Autoreferat disert@ni prace

1. Uvod

Predkladana disertai prace spada do oblasti beapasti jadernych zé&zeni a ¥dy
0 materialech. Vfipadt t¢Zké havarie jaderného reaktoru dochazi k tavenvrakt
zény a tvork tzv. bazénu taveniny (corium). Takovato havériestaa nap
v elektrari Three Miles Island, Pensylvanie, USA, kdy v ro8&4 doslo k roztaveni
cca. 50 tun reaktorové vsadky [1]. Zhruba 20 tuio t&veniny proteklo do dolni
hlavy reaktoru, kde reagovalo se zbytkem saturowvardy. Tato nehoda na&sti
nentla vazné nasledky a unik radioaktivity byl minimialiNaproti tomu nehoda
v jaderné elektragh Cernobyl vroce 1986 #a katastrofalni nasledky. Hlavni
pricinou destrukce jaderného reaktoru byly dexploze (parni vybuch a vodikova
detonace) &kolik vtetin po sold [2]. V nedavné dab (biezen 2011) nastal&zka
havarie na ¢tyfech reaktorech elektrarny Fukushima Daiichi po dayécim
zenttieseni a vlé tsunami. Hodnoty z titicich zd&izeni naznéuji, Ze na itetim
reaktoru doslo k ndhlému zvySeni tlakuiskédku relokace taveniny a jeji interakce
s chladivem [3].

Vyzkum v oblasti &kych havarii jadernych reaktose @li do dvou zakladnich
fazi: 1) Rané; 2) Pozdni jevy a procesy. Zalezy malcasovém sledu udalosti, jestli
jsou spojeny gasnym stavem nebo az s rozvinutou havarii. DalSfitériem
roz&kleni fenomeén tézkych havarii souvisi s mistemupehu: 1) uvnit; 2) vre
reaktorové nadoby. Tématicky pak lze vyzkutizk§ch havérii rozélit na: i)
interakce taveniny s vodou; ii) interakce tavenslgetonem; iii) transport &nych
produkt; iv) hofeni vodiku atd.

Board a Hall [4] studovali interakci tavenin s voda rozdlili tento proces do
¢tytech hlavnich po s@mésledujicich etap:

1) Prehrata tavenina (az 3000 K) je nalita do vody. Tavarsa rozdrobi naétsi
kapky, okolo kterych se vytwdfilm pary. Tato para chrani kapky tavenifeg
kontaktem s kapalnou vodou a také omezuje tepeljownu mezi taveninou
a vodou.

2) Ochranny film pary mize byt jakym externim (tlakovy radz) nebo vimtm
jevem destabilizovan a tavenina se dostahiengho kontaktu s kapalnou
vodou. Tato prudka interakce vyvola dalgpgini kapky na mensgasti.

3) Fragmentace kapky na menSi zvySuje povrch tavephenos tepla do vody a
tedy i produkci pary. Lokalni zvySeni tlakuige vyvolat dalsi gpeni okolnich
kapek a tato vina préhne celym objemem sfsi tavenina/voda/para.

4) Poté co vina gpeni prokshne rychle objemem, je termalni energie taveniny
pievedena na termalni energii vody, kterd je pak sfmmovana na
mechanickou praci pary. V tomto momentu nastavérmbya expanze pary a
tvorba tlakového razu, tedy exploze.

Ne vzdy proBhnou vSechnytyii etapy parni exploze. &kdy je pouze tavenina
rozdrobena nad&Si kapky, které ztuhnou, a eskalace do parni egphenastane.

Experimentalni program na izzeni KROTOS studujici parni exploze pomoci
prototypickych tavenin U@ZrO, a tavenin oxidu hlinitého potvrdil, Ze parni exgdo
nastavaji vice&asto a s &si &innosti v gipac oxidu hlinitého nez vifpad snesi
UO,-ZrO; [5]. Tyto i jiné vysledky [6,7] iniciovaly zdjem studium vlivu fyzikal



chemickych vlastnosti tavenin na vyskyt a intenzgarnich explozi souhrgn
nazyvaného ,materialovy efektipnterakci jaderného paliva s chladivem®.

2. Cile prace

Prace si klade za ciliigpét k vyswtleni vySe zmisného ,materialového efektutip
parni explozi“ a to na zaklad

1) Predpowdi chemickych reakci probihajici mezi taveninouadsop-vodou za
vysokych teplot pomoci simulaci za termodynamiakéovahy.

2) Analyzou termo-fyzikélnich vlastnosti tavenin wakem na radiani
vlastnosti v infréerveném oboru s¥a, jelikoz radiace je dominantni
mechanismusignosu tepla za podminek panujici¢chgpanich explozi.

3) Metalografickou a chemickou analyzou ztuhlé tavenpo experimentech
simulujicich parni exploze (MISTEE - KTH Svédsk&e@O, PREMIX — FZK
Némecko) pomoci neradioaktivnich matetial

4) Metalografickou a chemickou analyzou ztuhlé tavenpo experimentech
simulujicich parni exploze (KROTOS - CEA Francie)roci prototypickych
radioaktivnich materiél

3. Material a metodika
3.1 Termodynamické vygty
Byly vybranyc¢tyti systémy pro simulaci chemickych reakci mezi téavea a parou:

1) Fe-HO; 2) ALO3-H0; 3) ZrQ-H,0; 4) UOG-ZrO,-H,O. Program Gemini2 by

pouzit jako minimalizator Gibbsovy volné energie vepojeni s databazi
termodynamickych vlastnosti skenin a fazovych diagrain TD Nuclea
(Thermodata).

3.2 Model radigniho penosu tepla

1D model penosu radiéniho tepla z taveniny do vody byl napsan pomoci
programovaciho jazyku MATLAB na zaklad modelu z#eni ¢erného a realného
t¢lesa a teorie absorpce. Vliv emisivity na generoyamy a povrchové teploty kapky
materialu byl studovan také pomoci termo-hydraéickkdédu MC3D.

3.3 Metalografické a chemické analyzy

Vzorky ztuhlych tavenin pochazejicich z experindesimulujici parni exploze
(ECO, PREMIX, MISTEE, KROTOS) byly studovany pomaeétod analyzy pevné
faze, mezi které p#t optickd a elektronova mikroskopie, praskova rentya
difrakce, termicka analyza, inffervena spektroskopie apod. Pro chemickou analyzu
vzorka byla pouzita hmotnostni spektrometrie s inthékvazanym plazmatem a také
energeticky disperzni spektrometrie charakterigtickrentgenového #&ni. Analyzy
mikroskopickych obrazkbyly provedeny pomoci programu ImageJ [8].



4. Vysledky a diskuse

Diserta&ni prace obsahuje soubor originalniéeckych vysledk, které Ize rozdlit
do rékolika kategorii.

4.1 Termodynamické vygty

Hlavnim vysledkem termodynamickych simulaci reatesienin s vodou/péarou za
vysokych teplot je rozdilné chovéni prototypickyckimul&nich tavenin. Sgs UG-
ZrO, je parou oxidovana a t¥okyslikow nadstechiometriké faze.¢mto fazim
zarova s mistem obsahu kysliku klesd hodnota teploty likvideobdu. ALOs; a ZrQ
jsou na druhou stranu inertniady oxidaci parou, AlO; ale reaguje za tvorby
hydroxidi a oxo-hydroxid, které maji odliSné thermo-fyzikalni vlastnostimcyodni
taveniny. Podobné chovani ma i metalické Zelezygle parou oxidovano a zardgve
tvori hydroxidy.

4.2 Model radianiho transferu tepla

Pomoci vypéta ve vytvaeném 1D modelu (tavenina-para-voda) bylo prokazaeo,
G¢innost genosu tepla do vody slnzavisi na spektralnich vlastnostech daného
materialu. UQ je v podstat v celé teplotni Skale silny #a v infracerveném oboru
spektra. Naproti tomu, ADs; ztraci na intenzit v blizkém infr&erveném pasmu
s klesajici teplotou. Toto chovani se projevi vriaigl celkové energie absorbované
molekulami vody v blizkosti Z&e. Bylo zjiS€no, Ze sniZzeni emisivity obetn
zpomaluje tvorbu pary a udrzuj€asem vysSi povrchovou teplotu kapky taveniny.

4.3 Strukturalni analyzy matriglpo parnim vybuchu
4.3.1 Experimenty s neradioaktivnimi materialy dujici roztaveny reaktor

Byly podrobré charakterizovany vzorky pochéazejici z programu ME&, ktery
pouzival roztaveny cin. Byla popsana morfologstic, které participuji na parni
explozi a které pouze ztuhly be#t$i interakce s vodou. Byla objevena povrchova
oxidace cinu ve forsmikro-krystat.

Dale byly charakterizovany vzorky pochazejici zgreoi PREMIX a ECO, které
jako taveninu pouzivaly s¥t8 90 hm. % AlOs; a 10 hm. % kovového Fe. @pbyla
popsana morfologigastic a chemické sloZzeni. Hlavnim vysledkem je,té&est
vSechno Zelezo bylo oxidovano a vyiti@ s oxidem hlinitym srésny spinel FeAlO,.

Bylo prokazano, Ze ztuhla taveninaize obsahovat az 11,4 hm. % chemicky vazané
vody, tedy ve formd hydroxidi a oxo-hydroxid. Tento vysledek potvrzuje schopnost
oxidu hlinitého vazat vodu i ve foftaveniny, coz je vlastnost, ktera prépddobré
vede k vysSi &innosti parniho vybuchu.

4.3.2 Experimenty s prototypickymi radioaktivnimatarialy

Byli analyzovany vzorky zefit experimeni na zdizeni KROTOS, které pouzivaly
prototypické taveniny o sloZeni: 1) 70 hm. % 4J80 hm. % Zr@, 2) 80 hm. % UQ,
20 hm. % Zr@Q; 3) 80,1 hm. % UQ 11,4 hm. % Zr@a 8,5 hm.% kovového Zr.



Pomoci analyzy obragkz elektronové mikroskopie byly u vSech experimeni
popsany vlastnostéastic (cirkularita, solidita, porozita, kulatosByla stanovena
morfologie¢astic, které participuji na parni explozi a na aéktoho byla vypoétena
hmotnostni frakce taveniny, kteréigpeéla k parni explozi. Dale bylo pro vSechriy t
experimenty ufeno chemické sloZeni finalni ztuhlé taveniny. Pompraskové
rentgenové difrakce bylo &eno krystalografické slozeni vzdrk U vSech it
experimeni tavenina krystalovala do ploSientrované kubické fizky, ktera svym
rozmerem poukazovala na kysikovou nadstechiometrii f@zaSkové difraktogramy
byly podrobeny metad ,whole pattern profile fitting“, ktera je obdobn&
Rietveldovskému ugsiovani krystalove struktury. Na zakkatéchto vysledk bylo
ne@imo vypateno mnozstvi vodiku, které bylo vyprodukovano #&ghu reakce
taveniny s vodou.

5. Zawry
Prace obsahuje bibliografickou analyzu v oblastriee parnich vybual dale pak
zminuje hlavni sotiasné experimentalni programy v této oblasti.

Prace poskytuje analyzy v oblasti modelovani chkyaic reakci mezi taveninou a
parou za termodynamické rovnovahy. Dale pak popigig¢nos energie pomoci
z&eni v infra&erveném oboru spektra pomoci 1D modelu.

Hlavni diraz je kladen na charakterizaci vzibrkochazejicich z experimentalni
simulaci parniho vybuchu. Neradioaktivni i protatke radioaktivni vzorky
z riznych experimentalnich progrénbyly charakterizovany pomoci chemickych a
metalografickych metod. Tyto vysledky poprvé Wthly i kvantifikovaly produkci
vodiku @i téchto experimentech. Dale pak potvrdili teorii, Z&2 vSechna tavenina
participuje na parni explozi. MnoZstvi taveninyeré se dastni interakce s vodou,
bylo vypaiteno na zaklagvysledki obrazové analyzy mikroskopickych fotografii.
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Summary of the Ph.D. thesis

1. Introduction

Presented dissertation thesis falls in to the afesafety of nuclear installations and
material science. In the case of nuclear reacteerseaccident the active zone can
melt and so-called melt pool can form. Example wéhsaccident can be the Three
Miles Island, Pennsylvania, USA, where in 1979 dl&utons of reactor load melted
[1]. About 20 tons relocated into the lower heatieve it interacted with the rest of
saturated water. This accident fortunately hadewei® consequences and the release
of radioactive fission products was minimal. On thiher hand, the accident in
Chernobyl power plant in 1986 had catastrophic eqnences. The main cause of the
reactor destruction lies in two consequent explasi®team explosion and hydrogen
combustion) with time gap of several seconds. Récegmarch 2011), severe
accidents passed in four reactors of the Fukushidaéchi power plant after
devastating earthquake and tsunami. The measueviga$ imply that in the case of
unit-3 a pressure spike was observed and the hgpigtbf steam explosion cannot be
excluded [3].

The nuclear reactor severe accident research camlivbged into two basic
directions: 1) Early; 2) Late phase phenomenas Itrportant then, if the processes
pertinent to the early or developed accident statether criterion is related to the
location of the accident: 1) In-vessel; 2) Ex-véssenario. Thematically the severe
accident research can be divided in numerous tofscexample: i) Fuel — coolant
interaction; ii) Melt — concrete interaction; iilrission products transport; iv)
Hydrogen combustion; etc.

Board and Hall [4] studied the Fuel — Coolant latgion (FCI) and divided it into
four consequent stages:

1) Premixing — Over-heated melt (up to 3000 K) is jgduinto a water pool. The
melt is coarsely fragmented into large dropletsuad which a steam film is
formed. This steam film prevents the melt drop froomtact with liquid water
and limits the heat transfer as well.

2) Triggering — The protective steam film can be daimed by some external
(pressure spike) or internal event and the meltamane into the contact with
liquid water. This violent interaction causes fentfine (thermal) fragmentation
of the melt droplets.

3) Propagation — The melt fine fragmentation increatesurface area, the heat
transfer and steam production. This event can extemeighbor droplets and
later propagate through the premixed volume.

4) Expansion — After the propagation of fine fragméotawave the melt thermal
energy is transferred into water thermal energy amhsequently into



mechanical work of the steam. This time the stepatia expansion causes the
pressure escalation and explosion

Not always the process goes through all the foagest. The melt can be only
coarsely fragmented and quenched without steanogxypl.

Experimental program in the KROTOS facility, dewbt® the steam explosion
studies using prototypic U£ZrO, and simulant alumina melts, confirmed that steam
explosion are more probable and have higher efftgien the case of alumina melts
[5]. These and other results [6,7] initiated aretast of studying the role of the melt
physico-chemical properties on the steam explosiacurrence and intensity,
collectively called “material effect in the fuelceolant interaction”.

2. Aims of the study

The focus of this thesis is to advance the bettatetstanding of the above-
mentioned “material effect in the fuel — coolantemaction”. Several aims were
established:

1) Prediction of the thermodynamically possible chehreactions between the
melt and steam at high temperatures.

2) Analyses of the melt thermo-physical propertieshvatcent on the radiation
properties in the near-infrared spectral area, umedhermal radiation is the
dominant heat transfer mechanism at such conditions

3) Metallographic and chemical analysis of the steamiosion debris coming
from experiments using non-radioactive simulanttsnéMISTEE — KTH,
Stockholm Sweden, PREMIX and ECO — FZK, KarlsruBermany).

4) Metallographic and chemical analysis of the steapiasion debris coming
from experiments using prototypic radioactive mellROTOS — CEA
Cadarache, France).

3. Material and methods
3.1 Thermodynamic calculations

Four systems were selected for the simulation @rniodynamically possible
chemical reaction between the melt and vapor: IHF®; 2) ALOs-H.0; 3) ZrQ-
H,O; 4) UQG-ZrOH,O. The Gemini2 softwarte, coupled with TD Nuclea
thermodynamic database (Thermodata), was use&Gdxa energy minimizer.

3.2 Radiation heat transfer model

1D model of radiation heat transfer from melt totevawas written using
MATALB ® programming code based on the theory of blackraatibody radiation.
The effect of emissivity on the steam generatioth doplet surface temperature was
studied using thermo-hydraulic code MC3D.



3.3 Metallographic and chemical analyses

The samples of solidified melts coming from steaxpl@sion experiments
simulating steam explosions (ECO, PREMIX, MISTE, ®&ROS) were studied by
solid-state analytical methods, namely optical eledtron microscopy, X-ray powder
diffraction, thermal analysis and infrared speatopy. For chemical analyses we
used the inductively coupled plasma mass spectpgsand energy dispersive X-ray
spectrometry. The image analyses of micrographse vperformed using ImageJ
open-software [8].

4. Results and discussion

Presented thesis contains number of original séierfindings, which can be
divided into several parts.

4.1 Thermodynamic calculations

The main result of the thermodynamic simulatioes lin the different behavior of
prototypic and simulant melts. The WY@rO, mixture can be oxidized by vapor
producing melt having oxygen over-stoichiometryeolidus and liquidus point of
these melts decreases with increasing contentygfesx Alumina and Zr@are on the
other hand inert to the oxidation by vapor. HoweydsOs in reaction with vapor can
form hydroxides or oxo-hydroxides, which have thesphysical properties different
from the initial melt. Iron can be easily oxidizég vapor to iron oxides and form
hydroxides as well.

4.2 Model of radiation heat transfer

According to the results of radiation heat transferdel (melt/vapor/water) it was
demonstrated that the efficiency of heat transferdaliation depends on the spectral
properties of given material. Uranium dioxide ip@werful radiator in the infrared
spectral range going through the temperature s€abecontrary, alumina loses the
spectral emissivity in the near infrared regionhwidecreasing temperature. This
behavior can be evinced on the value of the totslodbed energy by the water
molecules close the radiation body. It was founteat decrease of the emissivity
leads to the slower production of vapor and pregerm of high droplet surface
temperature.

4.3 Structural analyses of steam explosion debris
4.3.1 Experiments with non-radioactive simulantenats

Tin debris coming from MISTEE facility was carefultharacterized by common
solid-state techniques. Morphology of particlestipgrating to the steam explosion
and particles quenched without significant intecactwas described. A surface
oxidation of the metallic tin in the form of micmystals was observed.

Further, debris coming from the ECO and PREMIX agske programs were
characterized. The melt initial composition cor@sged to 90 w. % AD;s; and 10 w.
% Fe. Again, the debris morphology and chemical masition were described. The
results show that most of the iron was oxidized @orched with alumina a spinel
oxide FeA}O,. It was observed that the melt can contain up 1ot w. % of



chemically bonded water molecules 9in (he form ydrbxides or oxo-hydroxides).
This result confirms the ability of alumina to sowmter in liquid state. This
characteristic can probably contribute to highécieincy of the steam explosion.

4.3.2 Experiments with prototypic radioactive mestisr

Debris coming from three experiments in the KROTI@8lity was analyzed, the
melt initial composition was” 1) 70 w. % U080 w. % ZrQ; 2) 80 w. % UQ, 20 w.
% ZrO;; 3) 80,1 w. % UQ, 11,4 w. % ZrQa 8,5 w. % metallic Zr. According to the
image analyses of the electron micrographs the hodogy of the particles
(circularity, solidity, roundness, porosity) wadatdated. The morphology of debris
participating to the steam explosion was providad asing this characteristic the
amount of melt participating to the steam explosicas described. Moreover, the
debris composition was measured by different tepies. The crystallographic
composition was determined by powder X-ray diffimct The melt solidified to face-
centered cubic phase in all three experiments. pbwder diffractograms were
treated by “whole pattern profile fitting” methodirpilar to Rietveld structure
refinement). On the basis of these results the amaiuhydrogen formed during the
reaction of melt and water was calculated.

5. Conclusions

The thesis provides bibliographic analysis of tteas explosion theory. Further, it
covers the results of recent experimental progrdevsted to this field of interest.

The work provides the analyses of the simulatiothefchemical reaction between
the melt and water vapor. It describes the energyster from melt to water by
thermal radiation in the near infrared spectraicegising 1D model.

The main accent is given to the characterizatiothefsteam explosion debris. Non-
radioactive simulant and prototypic radioactive ritelvas characterized by chemical
and metallographic techniques. These results Yfirddscribes and quantifies the
production of hydrogen by chemical reaction of naitd water. Further, the results
confirmed the theory that not all the melt masdigipates to the steam explosion.
The amount of melt participating to the steam esiplo was calculated on the basis
of image analysis of the debris micrographs.
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