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ABSTRACT: The Fukushima accident has pointed out the impoetaf considering all possible strategies to enthg cooling
of a nuclear reactor core in accidental conditidvigintaining the fuel coollability would avoid arfher meltdown that may
cause a rupture of the reactor vessel, significadioactive releases to the containment of thetoeaand, beyond, to the
environment. An accident can cause the loss ofimgaif the reactor core: a partial or even compligng of the fuel
assemblies may occur. In these conditions, increddael temperature and pressure drop in the oeamtre may lead to
significant deformation or rupture of the fuel rohdding, disperse the fragmented fuel and reléasmn products in the
primary circuit. The consequences of cladding deédions on the cooling efficiency when refloodihg tore by safety systems
are an important safety issue.

IRSN conducted a comprehensive assessment on nusne@&D programs performed during the last thirtange in particular
on swelling and rupture of the fuel rod claddirge tmpact of this swelling on the cooling of fuekamblies, the oxidation and
the strength of the cladding during the quenchima) during the subsequent handling (physical renomextraction of the fuel
assembly out of the core). These studies havedleighificant progress in the understanding of ¢he&chanisms; however
there are still some pending questions. An R&D proghas been launched by IRSN with the supportlf, Ehcluding both
LOCA experimentation and mathematical modeling. PERFROI project, planned from 2014 to 2019, ispsujed by the
French government, within the framework of the #stment for the future” (PIA) initiative, under thenbrella of the French
National Research Agency (ANR). It focuses on tlennissues related to the mechanical behavior hadcdolability of a
partially deformed fuel assembly. Its outcomes blbeneficial to nuclear safety at the internaidevel.

KEYWORDS: Coolability, blockage, LOCA, cladding deformatioapture, fuel relocation.

I. INTRODUCTION AND CONTEXT THE PROJECT

During an accident causing the loss of the coaéiite
primary circuit (LOCA, partial or even complete drying of
the fuel assemblies may occlirthese conditions, of the fuel
temperature increase and the coolant pressure idroipe
reactor core may lead to significant deformationupture of
the fuel rod cladding. Depending on the burnughefftiel rod,
extensive fuel fragmentation may occur, leadingfuel
relocation within the ballooned area and possibbding to
limited fuel particles dispersal into the coolahtaugh the
ruptured cladding. Depending on the size and theillution
of the ballooned areas within the fuel bundle abeling flow
might be impaired, which may challengee fuel assembly Fig. 1: Bundle of deformed fuel rod
coolability and, by extension, the core coolahility Phebus LOCA experiments (1983)

The resultg (Fig.1), which illustrate this phenomenon, .
come from an experimental LOCA program performedhe
1980's by the Institut de Protection et de Siret&l8hire
former IRSN, in 5x5 bundle including fresh fuel sod
Different LOCA experiments performed with irradidtfuel
rods respectively 35 GWd/t in FR2-Germdrly(Fig2a) and S
90 GWad/t, more recently in Halden- NorwHy(Fig.2b), have ST
shown an accumulation of the fragmentd fuel pelietthe
ballooned region. The resulting increase of the gradensity
in the balloonned area may also affect the coréabdlity.

a) FR2 Fuel rods fresh or irradiated b) Halden test
Fig. 2: Fuel relocation in the ballooned area



The consequences of deformations and fuel relatatio
on the cooling efficiency when reflooding the cdre the
ECCS (emergency core cooling systems) are an iuport
safety issue.

The proposed research program is based on a §tag o
art review of the available experimental resuttairs also at
providing answers to the first feedback from th&uahima
accident released by IRSN: “Fukushima, one year:afirst
analysis of the accident and its consequences,”ofRep
IRSN/DG/2012-001 of 12 March 20%2which clearly
highlights “that there were still large uncerta@stion some
related phenomena conducting to a meltdown of tine”c

Research areas include in-depth analysis of how the

accident is progressing as well as targeted relseamcthe
most apparent gaps: thermal hydraulic and
mechanical behavior of fuel assemblies linked ®Idss of
cooling efficiency, the effect of emergency cogliafter
effective partial melting, the risks of criticalitshe hydrogen
production during the cooling period and the as#ed risk
of potential explosions, the transient behaviotha molten
core or debris in the bottom of the reactor vesaet the
reduction of radioactive releases out of the comtant. In
this context, IRSN considers that it must pursygeexnental
research programs on reactivity excursion or ldssooling
issues. The knowledge generated by this new prajdtt
answer long shared concerns by the internatiomahwanity
(such as the effect of fuel relocation in blockedas in the
core), and will allow to validate the French modglicode
used by IRSN and EDF to simulate any prototypidaldA
transient.

From a regulatory point of view, maintaining loregrh
core coolability is the primary requirement. Mopesifically,
to fulfill this requirement, two criteria (callededoupling
criteria), which are calculable and representatdfethe
expected physical phenomena related parametersjsace
the Equivalent Cladding Reacted (ECR) and the mamxim
temperature of the cladding. The regulations regtiiese
two values (ECR : 17%, and Tmax : 1204°C) that &hoot
be exceeded during a prototypical LOCA transient.
Compliance with these criteria is obtained throaglapted
methodologies and advanced simulation tools (chyefu
validated on specific experimental results).

As in other countries, LOCA rulemaking changes have

been initiated in France to account for recent gxmental
results (impact of burnup on the LOCA limits, effet fuel
relocation on the peak cladding temperature, etmg to
account for the fact that the current (advancedjsflare
irradiated in more challenging operating conditidhan in
the 1970’s when the former LOCA limits had beerircssd,.
IRSN has produced a state of the art review oR&E
programs conducted during the last thirty yearpeeilly
the swelling and the rupture of the claddighe impact of
the fuel deformatiomn the cooling of fuel assemblidsthe
oxidation/hydriding and the mechanical resistanethe
cladding during quench and post-quench loddsThis
synthesis, which is now an international refereifiteis
considered as a reference document by the U.S. NRC
Nuclear Regulatory Commission of the United stated is
the basis of the State Of the Art Report (SOAR LQCA

thermal
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standards, and identified three important issuegpénding
questions) that must be addressed:

What is the maximum rate of blockage that can tesul
during a LOCA and is the core still coolable witlth a
flow blockage?

¢ When and how the fuel fragments relocate in the
ballooned areas? What is the impact of fuel relonat
on the peak cladding temperature (PCT) and on the
maximum oxidation rate? What would be the potential
impact of the fuel dispersion in the coolant?

During and after the reflooding of the core, how to
demonstrate long term coolability , taking into @aat
base irradiation, transient oxidation and hydrogek

up? What radial or axial forces should be applea t
fuel rod during the quenching phase to assess its
mechanical strength?

An R&D program (CYCLADES®) was launched by
IRSN with the support of EDF to provide answerghese
three questions. This program includes both expartai
activities and software development for calculatipamely
DRACCAR "“®%and DIFFOX code¥). It takes into account
the findings of the French Standing Group (call&tdupe
Permanent”) on Nuclear Pressurized Water Reactolr ihe
2010, in particular on the physical phenomenaldhg-term
core coolability, and the transition breaks configion.

The PERFROI project proposed to answer the first
question above. In scientific terms, the projenisfirstly to
quantify the thermal mechanical evolution of claddiin
some specific configurations such as those invglzontact
between fuel rods or significant temperature gnagién the
fuel rod environment, and to quantify the impact of
fragmented fuel rods relocation in the balloon onling of
the fuel assemblies. Specific research aims toysheht
exchanges occurring between the walls of the defdrm
cladding and the two-phase flow in fog form (i.e2asn plus
droplets); these heat exchanges conditioning tesbyer
change in a fuel assembly. Antagonist influences tuthe
presence of a blockage will be evaluated. Thedadntes
result from the following physical phenomena:

The flow bypass of the blocked region, due to the
reduction of the section between the deformed rods,
leading to a reduction of mass flow in the sub cleds of
the blockage. This reduction limits the flow of the
cooling capacity.

The presence of water droplets in the steam flow ma
modify this trend. Their role in heat transferrigiortant,
whether through the heat extracted at their impadhe

walls 11 or via their vaporization in the bulk flow. Due to

their inertia, their paths do not necessarily fallihat of
the steam flow path.

II. COOLABILITY OF BLOCKED REGION WITH
FUEL RELOCATION

The domestic and international state of the art
describing the context and the need of coolabilftiplocked

OECDI/CSNI ®), showed the need to upgrade the safetyregions is synthesized in some IRSN publicatiGns
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The main lessons are summarized below. Based on thH|. DESCRIPTION OF THE PERFROI PROJECT
previous experimental programs discussed in theNIRS
literature reviews, the experimental conditions, including
the characteristics of the blockage (blockage dategth of
the maximum blocked area, cladding thickness in the
ballooned zone, ...) and the initial thermal hydicatest 1. Axis 1: thermal mechanical studies of the deforomati

As the need for further studies on two thematicheen
shown above, the PERFROI project has been struttare
two axes:

conditions, the phenomena listed below have beakech
accordingly to their impact level:

1. Representativity of the blockage

2. Influence of the blockage rate,

3. Influence of the length of the blockage,

4. Influence of the blockage configuration: coplanarsus
non-coplanar

Influence of the flow bypass

Influence of the nature of the reflooding: forcextsus
gravity.

2

The analysis of these phenomena can specify liofitthe
blockage coolability in the most penalized geoméiength
and rate) and thermal hydraulic conditions. Thuseems

that theblockages although important, if of moderate length

(<10 cm), pose no significant cooling impairmend, @ne
might be tempted to conclude in view of only FEEZand

SEFLEX™ results, a 90% blocking is always coolable. It was _

also shown that the maximum rate of 90% blockageois
necessarily the most case penalizing the coolinghé
deformation is axially extended.

It also follows, from this analysis®, that the
understanding of the deformation and rupture meshanof
the fuel cladding is a fundamental concern: in fabe
deformation and swelling of the claddings are aayshe
blockage of sub-channels, and cladding rupturezé&eehis
deformation balancing the internal and externasguees of
the fuel rod. Therefore, it is first necessary tolerstand the
mechanisms of deformation and fracture (thermalaeical
behavior) to investigate realistically the effeat$ the
blockage on the thermal hydraulic.

This bibliography study also highlighted a partaul
concern. All the experimental results and the noaittomes
regarding cooling of partially blocked assembliegrev
obtained on out-of-pile tests using bundles witcglcally
heated “fuel” rods.

Since the heating axial profiles of the simulatoese
uniform and preset, the tests didn’t reproduceirti@act the
fuel relocation in the ballooned areas as obseilnethe
in-pile tests performed on irradiated fuel rods ZFE,
PBF-LOC, ANL-ICL tests, including Halden IFA-650tdst -

Fig 2b) *. The fuel fragments relocation results in a local

increase of the power density depending on thiadiltatio.
However, the significant difference between tessults
comparable to FEBA and SEFLEX!® programs suggests a
strong coupling between the heat source and therrdefl
claddings, as it may exist in a balloon filled witbgmented
relocated fuel; this may significantly deterioréte cooling
of blocked regions.

and failure of fuel rods in LOCA conditions takingo
account the effect of contact between rods ancftfieet

of an azimuthal temperature gradiefihe models or
correlations describing the creep laws and rupture
criteria from the results of these tests, will heegrated

in the DRACCAR software, for the assessment of the
fuel assembly deformation; a collaboration with the
“LaMCoS” research laboratory (university of Lyonjliw
focus on analysis of the hydrogen behavior in diagld
alloys and its impact on the mechanical behaviahef
fuel rod.

The works that will be achieved in this axis are:

Perform thermal mechanical creep and rupture téhts.
main objective of these parametric tests (ELFE o)

is to assess the thermal mechanical propertiehef t
cladding which will be used in the COCAGNE tests
program (see below);

Investigate the thermal mechanical swelling of dlad
tubes in multi-rods configuration (COCAGNE test
program). This multi-rods configuration has bedtelior
even never studied experimentally up to now. These
bundle tests will provide us new insights regarding
balloons formation before and after contact between
adjacent rods. It will also quantify the effectaaimuthal
temperature gradients;

Validate models against the results of these tests,
Define a cladding creep rupture criterion valid for
multi-rods conditions (to be implemented in the
DRACCAR code).

Axis 2: study the thermal hydraulic behavior of a
partially blocked core zone during the refloodirtgape.
Thermal hydraulic experiments will be performedaim
out-of pile loop (COAL tests program), including a
bundle of electrical rods whose deformed areas are
locally overheated to simulate the fuel fragments
relocation. The results of these experiments vélpho
refine and validate the heat exchange models used i
DRACCAR multi-physics codaluring the reflooding
phases.More detailed activities on thermal hydraulic
foreseen in collaboration with the LEMTA research
laboratory (university of Lorraine) will focus orhd
characterization of two phase flows with heat tfanm
deformed structures.

1. ELFE experiments

The ELFE HT experiments are performed in the fcili

(Fig. 3a) which has been developed in 2013 to perfo

Fuel relocation, as observed in several in-pile BOC experiments at high temperature up to 1000°C.

tests with irradiated fuel (listed above), and pstential
impact on the local cooling of the blocked areasjehto be
investigated and properly modeled.

Those separate effect experiments will be carried®

cm long samples (Fig. 3b). Different zirconium sawill be
tested with different initial conditions (as-receiy
pre-hydrided and pre-oxidized).



These experiments will be carried
temperature range (600°C - 1000°C).

4 o ‘\_ 22", '
Fig. 3: a) ELFE facility and b) sample

The experimental results (tensile tests on testsulif
simple geometry) will make it possible to obtair ttreep
laws and the rupture criteria for different cladgimaterials,
useful for DRACCAR code input, but also to interptiee
results of the upcoming COCAGNE experiments.

Prior to the experimental program, qualificationtioé
ELFE facility has been performed by the end of 2013
tests carried out until 825°C, show a very gooceatability
and are in very good agreement with the values unedsind
given in the literaturé® (Fig 4, point in red, green, blue).
Some unexpected results were nevertheless obtfondke
highest temperatures (1000 and 1030°C) and ateustler
investigation.

Deformation
% 700°C

1,E-02 4

A 750°C

1,E-03 4

®300°C

1,E-04 4

1,E-05 4

Vitesse de déformation vrai (s%)

1,E-06 4 T

Streés (Mpa)

®l |
| o
Contrainte vrai (MPa) 100

1,E-07

1 10

Fig. 4: results of the preliminary ELFE qualificatitests
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out in a wide 2. COCAGNE experiments

The objective of these experiments (second pathef
thermal mechanical axis) is the study of the de&diom of
the fuel cladding in LOCA conditions and in a reganetative
environment taking into account possible contadtvben
neighbor fuel rods. In the principle, the claddinge is
pressurized and heated (direct resistive heatlhgjill then
balloon and start making contact with 4 adjaceatdutubes
(direct or indirect resistive heating), in an imeert
environment, to avoid zirconium oxidation, for teaal and
safety reasons)

Before performing the experimental
(2016-2018), it is necessary to design and buddexific test
device (Fig. 5a). The construction and the commissp
tests of the COCAGNE test facility are foreseenbm
completed by the end of 2015.

Fig. 5a: design of the COCAGNE facility

Neighboring rods
B i

Fig. 5b: design of the test section

The COCAGNE test rods will be 60 cm long. The

central rod will bepressurized (internal pressure can reach

250bar) during the heat-up with external pressuaré bar.
The position and the geometry of the peripheras (&dg. 5b)
have been defined to simulate as accurately ashp@sbe
contact related to mechanical and thermal phenoniewdl
be possible to simulate a thermal gradient, araltalpredict
the presence of a guide tube in place of the sodiog tubes.
Two types of temperature tests are foreseen: igotile

The experimental program is foreseen to be perfdrme tests between 600 and 1100°C and ramp tests upkts.2

in 2014 and 2015 for Zircaloy-4 and above 2016/26dr7
others cladding materials (M%or zirlo ™).

The heating is performed by a direct Joule effecin inert
atmosphere.

program



Particular attention is paid to the developmenthef
instrumentation of these tests

On-line measurement along three generating lindseof
clad temperature with an uncertainty lower thanCL0°

On-line measurement of radial deformation along th
same three generating lines,

central fuel rod,

Detection of the moment of the contact, its locaémd
monitoring the development of the contact.

All these experimental results will allow improviagd
qualifying 3D thermal mechanical models, which are
implemented in the DRACCAR software for numerical
simulation of loss of coolant accident transients.

Special attention was brought to the design and the

implementation of the instrumentation, especialig 3D
deformation measurements and the contact detewtioveen
adjacent rods. COCAGNE aims to achieve non-inteisiv
measurements on a heated rod sample surroundeduaré
structure reproducing its thermal and geometrigrenment.
To achieve the thermal homogeneity imposed on dinepse
(AT =510 10°C), the access slots for the instrurdaeferred
has been maintain as thin as possible (about 2 mm).
The technological challenge is the following: psémn
on the measured temperatures should be close t&C+ab
1000°C for ramps of about 20° C/s, on a lengthGd im.
This is not feasible with infrared standard pyroengtdue to
the sensitivity to the “guard” temperature andte tentral
deformation. To address this issue, IRSN has dedigmd
qualified a moving platform to measure both tempesand
deformation at high frequency, using laser teleynsénsors
for deformation and UV-pyrometers, for the temperat.

To achieve the aimed temperature ramps, only direct

resistance heating should be convenient. This redui
characterization of the mechanical strength ofitisalated
layer provided on partial rods guard.

Defining the general and detailed designs of the

installation have been completed, and the nexisséee the
choice of the subcontractors and the realizaticgh®facility.

3. Specific research on cladding behavior

In the frame of the thermal mechanical axis 1, gjec
research at INSA LyorL&MCoS - Mechanics of Contact and
Structures Laboratoryyill focus on in-depth analysis of the
hydrogen behavior in cladding alloys and its int&man with
the fuel rod mechanical behavibrthrough a PhD position
(2014-2016).

This will especially characterize the phenomena
associated with the mobility of hydrog@nthe alloy under
axial thermal mechanical loading (new featuhgjlrogen has
been recognized to modify the mechanical behavibr o
zirconium alloys fuel claddingthese are the effects known
due to “hydriding”.

Experiments will be conducted using a dedicated

experimental set up, updated from the LaMCoS —IN§@n
facililty?*. This facility (Fig. 6) was developed previousty f
characterizing the fracture kinetics of a vessetdm head
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during acore meltdown accident in a pressurized water
reactor.

This set-up is able to perform bi-axial loading
(compression and traction load) under controlleerrtal
loading up to 1200 °C using tubular specimens. Adeting
of the sample is provided by induction process &mal

temperature is controlled by thermocouples. The

On-line measurement of the internal pressure of thetemperature map and deformation are respectivéigwed

by different infrared and high-speed digital carsera

Developments will be achieved on the new set-up to
conduct experiments under thermal and mechaniealing
characteristics of LOCA accident. Field measuresanitl
be carried out continuously during the experiments.

s

o

Porthole, @

Inductor
coil

Infrared camera

High-speed digital
camera

4, COAL experiments

The COAL sub-program will concern thermal hydraulic
experiments on a bundle of non-irradiated rods,h wit
simulation of partial blockage and fuel relocati®he bundle
will consist of rods (electrically heated), some thwi
pre-deformed zone with local overheating represgntuel
relocation. The test bundle will be made of 49 (7¥dds
(including 16 deformed rods and 33 non deformed roffig
7), similar to that of the THETI&" *tests performed in the
past by AEE Winfrith UK in 1983-1984, which will sd
allow experimental comparisons. The COAL bundlel wil
include guide tubes (4) and spacers, to be assepiaive as
possible of a real PWR fuel bundle.

This test section will be inserted in an out oégitermal
hydraulic loop which can simulate the refloodingaph of a
prototypical LOCA transient.

The experimental parameters of the test campaighs w
be defined in order to investigate the bundle ge¢pnmelated
phenomena (blockage ratio, balloons lengths) aamdhitrmal
hydraulic related phenomena (local overheating loé t
balloons, injected water temperature, coolant flate and
system pressure levels and kinetics to simulat®wabreak
sizes).
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. . . . . . , SAFRAN is a real technological challenge, i.e. desi
3 _ obtaining a representative tube geometry, the vialig

: thermocouples to be welded on the outer surfac¢hef
cladding and the resistor should survive multipyeles in
c corrosive steam above 1000°C and several quendepha

122
B

[F5Y

: @@@CD%@@ =

\

Intact rods  Deformed rods  Guide tube

Fig. 7: typical bundle fuel rods for COAL experinten

The device is about 3,5 m height (real PWR geometry
and roughly 10 cm in diameter. The main thermalraylics
parameters foreseen are in the range below:

- inlet water flow velocity : 1 to 8 cm/s,

- coolant pressure : 1 or 2 to 30 bar,

- inlet water sub cooling : 40 to 20°C.

Others parameters (flow blockage - ratio and lelagith
power distribution) will be defined based on thefrma
hydraulic parametric studies.

The work will proceed as follows:

1. First of all, a commissioning test will be perfornan
2016 on a bundle with non-deformed heated rodss Thi

test will be used as a reference test. Fig. 8: electrical deformed fuel rod prototype (FH4N)
2. Then tests with heated pre-deformed simulators,
including local overheating of the balloon regiondl] 5. Specific research on thermal hydraulics

be performed from mid 2016 to 2018. Three series of
tests are planned with different flow blockageasitiln
each series, the effects of thermal hydraulic patars
will be carefully investigated. The third campaign
optional and depends on the results of the previou§Nith
campaigns.

3. Finally, all the tests will be analyzed and inteted. The
objective is to validate a heat transfer model &thpo
bundle conditions, to be implemented in DRACCAR

Within the frame of this thermal hydraulic axissearch
is foreseen at the Laboratory for Energy, Theoattand
Applied Mechanics-LEMTA/CNRS-University of Lorraine
It will focus on the characterization of two-phdkav
heat transfer in the deformed structures (B)g.

Pure vapour

code®. T TT T T Heat transfer ~ 7 Mist flow
. Radiation
It should be noted that COAL is a program to be Between Flow.of
. L. L © Droplets fuel rod saturated
conducted in an existing ad -hoc thermal hydrafalility, evaporation ~ vapour +
IRSN will only provide, the test section. Up to noiwvis ) . ”"39’;:;“::::“
foreseen that these experiments will be conducyedREVA # d Convectiopgs P

ct
under IRSN contract, in the BENSON facility (Erlamgin

Germany), able to run high pressure tests up toaB0

The main technical difficulties identified at thisage
are related to the manufacturing of the test roa$yding an o X I B Quenching front
adapted instrumentation operational at high tentperaand
high pressure (30 bar). The first step of this &ite develop
a prototype of the electrically heated test rodhwvat local
overheated balloon (SAFRAN electrical rod (Fig. 8))

Fig. 9: local phenomena involved in the process

. constraints have been added: technique should allow
extended test rods manufacturing at a reasonabd#, co



This will consist in performing specific separaféeet
tests at the sub-channel scale (channel betwedsh diud
rods). The proposed approach is expected to valitiz
models already developed on flow and heat trafsfereen
wall and fluid®,

Realization and interpretation of these tests bellpart
of a PhD thesis (2016-2018). It is also planneddnduct a
study of the so-called "quench front propagatioréaawith
the aim to better model its dynamics, especiallg th
generation of droplets. This will be done as pdfitao
post-doctoral research project.

Local phenomena involved in the proceds are
illustrated in the Fig. 9As it can be seen on the figure 9, the
two-phase flow occurring in the ballooned regioraisnist
flow (water droplet + steam). In previous works™ 24 we
developed a set-up to accurately measure the readfer
between a single droplet and a hot wall for condgiclose to
LOCA.

As the interaction between the droplets and thé iwal
very short (~10s for the droplet size of interest) and the
exchanged heat fluxes very small (a few mW), wegthesl
an experimental test device to measure the heasférla
during the resident time and also developed a ipéutverse
conduction measurement technique to estimate heataf
the wall'" % from temperature measurements (Fig. 10).

oF

0.5r

| T,,=50.5C

Scale (mm)

Scale (mm)

Fig. 10: Temperature measurement

The experiments in ambient conditions were perfarme
with very small droplets (diameter of about 50-461)
injected at room temperature at high frequency kbao a
purpose-designed piezoelectric nozzle where thelelro
frequency, velocity and size at injection can bgpistéd. The
target wall was a very thin disk (50@ thickness) pre-heated
to around 600°C by an electromagnetic inductor akevit
initial time, heating was shut down and the haat femoved
from the wall by the impinging droplets (front facé the
disk) was calculated by post-processing the tenipexdield
(measured in the rear face of the disk using araied
camera) with the aid of the semi-analytical invefrssat
conduction model that was developed.

To study LOCA conditions closely, a new set-up Wl
built. The test channel will be representative dileckage
zone. A given droplet distribution will be injectéd the
channel and both droplet distribution at the ekthe channel
and global heat transfer will be measured in ordebe
compared with the model previously adoptéd
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IV. CONCLUSIONS

The most important safety principle in case of 8020
is to preserve the long-term coolability of the ecoffhe
associated safety requirements are to ensure stetanece of
the fuel rods upon quench and post-quench loadstand
maintain a coolable geometry in the core. In thiye2000’s,
IRSN has conducted an extensive State-of-the-Arieve
relative to the fuel behaviour under LOCA condigon

The 3 main identified pending or insufficiently
investigated technical issues:

- flow blockage within a fuel rods bundle and its
potential impact on coolability,

- -fuel fragment relocation in the ballooned areasitn
potential impact on cladding PCT (Peak Cladding
Temperature)

- -potential loss of cladding integrity upon quencid a
post-quench loads.

The PERFROI project (2014-2019) will focus on the
first issue above: thermal mechanical aspects @& th
ballooning phase and thermal hydraulic aspects hef t
reflooding phase of a partially blocked rod bundiée
knowledge generated by the PERFROI project willdfién
the international nuclear safety.
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NOMENCLATURE

COAL : COolability of a fuelAssembly durind.oca

COCAGNE : In french «COmportement d'urCrayon en
APRP soumis a uradieNt de températl » - Fuel Rod
Behavior under temperature gradient in LOCA coodgi

CYCLADES: Characterisation andlnvestigation
Improved Calculation of LOCA Addressing
Determination anévaluation ofSafety

DRACCAR: Déformation eRenoyage d’'uissemblage de
Crayons Combustibles pendant unAccident de
Refroidissement — simulation tool for 3D thermal imacical
behavior and Reflooding during LOCA transient.

ELFE : in french «Etablissement ddsois deFluage »
(Creep Law Determination)

FEBA: Flooding Experiments wittBlockedArrays
LOCA: LOss Of Coolant Accident

SAFRAN: SimulAted Fuel Rod under lo& conditioN
SEFLEX: SimulatorEffects inFloodingExperiments

for
the
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