IPSN to initiate new studies in order to prvde- the'a~nswers to pending
* questions kegaiding ft-ebbhaviot of ifirdiae rods and'assetnblies iunder LO)CA conditiorigs.

*In a prelimitiary spinveofbanigso insight into the fuel rod performance following fuiel

*relocation in a PWR high jBU U 2.ro4 under LOCA, calculations were being performned, using the
.Frefirc CATHARE-2`code with s pecific modifications in. the fuel routines so as to describe a fvel
k ccuniulafioti after burst in'the rupturiW mesli of the rod 'cladding.

2 A CI(GROYND

2.1: . rrdiated fuel rod behavior.' ...

-2.1.1 -Uterature review
* hiere exists a few number of -vailable results of such experiments. with irradiated fuel rods under

LOCA conditions mainr issues were, foun~d -in results from the.PBF-:O test in the USA[l,21,. the
FR2 tests in Germany[3J1 and the FLASH5(41 test in France.
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A process of fuel relocation was clearly evidenced from the experimental observations mnade in these
tests series: in all irradiat rods of the PBF-LOC FR2 and ELASH5 tests, fuel relocation has -

occurred as a result of siping of pellets fa ets frm upper locations into the.swolle region of
the burst cladding. Fuel relocation phenomena. is not restricted to high burnup fuel since fuel
fragmentation occurs ;s soon as low burnup levels (it was thus noticed on LOCS-7B rod, fresh rod
pre-conditioned up to 48 MWdht).

A main question concens the instant of fuel relocation occurrence in these cxperiments. It is not easy
to make, it perfectly clear for most of tests but, in FR2 tests E3 and E4 that were specially
instrumented for that purpose, it was demonstrated that the fuel movement initiation occurred at the
time of cladding burst, possibly initiated by the pressure difference between rod plenum and coolant
channel with assistance of gravity slumping.

* he fuel movement was probably favored in PBF-LOC and FR2 experiments where the fuel-cladding
gap. was .not totally closed,4due respectively to low bumup or to the inverted rod internalexternal
pressure difference during initial irradiation at low temperature. A tight bonding betweeni fuel and'
clad was supposed to counteract the fuel motion inception. However, in FLASHS xpriment With
high burnup fua (50 G.1Wdt), and in spite of a low-clad ballooning (not, higher than 16%) post-test'
examinatiots have shown that fuel fragments were no nixe stuck to the cladding: the transient
temperature rise combined to clad deformation may be suffiient to suppress fuel-cladding bonding.

.2.12 Main concem

For irradiated fuel rods, as observed in the PBF-LOC fesults, the clad deformation is expected to be
* larger than for fresh rods, as a result of a more uniform temperature distribution associated to pellet::..

clad gap reduction following clad creepdown during rod inadiation. The increase in clad'deformati6n
will leave more space for fuel fragnents to relocate. Since thefuel fragmentation is clearly associated
to burnup, with finer fragments at higher BU, a pellet stack slumping is likely to occur after burst
resulting in more or less compact filling of clad balloons. A major question -is thenz what could be the
impact on peak clad temperature and final oxidation ratio of the local increase in lineic and surfacic
power and of the associated local decrease in fuel-clad gap ?

It should be emphasized that this question is particularly important for U02 fuel at beginning-of-life
and for MOX fuel at end-of-life where power generation is not reduced Unllke for UO% fuel.

2.1.3 Early evaluations

The State-of-the-Att Review performed by PD. PARSONS et al. for CSNI/PWG-2 and'published in -
1986(5]. thus after PBF-LOC and FR2 tests completion, repors two calculation studies addressing the
impact of fuel relocation on peak clad temperature.

2.1.3.1 Calculafions in Sweden

The first one was conducted in 1978-79 in Sweden by Bergquistl6], within the frame of the ECCS
evaluation for the Ringhals 3 power plant It consisted of a series of parametric transient calculations,
performed with the TOODEE-2 code, so as to evaluate the response on clad temperature with/without
fuel relocation in the balloon after rod burst.

The main assumption for fuel relocation was a uniform redistribution of fuel in the deformed 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 WimIK and heat exchange between fuel and cladding dealt with an exchaige
coefficient of 5000 W/iN/L In the reference case, the hoop strain of the -most deformed mesh of'he
balloon was 42%, and the peak clad temperature (PCI) without fuel relocation did not exceed 2000X
(=1093°C).

Calculations with fuel relocation showed that the evolution of clad temperature in the ruotured mes'
is essentially dependent of the power rating in that mesh, in relation with fuel average density ,
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- at 43 kMin linear power (Fq= 2.09)., the clad temperature evolution remains of classical shape,
with a PCr around 2050 *F (11210C);

at 47.87 MWlm linear power (Fq = 232) the clad tenperature evolution.exhibits a significant rate.
increase around 20000 F with a subsequent temperature escalation After 45 s inkte transient.;

-. at 43 kWm linear power, but with ia 60% fuel theoretical density in the balloon (instead of 50%),
he clad tperature evolution again exhibits a-significant rate increase'aer 45s, reach of the
2200OPlimit around 62 s, followed by subsequent tempeamr escalation.

Although these early calculations had to be considered with large reseryations, it may look surprising
that they were not much discussed nor compared to counter-calculations. in consideration of the
possible importance of calculated trends with respect to safety analysis.

21.2 INEL CalculatFons . ..

The second evaluation was a steady state. thermal analysis of a batllooncd fuel rod following i fuel
redistribution, the amount of which based on PBF-LOC tests retilts.1lis aikalysis was performed by
T.R Yackle[7] as a response to a NRC request ; it is also mentioned by Broughton in the PBF-
LOC3DROC5 test report [1].

Fuel redistribution in the ballooned cladding is modeled by a series-of up to 7 concentric rings of-
different width to take account of large particles of original fuel and sinall particles of additional fuel,
neighbor rings being separated by gas pps; Only radial heat transfer is considere with a rod power
corresponding to ANS decay heat 100 s after scram (- 3% original power), and a flat radial power
profile. A cladding surface heat transfer *efficient. of 60 Wt 1e/K- was -is n~a fu:i ,tidl
conductivityconstant at 2.6 W/amK and no radiative transfet bOween fuel particles.

The amount of fuel redistribution has been determined from the results of the PBP LOC-3 and LOC-5
tests.-A line fit through the available' data of fuel relative increase as functioi of cidding.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 gives the temperatus
at fuel centerline and clad outside surface obtained in these- three calculations. ,

Clad strain %). | T (Kd
0 . 1095 1180.

44 1120 - 1620

89 1320 * 2450

For the worst case, with 89% clad strain alowing the'redistribution of 160% additiona fuel, the.
outside clad temperature is 225 K larger than for the reference case (without deformation), while the
corresponding, increase on maximum fuel temperature is. 1270 K *

The conclusion that was drawn at -that time appears present!y quite surprising, as it was stated that'
"fuel relocation into a balloon (with conditions such those calculated) will not pose a significant.
problem durng a LOCA since both fuel and clad temperatures remain well below the corresponding
rialting points"...Jt may be thought that the relatively close occurrence of the M-2 accident is likel)y
to explain such shift of concerns from LOCA to.Severe Accident issues. *,.

3 IPSN CALCULAT IONS . . - ; -

3.1 Reference code and calculation procedure

The French CATHARE-2 code has been chosen as a base tool due to its capability to pri a besi-
estimate evaluation of the thermal-hydraulic evolution in hot assembly, as well is- in inean core
subchannels. The code organization allows to run stand-alone. calculations of the fuel module (the
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CATHACOMB module) in order to proyide rapidly information about the behaviour of specific fuel.
rods subjected to a given set of hydraulic copditions; these hydraulic conditions will thus not be

* influenced by the behaviour of such specific. rods: Ihe hydraulic conditions may b re trieved from a
. pevious kATHARE whole c alculati or may b that of the cufnt-qATHARcpion uith

which the stand-alone fuel m6dulc is carribd out in paralleL.

* octhepurposeofthissbdythecalculationswaer perfowdasfoRtows:
- in a firstStep a' whole CATHARE-2 computation was run, for a large. break LOCA transient

occurring on a typical FRench PWR, with an input deck corresponding to a fresh fuel -mean core"
^ rod and a high btunup, U02 fuel "hot assembly?' rod; this computation provided the hydraulic file

usedas input in thefollowimgcalculations;:
- i a seqond step a, series of stand-aloie IATHACOMB calculations were run,.using the
. . eviously created hydraulic rile, for a specific hot rod of the hot assembly, and with the inclusion

of specific modificans in some fuel- routines in ordet to siiinuate fuel relocation. after burst in
:the nipturenie;sl these madifications will be briefly described-in the following.

3.2 Codeveralo,) . .

The CATHARE-2 Vi3L code version was used as stauting version, according to the lknown
improvents implenmted in this vesion to calculate the reflooding phase of the LOCA transient

Slight modeling improvements have been, aed in the fuel rotktines so as to compute at the end of
each time step the oxidafion weight gain (using both Cathcart-Pawel and Baker-Just rate lawis) as well
-as e thiclmess.s-,of 'aZrtO.J oxjdatioi l'ayer -;- te :f vri r ijable ~Jlowi s a direct calCla Qft.

: equivalent oxida~tion rat'EC, while the latter variable allows t6 t4rive the reinaining thicaness of
-' the central 13-Zr layer. '

.3.3 Basic input options for the initial CATHARE-2 whole caiculatioh

3.3.1 Accident translent conditions . .

' The nea assumptions are-in agreenient. vith thlose retained in the Standard Safety Report for 900~
MWe French PWRs: .
* - dpuble at ded, break on coldkg -f th- loop bearing the pressurizer,. . .. .

-'ore at 102% nominal power at accjdent ixiitiation, '
-residuai power= ANS7 1+ 20%.

3.3.2 Fuel ods description

-Basically, thre fuel idsay be described for a CATHARE calculati6n: -
"'- temean core rod, with a weight of (N. -I)x NJ,.

where N. is thie number of assemblies in the core and Np. the number of active rtods per assembly
d te hot assebly nican rod, with a weight of N,,T

- one (orseveral) hot rod(s) in the hot assemblY'

Each of these rods is described in tenns of geometry, cladding oxide thickness profile, power profile.
A typical axia meshing with 40 meshes was chosen.

In .agreement withthe options tained in-sensitivitystudies performed at EDF some years ago, the
lineic-power of the. mean core rod was'chosen as-that of beginning -of life (BOL) while only the hot
assembly rods Wete chosen irradiated to .I GWJAU/; the ratio Fd, of hot rod powerto mean core rod
power was chosen to 1.28 (as compared to the 1.55 value forBOL case), and the 'ratio F., of hot rod
power to hot assembly mean rod power.was kept to 1.05 identical to BOL case.
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. . .. . .. .. .. . . .

-Prior to the LOCA initiation, the reactor core is .then suppised to be subjected to a transient evolution
* that brings the.three above mentioned rods respegtively to: 68.20 kW, 83.25 kW and 87.41 IW, and

with a tncated cosine axial power-prfile.

Mm irradiated rods bear an extmnul oxide layer on the zircaloy clad, with a thickness profile typical
of 4 cycles irradiation, the maximum thickness reaching 106 ,um at 2.79 m elevation. The pellet-
cladding gap is supposed to be closed in the irradiated rods at transient initiation. Tle intemal
pressure in hot conditions in irradiated rods is significantly higher (-15.6 Mpa) than in mean core
fresh rods,

two hydraulid channels are associated to. the mean core and hot assembly rods. The thermo-
.' mecaanical behaviour of the hot rod(s) is influenced by thc hot assembly chan elhydraulics during

thc blowdown and refill phases and by the nean core channel hydraulicsduring the reflooding phase.

*. - . 3.4 Reference casebehaiVtour-(withou fuelrelocaion)

A reference calculation without fuel relocation was first performed for the hot rod of the hot
.assebly. It mnst be pointed out that abest-estinu~e treatment of the clad ballooning and bust for the

irradiated rod was not searched- here the standard clad defonnation andl urst models for fresh fuel
were kept unchaziged in CATHARE.

However, in consideration of dte results of the TACIR experiments (oxidation and quenching tests)
-oh irradated cladding [8]. having-clearly indicated that the ntial oxide scale was no more protective

,. . frshigh tmperature oxidation, it was chosen to suppress the protective cffect or the initial oxide
sc., ,'owastransie t oxidation'of t rclad that is normally actv in estandard oxidation model
:of CATHARE.. .. *

* - The rod-cladding appeared to rupture at.30.2 seconds on mesh 24 (elevation 2.15 m) with a hoop
strain of 563%. All the following results, unless explicitlystited, will refer to.the ruptured mesh

. elevation. .

-, Figure 1 displays the evQluiion of jthe fuel centeiline and clad outside temperatures: the clad outside
... temperature rises to a maximum of 970°C while the fuel centerline temperature remains below

1100,C during ihe heatup phase.-

.. -Figure 2 displays the equivalent cladding reacpd ECR evolution; as. calculated with Cathcart-Pawel
rate'taw, for the- ruptured niesh and the two neighbor meshes. For the non ruptured meshes, due to

* unprotected oxidation on the external face only, the oxidation rate EC R is increased by about 13% in
absolute value, while on the ruptured mesh, due to two-sided oxidation, the ECR ri'ses from an initial
value it 9.2% to 12.6% at the end of 'the transient.:

.Fgi=re3 comres the equivalentzcladding reacted ECR evolutions, as calculated with Cathcart-Pawel
and Baker-Just rate laws, for the ruptured mesh. It can be noticed that both correlations give very
,close results in the corresponding range of clad temperat Accep tance criterion on clad maximum
oxidation iate (<17%) is clearly well satisfied.

Figure 4 displays the evolution of the remaining thickness.of thc clad ft-Zr layer, showing the sharp
drop in thickness (from -520 to -330 pm) corresponding to clad ballooning up to rupture, followed
by a slow decrease corresponding to high temperature oxidation. The final thickness remains just

..above 300 junr,indicating a.fair remaining resistance to thennal shock embrittlement, with reference
to. embritlement criterion proposed by Chung Od .Kassnerf91, while the handling limit proposed by.

* . . 'these authors is just reached.

* 3.5 Fuel relocation case-

3.5.1 Basic assumptions and.,modeling options

* . With reference to the FR2 experimental results discussed before in section 2.1.1, we assumed that fuel
pellets cprumbling and relocation 'occurred inmediately after tie cladding burst, leading to a partial
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filling of dhe inside volume of the ballooned cladding ruptured mesh. Tis volume was calculated as
that of a cylindrical volume with clad inner iadius at burst and mesh height. It was then assumed that-
this ruptured mesh volume was filled homogeneously with fuel fiagments up to an user's input filling
Mate (= riado of dense fuel volume io new mesh volume). A base calculation was performed w0ith a

filling ratio of 61.5% corresponding. to a value ,nasured in the FR2 experiment 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, leading thus (o a closed fuel-cladding gap.

The effective thermal conductivity of the fuel fragments was derived from the Imur1101 correlation -
* and taking into account the radiative 'transfers betweew particles according. to the Yagi theoretical

model, The resulting model, so-called liimmia-Yagik model, had been implemented in the SFD code
ICARE2 of lPSN after it had been validated againstSandia DC exprint

According to the results of the.TAGCIR experiments mentioned.in previous section, Ihe protective
effect of initial. oxide scale towards LOCA -transient oxidation was again suppressed in all the
following calculations involving fuel relocation.

3.5.2 Results of the base case (61.5% filling ratio)

A, basic calculation was performed with a filling ratio of 615% corresponding, to a local value
: measured on a sample taken from the ballooned region (with.675% total cirnumferential elongation)

of the the FR2 experiment ES. The particle diameter was taken as the average size determined in FR2
experiments, i.e. 2.7 ** -

Figure 5 displays the evolution of the fuel centerline and clad outside temperatures the did outside
temperature reaches a maximum level around I 1008C while the fuei centerline temperature jeniains
below 1200rC during the heatup phase. . -

Figure 6 shows the evolution of the oxidation rate ECR, as calculated with Cathcart-Pawel rate law,
for the rupturd mesh and the two neighbor me~shes.-It appears that the oxidation, rate tises from 9 2%
to near 18% on the ruptureirelocation 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 calculated with
Cathcart-Pawel and Baker-Just rate laws; compared to the correspronding curves for the calculatio.
without fuel relocation (figure 3) a. clear distinction.dcan now be made'bi.wxeen both -evolutions,
corresponding to the increase in clad temperature: The rfiiirmun value of ECR calculated with Baker-
Just rate law is 19.4%, thus exceeding the current acceptance limit.

Figure 8 displays the evolution of the remaining thickness of the clad P-Zr layer,. showing the same
sharp drop as in reference case corresponding to clad ballooning iup to rupture,. foilowed by the
decrease corresponding to high temiperature oxidation, with a final thickness just below 250 -pm.
Since the maximum oxygen content at this temperature.level remains below 0,9 wt %, it appears that-

* the Chunrigassner criterion would be satisfied 'for the thermal shock limit but not for the handling
mit. . . .

3.5.3 Sensitivity to the balloon filling ratio

* FMally, comparative calculations were performed with filling ratio values of 40% and 70%, the latter
value corresponding to the fuel void fraction measured by gamma. decay counts in some. PBE;LOC .
experiments. The particle diameter was lkipt'at the same value asni the previous cilculation (23 num).

Fgure 9 displays the evolution of clad outside temperaturewifti increasing value of ih balloon filling I
ratio: for 40% filling the temperature- level is similar to that. of reference case without fuel relocation
whereas peak clad temperature reaches 1 144"C with 70% filling..

Figures 10 and 11 display the evolutions' of the oxidaiion rate EC.R' as calculated with Cathcart-
Paweli and of the remaining thickness of the clad , Zr layer respectively, with increasing fillin"g atio.
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values. For highest filling value, the total oxidatikn rate ECR reaches 19.7% (22% with the Baker-Just
rate law) whife .tbef-Zr layer renaining thickness remains near 230 pm at the end of LOCA transient.

4 SUMMARY AND CONCLUSIONSr:
LOCA transient calculations have been perfohmcd with an adapted version of the French code
CATHARE-2 in 6rder to evaluate h possible impact of cnumbling and relocation of irradiated fuel in
the ballooned region of a cladding afte burst.

Focus has been put on the sensitivity of peak clad temperature and final oxidation rate on the filling
ratio of the ballooned cladding with fuel crumble.

The calculations do not intind to give a bist-estimate view of the detail behaviour of high burnup fuel
rodunder LOCA transient ln particular, the thermo-mechanical properties of irradited. zireloy were
not avallable for-te calculation of cladding &fdrmation and bdrst with irradited naterial.

The results indicate that for fuel relocation-in the ballooned region with a filling ratio Up to the values
- obtained ja FR2 or PBF-LOC expements, the peak clad tehperature aay increase significantly, but

still remains below.the ECCS acceptance limit (1200C) on PCI.

' On the other hand, the ,maximumrcladding oxidation rate exceeds the 17% acceptan=c limit when the
initial (in service) oxidation rate is cumulgted with the transint ox tion rte and 've. the iitial
oxide layer is assurned no more protectiv t for transient oxide growthL.However,'altemative'

.cmbrittlement criteria based on residual thickness of ductile metal, such asnd Kastner
criteria, indicate a fair remaining marn'to the thermal shock *eznbrittlement limit. whera the.
handling erittlement.liuiitappeas cxc ,. -. . .

The results of die presebt.study give some insight into the po'ssible impact of thecruinbling and.
relocation of high burnup U0 2 fuel in a LOCA transient. aphenomena that was observed previously

* . ,in in-pile experiments and which might significantly affect the late evolutionr of accident transient and
associated safety issues. It tbe pointed out that results of corresponding calculations with low
burnup UO2 or high'.bumup MOX fuels would have been more severe *ith regard to acciptancc
lirnits. - . '.

Tie results of the present calculation stidy-give some-support to the need for further experimental
data,'to be provided by irradiated fuel LOCA expenments involving fuel relocation. A best
representativity should be.obthined withjin-.pile experiments, so ast6 maintain beat gpet'erhion j fuel
fragments ~veirh ver their displacernent. may be during'the: relocation 'process: Such experiments are -
curnrndy under planning by Halden Readtor Pr9ject'and by lPSN.

. : '.
** .
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Hgh Buurnp Fuel LOCI. Calculations to Evalate
the Possible Impact of Nue relocation after Burst

BACKGROUND (1)

I- 1i
i

I
i

I

II.. i

were provided by the results of:. PBF-LOC, FR2, FLAS115 experiments:

:fued erelocation was observed in. all irradiated rods as a s u:pingof fuel fragfrents om upper
locations into the swollen region . .

>fuel nove ent initiation occutred at b rst in E3 and E4 FR2 tests
° fuel inotion'i (favored in FR2 due to non closure of gap) is supposed to be cointeracted by a tight

fuel-clad bonding .
. . . + .bonding was not observed on FL4SH5 (50 OWditj despite low clqd ballooning (16%)

; m Iportant issue: .

Fuel relocation '¢ inoreases local power and reduces drastically pellet-clad gap

*q impact on Peak Clad Temperature .and Oxidation Rate ?

: importance: U 2 at BOL, MOX:at EOL
.. im o tn e. . ..2

.. C. Gmndjean C. Gandjan*. . :'OECD Topical Meeting on LOC Fuel Sety C~rctra
Aixcn-rr Pmwncaz 22.23 M~arcA, 200J

. . . . .DbicI
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High Burnup Fuel LOCA Calculations to Evaluate
the Possible Impact of Fuel relocation after Blurst

BACKGROUND (2)

& 0"
t,; P" ,
i 0

ii WW

* BERGQUIST (Sweden, 1978-79) : Parametric transient calculations with TOODEE-2 code

- impact of fuel relocation after clad ballooning and burst / refetence case without relocation
- main sensitivity to peaking factor (q) and density of relocated fuel. (Preioc)

t ref case' (q =2.32), :wo relocation -4 PCT . 2000°F = 1093°C
relocation, Fq 2.09, Preloc =50% Ptheor + PCT - 20500F 1121PC,
relocationFq =2.09 Preloc 60% Ptheor -4 Tcad 71 above 2150 0P and subsequent escalation

* YACKLE L, 1980) : Steady state tlermal analysis of a fuel rubble in clad balloon

; .- fuei ielocation ratio. extrap olated fror PBF-LOC experiments
- relocated fuel modeled as a series of 7 concentric nodes with stagnant steamgaps
'- pwer : ANS decay heat a100 s;fli.t radial power profile;
Resuits: *worst case.: 89% cladding strain 4160% fuel redistribution

.%TcjadI32O K (+225 ,K an4Tcen ei =2450 K'(+1270 K) "

: Concluston 4 fuel relocation not a problem since boih T are Well beloiw meltig points H!

`C. GraJean .* OECD Topical MeetinS on LOCA Fu*elrey Criteda
- A' en-Pro.enc" 22-23 Marc/h, 200)
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nigh Burnup Fuel LOCA Calculatlons to Evaluate
the Pos51ble Impact of Fuel relocation after burstt

JPSN Calculations: Larg BreakL`OCA calculations wit irradiated fuel rods

Code. version
CATHARE2 'V1.3L with specii.rmodiflcations to: . .

; .> simulate fuel aecumulation in the ruptured mesh ifter.burst . :

.: calculate oxidation rate ECR and; p-Zr remaining thickness

Calculation Procedure .

* . step whole CATHARE2 LOCA computation run without fiet relocation

A provides the hydraulic conditioins for following calculations

* 2hd step: stand-alone fuel module (CATHACOMB) calculations
> under imposed hydraulic conditions retrieved from previous step

> witout fuel relocation (reference case) :

with simulation of fuel relocation -after-burst, according to user' input characteristics for

the filling of the clad balloon . : :

C. Gradean . . . ,. . OECDtOpCaMeti on LOCA Fuel Sqfet Criteria.
A.ienePrownce 22.23 March, 200)

''~~~ . . . . .. ''".'"''..,'-'.,,';'.
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t
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High Burnup Ftel ILOCA Calculatlons to Evaluate
the Possible Impact of Fuel ie!ocation after Burst I

C

o-

rC

Whole. CATARE2 standard . .cculation i.

> large break LQCA (double ended break on cold leg).:'

> mean core rod: fresh fuel;

> hot assembly rods.: irradiated fuel 57 GWd/t

PhotrodA/Pmeancore rod 1.28 (1.55 at BOL); Fq-1.94 (

> at accident initiation:
* core at 102% -of nominal power,.

. cosine axial power profile, ., ,
* pellet-clad gap closed in irradiated rods,

rod internal pressure P 1nt= 15.6 Mpa

. . . .

.

. . ..

.

.

. . .

t2.35: at BC)L)
.

::
. . .

. .

. * * .

. . . .. . .

C. Grandjean C OECD Topical Meetngon LOCA FuaeeSaety Critera
ALvenPrownce, 22-23 March. 2001



fligh Burnup luel LOCA Calculations to Evaluate
the Possible Impact of Fuel relocation after Burst

I I I I I F

t Q

Stand-alone CATHACOMB calculations:

> suppress9ion of the protective effect 6f initial oxide scale
(according to the results of TAGCIR expeiments on irradiated cladding)'

. homogeneous. flingof the balloon

°''Filling ratio (= 1-void ratio)! :.
, : .base cae : 61.5% (value measured in FR2 experiment E5) ,:

.sensitivity.study r 40% and 70%', '

, fuel fragments assinmilated to spherical particles inecontac with the cladding wall (res. gap- iuhm)

:particle diameter : 2.7 n average value in experments)

. thermal.conductivity derived from a debris bed model' including convective and radiative heat
-trahisfer between fuel particles' :

IMLIRAIYAGI model, validated against the DC I ,xperimtnt (SNL).

C. Grandltan 'C ,OE Tpical Meeting on LOCA Ful Safty Criteria
*A'-,n'Provencv, 22.23 March. 2001



.1 .

t4O TROD-4. (cMsmus

66 . . .

6 ........

A I.4 . 0 6.' . ....

* .6 6. zo

1R00.24

B1Wmd

*A

14 R 7 ......-
I s .. ... . . .. . . . .

. 6 . . . * . A

IA.-. .. : ..........
.* . .. . . .6. 6.

13. .*4i ....

a 40 
IM*6 *26

5,4 B..*.. LOA* H Rd.G6tUC
67 

UN

* 6, 6r e66 e6l 
6 6m~o. a of 6ta x~ i

A 6 A 6 . -. 6 .
I - I I

Lare r L A. ot Rod. U = 57 Gwjit/ CAop
6 ftonN i .U Aof MEici. VOL py

* . 1od, .buwrs t & ~

I
.. . .......................

.. .

l



I .

-T

-

. . .. . . .. . .. ,. . . . . . . ..

14.

I 4 *4

3. . . .. . .-. , . ..*... .I g . . . 4J

..... ......... _.,,.. ................ ;...,;'

.* D 'I I 4 .. , . 4 '4 ' ' j I '4

. I4 4 . I0. 4 0 J 140 . D ' I

. 1 * *t '4 * 1 4

, ~~~.4 ..
., . ., .^ 4 ... '41

*7.. 8 .. i t ,- ..
., .*..... .. i.L.. .4..

* £ 4 4 4 4 I4
. ' 4 1' . ' ' 'l .6~ 

' .4 4 lz',;'. .4 . .4

. , , , , . . ,.

. .. 4 . . 4 . . . . ..
4 , . . . .

, , ., , ,D. 2. ,0 ,. ,. , . :24 . 1- . ) .., .

MR2

. _ _

smh' ",&L=N*s (mam, ' '.
I

0
t 04.

00

DWI..wJ 4 . 4 4 - I 4- .

I . . .. i* * .,....

550 .. .. L.. .. .. . . . . ..

. .. ... , . 4. .

. * 4 .. . . . . . .

D. 2. 0 4. 100.. 4 H 4 M 4 -M

., :' 
4\ 

4 , ',' '"

I I. J.. I iiI*..A..~.......

4 t ~ ' 4 } 4 4 ' _ ' 4 '
. , ' '. .,* , .. , .

48 .... .. 4. 4 4 
.... '

.4 *I I t , 4 ' * 4

.
. ... .....

200 I , . 4* ,, ,,, ,.! .4t^* '4 ' ''t'- 4

.0 
... .

E- -tt-I 4,-4 ' . * 4.^... I 4,. * .. . :.o" .+..1.' ..
Q * ,. 4 4 * 4 *. 4 ,4.. .... ̂ ,4 4* 4 4 40,.9 . ;2]4 .4 _ 4

s . . .

; ,.
. ,., , .j

. . . .

., \ .

: * . ',;
!

' :, .. ..

EE4: i:

. ...

, . , .
. . .:

. .. .

;',X' ''''''''''''
.,... ,'.,
.. ."''... . ,, '

_ * :88

_,,,
VL3 pd 'i.

}

-

Large Break LOCA. Hot Rod. 1 BO 5? GV;/W
No fe relomion. No proteoUve eft of NW iiao

CAHX
. u

Large Break LOCA. Hot Rod. BU = 57 GS1
fueliot. b prtae e it of woO_- 

, - - --

Wt

i&a

I
_ I



~ -4

40

T (cBDIS17*20

J ~ . L . .. .

. . . .. ..a .a. .. .. .. . . . .

a 5 I .. .. . .. .. . ...

700
I00 .. . . .. .. ... .. ... .. ..

400 .. . .. .. ... .. .. .. .. ..

.. .. .S .. . . ... .... ...3M.I 
I a

a a a........

.. .. . .. .. . ... . .....I I I
I. a .a 

I I I

0

RW..24.

OJM

tcuot

* 4 ..- . ... ...
. . a.a.a. . . . .I.I

.. ... . .. . I .... I

U. 20. 40aD. 80a 1WD 1M. 140 0. 1w) 2

LB LOCA. Hot Rod. Btunp 9 5 G~d/tU CAhM~
Fuel tplocatin in' mesh rni 613S of b&loo volu= Y13. Pt

E |

:

i

CFssu
hi :

@ .:
At

- He
@ l

2 s sl
\

e

LB LOCA. Hot Rod. Bamup 5- 7 GWdtU 'CANE2
Fuel rloostion in nipt. mesh, 61.S% of baUoon voins'13. Ptiv I



, * (%) ' . ' ' ' ''' '.2A A- . .. . ..
. . . .. . . . .,

*A ''''''''T''*' ,''7'' A *9

26. ... *e..>,... :.. .*.';. .. , . S .: A. , . , , . ..5

' A'r Ao A A AI4 *', 5.' .5* X oe *4 ;I *
. 9. .. , A , ' ,@ , .
. , A - A ! 

A.*@,

A, .,,,;'4. ' A, ,. . A .

14. ,. 
A , , A : A A.,A

, :2 A - .2 t IE S
A @ | ~ - - - l *.A z; Az A

A d A 5

_ .

B Hei-Just.

I.

.f .4-

CZ

2 W ~ ~ ~ . .: A SA

.......... .... .... ._

A 5 X. s. : . 8, , . 5 : 5 .@

4M. .. '..n .. '..,:.....,....'....,.... ': ..

10. . ... . . . 5 5. .

20; . .. . . .. . . . . . . . . . . .

. A m , .5 - . ,. 5*,,

. .' .. ,, t.,* ,M., M).
20. 40. 6. 80.1 . 1. 14. . . . 200.

LB LMO. Hot Rod. Bmp = 57 GVd CATMEtll~ *:iiolth *.* 8 . i M d lt
.ui~ c .os .. X.O .o .ow jLp

I . I

LB LOCAS Hot Rod. Burr
Fud Lal Ocai n , In r . mesh:

up - 7 GdW (I.
: . ,I , . . :

61.5 of b .l o vo .m VI

F_



s 

* X # 

.-

PA I 9..'Oa .9 9' -§' ' § ' B'H'9''1 ''''p ." it ,
6 , I I * , . I 0 ' I * . s : -s * * ,

�. �.4 4 I 4 4 4 .4 4.4 I 4 4* 1 .44 4 4. .4 4 4 4 4 .1.4 4 4 4 4 .4 .44 . 4 4 4 .g 4I I 4 4 4 I 4� L. 9. *J. ..J...i.L4 . 4 *I 4 I I *I� 4I 4 
I 4 4 4

4 . I 4 4 4 4 I 4 I 44 4. I I * .4 4 . 4. 4

4 I . 4 4 I I I4. 4 . 4 4. I I
4 .4 4 .4 .4* I 4* 4 4

i r i x- i -*�. 
-

* 4

I 
4

4 4 4, 4. ..I I 4 4
4 4

� I .4
I 4 4. I4 4* I 4 4 4 1.1 , .1 4*. 4 . 4 4.4 * � I. 4 4 4

4. 4 I 4.

4.
'I I* 4. 4

1 I 4. I 
I .44 4 44 4 4* , I. 4.

.4…r * -* ,4 I I I* 4 4.� �-,A '� 4. 4. 4 * I4 4 4 4 4 I.. I .44 4 4. 4 4. 4 44 I 4 4 . 4 I 4.4. 
4. 44 

.
.I *

Oft%

)"A
z- I

41 P.

-

-:
l .

-

' l 1t1§i -Iq

I.________________________



.- . t l ; .1 -S 
.

.. . , .I, 4@ 1 4 . .4
4 . p. ' I 4 4 . .

. .4 4 4* * 4 4' 4.........'..,

t. .s 4 4 , .A
, *. , g. , . a :' kf1.4. .,

f I I - - .

O I .4 I ' 4 I 4f 4

- 2.0.**-- . 4 4 I

|o ' ~10.

$. 0 ., 1 . I ,

4 
.

.4 41 41

................... *..........

4 4 4 , 4 41 4 1 4

° 4 4 ''"4 ' .' 4 4 " i 4

4 0 90 o. 4 1 .

LB LOCA. Hot Rod. Birnup 57 GVd/tU CAT!ME2
FUal vloaon i wh. oicef tfm o . 1 pd

Th k~risS (miotcm)
* i,, : .

I. . ... .. , .. .. .. ,1 .. , 1 ... , .. , .-

. . , . .. . . .

t! . . . . . ._ . . . , . . .. .

.0. ....1 8 % . . 1.... ..

. .. .. . .. ... ,. .. ....

. A 1 4. 4 . 140. : .

, ' 4_ ; 4 I I 4 2
I I , * , 4 4 I4

* A l ,

:, 4 I I 4 I 4 ', 4

4 4 . 4 4 4 .

! I 4 4 ' 4 I *1( 4. | * |
4 I 4 4 4 ' 4

n ,, ,,,,,, ,. .,........"... 
Xe

3( '. 2. 4 . .6. BO. .10 121 . 0.16. 10.. 0

- I

priv .1

LB LOCA. H6t Rod. -Bip - 57 GUdMtU. CAN
Fua vloc~Uonn inp nd m esh. mof nga6 .VL3


