ISTC Project No. 3690

Study of fuel assemblies under severe accident topenching
conditions in the PARAMETER-SF test series

Final Project Technical Report
on the work performed from Dec 01, 2007 to Nov 3@009

Federal State Unitarian Enterprise Scientific Rese&h Institute Scientific
Industrial Association “LUCH”

Project Manager  Nalivaev Vladimir lvanovich by — o \
Ph.D. \/7?\:-(»14: N i NS e

Alekseev Sergey
Director Vladimirovich
Professor, PhD.

February 2010

This work is supported financially by EC and penfied under the contract to the International
Science and Technology Center (ISTC), Moscow.



Project # 3690

Final Project Technical Report Pag85

Title of the Project:

Commencement Date:
Duration:
Project Manager
phone number:
fax number:
e-mail address:
Leading Institute:

Participating Institutes:

Foreign Collaborators:

Study of fuel assemblies ursl/ere accident top quenching

conditions in the PARAMETER-SF test series
Dec 01, 2007

24 months

Nalivaev Vladimir lvanovich
+7 (4967) 69-2792
+7 (4967) 54-8589
dvp@luch.podolsk.ru

FSUE SRI SIA “LUCH”
Zheleznodorozhnaya 24, Podolsk, Moscow region, Q@21
Russian Federation
+7 (495) 715-9546
dvp@Iluch.podolsk.ru

IBRAE RAS
B. Tulskaya 52, Moscow, 115191, Russian Federation
(495) 955-2324
ksv@ibrae.ac.ru
EDO “GIDROPRESS”
Ordzhonikidze 21, Podolsk, Moscow region, 142103s9%an
Federation
(495) 502-7918
semish@grpress.podolsk.ru

STUCKERT, Juri
Hermann-von-Helmholtz PI. 1, Eggenstein-Leopoldshaf
76344, Germany
+49 7247 82 2558
juri.stuckert@imf.fzk.de
TROMM, Thomas-Walter
Hermann-von-Helmholtz PI. 1, Eggenstein-Leopoldshaf
76344, Germany
+49 7247-82-5509
walter.tromm@nuklear.fzk.de
BOTTOMLEY, David
Hermann-von-Helmholtz PI. 1, Karlsruhe, 76125, Gamgn
(49) 7247 952 364
David.Bottomley@ec.europa.eu
LAMY, Jean-Sylvestre
1 avenue du General de Gaulle, Paris, Clamart CEDBEX41,
France
33147654059
jean-sylvestre.lamy@edf.fr
ALLELEIN, Hans-Josef
Schwertnergasse, 1, Kologne, 50667, Germany
49 221 2068 770
Hans-Josef.Allelein @ grs.de
TRAMBAUER, Klaus
POB 1221, Garching, 85738, Germany
49(89)32004-436



Project # 3690 Final Project Technical Report Pag85

klaus.trambauer@grs.de

BIRCHLEY, Jonathan

Villgen, 5232, Switzerland

+41(56)310-2724

jonathan.birchley@psi.ch

SEILER, Jean-Marie

17 rue des Martyrs, Grenoble cedex 9, 38054, France
+33(4)3878-3023

jean- marie.seiler@cea.fr

GROUDEV, Pavlin

72 Tzarigradsko shaussee, Blvd., room 108, Sofia
1784, Bulgaria

+359(2)959-5000/585

pavlinpg@inrne.bas.bg

HOZER, Zoltan

Konkoly Thege Miklos ut 29-3%ynanemr, H-2040,Benrpus
+36(1)392-2294

hozer@aeki.kfki.hu

Keywords:

VVER-1000, fuel assembly, severe accident, top glieig, bottom quenching, tests,
PARAMETER test facility.



Project # 3690 Final Project Technical Report RPag8s

LIST OF CONTENTS

1. Brief description of the work plan: objectivepected results, technical approach 5
2. Experimental investigations 5
3. Results 11
4. Conclusion 16
5. References 16



Project # 3690 Final Project Technical Report Pag85s

1. Brief description of the work plan: objective, expeted results, technical
approach

The objective of the Project is the study of bebawiof two 19-fuel rod model FAs of VVER-

1000, completed with standard reactor structuratenas (fuel rod claddings of alloy

Zr+1%Nb, fuel pellets of uranium dioxide, spay grids and shroud of alloy Zr+1%Nb), under
the initial stage of severe accident with top gimemg (experiment PARAMETER-SF3) and
with bottom quenching (experiment PARAMETER-SF4).

Expected results within the framework of the projec

* Information will be obtained and systematized ormawour on model FA under
severe accident during top quenching.

» Database for verification of severe accident co®9CRAT, ATHLET, ICARE-
CATHARE etc) will be broadened.

» Information will be obtained on behaviour on moBé&l under severe accident during
bottom quenching the assembly, heatedlfd5C°C in an air environment.

The scope of activities within 24 months includestgest material analysis of VVER-1000
model FA, subjected to tests in experiment PARAMRTE-2, preparation and performing
the two experiments at the PARAMETER test faciitthe tests of two 19-fuel rod model FAs
of VVER-1000:

1) the assembly heated td600TC (PARAMETER-SF3);

2) the assembly heated ia750C (PARAMETER-SF4).

In experimeniSF4, after a pre-oxidation stage, the assensbtpoled up tdPO0°C, the steam
switching off and air ingres$lowrate is[D.5 g/s), then the assembly is heated upté50C.
The methodology of the tasks realization undeRf@ect includes the following main stages:

- development of the scenario and main goals of xperement;

- development of the calculated model and carryingtoei calculations of test conditions
and parameters of the experiment on the basis ofpater codes SOCRAT,
RELAP/SCADSIM, ICARE — CATHARE;

- preparation of the model fuel assembly and faciitycess systems to the tests;

- complex pre-operational work (functional check ¢ie tprocess and information-
measuring systems of the test facility systemgjsadjent of testing conditions for the
process systems and technical parameters of mégel F

- performing the experiments, processing of results;

- post-tests material studies.

Technical realization of the project tasks is @rout using the PARAMETR facility of FSUE
SRI SIA “LUCH". The facility is intended for resedr of behavior of model FA of VVER
reactors under conditions simulating various stageéOCA-type events.

2. Experimental investigations

2.1. Posttest material analysis of model FA, subjtsd to tests in experiment
PARAMETER-SF2

PARAMETER-SF2 experiment was performed with the afrstudying the behaviour of a 19-

rod model FA of VVER-1000 under simulated severeident conditions. In the experiment

the initial stage of severe accident was simulatétl large coolant leak from the primary

circuit of VWVER-1000 RP when the core drying occasswell as its heating-up t01500C

and top and bottom water quenching.
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After the experiment the test section was disasksirdnd the state of model FA inside the test
section was fixated with a compound (epoxy réxilr20) in vertical position.

After the compound hardened, the assembly was rechfrem the test section, photographed
in detail and cut over the height into slabs. S&dtig of the bundle was done with the use of
cutting-off machine Delta-Abrasimet with diamondadhké of thickness 1.7 mm. Thickness of
cross section slabs was chosen to be 15...20 mmeaodweed in their integrity keeping during
their cutting out.

To remove voids and cavities remained after FAnfjllwith the compound the cross section
slabs vacuum impregnation was made with epoxy ré&s® — THIN at the “Buehler”
impregnator. Then the cross section slabs have ¢greemd and polished.

The macro photos of the ground cross section skadve taken by the digital camera SONY
(8 mps).

Methodical approaches to material studies of tlserably are developed on the basis of the
analysis of results of measurement of fuel rod dilagl temperature in the PARAMETER-SF2
experiment.

According to the thermocouple readings, the hotteae location corresponds to the assembly
upper part at 900...1300 mm elevations. So, in tars @f the assembly, one should expect the
highest degree of oxidation of the shroud and cregdd Therefore, the metallographic
measurements of layers thickness in this area dare with more detail.

For all cross section slabs the thickness of metars and dense oxide of fuel rod claddings
were measured. The measurements were done onladdmg in four directions around rods
and averaged.

Metallographic analysis of cross section slabs wadormed with the optical microscope
OLYMPUS using the computer code package OMNIMET.

Electron microscope studies of cross-sections vpendormed with the scanning electron
microscope JEOL JSM — 6460 LV.

X-ray studies of the assembly zirconium structe@hponents were performed on specimens
cut out of the shroud (Z ~ 250, 500, 900 and 120@ specimen size — $80 mm). We did
not manage to prepare similar specimens of claddingcause any attempt to withdraw
claddings from cross section slabs resulted indifagldamage.

Phase analysis of specimens by X-ray was perfowondtie external shroud surface, as well as
at a depth of 30 and 2Q@0On from the external surface and in the middle efghroud thickness
(CILOOOm).

X-ray of specimens was performed with the diffractder DRON-6 basing on CuK-
radiation. The amount of B, phase was measured by ratio of integral intessdfeanalytical
lines. Line (111) — the most intensive in the @iffion spectrum of Zf,, was used as the
analytical line. Measurements were performed inheatudied section in layer-by-layer
radiography phase analysihe most suitable specimens for performing the tiaive X-ray
phase analyses are powders. Owing to this, atl¢vateons (Z ~ 250, 500, 900 and 1200 mm)
measurements of Bp phase content were performed also on powder saniatice periods

of B - andw - phases were determined with an errat@D1 A.

Accuracy of determination af andc periods ofa-solid solution depended on the width of
diffraction lines, i.e. on the degree of the latidistortion. In the most favourable cases an
error in determination of andc periods did not exceesD.001 A.

2.2. PARAMETER-SF3 experiment

The PARAMETER-SF3 experiment was performed on GCatdi, 2008. In PARAMETER-
SF3 experiment the initial stage of severe accidétit LB LOCA was simulated when the
core drying occurs, then its heating-ud 00 C and top water flooding.

The experiment included five stages:
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* preparatory stage (0-4506 s) — stabilization ofaksigned flow rates of argon4fGn
= 2 g/s) and steam (Gst #3.5 g/s) at FA temperatuilga = 500C, check of the state
of the assembly and process systems;

» assembly heating up (4506-9760 s¥tb200T;

* pre-oxidation (9760-13725 s) — FA holding at tenapere of= 1200T in the hottest
zone during[B970 s. Maximum deviations of temperature in thétdst section
(1250 mm) werél+ 50°C;

* heating up (13725-14481 s) — rise of FA temperatuthe hottest section to 16@0)°

* flooding (14486-14960 s) — top water flooding ot thssembly with the flow rate

=40 g/s.
The main FA parameters are shown in Fig. 1-4.
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Fig. 1. Parameters of steam and argon at thedesbs inlet.
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Fig. 3. Indications of thermocouples located oherhieight of fuel rod claddings.
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Fig. 4. Variation of volumetric hydrogen concentvatunder the indications of systems
continuous (SOV-3) and discrete (Vol.) control gtlfogen.

Measurements of volumetric hydrogen concentratierevearried out by the system SOV-3 at
all stages of the experiment. At stages pre-oxitinaheating of the assembly {@600°C and
flooding 10 test samples was performed. Indicat@inSOV-3 and the results of test samples
analysis are in close agreement (see Fig. 4).

2.3.PARAMETER-SF4 experiment

The PARAMETER-SF4 experiment was performed on Rily 2009 at PARAMETER test
facility in FSUE SRI SIA “LUCH” with the analyticadupport of the work teams that perform
calculations with SOCRAT (IBRAE), ICARE/CATHARE (RRKI — IRSN), ATHLET-CD
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(GRS), RELAP/SCDAPSIM MOD3.2 (OKB «GIDROPRESS»), WR4 (EdF),
SCDAP/RELAP/FZK-PSI (PSI), PARAM-TG (SRI SIA «LUCHsxomputer codes. In the
PARAMETER-SF4 experiment the stage of severe antidéth LB LOCA was simulated
when the core drying occurs, its heating-up(ia?5CC in the air flow, and bottom water
flooding.

The PARAMETER-SF4 experiment included six stages:

* preparatory stage (0-4506 s) — stabilization of #ssigned flow rates of argon
(= 2 g/s) and stean=(3.5 g/s) at FA temperature 500C, check of the state of the
assembly and process systems;

» assembly heating up (4506-8000 s¥tb2007T;

* pre-oxidation (8000-13886 s) — FA holding at tenapere of= 1200T in the hottest
zone during[6000 s. Maximum deviations of temperature in thetdst section
(1250 mm) werél+ 50°C;

» decrease of FA temperature (13886-16355 s)960C;

» air ingress into FA (16035-17511 s) and rise oftEfperature in the hottest section
(16355-17434 s) to 1740°

» flooding (17434-17908 s) — bottom water floodirfighlee assembly with the flow rate
=80 g/s.

The main FA parameters are shown in Fig. 5-8.
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Fig. 5. FA electric parameters: power (P1), cur(éjtand voltage (U1).

In the course of the experiment the two systents/dfogen registration were used: continuous
— SOV-3 and discrete — sampling system (8 test km)that recorded hydrogen generation at
the phase of pre-oxidization (6 test samples) amperature rise (2 test samples).
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Fig. 6. Indications of thermocouples located oherhieight of fuel rod claddings.
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3. Results

1. The tests of two 19-rod model assemblies of VMERO completed with the standard
reactor structural materials were performed unkercbnditions of severe accident with the top
quenching of FA heated to the temperaturé300C (PARAMETER-SF3 experiment) and
with bottom flooding of the assembly heated to teeperature of 75C°C in air flow
(PARAMETER-SF4 experiment). The full information dine results of the experiments is
presented in the “Protocol of PARAMETER-SF3 expemmresults” and the “Protocol of
PARAMETER-SF4 experiment results”.

In PARAMETER-SF3 experiment, on the whole, the stagf heating and pre-oxidation of the
model assembly were realized successfully and riigst studies enabled to bring the plant to
the heating stage at the required rate of tempreratse. The top flooding was successful.
Analysis of SOV-3 hydrogen measurement results sklotivat ~ 34 g hydrogen was released
in the experiment (Fig. 9). The maximum hydrogemegation rate wasl 0.02 g/s (See
Fig. 9).

Analysis of the results of post-test material stgdf the model assembly after SF3 experiment
showed the following:

- the state of the assembly lower part (0...400 ma®sdhot differ practically from the initial
state, and the oxide thickness on the outer sudiaes not exceed 2-10n;

- within the elevation range of 500...1300 mm theseai multi-layer separating zirconium
dioxide on fuel rod claddings;

- in the studied assembly cross-sections (900... b3®) a substantial irregularity of oxidation
of fuel rods is observed;

- the mass of generated hydrogen, estimated “frioovel, corresponds to the valueldf2 g.
For comparability with the mass measured in theegrgent (See Fig. 9) it is necessary to
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consider additionally the mass of hydrogen absothe&A components , at least due to the
shroud hydrogenation.
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Fig. 9. Released hydrogen mass and generation rate.

In PARAMETER-SF4 experiment the work was perforneedstudying the possible flooding
of the assembly actively oxidized with steam-aixtonie in the region of unstable development
of the fuel rod temperature escalation process.i\¥he thermocouple at elevation of 500 mm
recorded the maximum temperature of I’t80the electric power was switched off and the
bottom flooding system was opened. The system ¢émflooding from bottom provided for
the average flow rate of ~ 80 g/s.

After water injection was initiated, thermocoupletsrted to indicate cladding temperature
degrease at elevations of 0-200 mm.

The claddings at elevation of 400 mm exhibited terajure escalation, so in about 10-15 s the
temperature reached upper limits of the thermoasueitfective range (1400j.

Claddings at the elevations of 500-700 mm continteedcheat up. One can see numerous
thermocouples failures but some unfailed thermolesupuggest that zirconium melting point
was reached.

Claddings at the elevations above 800 mm at thénbeg revealed quite slow but stable
cooling down. But through1l00 s they started to reheat. Rapid heat up waswiet by
temperature escalation, so claddings temperateashed upper limits of the thermocouples
effective range (200@) very fast.

Analysis of the results of hydrogen measuremenB0y/-3 system showed that at the pre-
oxidation stage the hydrogen was generated in theuat of (121 g (Fig. 10), and at the
flooding stage 186 g. Maximum rate of hydrogen generation at feeding stage was
[10.6 g/s (See Fig. 10).
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Fig. 10. Released hydrogen mass and generatio{S&s.

Analysis of post-test material studies of SF4 maéakekshowed that:

- extensive damage of fuel rods (Z = 250...1400 mm);

- oxidation and melting of claddings and shroud,;

- formation of large amount of the melt, its relooatidownwards and solidification in the
assembly lower part;

- heaters oxidation and dissolution by the melt.

2. Analysis of posttest material studies of SF2 ehd8A showed that the assembly axial
temperature profile led to different degree ofligsnages.

The state of the lower part of heated zone (Z = 00 .#vm) does not practically differ from the

original state, and oxide thickness on the extesugiace does not exceed 5.. |if.

At 500...1300 mm elevations there is a multilayenealled off zirconium dioxide.

Thicknesses of the compact oxide and the remairetdlmpart of claddings were measured on
each fuel rod and. Results of these measuremenfsresented in the form of plots (Fig. 11 —

14).
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Comparison of the results of metallographic stuchesl thermocouples indications allow
supposing that pronounced breakaway oxidation eueh an extended zone would occurred
during the pre-oxidation phase.
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In the middle part of heated zone (Z = 500...800 nime) fuel rod simulators are displaced
relative to the original arrangement, the exteotadidings surface is covered with multilayered
zirconium dioxide, separating from metal surfaad, its thickness does not exceed ~ 0@
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Fig. 13. Distribution of thickness of the compacDZlayer on external surface
of fuel rods in the second row over heated zone.
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Fig. 14. Distribution of thickness of the compacDZlayer on external surface
of fuel rods in the third row over heated zone.

In the upper part of heated zone (Z = 900...1300 rtive) original arrangement is greatly
distorted. The claddings are oxidized both on tkiereal (to 650um), and on the internal
(to 50 um) surfaces. Zirconium dioxide has different moipy. The metal part of the
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claddings presents the oxygen-stabilizegphase ¢ - Zr (O)). The fuel rod claddings are
embrittled, i.e. have through wall cracks, howefragmentation of fuel rods is limited. No
fuel relacation and fuel-clad interaction are réeéan the assembly.

On the basis of the results of metallographic swsidne evaluation was done for the maximum
possible hydrogen mass that could release intonsggs environment during the experiment.
Taking into account the results of measurementydfdgen content in the shroud, the upper
limits of total hydrogen mass in the steam-gasrenvnent can be estimated to be 31 g. The
assessed value is in a good agreement with thksesumeasurement§I@8 Q).

4. Conclusion

The performed experiments PARAMETER-SF3 and PARAMRISF4 enabled to:

— obtain the information on the behaviour of struatwomponents of 19-rods model FA
of VVER-1000 overheated td1600C during top quenching;

— study the temperature behaviour of the model FXER-1000 under the conditions
of air oxidation and subsequent bottom quenching;

— obtain the information on the degree of oxidatibstauctural components of the model
FA of VVER-1000 and structural-phase changes imditegs of the model FA of
VVER-1000 by the results of post-test studies;

— study the time history of oxygen absorption andrbgen release.

Results of tests are intended for better undersignof the phenomenology of the processes
occurring during water flooding of the core ovetieglaunder severe LOCA at NPP with
VVER and under similar situations at PWR, and canubed for verification of computer
codes.
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1. Report on research work under the ISTC Proj@&98 “Analysis of
material studies of WWER-1000 model assembly testsd the
PARAMETER-SF2 experiment under the conditions efse accident with
top and bottom flooding”, 2008

The report presents the results of material studiesa 19-rod model
assembly of WWER-1000 after the PARAMETER-SF2 expent under
the conditions of initial stage of severe accidsith the combined top and
bottom quenching of FA overheated to 1500°

The objective of material studies was a descriptbthe post-test state of
the model assembly and analysis of its componesttacfure, oxidation,
fragmentation).

The studies included the following:

- encapsulation and sectioninfithe model FA,

- preparation of cross section slabs;

- optical and electronic microscopy;

- X-ray analysis;
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- analysis of the obtained results.

2. Protocol of PARAMETER-SF3 Experiment Results

The PARAMETER-SF3 experiment was performed on Gatdh, 2008. In
PARAMETER-SF3 experiment, the initial stage of sevaccident with LB
LOCA was simulated when the core drying occursnthe heating-up to
[11600C and top water flooding.
SF3 experiment was performed with the aim of stuglthe behaviour of a
19-rods model FA of VVER-1000 under simulated seveaccident
conditions including the stage of low rate top tlowy, and namely:
e Study of behaviour of structural componentsidf9-rods model FA of
VVER-1000 (fuel pellets and claddings, shroud, spagrids);
» Study of oxidation degree of structural componefts 19-rods model
FA of VVER-1000;
e Study of interaction and structural-phase changdbke materials of a
model FA of VVER-1000 (fuel pellets and claddings);
» Study of hydrogen release.

3. The report “Pre- and post-test calculations xjfeeiments of a series
PARAMETER-SF within the framework of the ISTC proje#3690”.
Annex 1 to final report under Project N0.3690, 2009

The pre- and post-test calculations of experimdPbsRAMETER-SF2
(post-test analysis), -SF3 were performed With @i the widely used
computer code for NPP safety assessment (SOCRAARKEICATHARE,
RELAP/SCDAPSIM MOD3.2) were applied, as well asiaegring code
PARAM-TG, developed directly for numerical analysis PARAMETER
facility. Collaborators of the Project also tooktpa calculational studies -
GRS (Germany), using ATHLET-CD code, and PSI (Seviand) with the
code SCDAP/RELAP/FZK-PSI.

Results of the post-test calculational analysisifopmed within the
framework of ISTC Project #3690, showed that irtespf complexity of the
experiments, the sets of experimental data areuituah consistency and can
be used in verification of the codes, their therguyhulic models and
physical-chemical models under severe accidentitond including the
flooding stage.

4. The report “Post-test analysis of material stadif VVER-1000 model
assembly tested at the PARAMETER-SF3 experimeneutite conditions
of severe accident with top flooding”. Annex 2 toal report under Project
N0.3690

The report presents the results of material studiesa 19-rod model
assembly of VVER-1000 after the PARAMETER-SF3 expent under the
conditions of initial stage of severe accident wie top quenching of FA
overheated to 160Q°
The objective of material studies was a descriptibthe post-test state of
the model assembly and analysis of its componesitscfure, degree of
oxidation, fragmentation).
The studies included the following:

— description of external appearance, encapsulatidrsactioningf

the model FA;
— preparation of cross section slabs;
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— optical and electronic microscopy;
— analysis of the obtained results.

5. Protocol of PARAMETER-SF4 Experiment Results

The PARAMETER-SF4 experiment was performed at test tfacility
PARAMETER in FSUE SRI SIA “LUCH” on 21 July, 200@jth analytical
support of the teams executing the calculations codes SOCRAT
(IBRAE), ICARE/CATHARE (RRC KI — IRSN), ATHLET-CD GRS),
RELAP/SCDAPSIM MOD3.2 (OKB “GIDROPRESS”), MAAP4 (EY,
SCDAP/RELAP/FZK-PSI (PSI), PARAM-TG (SRI SIA “LUCH” In the
PARAMETER-SF4 experiment, the stage of severe LO@i#&h a core
drying out, its heating-up tal 175CC in the air flow and water flooding
from bottom was simulated.

The PARAMETER-SF4 experiment was conducted to stheybehaviour
of 19-rods model FA of VVER-1000 under simulatechditions of severe
accident with air ingress, including:

e Study of temperature behaviour of an assembly uandeditions of
air ingress and subsequent bottom flooding;

» Post-test study of oxidation degree of the strattaomponents of
the model FA of VVER-1000 and structural-phase dgeanin the
model FA claddings;

e Study of the time history of oxygen consumption amgirogen
release.

6. L.S. Degtyareva, V.P. Deniskin, D.N. Ignatiev,SVY Konstantinov,
V.l. Nalivaev, N.Ya. Parshin, E.B. Popov, D.M. Satkin, V.N. Turchin
(FSUE “SRI SIA “LUCH"), A.D. Vasilev, A.E. Kiselev,
D.Yu. Tomashchik, T.A.Yudina (IBRAE RAS), V.P. Sistkin,

E.A. Frizen, V.V. Shchekoldin (OKB “GIDROPRESS”)in&l Report on
scientific work under ISTC Project N0.3690 “Studiet fuel assemblies
under severe accident top quenching conditiondhénRARAMETER-SF
test series”

The Final Report deals with the results of the comafonal and
experimental studiggerformed according to the Work Plan of ISTC Prbjec
No. 3690 “Studies of fuel assemblies under sevecg@ant top quenching
conditions in the PARAMETER-SF test series”. Thejétt was executed
jointly by three organizations: FSUE “SRI SIA “LUCHIBRAE RAS,
OKB “GIDROPRESS” with participation of the leadirgpecialists from
JSC “VNIINM”, RRC “Kurchatov Institute”, A.l. Leipuosky SRC RF -
IPPE and under methodical support of foreign caltators (FZK, GRS,
JRC-ITU, PSI, EdF, CEA, AEKI, INRNE).

Within the framework of the Project two experimeafs*ARAMETER-SF
series (SF3 and SF4) were conducted as well asrialastudies of the
model assembly tested in the SF2 experiment urfdempteceding ISTC
Project No. 3194 were done. The tested bundles made up of 19 fuel rod
simulators. The bundles are identical to those useWVER-1000 with
respect to material and dimensions.

In PARAMETER-SF2 experiment, the initial stage @vere LB LOCA
accident is studied when top and bottom floodintpwiater is initiated after
core drying and its heating-up fo1500C.

In PARAMETER-SF3 experiment, the specific pecutias of cooling and
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changes in structure of materials of VVER-1000 addg under the
conditions of severe accident with top floodingtioé assembly heated to
temperature of L60C0°C were investigated.

The possibility of assembly flooding intensivelyidized with steam-air
mixture when unstable cladding temperature escalaitcurs was in focus
of the PARAMETER-SF4 experiment.

Results of the tests are intended for studyingptieeesses occurring during
water flooding of the overheated core in the coofssevere LOCA accident
at the NPP with VVER, and under similar situatioam$WR, and could be
used for verification of computer codes.

7. V. Nalivaev, A. Kiselev, J.-S. Lamy, S. Margué&t, Semishkin,
J. Stuckert, K. Trambauer, T. Yudina, Yu. Zvonaréhie PARAMETER
test series. ERMSAR 2008, Nesseber, Bulgaria, 23&tiember 2008

The PARAMETER programme investigates phenomenacadsd with
reflood of a degrading VVER like core under podiedasevere accident
conditions, in the early phase where the geomststill mainly intact. The
studies were performed according to the Work PI&nISTC Project
No0.3194 “Fuel assembly tests under severe accidentlitions”. The
objective of the presented out-of-pile test serigsexperimental and
computational investigation of 19-fuel rods bunbkehavior under severe
accident conditions including the stage of low f&geding from bundle top
or high-rate flooding from bundle bottom and bunttip. The project was
realized jointly by the leading organizations oé thederal Atomic Energy
Agency of the Russian Federation: FSUE EDO “GIDREBR”; IBRAE
RAS, FSUE SRI SIA “LUCH”. The project was performaedder financial
support by ISTC and in close cooperation with legdEuropean R&D
organizations such as FZK, GRS (Germany), CEA, HREN (France).

The paper provides the information on scope of vamlalready completed
or planed in framework of PARAMETER-SF test serifeme outcomes
from PARAMETER-SF1 and PARAMETER-SF2 tests are @nésd for
discussion. In the PARAMETER-SF1 experiment, thieaveour of VVER-
1000 assembly overheated to 2@00$nder top flooding conditions was
studied. In another PARAMETER-SF2 experiment, tffeciency of the
combined top and bottom flooding was studied foe t{VER-1000
assembly overheated to 1500%An outlook is given on future experiments
PARAMETER-SF3 (top flooding) and PARAMETER-SF4 (migress).

The experimental part of PARAMETER project is suped by intensive
analytical work. For that, widely used codes forNgafety assessment were
involved. Considerable contribution for success toé PARAMETER
project was done by teams from Russia (SOCRAT, PMRIAG,
ICARE/CATHARE codes), France (MAAP4) and GermanyTEAET-
CD). So in the paper some results of pre- and e@sistinodeling and
outcomes from code-to-code and code-to-data cosgpaiare presented for
both SF1 and SF2 tests as well.

8. M. Steinbrick, M. Grosse, J. Stuckert, J. BeghlT. Haste, Z. Hozer,
N. Vér, V.I. Nalivaev, V.P. Semishkin, A.V. Goryash C. Duriez, A.E.
Kisselev, M.S. Veshchunov. Comparative studies afhdtemperature
oxidation and quench behaviour of Zircaloy-4 andl&ZXladding alloys.
ERMSAR 2008, Nesseber, Bulgaria, 23-25 Septemb@8 20
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Attachment 2;

The zirconium based alloys Zircaloy-4 and E110theeclassical materials
used for fuel rod cladding in Western pressurisetewreactors (PWR) and
Russian RMBK and VVER reactors, respectively. Tpaper deals with
overview of current investigations on high-temperatoxidation of the both
alloys.

Results of separate effect tests, single rods, teststest performed at large-
scale facilities are presented. Special attentisn devoted to high
temperature oxidation kinetics, hydrogen releasel ais uptake by
claddings, as well as cladding behaviour duringdiag.

Regarding considered parameters, the results esaddhat materials
behaviour is similar if thick protective oxide seaks grown on cladding
surface. Major differences are exhibited due takagvay effect that leads
to enhanced oxidation kinetics and increased hydragptake by metallic
part of claddings, and then to embrittlement andiezdailure of cladding.
Temperature range where breakaway oxidation odsudsfferent for the
considered alloys.

Overview of oxidation models based on correlationedels of mechanical
behaviour during flooding is presented, effectudlfourn up is discussed.

9. M. Steinbrick, J. Birchley, A.V. Boldyrev, A.\Goryachev, M. Grosse,
T.J. Haste, 1, Z. Hozer, A.E. Kisselev, V.. Naéva V.P. Semishkin,
L. Sepold, J. Stuckert, N. Vér and M.S. Veshchunidigh-Temperature
Oxidation And Quench Behaviour Of Zircaloy-4 And 101 Cladding
Alloys. PROGRESS IN NUCLEAR ENERGY Volume: 52sste: 1
Pages: 19-36, Published: JAN 2010

The zirconium based alloys Zircaloy-4 and E110theeclassical materials
used for fuel rod cladding in Western pressurisetewreactors (PWR) and
Russian RBMK and VVER reactors, respectively. Tpaper deals with
overview of current investigations on high-temperatoxidation of the both
alloys.

Results of separate effect tests, single rods, teststest performed at large-
scale facilities are presented. Special attentisn devoted to high
temperature oxidation kinetics, hydrogen releasel ais uptake by
claddings, as well as cladding behaviour duringdiag.

Regarding considered parameters, the results esedghat materials
behaviour is similar if thick protective oxide seak grown on cladding
surface. Major differences are exhibited due takagvay effect that leads
to enhanced oxidation kinetics and intensified bgén uptake by metallic
part of claddings, and then to embrittlement aadier failure of cladding.
Temperature range where breakaway oxidation odsudsfferent for the
considered alloys.

Overview of oxidation models based on correlationedels of mechanical
behaviour during flooding is presented, effectudlfourn up is discussed.

List of presentations at confererazes meetings with abstracts

1. Post-test examination of the SF2 fuel assembIN. Ignatiev. 13th

International QUENCH Workshop, November 20-22, 20®&arlsruhe,

Germany.

While developing engineering solutions and meastoesanage a beyond
design basis and severe accident stages the irtforms required on
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thermo-mechanical behavior of the core structuoahgonents under water
flooding from top and bottom and how the core ctiads affect rate, ways
and methods of cooling.
In this connection, in the ISTC Project #3194 fimit-of-pile test of
behavior of fuel assemblies made of standard stralctaterials used for
VVER-1000 (Zr+1%Nb-alloy fuel cladding, uranium gide fuel pellets
and guiding tubes made of Zr+1%Nb alloy) under $atma conditions of a
severe accident including the stage of low rateding from the top (SF1)
was carried out.
Basic stages of the experiment were:

- oxidation phasé€lj.x ~ 1200°C during 3000...4000 s);

- transient phasd'(.x ~ 1500T, heating rate ~ /s );

- simultaneous top and bottom flooding.
In this report presented:

- results of bundle cutting and material invedtwss of the SF1 fuel
assembly with optical and electron microscopy.

- careful description of the three cross sectigmearance after test;

- prior analysis of results.

2. Pre- and post-test calculations on PARAM-TG codeasis of model FA
tests regimes in conditions DBA and BDBA at the BPMETER test
facility. L.S. Degtyareva, N.Ya. Parshin, E.B. PeopD.N. Soldatkin. 13th
International QUENCH Workshop, November 20-22, 20®&arlsruhe,
Germany.

PARAMETER facility is appropriate to conducting expnents that
simulate all accident process stages with moddl dgsemblies from the
initial stage to the stage of severe accident.
PARAM-TG code was developed to accompany by theutations above
experiments. The computer code unique featuresisléiscription in detail of
test section and of model fuel assembly geometmerye fuel rod, all
hydraulics channels between neighboring fuel rddermocouples, all of
these are taken into consideration.
By means of PARAM-TG code it was calculated théofeing:

» temperature fields in model fuel assemblies foreeixpent

scenarios validation;
e experiment parameters to validate scenarios;
*  post-test calculations with taking into accountigatar features
of conducting experiments.

For the first time the accident initial stage tlats only 15-25 s could been
reproduced at first by means of the numerical modeand then for the
bundle test. It was shown that at the initial stagerinciple fuel cladding
ballooning and ballooning with depressurization wassible for the most
energy released fuel rods.
More than ten experiments were conducting for 18d 87-rods model
assemblies to study separate aspects of desighdmsdent. Fuels cladding
ballooning, depressurization and oxidation rangéuef cladding, blockage
of flow area and so on were investigated in theewahge of temperatures,
heating rates and pressures inside the fuel clgddin
For the first during the investigation under seveeactor accident
conditions the overheated to 20@019-rods bundle was flooded by water
from the top and also the same bundle heated t®°C5@vas flooded
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simultaneously from the bottom and from the top.

3. Related thermal-mechanical and heat transferegses in WWER core
during LOCA. E. Frizen, V. Semishkin, A. Churkin3th International
QUENCH Workshop, November 20-22, 2007, Karlsruhe;n@ny.

WWER primary coolant fast pressure decrease arel foeat-up is available
under design and beyond design-basis primary LB AOGas gauge
pressure affects fuel rod cladding internal suriawger these conditions that
results in tension hoop stresses. Increase ofrbgeicladding deformation
starts as a result. Creep strain increase is eedaatchigh temperatures and
local fuel rod cladding ballooning with FA flow aeoartial blockage and
also loss of cladding integrity can be availablegha course of time. Fuel
rod cladding ballooning is changes heat-transferditimns inside fuel rod
because of its geometry variation as well as helaase outside fuel rod
because of fuel rod bundle flow area partial blgekand primary coolant
redistribution over FA cross-section. Uncertaintyspecified processes for
core simulation in a channel approximation requsesservative methods
and assumptions to be applied. Partial removahefabove uncertainties
using advanced calculated methods allows to enhdheequality of
calculation analyses for WWER RP designs. Problefrfsiel rod-primary
coolant heat exchange and fuel rod thermal condticton the one hand
both problems of strain in fuel pellets and fuedl dadding on the other
hand are interdependent since continuous and dasttion of fuel pellet and
fuel rod cladding geometry is available during hesthoval from fuel rods
under design and beyond design-basis accidentd.rédecodes TVEL-3
and TVEL-3/2 have been developed for solution @hsoroblems within the
framework of safety analyses using thermal-hydcazdides.

4. Computational assessment of PARAMETER-SF exparisa T. Yudina.
13th International QUENCH Workshop, November 20-22)7, Karlsruhe,
Germany.

Some results of pre- and post-test calculationsfopeed using
RATEG/SVECHA (SOCRAT), RELAP, MELCOR 1.8.5,
ICARE/CATHARE, ATHLET, MAAP4, PARAM TG codes are gsented.
Applying of integral severe fuel damage codes i pine-test calculations
allow blindly assessing quality of the correspogdmodels. The runs were
done by teams from IBRAE, RRKI, “GIDROPRESS”, SRI “LUCH?”,
GRS, EdF.

Upon the PARAMETER-SF1 pre- and post-test runs yailone can
conclude that at preheating, preoxidation phaseks anthe beginning of
transient stage the used codes predications wipeot to the bundle
temperature and hydrogen release agree to eachastido measured data
as well. Calculated results at flooding stage atker different and far away
from experimental data. Some codes don’t prediease of extra hydrogen
at all. Other predictions can be characterized dngd — by factor of
1.5.0bviously, different approaches are appliedthe codes to treat
thermohydraulic processes at quench phase, theoagps are not well
verified, the models need improving.

The scope of the PARAMETER-SF2 pre-test numericallysis included
assessment of required power level for the preatad phase (~1470 K),
assessment of acceptable temperatures deviatiodedang of water injection
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beginning, pre-injected water level assessment avtod unexpected early
flooding from bottom by steam or flashing. At blipthase of calculations
applied system codes SOCRAT and ICARE/CATHARE mtesimilar total
hydrogen release of about 23 g. Uncertainties iatiom to treatment of
some processes during top flooding are taken ictmunt in developed
scenario of combined flooding.

5. Status of the ISTC project #3690 on the “Fusdeanblies behaviour
under severe accident top quenching conditionhén RARAMETER-SF
test series (PARAMETER-SF3 and -SF4 experiments). Malivaev,
T.A. Yudina. 13-th CEG-SAM Meeting, March 5-7, 200Budapest,
Hungary.
The general information will be presented aboutustaf the ISTC project
#3690 on the “Fuel assemblies behaviour under sewacident top
guenching conditions in the PARAMETER-SF test se(RARAMETER-
SF3 and -SF4 experiments).
As well the main results of preparation of the PARATER-SF3 test will
be discussed. The presentation will contain theormétion about
PARAMETER facility modification, improvements doneavith its
instrumentation and bundle assembling. Some resiRARAMETER-SF2
post-test material investigation will be shown.
Generally the following basic parameters of theesxpent are proposed for
PARAMETER-SF3 test:

- Test bundle of VVER-1000 type - (18 heated rodd & unheated

rod);

- Coolant flow rate (argon/steam) - 2/3.5 g/s;

- Temperature of the bundle on pre-oxidation phdstr0 K;

- Time of pre-oxidation - 3000 s;

- Cladding heat up rate - 0.5 K/s;

- Maximum cladding temperature - 1870 K;

- Water flow rate on quench stage (from top) - &0 g

6. PARAMETER-SF3 test scenario and results of SF8tgst numerical
modeling. A.E. Kiselev. 13-th CEG-SAM Meeting, Mar®-7, 2008,
Budapest, Hungary.

Main goal of the pre-test calculations was the PAMEAER-SF3
experiment scenario justification and developmeht requirements to
measurement systems. On the basis of occur pmgieahical processes
contribution assessment by SOCRAT and ICARE/CATHARE electric
power supply mode which results in the temperatoenario anticipated
with the project collaborators is developed. It v&®wn that the hottest
zone should be expected at the 1200-1300 mm etexatProposed flood
scheme will allow getting data on bundle coolingvdgrocesses during top
guenching.

7. Specification for numerical simulation of PARANIER facility; Tests
SF3 and SF4. T.A. Yudina. 13-th CEG-SAM Meeting, rtha5-7, 2008,
Budapest, Hungary.

To provide code users with technical informatiorowwb PARAMETER
facility Specification on simulation of PARAMETERudility is presented.
Modifications of the facility, the bundle and thest section made for
PARAMETER-SF3 experiment performance are shownci@pattention is
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devoted to description of a water injection systgneloped to realize top
flooding and to description initial and boundaryndiions (cooling jacket,

bottom sections, thermal insulation). In the cowsanalysis of top flood

experiments had been performed at PARAMETER fgciipacer grids

effects on cooling front propagation as well asytiadties of facility design

were found. Accordingly the recommendations to cosiers to account for
these effects in nodalization scheme are given. fBalize the

PARAMETER-SF3 scenario that had been anticipateth e project

collaborators an electric power supply mode is psa. For comparison
analysis of pre- and post-test numerical resultsdnous codes a matrix of
output calculated data is developed.

8. Status of the ISTC project #3690 on the “Fuskatblies behaviour under
severe accident top quenching conditions in the RMRTER-SF test
series (PARAMETER-SF3 and -SF4 experiments). V.aliwdev. 14-th
CEG-SAM Meeting, September 9-11, 2008, Kiev, Ukeain

The main results of the PARAMETER-SF3 experimentha report are
submitted:

- sequence of events of the test;

- input parameters of steam and argon;

- temperature of rod claddings;

- parameters of system of the top flooding.

During of test the following parameters have begneved:

- input steam flow rate in the bundle ~3.5 g/s;

- input argon flow rate ~2 g/s;

- stabilization of parameters of preoxidation ph@secarried out
during 3970 s with temperature of claddings ~12Q0°C

- at the transient phase the temperature of clagddip to 160QC is
achieved.
It is carried out the top flooding with flow ratel@- g/s during 474 s of the
bundle heated up to 16Q0D°

9. Results of post-test examinations of SF2 fuehdb®i and numerical
simulations of the experiments PARAMETER-SF3 an84.SA. Kiselev.
14-th CEG-SAM Meeting, September 9-11, 2008, Kigkraine.

Status of results of PARAMETER-SF2 post-test inigasion are shown. As
well the presentation deals with the comparatiedyais of the results of the
PARAMETER-SF2 post-test and the PARAMETER-SF3 -t
calculations performed by SOCRAT, ICARE, RELAP, PPR-TG and
ATHLET codes.

Need of PARAMETER-SF2 post-test calculations restrbm comparison
of the PARAMETER-SF2 pre-test calculated resultthwtihe experimental
data which reveals that experimental electric poatehe pre-oxidation and
the transient phase higher than calculated oné-tBstscalculations were
performed on the basis of the exact PARAMETER-SK2eemental data
on power history, mass flow rates, inlet temperi@xcept RELAP code).
In the course of the PARAMETER-SF2 post-test calitohs heat loss in
the external resistances (leads and electrodesyaahal heat loss through
the shroud poor known were improved. Heat loskéneixternal resistance is
assessed to be about 1.5 kW at the pre-oxidatidnttaa transient phases.
Scattering in calculated Joule heating power ddestcteed 0.5 kW. Radial
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loss through the shroud is assessed to be 1.5 1 kW.

All codes well reproduce temperature evolution leé bundle heated part
besides the “hump” in experimental temperaturé 2000 s. Calculated
maximal temperatures before flooding onset cornegfo experimental one
((L770 K). RELAP code demonstrates too fast runawayha transient
phase, and earlier electric power switching offieeded to fit experimental
maximum temperature.

At the flooding stage all codes predict practicalbyhydrogen release. Some
hydrogen increasing in SOV-3 device indicationsthatt phase might be
result of time delay connected with hydrogen transfrom source to the
hydrogen measurement device. The best coincidesiveebn experimental
hydrogen mass and calculated one is achieved inalcelations by ICARE
code for the entire experiment. 28 g of hydrogessnaas measured at the
end of the experiment; ICARE demonstrates 25.5 gHKET and
SOCRAT codes show lower hydrogen release. Oneeopdissible ways to
improve the calculated results is based on theificiion of “hump”
causes.

Input decks for PARAMETER-SF3 pre-test calculatioveye derived from
the PARAMETER-SF2 post-test calculations and wedgusied to the
special proposed initial and boundary conditionshef PARAMETER-SF3
test. The presentation is provided the analysisheat balance and
temperature over heated zone calculated by differedes. Presented data
are used for justification of the test scenario.

10. Results of PARAMETER-SF2 material investigasioA. Kiselev. 14th
International QUENCH Workshop, 4-6 November, 2008arlsruhe,
Germany.

Results of the PARAMETER-SF2 bundle material inigagtons on the FA
structural elements status with emphasis on clgddiride scale, their
measured thicknesses, zirconium dioxide thicknésssiltlition over cross-
sections and along heated zone are presented.

Visual inspection of the shroud revealed that itmtaaned integrity after the
experiment; its external surface is covered withiek zirconium dioxide
layer. Its cracking during cutting off indicategsificant oxygen content in
the metal and possible zirconium hydrides formation

Over 500...1300 mm elevations, claddings exhibit daykr spalled off
zirconium dioxide, its external layers detachedtiply from claddings,
some of them were lost. Comparison of the matestatly results and
thermocouple readings during the experiment sugdbat so extended zone
with breakaway effect was formed during the bunmtknxidation.

Over upper part of the bundle (900...1300 mm), irdklayer of oxide scale
represents a compact well connected with metallibssate zirconium
dioxide that would be grown at the transient phasethe hottest zone,
compact oxide demonstrates crack in azimuthal timecand tends to
separation of its external part. One can conclbdethe effect resulted from
thermal shock during upper flooding. One can finddding internal
oxidation but it is weak.

Averaged oxide scale thickness estimation was daneg metallic layer
thickness measured. Oxide scale thickness insesselevation raises, its
maximum corresponds 1250 mm elevation (the hotlesation).

Cladding metallic part over 900...1300 mm representshase stabilized
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with oxygen (@ - Zr (O)). Claddings is brittle (have through-wall cracksit
their fragmentation is limited. No fuel relocatioand fuel-cladding
interaction was observed.

11. Results of pre- and posttest calculations ofRRMETER-SF
experiments. T. Yudina. 14th International QUENCHoMs&hop, 4-6
November, 2008, Karlsruhe, Germany.

Comparison analysis of numerical investigation® ARAMETER-SF2 and
PARAMETER-SF3 tests performed in the framework®TC Project#3690
by the project participants (IBRAE, Hydropress, ¢hatov’s Institute) and
collaborators (GRS, PSI) is presented. Used codese WSOCRAT,
ICARE/CATHARE, RELAP/SCDAPSIM, ATHLET-CD,
SCDAP/RELAP/IRS which apply in reactor calculations

For the both experiments, heat sources power caet zone and effect of
different kind of heat losses on the bundle tenpeesbehaviour at different
tests phases are analyzed. Calculated data on r&iumge and hydrogen
release are presented as well.

Comparison of PARAMETER-SF2 calculated and measwa allows
conclusion about adequacy of codes modeling oftésis
PARAMETER-SF3 pretest calculations with differerttdes reveal rather
large scattering in hydrogen release (varies 13@QDAP/RELAP/IRS) to
32 g (RELAP/SCDAPSIM)). It can be explained rathage scattering of
predicted temperature to be 120-180at some elevations at preoxidation
phase.

12. Status of the ISTC project #3690 on the “Fusdeablies behaviour
under severe accident top quenching conditiondhénRARAMETER-SF

test series (PARAMETER-SF3 and PARAMETER-SF4 experits);

Results of PARAMETER SF3 experiment. V.I. Nalivadbth CEG-SAM

Meeting, 10-12 March 2009, Villigen, Switzerland.

1. Experiment PARAMETER-SF3 on simulating the mditstage of severe
accident, including the stage of the top floodimgs been carried out.

2. The main parameters of experiment:

- the steam flow rate ~ 3.5 g/s at temperatureG-°60

- the argon flow rate ~ 2.0 g/s at temperature 6-40Q

- the duration of the pre-oxidation stage ~ 39&0 temperature ~ 120QC7

- the maximal temperature of the bundle - 1&08f maximal heating rate

~ 0.5 Tls.

3. The total of hydrogen measured by continuous itoong systems of
hydrogen (SOV-3), has not exceeded ~34 g.

4. The cooling overheated up to ~ 1600°C of thedmihas been achieved
for ~ 470 s at the water flooding from top withvileate ~ 40 g/s.

5. Conservation and preliminary cutting of the bertths been carried out.

13. Results of PARAMETER —SF3 pre- and post-teshenical modeling.
A. Kiselev. 15th CEG-SAM Meeting, 10-12 March 200V9ijlligen,
Switzerland.

Comparison analysis of PARAMETER-SF3 test numericalestigation
performed in the framework of ISTC Project #3690piesented. The
calculations were done with SFD codes applied émese accident analysis
on NPP: SOCRAT, ICARE/CATHARE, RELAP/SCDAPSIM, ATHI-
CD, SCDAP/RELAP/IRS.
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To estimate poor known values of external resiganand heat losses
through thermoinsulation in PARAMETER facility thefifect on calculation
results, PARAMETER-SF2 posttest analysis was made.

Input decks for PARAMETER-SF3 pretest calculatiovere derived from
ones for PARAMETER-SF2 posttest analysis consideRARAMETER-
SF3 boundary conditions.

Predicted temperature deviation at preoxidationsph@doesn’t exceed 120-
130 K for heated part except the elevations of 1000-11®0. The most
codes indicate that the hot spot location woul@t&250 mm elevation, and
it agrees with PARAMETER-SF2 test results. SCDAR/RE/IRS code
calculates the hottest zone location lower (at 1109 elevation), and steep
gradient in axial temperature profile at 1100-138Em elevations.
Obviously, upper edge modeling of heated zone (tdinlg upper edge of
thermoinsulation) done with SCDAP/RELAP/IRS codeedse to be
improved.

Predicted hydrogen production is estimated to be g13
(SCDAP/RELAP/IRS) to 32 g (RELAP/SCDAPSIM). SucHhctdated mass
deviation can be explained by deviation in predicteemperatures.
Comparison of calculated total hydrogen mass aaddohg oxide scale
thickness indicates that oxidation model in ICAREIEHARE code differs
significantly from other ones regarding oxygen aonption ino-phase of
zirconium.

Analysis of temperature data predicted by the cadlesvs concluding that
proposed electric power mode in whole meets armtiegh temperature
scenario, but due to calculated temperature soajtewith trend to
underestimation of designed temperature, calculagésttrical power
correction would be needed during the experiment.

14. Post-test examination of the PARAMETER-SF2 an8F3 fuel
assemblies. T. Yudina. 15th CEG-SAM Meeting, 10{#2rch 2009,
Villigen, Switzerland.

Status of material investigations being performedrame of ISTC project
#3690 is presented.
In the first part of presentation the general infation about results of SF2
bundle materials studies and overview of correspohdormal report are
provided (scientific aspects of the investigatiomere discussed at 14th
International QUENCH Workshop Karlsruhe, 4-6 Novemb2008).
Correspondent report will be distributed among tleaborators at 15th
CEG-SAM meeting, Switzerland.
In the second part preliminary results of SF3 niaténvestigations are
discussed for cross-sections at 800, 1000, 12500 18m. Briefly, they
could be summarized as following:
o0 SF3 shroud was found failed, weak external oxidafip to 15 pum)
was revealed over 1100-1250 mm.
o0 SF3 bundle revealed pronounced breakaway oxidatiataddings,
shroud, and peripheral rods at the elevations etudi
o Cladding oxide at 1250 and 1300 mm elevations stegf inner
compact oxide with columnar structure and earlieowgn fine
multilayered oxide spalled off; at 800 and 1000 mompact oxide
was found on metallic substrate of some claddings.
0 On metallic layer of some claddings at 1250 and0180n, mixed
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ZrOy+aZr(O) layer was observed that probably formed doe t
transformation of unstable cubic modification irteiragonal form
under precipitation od-phase.

o Both peripheral rods and claddings oxide layerkiméss distribution
was inhomogeneous.

o Maximum location of cladding oxide thickness cadtad on
metallic layer thickness measured corresponds @ohtttest zone
(2300 mm).

15. Status of the ISTC project #3690 on the “Fusdeablies behaviour
under severe accident top quenching conditionshén RARAMETER-SF

test series (PARAMETER-SF3 and PARAMETER-SF4 experits);

Results of PARAMETER SF3 experiment. V.. Nalivadbth CEG-SAM

Meeting, 10-12 March 2009, Villigen, Switzerland.

Objective of project: The study of behaviour of td@-rods simulators fuel
assembly VVER-1000 completed with standard constmal materials
(constructional, fuel and absorber elements onsbasB,C) under severe
accident conditions at the top flooding.

The mane tasks of the Project:

Task 1. The first year of the Project

The study of change of structure of materials @l fassembly VVER-1000
with absorber element under initial stage of seaem@dent conditions at the
top flooding of assembly, heated up to temperatlgses 1250C
(PARAMETER-SF5):

- Preparation and carrying out of PARAMETER-SF5exkpent.

- Post-test the material analysis.

- Processing results of PARAMETER-SF5 experiment.

Task 2. The second year of the Project

The study of change of structure of materials @l fassembly VVER-1000
with absorber elements under severe accident gonsgliit the top flooding
of assembly, heated up to temperature less TZAGPARAMETER-SF6):

- Preparation and carrying out of PARAMETER-SF6exkpent.

- Post-test the material analysis.

- Processing results of PARAMETER-SF6 experiment.

- Preparation and release of the final report.

At realization of the Project:

» The information on behaviour of fuel assembly vétisorber rod
on a basis BEC under accident conditions at the top floodingeiseived and
systematized.

» Are investigated a degree of oxidation of claddow length
absorber rod depending on temperature and a defresion of metal of
the cladding directing pipes and materials of th&oaber rod.

* The structure of the hardened mixes after runnitigusion is
received.

« The database for verification accident codes (SOTRA
ATHLET, ICARE-CATHARE, etc.) is expanded.

The received results can be used for a substamiati safety of reactors
such as VVER (PWR).
Participants of the Project
The mane participants:
FSUE SRI SIA “LUCH” - carrying out of experimentpost-test
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calculation and material analysis;
IBRAE RAS — development of scenario of experimettis, pre-test and
post-test analysis;
OKB “GIDROPRESS” — development of scenario of expents, the
analysis of a degree of conformity of experimeptg-test and post-test
analysis.
Leading experts of the organizations:
VNIINM, SRC RF - IPPE, RRC “Kurchatov institute”,p@n Society
«Moscow factory of polymetals».
Time of realization of the Project - 24 months. Téwpected volume of
financing - $ 600 thousand.

16. Experimental results of complex starting-up adglstment actions on
preparation of the PARAMETER-SF4 Experiment. V.Sonktantinov.
PARAMETER Status Meeting. 29 July, 2009, Podolsks$tan Federation.

In the report are submitted results of complextisigtup and adjustment
actions on preparation for PARAMETER-SF4 experiment studying
behaviour 19-rods bundle of VVER-1000, by the catgdl standard
constructional materials, under accident conditiaressubmitted at input of
air and bottom flooding.
The complex of actions included:
- Definition of parameters of system of the bottibmoding;
- Installation of the flow rate of argon;
- Working off of system of steam generation;
- Working off of system of the analysis of oxygen
Parameters are experimentally fulfilled:
- The coolant - steam / argon;
- Parameters of the coolant:
Steam — 3.5 g/s (500£5%0);
Argon — 2 g/s (280£20);
Air (20%0,+80%N,) — 0.5 g/s;
- Speed of heating of rods -0:5K/s;
- The maximal cladding temperature — ~700 K.
Readiness for carrying out of experiment PARAMETER4 is reported.

17. Preliminary results of the PARAMETER-SF4 teStl. Nalivaev.
PARAMETER Status Meeting. 29 July, 2009, Podolsks$tan Federation.

The PARAMETER-SF4 experiment was performed on Rily 2009 at
PARAMETER test facility.

The objective of PARAMETER-SF4 experiment: The istigation of
behavior of a 19-rods model fuel assembly (FA) ®BR-1000, completed
with standard reactor structural materials (fuetl rdaddings of alloy
Zr+1%Nb, fuel pellets of uranium dioxide, spacaedgrand shroud of alloy
Zr+1%Nb), under conditions of severe accideéhta(= 1750C) with air
ingress and following bottom flooding

The main parameters of experiment:

- the steam flow rate ~ 3.5 g/s at temperatureG-°60)

- the argon flow rate ~ 2.0 g/s at temperature 6- 28

- the duration of the pre-oxidation stage ~ 60@0 temperature ~ 120QC7

- the air (20%,+80%N,) flow rate ~ 0.5 g/s;

- the maximal temperature of the bundle - 1150°
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The cooling overheated up to ~ 1750°C of the buhdke been achieved for
~ 470 s at the water flooding from bottom with floate ~ 80 g/s.

18. PARAMETER-SF4 pretest calculations. D.TomashicRARRAMETER
Status Meeting. 29 July, 2009, Podolsk, Russiari@tidn.

Main results of variant calculations performed fimize PARAMETER-
SF4 test scenario are presented and analyzedd fiteameters were air
ingress, argon ingress, steam ingress, and ekgcpower. All calculations
were performed with integral codes applied for sewaccident analysis at
NPP:
» SOCRAT, ICARE/CATHARE, RELAP/SCDAPSIM - by the
project participants,
» ATHLET-CD, SCDAP/RELAP/IRS, MAAP4 - by the project
collaborators.

Comparison analysis of final calculations with féomv rate to be 0.5 g/s and
electrical power to be 5.5 kW at air ingress phasgsesented. Most codes
predict hot spot shift to 700-500 mm. Some coddhk ®&ir oxidation models
predict short term cladding escalation up to 2@t flooding stage.
SOCRAT code predicts peripheral rods to achieveorium melting point
at 500-900 mm at quenching stage due to oxide shakolution under
oxygen starvation conditions. Hydrogen productiorl@d stage is about
5 g, but may be higher (30-60 g) if bundle tempemtchieves zirconium
melting point and direct contact of melt with stetakes place.

19. Pretest studies of PARAMETER SF4 scenario WGthRE/CATHARE
V2. AVolchek, Yu. Zvonarev, O.Coindreau (IRSN), Fichot (IRSN).
PARAMETER Status Meeting. 29 July, 2009, Podolsks$tan Federation.

Coupled ICARE/CATHARE code, developed by IRSN, sediin NSI RRC
Kl for interpretation of available experimental aand for the analyses of
accident transients on VVER-type NPPs. In the frasheongoing ISTC
project on PARAMETER SF experimental series NSI RRContributed
to the code validation with a number of examinatiof previous tests from
SF1 to SF3. The planning experiment for 2009 wasettperiment SF4 with
air ingress after substabtial steam oxidation phesalized on high
temperature plateau. Basing on recently develogedRSN model of
Zirconium oxidation in air it was decided by IRSNdaNSI RRC Kl experts
to provide help to SIA “LUCH” experimental team @dsk, Russia) in the
elaboration of the PARAMETER SF4 experimental pgstocol.
Following the goal, a number of ICARE/CATHARE V2nhsilations were
performed by NSI RRC Kl in order to predict andifyethe likely key-
events and parameters. For pretest the followingarpaters were
considered: input mass flow rates, starvation periaxial temperature
profile etc. Our examination with ICARE/CATHARE alled obtaining
following results for pretest studies:
Air oxidation model switch off

* When steam is switch off then the temperature asaes up to

2100 K in 2000 seconds;
* The hottest zone is shifted to lower elevations;
Maximum temperatures can be obtained at 1100 nerialow
coolant flow;
* At low electrical powers (973 K) the temperaturésioinjection
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phase may be too low for intensive air oxidatiocact®n;

» Temperatures at air injection phase are very seaga variation of
electrical power.

Air oxidation model switch on

» Air oxidation reaction firstly started at hottes\aations;

» Peak of the air oxidation in simulation was shifteadnuch lower
region (between 500 and 600 mm) - starvation candit

* Preliminary experimental findindg?eak of the air oxidatioat
500 mm;

* Before quenching temperature rate growth was @HKs;

* Predicted oxide scale thickness - relatively simallease at initially
heated zone (900 — 1300 mm);

» Initial ZrO, thickness in sharp escalation zone &0

The results obtained allowed to provide recommeadsatto “LUCH”
experimentalists regarding test scenario. Thestario was approved as a
result of cooperation of research groups from diifé countries, with
frequent and direct exchanges between Instituteshviad in analytical
support and LUCH experimental team.

20. Studies of VVER-1000-type fuel rods under BD8#nditions with top,
bottom and combined flooding in the PARAMETER fayil

Degtyareva L.S., Konstantinov V.S., Nalivaev VRarshin N.Ya., Kiselev
A.E., Yudina T.A., Semishkin V.P. International estiific and technical
meeting «Computational and experimental studiesWR fuel element
behavior under beyond design basis accidents dlmbdeconditions», July
27-28, 2009, IBRAE RAS, Moscow, Russian Federation,

Main results of experimental investigations of VVEBOO-type fuel
bundles under BDBA conditions are in focus of tmespntation. The tests
are performed at the PARAMETER facility under amabl support of
IBRAE RAS and OKB “GIDROPRESS”".
Three VVER-1000-type bundles made up of 19 fueswdre tested under
BDBA conditions in the framework of ISTC Project.
The test protocol provided the following phase:
» preliminary one to stabilize designed steam andrafipw rates
at bundle temperature ~5@Q°
* heat up of bundle to temperature ~12085 grow claddings
oxide thickness ~200-250 um;
« heat up of bundle to target temperature provideteblyscenario;
* flooding.

In the first of three experiments (PARAMETER-SFA)hundle was heated
up to maximum temperature over 200G&nd then was quenched with water
from top. In the second test (PARAMETER-SF2), adlawas preoxidized
as well but maximum temperature at transient phasereduced to 1500°
and flooding of bundle from top and bottom wasireal. The third bundle
(PARAMETER-SF3 test) was heated up to 160D0fo avoid bundle
elements melting and was quenched with water fropn After testing, the
bundles were encapsulated by filling with epoxy $mbsequent material
investigations.

Performed tests demonstrated strong effect of orelhydrogen release, it
allows conclusion that BDBA can be managed if terapge does not
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exceed zirconium melt point (2000F. Material studies results will
supplement the data base to verify numerical cadéer tested temperature
conditions.

21. Status of the ISTC project #3690 on the “Fusdeanblies behaviour
under severe accident top quenching conditiondhénRARAMETER-SF

test series (PARAMETER-SF3 and PARAMETER-SF4 experits);

Results of PARAMETER-SF4 experiment. V.I. Nalivaééth CEG-SAM

Meeting, September 8-9, 2009, Moscow, Russian atider

The objective of PARAMETER-SF4 experiment: The istigation of
behavior of a 19-rods model fuel assembly (FA) ®BR-1000, completed
with standard reactor structural materials (fuetl rdaddings of alloy
Zr+1%Nb, fuel pellets of uranium dioxide, spacadgrand shroud of alloy
Zr+1%Nb), under conditions of severe accideéhta(= 1750C) with air
ingress and following bottom flooding.

At preparation of experiment:

1. It is made and established in the PARAMETER litgcthe 19-rods

bundle VVER-1000 for carrying out of the PARAMETEF4 experiment
under severe accident, including stages of ingmsair and a bottom
flooding.

2. Submission of argon flow (Garg = 2 gi&arg = 280£20C) and steam
flow (Gst = 3,5 g/sTst = 500+50€) in the test bundle is provided.

3. The system of bottom flooding (Gbf = 8@ flow rate) of test bundle is
checked up.

4. The system of ingress (Gair=0.5 g/s) of air (BR¥B0%N,) in the test

bundle is checked up.

5. Calibration of system of the gas analysis orerssfce gas mixes
(Ar+XH,, X =5,56; 10,4; 22,3; 39,2; 41,1 %v.) is carrced.

July 21, 2009 PARAMETER-SF4 experiment has beenezthout.

The main parameters of experiment:

- the steam flow rate ~ 3.5 g/s at temperatureG-°60)

- the argon flow rate ~ 2.0 g/s at temperature 6- 28

- the duration of the pre-oxidation stage ~ 60@0 temperature ~ 120QC7

- the maximal temperature of the bundle - 1150°

The cooling overheated up to ~ 1750°C of the buhdke been achieved for
~ 470 s at the water flooding from bottom with floate ~ 80 g/s.
Conservation and preliminary cutting of the burtts been carried out.

22. Results of PARAMETER-SF3/SF4 pre- and post-testnerical
modeling. D. Tomashchic. 16th CEG-SAM Meeting, $epter 8-9, 2009,
Moscow, Russian Federation.

Main results of variant calculations performed timize PARAMETER-
SF4 test scenario are presented and analyzedd figteameters were air
ingress, argon ingress, steam ingress, and ekacpower. All calculations
were performed with integral codes applied for sewaccident analysis at
NPP:
« SOCRAT, ICARE/CATHARE, RELAP/SCDAPSIM - by the
project participants,
o« ATHLET-CD, SCDAP/RELAP/IRS, MAAP4 - by the project
collaborators.
Comparison analysis of final calculations with féomv rate to be 0.5 g/s and
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electrical power to be 5.5 kW at air ingress phasgsesented. Most codes
predict hot spot shift to 700-500 mm. Some coddhk ®air oxidation models
predict short term cladding escalation up to 2@t flooding stage.
SOCRAT code predicts peripheral rods to achieveorium melting point
at 500-900 mm at quenching stage due to oxide shakolution under
oxygen starvation conditions. Hydrogen productiorl@d stage is about
5 g, but may be higher (30-60q) if bundle tempermtachieves zirconium
melting point and direct contact of melt with stetakes place.

23. Post-test examinations of the PARAMETER-SF faslsemblies.
T. Yudina. 16th CEG-SAM Meeting, September 8-9, 200/0scow,
Russian Federation.

Brief overview of current state of ISTC Project#86@&garding material
investigation is presented.

The first part of the presentation contains geneardbrmation on
PARAMETER-SF2 fuel bundle material studies.

In the second part, PARAMETER-SF3 bundle matenagstigation results
are discussed. They can be summarized as follow:

* SF3 shroud was found failed, weak external oxigafip to 15 pum)
was revealed.

* 13 SF3 bundle cross-sections over 400-1500 mm tabegawere
examined.

» SF3 claddings, shroud, peripheral rods reveal prooed breakaway
oxidation. Cladding oxide scale over 900-1300 mmiudes inner
compact oxide with columnar structure on the mietdfhyer and
external multi-layer spalled off oxide.

* Weak cladding internal oxidation.

Metal layer, compact oxide thicknesses were medstdoe claddings,
peripheral rods, shroud, heaters, electrodes atiexa elevations.

24. Short overview on the PARAMETER program at LUCK Kiselev.
15th International QUENCH Workshop, November 3-B02, Karlsruhe,
Germany.

Short overview of experiments conducted at PARAMARTEacility is
presented. Capability of PARAMATER facility (FSUBDBE LUCH) allows
performing of fuel bundle testing under conditighat are very close to
calculated ones in VVER-like core during both daslgasic and beyond
basic accidents. In the framework of ISTC ProjeB ARAMETER-SF1, -
SF2, -SF3, and -SF4 tests series was done. Theimgnes were executed
with aim of studying of VVER-1000 fuel bundle madp of 19 fuel rods
under severe accident conditions including love redoling down phase
during quenching from top and bottom, and namely:
o0 investigation of the bundle structure component®l(pellets and
claddings, shroud, spacer grids);
o investigation of oxidation degree of the bundle usture
components;
0 investigation of material interaction and structpl@ses change
(fuel pellets and claddings);
0 investigation of hydrogen release.

Data obtained at PARAMATER facility can be incluge data basis for
verification of best estimation SFD codes.
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25. Post-test examination of the PARAMETER-SF4 fusdsembly.
D. Ignatiev. 15th International QUENCH Workshop,wdmber 3-5, 2009,
Karlsruhe, Germany.

OKCIIEpUMEHT SF-4 u IIpeABapUTEIIbHbBIC IIOCTTECTOBBIE
MaTepUajJOBEeIUECKUE HCCIEIOBAaHUSI TPOBEIEHbBI B COOTBETCTBUM C
pabounm rmmanom npoekta MHTL] # 3690 &ccnenoBanue moaensHbix TBC
B YCIIOBUSIX TSDKEJIOW aBapuu C 3aJMBOM CBEpPXY B CEpUU DIKCIEPHMEHTOB
PARAMETER SF».

OxcnepuMeHT SF-40bUT POBEACH C IENbI0 MCCIeI0BaHUs MmoBeneHust 19-
TBabHOW MojenbHO TBC BBOP B MMHTalMOHHBIX YCIOBUSIX TSXKEION
aBapuM BKJIIOYas JOCTYI BO3/1yXa U 3aJIUB CBEPXY, a HUMEHHO:

- HccnenoBanue moOBeNEHUS CTPYKTYPHBIX KOMIOHEHT 19-TBanbHOI
mozaenbHO TBC BBDOP-1000 B ycioBusiX IOCTyma BO3JyXa W 3ajIMBa
CBEPXY.

- UccnenoBanue creneHu OKUCIEHUS CTPYKTYPHBIX KOMHOHEHT 19-tu
TBIIBHON MozensHOo TBC BBOP-1000.

- UccnenoBanue B3aMMOJICCTBHI u CTPYKTYpHO-(a30BbIX
npeBpaiieHuiit B Marepuanax MmonenbHoit TBC BBDP-1000 (orumBHbIC
TaOJICTKU 1 000JIOUKH).

- UccnenoBanue TMHAMUKH BBIXOJIa BOJOPO/IA.

OcHOBHBIE  pPE3yJbTaThI peIBapUTENbHbIX MaTepUaIoBeTUECKUX
UCCIIeIOBaHMI dYeThIpex momepeynbix ceuenudt (Z = 130, 260, 300u
1200mm) cremyromiue:

- Ha yposue 130mmMm pa3zpymenus orcyrcTBytoT. Kondurypauus coopku
coxpaHuiack. TOIIMHA OKCUIHOTO CIIOS COCTABISIET S... 10MKM.

- Ha ypoBHe 260 MM cTekmme Macchl METAJUIMYECKOrO pacrijiaBa
(U,Zr,0) obpazoBanu OJIOKHPOBKY, KOTOpasl 3alOHHIA MPAKTHYECKH BCE
MPOXOJHOE CEYCHHE. JTOT pacIulaB HMMEET pa3Hbleé OTTEHKH U CETKY
TpelrH. B3anmopeiicTBue ¢ pacriiaBoM IPOUCXOIMIO KaK CHapyXH, TaK U
U3HYTpU 000JI0YEK.

- Ha ypoBre 300 MM Obutr 0OHApYKEHBI TOJIBKO JBa (hparMeHTa TBAJIA,
IpUYeM TOIUTMBO WX OBUIO YacTUYHO pPACTBOPEHO. boubiie HHUKaKuX
KOHCTPYKLIMOHHBIX WJIM TOIUIMBHBIX JJIEMEHTOB OOHApyXeHO He ObLIO.
[TpucyTcTByIOMMA pacriaB CyIMIECTBEHHO OTIMYAETCS OT METaTHYECKOTO
(U,Zr,0) mo muBery u MakpoCTpykType (04eHb BBICOKAs IOPHUCTOCT).
PacrimaB mMmeeT CHOXHBIM COCTaB, MOCKOJIBKY TAaHTAJIOBBIE HArpeBaTeNH H
teron3osiius ZrOp pacTBOPEHBI.

- Ha ypoue 1200 mm (Bepx HarpeBaeMoil 30HBI) cOOpKa ci1abo
COXpaHHIIa MepPBOHAYAIbHYI0 KOH(Hrypanuto. TommuBHbe cTepkan (12 u3
18) cyrecTBEHHO TOBPEK/ICHBI M3-3a OKUCIICHUsST 000J0YCK, pacIIaBICHUS
U pacTtBopeHus TommBa. OOedaiika u TiepudepuiiHbIE CTEPXKHH OBbLTH
pacmiaBieHbl U Pa3pyIIINCh. B cedeHnn OOHApyKEHBI TOJIBKO OCTaTKU
OKCHJAa C TMOBepXHOCTH oOevaiiku. LlemocTHOCTh OCTaBIIMXCS TBAJIOB
COXpaHEHa JINIIb 33 CUET HarpeBaTeleH.

26. Comparison results of pretest PARAMETER-SF4t teamerical
modeling. T.Yudina. 15th International QUENCH Wdrkp, November 3-
5, 2009, Karlsruhe, Germany.

In July 2009 year in the framework of ISTC Proj#8690 at PARAMETER
facility at FSUE EDO LUCH, PARAMETER-SF4 experimeaimed at
study of VVER fuel bundle behaviour under sevemdent conditions with
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Attachment 3;

air ingress was conducted. Comparison analysig-df Betest calculations
done to determine the test scenario is presentexdstenario acceptable
criteria are discussed. All runs were performecwitegral codes applied
for reactor calculations: SOCRAR, ICARE/CATHARE,
RELAP/SCDAPSIM, ATHLET-CD, SCDAP/RELAP/IRS, and MAXA.

For analysis of the codes capability to treat mphenomena that is
important in severe accident including air oxidatiocorrespondent

measured data are presented. It was demonstratethéhbundle behaviour
predicted at all phases corresponds to the teatedatept for flooding stage.
To analyze processes occurred at flooding stageernoal investigations

with the boundary conditions that is correspondscty to the test ones are
needed.

27. Main results of RELAP/SCDAPSIM calculation asd of the
PARAMETER-SF experiments. V.V. Shchekoldin, V.P.nghkin. 15th
International QUENCH Workshop, November 3-5, 20QRarlsruhe,
Germany.

The experiments at PARAMETER facility devoted teearch of bundle
flooding processes at rod cladding temperatureseath600 K. Experiments
with bottom, top, and both flooding were done.

Main objective of participation in this experimenpamogram is performing
RELAP/SCDAPSIM MOD3.2 (RELAP) calculations in ordier assess its
capabilities in area of VVER type reactor modellifie calculation results
were used in developing of experimental scenarios.

Results of pre- and post-test analysis of SF1, &@ SF3 experiments
using RELAP/SCDAPSIM MOD3.2 are presented in thpepalt is stated
as a result of calculated and experimental datapeoson that RELAP is
capable to model main phenomena in the experimanth as: zirconium
oxidation, temperature changes, flooding, hydrogemeration. Steam flow
rate, power supplied, geometry, code parametersadétnpn bundle
temperatures and other results are analysed basmgcalculations
performed.

RELAP code applicability for VVER type rod bundlesd issues of
experimental and calculation results extendingetd plant are considered in
the paper. In particular, it is stated based oreerpental data of flooding
the bundle heated up to 1800 K that there is ailpbgsto flood from the
top a core heated up to such temperatures.

The work done allows to significantly improve metbtogy of VVER
severe accident analysis using RELAP/SCDAPSIM|sib @llows to adopt
the code capabilities for this type of reactor.

Information on patents and copy sght
Copy rights which may be obtained as a result efaitoject:

1. Information on the behaviour of structural comguats of 19-rods model
FA of VVER-1000 overheated td1600°C during top quenching;
2. Information on the temperature behaviour of mhedel FA of VVER-

1000 under the conditions of air oxidation and sgbgnt bottoms
guenching.



