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: , Evolution of the Market I The production and distribution of electric
h“—-—-’ ‘ . .
S power experience a dual evolution

v" Constructions and commissioning of nuclear power plants come to

very low levels.
v Liberalisation and deregulation induce competition between operators
on domestic and international markets.

The answer : utilities enhance the effectiveness of their facilities.

Evolution of the Reactors I

v'Increase in reactor power: from 900 MWe to 1,400 MWe F i
v'Increase in fuel burn-up: from 33 GWday/tU to 60 GWday/tU =
v'Introduction of new types of fuel - from UO2 to MOX g
v'Introduction of new cladding and control rods

v'Fuel cycle lengthening from 1 year up to 1.5 or even 2 years
v"U5 enrichment increases, poison additions, etc
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Formerly : Wide Margins I

Nuclear safety models were designed with wide marginsin order to cope with uncertainties both in the

data base and the accident phenomenology knowledge.
Conservative scenarios were taken as a basis for regulation and standard setting.

Now : a Permanent Adjustment I

A permanent need to reassess reactor safety studies

Due to continuous demands on plant and core operations
The increasing tendency of the operators to use best estimate codes and more realistic conditions for

accident analyse
probabilistic safety studies and source term evaluations are being refined and call for reducing

uncertainties on the consequences of some specific accidental situations e.g Air Ingress, Core Quenching

How much these margins are used by operators : Are the criteriaalways appropriate ?
Are the accident estimates always correct ?

New Requirements I

data base extensions to broader conditions and materials
But also an adequate quantification of the data base uncertainties for safety task uses

PHEBUS STLOC MEETING, October 23th, 2003, Washington, D.C. USA A.MAILLIAT et al
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Answer the future safety requests I Taking advantage of existing information

By continuation of available tools
Optimising the efforts and the costs

Ny,
Z1 Updating and upgrading by continuation of the models
3 Fuel behaviour, cladding properties, etc..
N

1 An optimized number of small-scale or semi-integral , out-of-pile or in-pile

experiments
3 Providing the additional data bases for model updating

% A few integral in-pile experiments
provide code assessments in terms of reactor applicability and simulation
(' completeness.

Quantifying the calculation tool uncertainties and marginsto criteria

According to this context, IRSN is preparing Source Term Loca new program the PHEBUS facility,

» STL —LOCA Part devoted to Loss Of Coolant Accident (LOCA)
» STL —SourceTerm Part for Severe Accidents.
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VERCORS

Cs Releases for 02 and MOX

UO2 and MOX I _ Sume Burnup

Cx Release RT2 + S
5‘ - .'f o

Releaseratesfor MOX fuel , High Burnup UO2 __f:; wi

0
sasttetnatetpsty essattaytengen’
ate

v'Fuel structureisdifferent (RIM), / e
v'High burnup impacts fuel stoechiometry —
v'Very high burnup in Pu rich clustersimpacts on the FP distribution in the fuel phases
v'Pu-an U chemistrieswith regard to oxygen are different

v'FP release for observed earlier for MOX than for UO2 with the same Burnup

v'Low but significant release (<15%) of Nb, La, Eu, Mo, Ce, Np

Degradation process

Cs Release RT1
TIME

v'Possibly a different degradation process like the so called fuel foaming which might
take place especially with high burnup fuel. (400% swelling observed in ST1-2 tests in
Sandia)

v'Mox fuel relocation was observed at a lower temperature than for UO2 (RT2 test)

Representative Data Base arerather poor in terms of resultsfor high BU an M ox
UO2 (BU in GWd/tU) : VI-4 (47), VERCORSG6 (60), HT1 (49,4) RT1 (47.3) VEGA 4 (47)
MOX (BU in GWd/tm) : RT2 (45.6), RT7(43)
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Pending Questions : I

- Ar/He ———— = Jom— AIR 2 i [
. Release Percentage (PRI gt
AIR _ i
Xel33 4
160 HCE3 test HO2 \l'.; .*I
sheathed Darlington fuel, 1890°C i
140 4 i
ool
| Ru 103r
420 h
: i : . - I
The Zircaloy oxidation processisvery violent R S .
Degradation should be increased oann - ooon Time o

v'Zircaloy oxidation kineticsis faster than with steam

from singlerod tests Dressmann (Germany) and bundle tests CODEX

Sourceterm is modified

v'Ru releaseisimportant
v'Ru and | can berevaporized when air isentering the primary circuit

equilibrium chemistry (Hot leg break)

v'Energy generation with air (755kJ/mole-Zr ) isgreater than with steam (459)

(Hungary)

vRisk of RuO3 and RuO4 species in the containment in case of non

PHEBUS STLOC MEETING, October 23th, 2003, Washington, D.C. USA
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Pending Questions : I
QUENCHING I

How much corium will beinvolved in the interaction with water ?
which arethereacting corium properties ?

How much steam and hydrogen are produced during the degradation process and
especially during the core quenching ?

Thereisnot much information (PBF-ST, LOFT-FP2, PHEBUS-SFD-B9R)
available for representative conditions of a severe accident, even if some

material isavailable from separ ate effect tests or electrically powered tests (
programmes CORA, QUENCH).

Arethereany risk of alate pressurisation or steam explosion in the primary circuit ?
I nduced containment bypass flow paths e.g SGTR dueto primary circuit high pressure.

20-40 bar s pressure peak observed in LOFT-LP-FP2 and TMI

None or very few information is available about
v  Additionnal releases from fuel induced by temperature escalation or fuel
fragmentation (some evidence from LOFT-L P-FP2),

Re-entrainment of previously deposited materials in and above the core by
lar ge steam flow

PHEBUS STLOC MEETING, October 23th, 2003, Washington, D.C. USA A.MAILLIAT et al
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5000
EumwmﬂU-MZVSO SKODA 14003;
To build valuable data bases, results are needed N s 5U - G0ZT - 50

3000 ZriNb1

from experiments which will have to reproduce
the physical mechanisms implied in the 2000

degradation and release processes with enough
COr r ectness.

Released ml

1000

Exposure time [ min]

0 2 4 6 8 10

Three points are essential to obtain such a correctness.

: %@ Firstly, actual irradiated fuel (UO2 and M Ox), with the appropriate burnup, is
s necessary.

Secondly, for degradation correctness, the heat source to fuel has to be

i“1 maintained despite its movements, melting and its metallurgical
transfor mations.

.

% Finally, release rates and degradation mechanisms being so strongly related,
e they cannot be tackled separately.

PHEBUS STLOC MEETING, October 23th, 2003, Washington, D.C. USA A.MAILLIAT et al
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EQUIPMENT MAIN OPTIONS

Taking account the Phébus FP project experience, the main guide linefor preparing
thisSTLOC programmes and their associated equipment isto avoid any heavy
decontamination oper ations which are time consuming and costly.

Such a constraint can be accommodated because the previously described objectives
of the STLOC programmes do not requireto investigate particular phenomenain the

primary circuit (except the FP resuspension from cor e upper plenum) nor in the
containment.

Therefore, the experimental equipment and instruments,
by comparison with the Phébus- FP ones, can be

J reduced,
O simplified,
) designed in an integrated way.

PHEBUS STLOC MEETING, October 23th, 2003, Washington, D.C. USA A.MAILLIAT et al
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EQUIPMENT MAIN OPTIONS

@ *SIMPLIFIED CIRCUITS
" NO MORE NEEDSFOR 700°C ON THE LINES
" NO MORE NEEDSFOR ONE WEEK RE-IRRADIATION
" NO MORE EXPERIMENTAL NEEDSIN THE CONTAINMENT

*A SIMPLIFIED SAMPLING STRATEGY
" ONE SAMPLING LOCATION ABOVE THE BUNDLE IN THE TEST TRAIN

" A SECOND SAMPLING LOCATION IN THE CAISSON INCLUDING ALL THE
REQUIRED EXPERIMENTAL MEASUREMENTS

@ .DELAY AND COSTS

" A REDUCED TIME GAPBETWEEN TESTS
" A REDUCED INVESTMENT COST FOR EACH TEST

PHEBUS STLOC MEETING, October 23th, 2003, Washington, D.C. USA A.MAILLIAT et al

11



IR
pr
‘|l|||“!'
rllllllll‘
Llllllllll

PUITS DE TRANSFERT DES INTERNES

CAISSON EQUIPMENT

Point C Spectrometer

Release Line

Window
g

Exit to DEDA

Exit to CECILE

CAISSON

U
B

O
- "

BIOLOGICAL
SHIELDING

10 M3 CONTAINMENT
A - WITH
- INTEGRAL FILTERS
- STEAM CONDENSER

DRIVER CORE
POOL,

MEASUREMENT
COMPARTMENT

PHEBUS STLOC MEETING, October 23th, 2003, Washington, D.C. USA A.MAILLIAT et al
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CAISSON EQUIPMENT
MAIN ASPECTS OF THE MEASUREMENT COMPARTMENT

The measurement compartment (MC) islocated in the caisson and includesall the
experimental measur ements.

TheMC isincluded in a 150°C prototype furnace

The MC includes 16 sampling instruments with standar dised connector s removable
through remote operations

Each sampling instrument is equipped with commer cial self sealing low pollution quick
disconnect coupling

After sampling removals, sleevesreplace the instruments and the decontamination is
performed.

The MC can betransferred without any dismantling through the equipment lock T3

The STL-SoureTerm programme includes 2 MCs, one under preparation and calibration
while the other oneisunder operation in the caisson for atest

PHEBUS STLOC MEETING, October 23th, 2003, Washington, D.C. USA A.MAILLIAT et al
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MEASUREMENT STRATEGY

Highlights on the measurement strategy for the STL-SourceTerm tests.

Fuel degradation measurements will be basically the same as for the Phébus-FP:

O A number of on-line sensors
(] Sophisticated in-situ non destructive techniques (?-spectrometry, absorption and
emission computed tomography).
[ Detailed destructive examinations will also be performed.
[ A special attention will be paid to measure transient hydrogen and steam
productions during the core reflooding.

Realeases measurements will be performed through :

] Thermal gradient tubes, above the fuel, aiming at the determination of fission
products deposition and re-entrainment during reflooding.

] The Measurement Compartment including a number of sequentially operated
filters in order to measure both the transient and overall releases and impactors for
aerosol particle sizing.

The basic technique will be ?-spectrometry, both on line and on the samples after their
transfer to the CECILE hot cell.
For non-? emitters, chemical analyses will be performed to complete the experimental

data base.

PHEBUS STLOC MEETING, October 23th, 2003, Washington, D.C. USA A.MAILLIAT et al
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MEASUREMENT STRATEGY

MEASUREMENT C |
ON LINE > GAMMA SPECTROMETRY
> RELEASE RATE
SEQUENTIAL > RESUSPENTION RATE
> GAMMA SPECTROMETRY
> DESTRUCTIVE EXAMINATIONS
POST TEST > CHEMICAL ANALYSES
> PRESSURE
> TEMPERATURES
5> MASS FLOW RATES
CONVENTIONAL 5> POWER
> HYDROGEN, STEAM CONTENTS
> RELEASE RATE
SEQUENTIAL = DEPOSIT RATE
> RESUSPENSION RATE
> GAMMA Spec, TOMOGRAPHY
> DESTRUCTIVE EXAMINATIONS
POST TEST > CHEMICAL ANALYSES

PHEBUS STLOC MEETING, October 23th, 2003, Washington, D.C. USA A.MAILLIAT et al
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Design Basis Accident : BASIC REQUIREMENT

After any LOCA transient a core geometry which preserve its
coolability must be guaranteed

It means:
=» Shattering of the fuel rods has to be avoided
=2 Core coolability hasto be maintained

Application of these basic requirements imposes two different actions

"
Check that Criteria are not

ToderiveCriteria violated
for reactor LOCASs

PHEBUS STLOC MEETING, October 23th, 2003, Washington, D.C. USA A.MAILLIAT et al
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i TO DERIVE CRITERIA I

It means : to know the quantities which control the cladding residual ductility
back to cold conditions and cor e coolability, the values not to exceed.

Such information e.g. is the famous criteria 1 and 2 on Peak Clad Temperature
(PCT) and Equivalent Clad Reacted (ECR)

%&H TO CHECK THAT CRITERIA ARE NOT VIOLATED FOR REACTOR LOCAs I

It means : To demonstrate, through calculations tools, that whatever is the kind of
L OCA transient, nowherein the core, the criteria values ar e exceeded

&

For providing such correct estimates we are facing two main needs in terms of
models
Models for thermal and mechanical behaviours of the fuel rods in the
reactor geometry during LOCA transients

Models for thermal-hydraulic behaviour of the coolant during LOCA
transients

PHEBUS STLOC MEETING, October 23th, 2003, Washington, D.C. USA A.MAILLIAT et al 18
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In the context of a permanent need to reassess reactor safety studies imposes by
reactor evolution, new types of fuel and cladding, increase of burnup ... IRSN is

revisiting LOCA studiesto check

O Theadequacy of criteria

O That criteriaare not violated for Reactors

O Theavailable margins

PHEBUS STLOC MEETING, October 23th, 2003, Washington, D.C. USA A. MAILLIAT et al
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On the next dideswe will explore

the main pending issues which affect both criteria derivation and
& calculations correctness

Then, from a comparison between the pending issues and the existing research
programs

(f needsfor additional researcheswill be deduced

Finally,

( IRSN STLOC program proposal regarding LOCA will be summarized

PHEBUS STLOC MEETING, October 23th, 2003, Washington, D.C. USA A.MAILLIAT et al
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Pending Issues : Fuel Relocation I

EH > Temperatures TYPICAL LOCA TRANSIENT
g; Plenum Spring Fugl
é’é/ / 1200 / Clad D
-3 —
Upper End of LL !
Heated Zone S i o io
o ly = 800° - | Ox.d ion
¥ 5o lggation
5 n D {
-3 £ ! uenchni
T136—4— zf § B Lower End Eﬁ § 400 Q Ballooning ):Lng
3 L T8 Zne\ g ] W
\ Bls
] 50 100 150 Time (seconds)
§ Conseguences
Rod F1_ _ Theincrease of power
! e The heat transfer modification dueto fuel accumulation
aSee references 1 to 4 The steam access inside the balloon
| mpact on

Peak Clad Temperature

Final oxidation ratio and the consequences for quenching and post quench embrittlement
Hydr ogen uptake and the consequences for quenching and post quench embrittlement

0 Note that this question is particularly important for end-of-life MOX fuel where power
generation is not reduced, unlike for UO2 fuel.

PHEBUS STLOC MEETING, October 23th, 2003, Washington, D.C. USA A.MAILLIAT et al 21
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Pending Issues : I Fuel Relocation I

FRESH FUEL ROD
) Test B1.1

Lo g ptybe

=See references 1to 4

35 SWd/tU ROD

I TestGaz
L ]

| nstant of fuel movement at high burnup ?
Arethey any delay dueto fuel-clad bonding ?

Filling ratio of clad balloon at high burnup,
with fragmentation of UO2 rim or MOX

agglomer ates ?

Fragment sizes ?

PHEBUS STLOC MEETING, October 23th, 2003, Washington, D.C. USA A MAILLIAT et al 22
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L2 Pending Issues : I

What is the bundle blockage geometry
for irradiated bundles?

Hot and cold pointsarelesslikely dueto the fuel stack
reor ganisation during theirradiation.

E—r—
y %@% ke %
G dEu

L Irradiated 4

fresh

Il

{

~— —

Higher the symme?y bigger the balloons

PHEBUS STLOC MEETING, October 23th, 2003, Washington, D.C. USA
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BUNDLE BLOCKAGE GEOMETRY l =See references 41to 6
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L2 Pending Issues : I

bigger the balloons

Corrosion and hydrogen uptakes are lowered for modern clad alloys : ductility is
better kept. Lower the corrosion, lower the associated H uptake, better the ductility,

higher blockage ratio will be likely for modern alloys

1000

Hydrogen Uptake of M5™ is extremely low *
800
700 . <

g
€
Q.
Q.
&
soof € Zr-4
(0]
S -
i ]
o
40 C
[0]
30 8’
S
>
T M5TM

o
0 10000 20000 30000 40000 50000 60000 70000
Fuel rod average burnup (MWdJ/T)

80000

200 T L] 13 L] I L8 L 13 L] L LS L4 L] r v v ¥ L]
" [EDGAR steady state creep tests|
< _ 3
w 150 4k
=See references 7to 9 <
c
.0
Py
>
€ 100 +—

“
upper bound — N\

< Lower bound

II!III
o
.
.

llil

Il‘rtlt

A &

650 750
Test Temperature (°C)
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bigger the balloons

Same Tendency is observed with low tin Zr alloy: lower the tin content,

higher blockage ratio will be likely for modern alloys

sSee references 8 and 10

PHEBUS STLOC MEETING, October 23th, 2003, Washington, D.C. USA

200 +
EDGAR creep tests
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1Z) Pending lIssues : I BUNDLE BLOCKAGE GEOMETRY I

=1
(¢O9) ) : i
N ]¥{ { A BUNDLE geometry isnecessary to get realistic bundle blockage geometry :
T e
>
%ﬁ < 100 -
'iij, od
It provides correct azimuthal
temperature field around the tested
JAN . 0 500 time(s)

fuel rod

- constant internal ov'erpre'ssure : 65 ba
+ time of burst :482 = 512s
[ - burst temperature : 827 + 845°C

o

circumferential burst strain

2d| 50 1
Temperature field correctness is T ———
. i . d REBEKA -data \M
crucial to producerealistic balloon size . A
| O single rod tests — L_
Obundlez tests | A \9
& . . A S S— et
0 50 100

azimuthal cladding temperature difference ATy,[K]

PHEBUS STLOC MEETING, October 23th, 2003, Washington, D.C. USA A.MAILLIAT et al

26



74

1

IR
pr
‘|l|||“!'
rllllllll‘
Llllllllll

:

|

1 Pending Issues : I BUNDLE BLOCKAGE GEOMETRY I

|
|

Theblockageratioisnot thelinear addition of the single rod observations :
N timesthe single rod balloon geometry will produce unrealistic too high flow blockage.

mSee references 11

100
=
%\% A BUNDLE geometry 5 201
- = 601
provides the correct no coplanar % Il
balloons distribution and a lower < hﬂfﬁj
blockage ratio £ i

distance from top of heated zone [cml

PHEBUS STLOC MEETING, October 23th, 2003, Washington, D.C. USA A.MAILLIAT et al

A BUNDLE geometry is necessary to get realistic bundle blockage geometry :

165 171 177 183 189 195 201 207 213 219 225
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1Z) Pending lIssues : I BUNDLE BLOCKAGE GEOMETRY I

ff@l)

ni.’*i'p

e SRR

"A BUNDLE geometry is necessary to get realistic Bundle Blockage geometry :
9

Radial interactions between adjacent fuel rods impact the balloon size and the bundle

Blockage geometry

l“-"'ﬁ‘.\
[ Si-u
e
M

Wiy, ‘.

|
(

"'

ﬁ‘(l 60!

need for row(s) of guard rods to ensure representative thermal and
mechanical interactions with neighbour rods as recommended in 1981 by
J. Broughton (INEL), in consideration of ORNL MRBT B5/B3
experiments)

PHEBUS STLOC MEETING, October 23th, 2003, Washington, D.C. USA A MAILLIAT et al 28
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i Pending Issues : HEAT SOURCE ACCUMULATION I

What isthe maximum bundle blockage ratio that leaves coolable an irradiated
rods bundle?

NO- 1 7 l E . : : I =See references 12
50mm

The 90% value derived from results of flooding experiments (FLECHT-SEASET-SEFLEX-FEBA
et al) on unirradiated rods arrays is questionabl e since these experiments did not take account

of any fuel relocation and associated effects (lineic and surfacic power increase, gap
reduction)

PHEBUS STLOC MEETING, October 23th, 2003, Washington, D.C. USA A.MAILLIAT et al
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L2 Pending Issues : I
BLOCKAGE COOLABILITY I

q

CLAD TEMPERATURES
PCT .
1200 ~ 4 bk
e Cooling™ AN .

. \

800 (buenchililg

1[/\‘i
400

EASY Time (seconds)
FLECHT-SEASET-SEFLEX-FEBA et al
Reflooding requiresto quench the cladding only

PHEBUS STLOC MEETING, October 23th, 2003, Washington, D.C. USA

NOT SO EASY
REAL SITUATION

=See references 12

Reflooding requiresto quench the cladding and a

part of the fuel column

A. MAILLIAT et al
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L2} Pending Issues : I
QUENCHING I

Are they any needs to modify the criteria related to post quench ductility if, during
guenching, additional mechanical stresses are induced by fuel rods blockage in the
assernbly? See reference 14

Cooling I

Which istheresidual ductility of the cladding after quenching ? ssee references 13

PHEBUS STLOC MEETING, October 23th, 2003, Washington, D.C. USA A.MAILLIAT et al
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AVAILABLE OR PLANNED PROGRAMS I

TO DERIVE CRITERIA I
Post Oxidation ductility e
Unconstraint Quenching S e == R e
Quenching with Constrained rods JAERI

TO CHECK THAT CRITERIA ARE NOT VIOLATED FOR REACTOR LOCAs I
Cladding Burst . EDGARANLJAERLHALDEN
Relocation HALDEN in pile ANL out of pile
Bundle Blockage Geometry
And Heat Source Accumulation m STLOC
Cladding Oxidation ~ TAGCIR HYDRAZIR CINOG ANL JAERI
Bundle Coolability ~ If necessary accordingto STLOC results

PHEBUS STLOC MEETING, October 23th, 2003, Washington, D.C. USA A.MAILLIAT et al 32
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Movie produced from transmission tomog

Bundle Blockage Geometry
And Heat Source Accumulation

A. MAILLIAT et al 33
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STLOC

STLOC will be an unique sour ce of data for bundle geometry at burst and the heat
sour ce addition induced by relocation. It isalso an integral test which includesthe major
phenomena of the LOCA transient

TWO TESTSIN THE PHEBUSFACILITY

® 9 High burn up rodswith aring of 16 fresh fuel rods
® Temperatureramp from low power under steam condition

A FIRST TEST
Cladding for which a maximum blockage is expected (M5, Low tin)

Fuel UO2 Hight Burnup impact of microstructure (>=60 Gwd/tU local)
A SECOND OPEN TEST (to be defined)

® Cladding Zr low tin / Fuel UO2 end of 1% cycle
£ e Cladding Zr | Fuel MOX 52 GWd/tM
® Back-up Test for Relocation with bundle geometry

PHEBUS STLOC MEETING, October 23th, 2003, Washington, D.C. USA A.MAILLIAT et al
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Such a programme should take place iy
the PHEBUS Facility. By thisway | R%
will take advantage of the know-jiow
accumulated when the previous L{DCA
programme with fresh fuel wasrun

FAST OPENING [
VALVES TANK  ACCUMULATOR

Phebus FP Caisson

Between Years 76 4nd 83 20 LOCA bundle
testswererun in thip PHEBUS Facility

®|n-pile inyestigations at the Phébus
facility...., /J. Duco, M. Réocreux, A.
Tattegrain/ et al, 5% Int. Mtg. Thermal
Reactor Safety, Karlsruhe, Sept.10-13,1984

=A spidy of fuel behavior in PWR design
hagls accident: an analysis of results from
the PHEBUS and EDGAR experiments, M.
Réocreux, E. Scott de Martinville, Nuclear
Engineering and Design 124 (1990) p363-
378

PHEBUS STLOC MEETING, October 23th, 2003, Washington, D.C. USA A.MAILLIAT et al 35
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1//LWR fuel rod behaviour in the FR2 in-pile tests simulating the heat-up phase of a LOCA, E. H. KARB et al,
KfK 3346- March 1983

2//Relocation of fuel fragments in ballooned fuel rods. NRC memorandum, M. L Picklesimer, March 30t",1981

3//INRC Generic Safety Issue N° 92, Fuel Crumbling during LOCA, April 1983

4//Behaviour of irradiated fuel during LOCA, G. Hache, First mtg. OECD/NEA/CSNI Task Force on fuel
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