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Résumé - Dans le réseua d’excelence sur la recherche relative aux accidents graves SARNET, le 
domaine corium couvre tout le comportement du corium (mélange issu de la fusion du cœur dans 
l’hypothèse d’un accident grave de réacteur nucléaire) des phases initiales de dégradation du cœur à la 
récupération du corium en cuve ou hors cuve, à l’exception de l’interaction corium eau, du réchauffement 
direct de l’enceinte et du relâchement des produits de fission. Le domaine Corium regroupe, en trois sous-
domaines, la masse critique de compétences nécessaire à des avancées significatives dans la connaissance 
du comportement du corium. L’esprit du réseau SRANET est de partager les connaissances, les 
installations et les outils de simulation des accidents graves afin d’atteindre une meilleure efficacité et de 
rationaliser l’effort de R&D au niveau européen. De nombreux exercices d’intercomparaison ont été 
lancés dans la majorité des sujets de recherche. Ils étaient principalement dédiés au recalcul d’essais 
analytiques ou intégraux et d’applications réacteur. 
Toutes ces connaissances sont destinées à être capitalisées dans le code de simulation des accidents 
graves ASTEC par des améliorations des modèles et l’extension de la base de validation. Ce rapport 
synthétise les progrès obtenus lors des quatre ans et demi de ce projet du 6° Programme Cadre. 
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Abstract - Within the SARNET Severe Accident Research NETwork of excellence, the CORIUM topic 
covers all the behaviour of corium (mixture formed by the molten materials arising from a postulated 
nuclear reactor severe accident) from early phase of core degradation to in or ex-vessel corium recovery 
with the exception of corium interaction with water, direct containment heating and fission product 
release. The CORIUM topic regroups in three work packages the critical mass of competence to improve 
significantly the corium behaviour knowledge. The spirit of the SARNET networking is to share the 
knowledge, the facilities and the simulation tools for severe accidents, so to reach a better efficiency and 
to rationalize the R&D effort at European level. Extensive benchmarking has been launched in most of 
the areas of research. These benchmarks were mainly dedicated to the recalculation of analytical 
experiments, integral experiments or reactor applications. 
Eventually, all the knowledge will be accumulated in the ASTEC severe accident simulation code through 
physical model improvements and extension of validation database. This report summarizes the progress 
that has been achieved in the frame of the networking activities for the four and half years of the FP6 
project. 
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1. INTRODUCTION 
 

Corium is the generic name of the melt that would be formed in a postulated severe accident 

from the melting of reactor core and its subsequent mixture with various materials (cladding, 

structural materials, control rods, concrete, etc.). 

Within the European Severe Accident research Network of Excellence (SARNET), Corium 

topic covers all the behaviour of corium from early phase of core degradation up to in or ex-

vessel corium recovery issues with the exception of corium interaction with water and the 

direct containment heating located in containment topic and fission products release located 

in source term. During the EURSAFE European PIRT exercisei, 311 phenomena have been 

identified within corium topic perimeter and 54 were selected for additional needed research 

according to their importance from safety point of view. 

The objective for this joint research project is to regroup the critical mass of competence to 

improve significantly the corium behaviour knowledge. The spirit of the networking is to share 

the knowledge, the facilities and the simulation tools to reach a better efficiency and to 

rationalise the R&D effort at European level. Ultimately, all the knowledge will be accumulate 

in ASTEC safety code through physical model improvements and extension of validation 

database. 

The SARNET Corium topic regroups a critical mass of competence - corresponding to about 

50 full time researchers within 22 organizations throughout EU member states and 

associated countries - to significantly improve the knowledge of corium behavior. It has been 

organized in three work packages dealing respectively with the early phase core degradation 

(Work Package 9), the late in-vessel phases and vessel melt-through (WP 10) and the ex-

vessel phases (WP 11). 
 

 

Map of Europe showing the sites of SARNET Corium pa rtners  
(except AECL in Canada) 

                                                 
i D. Magallon, A. Mailliat, J.-M. Seiler, K. Atkhen, H. Sjövall, S. Dickinson, J. Jakab, L. Meyer, M. Buerger, 
K. Trambauer, L. Fickert, B. Raj Sehgal, Z. Hozer, J. Bagues, F. Martin-Fuentes, R. Zeyen, A. Annunziato, M. El-
Shanawany, S. Guentay, C. Tinkler, B. Turland, L.E. Herranz Puebla, European expert network for the reduction of 
uncertainties in severe accident safety issues (EURSAFE),  Nucl. Eng. Design, 235, Pages 309-346, 2005. 
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2. Early Phase Core Degradation (WP 9) 
2.1. Introduction 
 

The objective of the R&D on early phase core degradation mainly concerns improvement of 

our previously available knowledge relative to the magnitude of hydrogen generation and 

more especially the rapid generation of hydrogen that may not be accommodated by re-

combiners and lead to the risk of early containment failure. 

The conclusions of the COLOSS 5th FWP project and the preparation of PHEBUS FPT3 test, 

showed also the needs of improvements of understanding and modelling of B4C or fuel burn-

up impact on core degradation. 

It has been organized in three subtopics, as follows: 

• WP9-1: Hydrogen generation during Core reflooding coordinated by Martin Steinbrück 

from FzK 

• WP9-2: Early core degradation and B4C effects coordinated by Georges Repetto from 

IRSN 

• WP9-3: Zircaloy oxidation by air or steam-air mixture coordinated by Christian Duriez 

from IRSN 
 
2.2. Hydrogen generation during core reflooding (WP  9.1) 
   
2.2.1. Introduction 

 

The most important accident management measure to terminate early a severe accident 

transient in a Light Water Reactor (LWR) is the injection of water to cool the uncovered 

degraded core. Analysis of the TMI-2 accident [1] and results of various integral in-pile and 

out-of-pile experiments (CORA [2], LOFT [3], PHEBUS [4], PBF [5]) have shown that before 

the water succeeds in cooling the fuel pins there could be an enhanced oxidation of the 

Zircaloy cladding and other core components that in turn causes a sharp increase in 

temperature, hydrogen production and fission product release. 

The WP9.1 is mainly organized around the QUENCH tests at Forschungszentrum Karlsruhe 

(FZK) which investigates hydrogen generation, material behaviour, and bundle degradation 

during reflood. Integral bundle experiments are supported by separate-effects tests (SET) 

and code analyses. The programme is providing experimental and analytical data for the 

development of quench and related models and for the validation of SFD code systems. A 

strong coupling between pre-calculations, experiments, and interpretation has been 

achieved. The organization of the QUENCH workshops [6-8] with publicly available 

proceedings is a strong integrating link in this topic. A further common activity has been 

linked to the EU-funded ISTC programs #3194 on Top Flooding (PARAMETER) and #1648.2 

on QUENCH with definition of test matrices and interpretation of the achieved results. 

Five bundle QUENCH tests have been performed during the SARNET period. QUENCH-10 

on air ingress and QUENCH-11 with boil-off phase were conducted in the frame of the EC 

supported LACOMERA programme [9]. The VVER cladding test QUENCH-12 was conducted 

within the ISTC-1648.2 project [10] also supported by the EC. During the life of SARNET 
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strong links have been established between the WP9.1 and WP14 (Source Term in the field 

of SIC and air ingress related to Ru oxidation) and to the air ingress WP9.3. 

In the following main achievements in this working package will be discussed along the 

QUENCH test topics including analytical support and SETs. 

 
2.2.2. QUENCH Facility and test conduct 

 

The QUENCH program at Forschungszentrum Karlsruhe was initiated in 1996 as the 

successor of the CORA program in which materials interactions under the conditions of a 

hypothetical severe nuclear accident were investigated with prototypic UO2 fuel pellets. Some 

of the CORA experiments were terminated by reflooding the bundle with water and it was 

shown that quenching may lead to temperature escalations associated with high hydrogen 

production rates [11]. The mechanisms for the escalations were not clear at that time, and the 

gas analysis systems used with the CORA facility were only of a limited capability. So the 

QUENCH program was launched with special emphasis on the quantitative determination of 

the hydrogen source term.  

The main component of the out-of-pile QUENCH test facility [12] is the test section with the 

test bundle. The PWR-type bundle is made up of 21 fuel rod simulators approximately 2.5 m 

long, of which 20 fuel rods are heated over a length of 1024 mm. Heating is electric by 6 mm 

diameter tungsten heaters installed in the rod centre and surrounded by annular ZrO2 pellets 

to simulate fuel pellets. The bundle geometry and most other bundle components (Zry-4 

cladding, grid spacers) used are prototypical for Western type PWRs and are furthermore 

very similar to the in-pile PHEBUS bundle [13]. In QUENCH-12 a VVER-type bundle with 31 

fuel rod simulators was used. 

The central rod is unheated and is used for instrumentation or as absorber rod. The heated 

rods are filled with krypton or helium at a pressure of approx. 0.22 MPa to allow for test rod 

failure detection by the mass spectrometer. The system pressure in the test section is around 

0.2 MPa.  

Four Zircaloy corner rods are installed in the bundle to improve the thermal hydraulic 

conditions. They are also used for additional thermocouple instrumentation and/or can be 

withdrawn from the bundle during the test to check the amount of oxidation during phases of 

special interest. The test bundle is surrounded by a shroud of Zircaloy, a 37 mm thick ZrO2 

fiber insulation, and a double-walled cooling jacket of stainless steel. The shroud provides 

encasement of the bundle and simulates surrounding fuel rods in a real fuel element (Fig. 1). 

The whole set-up is enclosed in a steel containment. 
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Fig. 1: Cross section of the QUENCH bundle 
 

For temperature measurements the test bundle, shroud, and cooling jacket are extensively 

equipped with thermocouples at different elevations and orientations. Additionally, the test 

section is provided with various pressure gauges, flow meters, and level detectors. Hydrogen 

and other gases are analyzed by a state-of-the-art mass spectrometer Balzers GAM300 

located at the off-gas pipe about 2.7 m behind the test section. A redundant hydrogen 

detection system based on heat conductivity measurement of binary Ar-H2 mixtures (Caldos) 

is additionally applicable in conditions where no other gases than Ar, H2 and H2O are 

present. 

In general, a QUENCH experiment consists of the following test phases: Heatup, pre-

oxidation (optional), transient, and quenching/cooldown. The last phase is accomplished by 

injecting water or saturated steam at the bottom of the test section. 

 

 
2.2.3. QUENCH-10 experiments on air ingress 
 

The first bundle experiment performed within the SARNET duration was the air ingress test 

QUENCH-10 [14]. The main objective of this test was to examine the oxidation and nitride 

formation of Zircaloy during air ingress, before flooding the bundle with water. 

 

2.2.3.1.Conduct and main results of experiment 
 

The bundle was pre-oxidised in steam at 1620-1690 K to get a maximum oxide thickness of 

approx. 500 µm, then temporarily cooled down to 1190 K in order to achieve a reasonable 

long duration of the subsequent air ingress phase. At the onset of the air ingress phase the 

change in flow from steam to air had the immediate effect of reducing the heat transfer from 

the bundle, so that the temperatures began to rise. The temperature increase was intensified 

by moderately raising the electrical power and increasing release of chemical power due to 

the strongly exothermic reaction between Zircaloy and air. Oxygen starvation, i.e. the 

complete consumption of O2 at elevations below the top of the bundle, and partial 

consumption of nitrogen was observed towards the end of the air ingress phase (Fig. 2). 
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Reflood of the bundle with 50 g/s water led to an only very moderate release of hydrogen 

(~5 g). 
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Fig. 2: Mass spectrometer measurements of H 2, N2, and O 2 during the air ingress and 
quenching phase of QUENCH-10. A small amount of H2 (note: scale is mg/s!) was released 

when O 2 is almost completely consumed, at the end of air i ngress 
 

The post-test inspection revealed an extremely oxidised and degraded bundle with strong 

relocation of cladding debris never seen before in any other QUENCH test, but no melt 

formation in the bundle. Nitride phases were (locally) detected over almost the whole bundle, 

causing enhanced degradation and loss of the protective effect of the oxide scale. 

 

2.2.3.2.Analytical support and model development 
 

QUENCH-10 (Q-10) has been analysed using most of the main core degradation codes; 

SCDAP (SCDAP/RELAP5/MOD3.2 and SCDAPSIM/MOD3.4) and MELCOR1.8.5 by PSI [15] 

ATHLET-CD by GRS [16] and RUB-LEE [42], ICARE/CATHAREv2 by INR/IRSN [17], 

MAAP4 by EdF [18] and SVECHA/QUENCH by IBRAE [19]. These are summarised below. 

The first post-test analysis was performed by PSI using MELCOR and SCDAP (the steam 

oxidation model in the latter code modified locally to simulate the kinetics and heat release 

from air oxidation). Both codes use parabolic oxidation kinetics for steam and air. Nitriding is 

not included. Good agreement was observed with the experimental data in the steam phase; 

however the reference case that used the standard MELCOR correlation for air oxidation 

overpredicted the oxidation rate in the air phase. The calculated temperatures are compared 

with data in Fig. 3.  
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Fig. 3: MELCOR1.8.5 calculation of QUENCH-10 using standard air oxidation model, 
showing difference between model and data in the ai r phase for centre rod temperatures.  

Key: TCR7,9,12,13 = data at 350,550,850,950mm;  
COR-TFU_109 to 115 = MELCOR calculated temperatures  at the corresponding positions 

 

The results at 350 mm, where temperatures are too low for oxidation, are in fair agreement 

and show that the reduced heat transfer in air is well reproduced. However at 550 mm gross 

overcalculation of the oxidation rate leads to a rapid excursion not seen in the test, such that 

upper regions are oxygen-starved early. There is similar but less extreme overcalculation at 

the top of the heated section, 850-950 mm.  

ATHLET-CD has been modified to include air oxidation effects and assessed against Q-10 

[16]. The air oxidation model assumes parabolic kinetics and considers only the oxidation, not 

the nitriding. An empirical reduction factor on oxidation rate is included to simulate oxygen 

starvation. For the transition of parabolic to linear kinetics, a critical oxide layer thickness can 

be specified by the user. For GRS calculations the model gives good agreement for 

temperatures at 850/950 mm elevation and above, but overestimates between 550 and 750 

mm, and while the calculated hydrogen production is nearly identical to the test data, there is 

less oxygen consumption in the calculation than observed. The new model was stated to 

adequately predict the cladding oxidation under air ingress, however later work simulating 

CODEX-AIT1 concluded that the effect of nitride formation has an important influence that 

should not be neglected, and that theoretical knowledge to date is inadequate. 

In the ATHLET-CD calculations by RUB-LEE the temperatures are close to the measured 

data of the experiment up to the end of the air ingress phase, where a sharp increase is 

calculated. This phenomenon is mainly observed in the middle of the bundle and the shroud. 

During the quench phase the temperature escalation is marginal only and the temperature 

decreases fast as it was observed in the experiment. The maximum temperature is calculated 

to app. 2350 K at 750 mm bundle height shortly after the quench water initiation. This 

calculated maximum is about 150 K higher and occurs 65 s later than the measured 

maximum in the experiment, which is observed at 950 mm height of one corner rod [42]. 

While the qualitative behaviour of the oxygen consumption is calculated quite well with a 

slight under-prediction at the beginning, quantitatively it shows an over-estimation at the end 
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of the air ingress phase. An oxygen consumption of about 93 g is calculated by ATHLET-CD 

which represents an over-estimation of nearly 11 % in comparison to the measured value of 

app. 84 g. Most of the oxygen consumption from the air is calculated from the bundle itself 

(~ 89 g), while the shroud and the grids consume only 4 g of oxygen [36]. 

Recent developments in ICARE/CATHAREv2 regarding air oxidation were tested by 

application to Q-10 [17]. The new modelling includes several correlations for oxidation 

kinetics (parabolic or linear) plus standard parabolic kinetics for oxide layer growth. Formation 

of ZrN in the Zr alpha-layer in the case of oxygen starvation is considered, with nitrogen 

starvation as well as the usual allowance for oxygen or steam starvation, but oxidation of the 

nitride is not considered. Good results were obtained for temperature evolution in the pre-

oxidation phase, while it was not possible to obtain good agreement at all axial elevations in 

the air phase. Furthermore, the experimental oxygen mass evolution during the air phase 

exhibited trends that were not captured by the parabolic air oxidation model regardless of the 

correlation used, as with the PSI analysis. It was concluded that the air oxidation model 

needed improvement, for example by taking into account breakaway kinetics. 

Air oxidation kinetics have been introduced by EDF into the code MAAP4 and tested against 

QUENCH-10 data [18]. In accordance with the overall literature, the acceleration of the air 

oxidation reaction rate (breakaway) due to transition towards non-protective oxide scales is 

treated in the code. Several correlations (parabolic and linear) are implemented to simulate 

pre- and post-breakaway oxidation. The breakaway transition is modelled using either a 

parameterised temperature criterion based on the zirconia phase transformation, or a 

criterion based on the mass gain at transition (specified by IRSN following MOZART 

experiments). With regard to QUENCH-10 simulation, parabolic correlations have been 

selected before and after breakaway [36]. This choice is justified by experimental findings 

from FZK. Indeed, the observations show that the air oxidation kinetic is not accelerated 

when zirconium have been pre-oxidised for a long time and at a high temperature. In the 

calculation, the thermal behaviour of the bundle and the qualitative behaviour of the oxygen 

consumption gave good agreement with experimental data. From a quantitative point of view, 

the oxygen consumption was slightly under-predicted during the air ingress phase. It comes 

probably from the use of a breakaway criterion based on the zirconia phase transformation. It 

leads to the conclusion that the air oxidation model still needs to be improved, for instance by 

taking into account new transition criteria and post-breakaway correlations based on the 

interpretation of FZK separate-effect tests. More details of these activities are presented in 

the WP9-3 periodical and synthesis reports. 

The above analyses that consider the whole bundle are consistent in concluding that further 

model development was required that takes into account the reaction with nitrogen which 

degrades the integrity of the oxide film, leading to breakaway. A critical quantity to calculate is 

the time-dependent oxygen flux in the offgas stream. The takeup of nitrogen itself most 

probably doesn't need to be modelled. The separate-effects data provided essential raw data 

for such development as presented in the WP9.3 section. 
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2.2.3.3. Separate-effects tests 
 

A huge amount of separate-effects tests on the oxidation of zirconium alloys in air and more 

prototypic air containing atmospheres have been conducted mainly at IRSN, FZK and INR. 

These results are also summarised and discussed in the WP9.3 section. 

 
2.2.4. Boil-off experiment QUENCH-11 (SARNET Benchm ark) 

 

The boil-off test QUENCH-11 was performed at FZK in December 2005 as the second of two 

experiments in the frame of the EC-supported LACOMERA programme [9]. The experiment 

focused on studying bundle behaviour during boil-off and subsequent quenching at a small 

water injection rate. 

 

.2.2.4.1. Essential results of the experiment 
 

The QUENCH 11 test phases can be summarized as follows [19], see Fig. 4. In Phase I a 

steady boil-off and a consequent top-down uncovery of the test bundle took place until the 

minimum water level of -190 mm was reached. In Phase II the steady evaporation continued, 

and the water level as well as the steam flow were kept fairly stable, i.e. between -190 and -

175 mm bundle elevation, by injecting ~1 g/s of 363 K hot water at 2575 s. The injection of 

~1 g/s of water was continued, even during the quench phase (Phase III). The temperatures 

increased by raising the electric bundle power. An onset of significant cladding oxidation was 

first detected with help of the hydrogen measurement at 4900 s, the maximum bundle 

temperatures being app. 1433 K.  

Quenching the bundle was conducted by injecting 17 g/s (plus 1 g/s) of water at 293 K at the 

bottom of the test section. Bundle temperatures in the hot zone were then ~2000 K. At 

elevations below 800 mm the progressive filling of the bundle led to a progressive bottom-up 

quenching, with no significant temperature increase after the initiation of reflood. Locations 

above 800 mm exhibited an initial and significant temperature excursion causing 

temperatures to exceed 2400 K. The excursion corresponded to an increase of hydrogen 

generation and is attributed to the heat produced by an intensive oxidation. The continued 

water injection was limited by a breach in the shroud, apparently at the 800 mm level. 

Locations above 850 mm were slowly cooled down after terminating the electrical heating. 

Temperatures close to saturation were reached after a quenching time of around 3000 s. 
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Fig. 4: Test conduct and main results of the boil-o ff test QUENCH-11 
 

Mass spectrometer measurements revealed the release of 9 g hydrogen during all phases 

before reflood initiation and 132 g hydrogen produced during the quench phase. 

After the experiment the QUENCH-11 bundle and its shroud appeared severely damaged, 

i.e. in the region above ~750 mm the shroud and bundle were partially molten, and the 

shroud was shaped to a large “bubble”. A look into the test bundle at ~800 mm elevation 

showed melt rivulets solidified in the flow channels. From above ~1000 mm the shroud fell off 

during dismantling. Furthermore, the shroud in the bubble-shaped region as well as the test 

rods were oxidized severely. 

The integral hydrogen release was estimated by post-test determination of all oxidised 

components on metallographic examination of the bundle. The sum of hydrogen produced by 

the oxidation of the various components (143 g) is in excellent agreement with the value 

measured online by mass spectrometer (141 g). 92 g (64%) of the hydrogen released was 

produced by the oxidation of prototypical bundle components, usually considered in CFD 

code systems, i.e. cladding tubes, corner rods, spacer grids, and inner shroud surface. 51 g 

hydrogen resulted from the oxidation of shroud outer surface and melt, heaters, electrodes 

and high-temperature thermocouples. This had to be taken into account for comparison of 

experimental and calculated results. 

 

2.2.4.2. The SARNET Benchmark exercise on QUENCH-11  
 

After the test, QUENCH-11 was chosen as a SARNET code benchmark exercise [20]. Its 

objective was a comparison between experimental data and analytical results to assess the 

reliability of the code prediction for different phases of an accident and the experiment. The 

SFD codes used were ASTEC, ATHLET-CD, ICARE-CATHARE, MELCOR, 
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RATEG/SVECHA, RELAP/-SCDAPSIM, and SCDAP/RELAP5. INRNE took responsibility as 

benchmark coordinator to compare the code results with the experimental data. 

As a basis of the benchmark exercise, histories of temperatures, hydrogen production, and 

other important variables were used. Besides, axial profiles at quench initiation and the final 

time of 7000 s, above all of temperatures, were compared. For most variables a mainstream 

of computational results could be defined. Larger discrepancies have been seen in the 

hydrogen production and the related oxide scale thickness, see Fig. 5. 
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Fig. 5: Integral hydrogen release during QUENCH-11 calculated by the various benchmark 
participants in comparison with experimental result s. 

 
Analysis shows that the agreement between calculated and experimental data is determined 

by both, limitations of severe accident codes and peculiarities of the experiment. Severe 

accident codes are intended and developed to analyze typical accident situations in nuclear 

reactors. Special features of the experimental set-up of integral tests like QUENCH-11 as the 

presence of a shroud and electrode materials for the electric heating are irrelevant for 

reactors and cannot be simulated in the desirable detail. User effects add to the problems. 

However, a limited bandwidth of some calculated mainstream results, including hydrogen 

production, was a good outcome of the code benchmark. Taking in view other experiments, a 

further demand for an improvement concerning the oxidation of severe damaged structures 

during a reflood scenario was seen. 

Additionally, the benchmark proved to be valuable for a number of participants to become 

acquainted with the physical problems and with the application of large severe accident 

codes. For the transfer of knowledge and experience to younger scientists and engineers, 

this is an important issue to maintain the standard of nuclear safety. 
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2.2.5. QUENCH-12 with VVER bundle 
 

The QUENCH-12 experiment [21, 22] was carried out within the ISTC Project #1648.2 to 

investigate the effects of VVER materials (niobium-bearing alloys) and bundle geometry on 

core reflood, in comparison with test QUENCH-06 using a western-type PWR simulator 

bundle (Zircaloy-4) [23]. QUENCH-12 was conducted with largely the same protocol as 

QUENCH-06 (Fig. 6), such that the effects of VVER characteristics could be observed more 

easily. The scenario of the test was more typical for spent pool fuel than for reactor accidents. 

 
2.2.5.1. Test conduct and essential results 

 

While the QUENCH PWR bundles are made of 20 heated rods, 1 unheated central rod and 4 

corner rods arranged on a square lattice, with a heated length of 1024 mm, the QUENCH-12 

VVER bundle uses 13 unheated rods, 18 heated rods and 6 corner rods, arranged in a 

hexagonal lattice. The coolant channel area ratio between two bundles is Q12/Q06 = 1.09, 

therefore the fluid flow rates were preset 9% higher for the QUENCH-12 bundle than for the 

QUENCH-06 bundle to provide the same flow velocity. The bundle material mass ratio was 

Q12/Q06 ~0.97, the metallic surface ratio was Q12/Q06 = 1.22.  

  
  
Fig. 6: : Temperature at the 950 mm elevation and e lectric power vs. time together with an 

indication of test phases and axial temperature dis tribution at the end of pre-oxidation 
phase for QUENCH-12 and ref. test QUENCH-06 

 

The steam-argon mixture, which entered the test section at the bottom, was heated with help 

of the bundle electric power and its preset axial power profile. The axial temperature 

distribution during the pre-oxidation phase shows that the greater part of the QUENCH-12 

bundle was oxidised for a long period at temperatures between 1000 K and 1300 K, i.e. 

under conditions typical for the E110 breakaway oxidation (Fig. 6). 

Corner rods withdrawn at the end of the pre-oxidation phase (rod D) and during the transient 

phase before quench initiation (rod F) revealed an extensive breakaway oxidation along the 

complete hot zone. The QUENCH-12 bundle was investigated in detail by videoscope before 

filling it with epoxy resin and by metallographic examination. These investigations confirmed 

the formation of breakaway oxides at all components (cladding, shroud, corner rods) and 

their partial relocation to grid spacers and the bottom of the bundle. Axial differences in the 

surface morphology were observed. The lowest elevation where breakaway oxidation of 
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cladding surface took place was at 400 mm. The maximum temperature at this bundle 

position was about 1120 K. No influence of the breakaway effect was observed for the 

QUENCH-06 bundle (Fig. 7). At the QUENCH-12 bundle, at the peak temperature elevation 

of 950 mm melt pool formation, non-coherent melt relocation, dissolution of embedded oxide 

scale and melt oxidation were observed. 

  

Fig. 7: Comparison of cross-sections of the QUENCH- 06 and QUENCH-12 bundles at the 550 
mm elevation 

 

 

Fig. 8: Comparison of hydrogen production (left) an d absorption (right) for the QUENCH-06 
and QUENCH-12 tests 

 

Measurements of hydrogen production during the QUENCH-12 test are as follows: 34 g were 

released during the pre-oxidation and transient phases and about 24 g in the quench phase. 

The amount released in the quench phase was six times higher than that in QUENCH-06 with 

~4 g (Fig. 8, left). Intensive hydriding of the QUENCH-12 claddings was observed at 

elevations with strong oxide spalling (Fig. 8, right) [24, 25]. The reasons for the increased 

hydrogen production are seen in extensive damaging of cladding, shroud and corner rod 

surfaces due to the breakaway oxidation, local melt formation with subsequent melt oxidation, 

and the release of hydrogen previously absorbed by the metal. 
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2.2.5.2. Analysis of QUENCH-12 
 

The determination of the test protocol was based on numerous calculations with 

SCDAP/RELAP5, SCDAPSIM and ICARE/CATHARE, carried out by PSI and by the 

Kurchatov Institute. The final calculations, which took advantage of the pre-experiment data, 

were performed by PSI using the SCDAP-based codes. 

A comparative assessment of QUENCH-06 and -12 provided an opportunity to examine the 

effect of alternative oxidation correlations on heat-up and hydrogen generation. Post-test 

calculations were performed using PSI (Paul-Scherrer-Institut) versions of SCDAP/RELAP5, 

following on from pre-test analyses [28] in support of the test definition. The input model was 

evolved from analyses of previous QUENCH tests with changes to accommodate the 

QUENCH 12 bundle configuration. Calculations were performed using the Sokolov 

correlation [29] for Zr1%Nb (E110) and two models for oxidation of Zry-4, namely the 

Cathcart-Pawel (C-P) correlation at T<1850 K combined with (i) the Urbanic-Heidrick (U-H) 

and (ii) the Prater-Courtright (P-C) correlation in the form recommended by Schanz et al. [30] 

at higher temperatures.  

Fig. 9 compares the results using the three correlations with the measured temperatures at 

the hottest elevation (950 mm) of the central rod. All of the cases are close to the data during 

the plateau, with almost perfect agreement with the E110 correlation and only a very slightly 

higher temperature with Cathcart-Pawel. The E110 correlation leads to a sharper increase 

than U-H during the transient phase just before quench initiation, but with little impact on the 

temperature at that time. P-C gives a large overestimate in temperature just prior to quench. 

However, all three cases exhibit rapid cooling and quenching at almost the same time.  

  

Fig. 9: QUENCH-12: Calculated and experimental temp eratures at 0.95 m elevation on 
central rod 
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Despite the similar thermal response through almost the entire sequence, all of the 

calculations underestimated the oxidation, as can be seen in Fig. 10. The E110 correlation 

gives a much lower hydrogen generation during the plateau phase of the experiment, 

although the final mass is similar to the C-P/U-H case due to greater oxidation just before and 

during quench. The C-P/P-C correlation gives the closest agreement for hydrogen mass, 

including a significant oxidation during quench, but the rate is overestimated in the period just 

before while the total mass is still underestimated overall.  

Although the E110 correlation gives a lower oxidation rate than C-P/U-H, the oxide thickness 

is greater. In fact the correlations for oxidation rate and oxide thickness are derived 

separately from weight gain and scale thickness measurements. The thicker oxide scale 

calculated by the E110 correlation suggests an inconsistency with the oxidised mass, or else 

evidence of a very low oxide density. Even so, Fig. 11 shows an underestimate over most of 

the oxidised length. It should be remembered that the QUENCH-12 behaviour suggests that 

E110 cladding may be prone to breakaway, suggesting that accurate measurements of 

weight gain and thickness might be difficult to obtain. 

It is worthwhile to consider the calculated oxidation in relation to a comparison between 

QUENCH-06 and QUENCH-12. As indicated above the pre-quench phases of QUENCH-12 

yielded 34 g, compared with 32 g in QUENCH-06. The effect of cladding material cannot be 

assessed by directly comparing the QUENCH-06 and QUENCH-12 results, partly because of 

the greater oxidisable surface area in QUENCH-12 (*1.22), and partly because the pre-

oxidation plateau temperatures were up to 100 K lower in QUENCH-12. After taking into 

account the area ratio, the pre-quench oxidation in QUENCH-12 is only slightly less than 

QUENCH-06, despite the lower temperatures. In fact, although analyses of QUENCH-06 [23, 

26] showed the C-P correlation to give quite good agreement for the pre-quench hydrogen 

generation, both the Sokolov and C-P correlation give an underestimate for QUENCH-12.  

    

Fig. 10: Calculated and measured 
hydrogen   

Fig. 11: Calculated and measured 
generation  oxide scale thickness

 
These considerations suggest that under QUENCH-12 conditions the E110 cladding may be 

more susceptible to oxidation than Zry 4, as could also be expected from the observed 

breakaway. The quench phase of QUENCH-12 yielded 24 g of hydrogen, which was much 

more than in QUENCH-06. The correlations all significantly underestimate the quench 

oxidation in QUENCH-12, even the C P/P C model which strongly overestimated both the 
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oxidation kinetics and the temperatures just before the start of quench. The differences 

between the correlations therefore do not explain the much greater hydrogen generation. 

Instead it appears this was due to processes outside the frame of a parabolic kinetic 

treatment, which enhanced the oxidation in QUENCH-12 but did not occur in QUENCH-06.  
 
2.2.5.3. Separate-effects tests 

 

In the frame of the investigation of advanced cladding materials extensive work has been 

done to characterise the high-temperature oxidation behaviour of various alloys including 

E110. A survey on the high-temperature behaviour of Zircaloy-4 and E110 observed in 

bundle experiments and small-scale tests as well as the status of modelling is presented in a 

recent ERMSAR paper [29]. 

 

2.2.5.3.1. Isothermal tests in steam 

 

Isothermal steam oxidation tests were performed in flowing argon/steam atmosphere using a 

resistance-heated vertical tube furnace [27]. The temperatures varied between 800 and 

1400 °C.  

The expected parabolic time dependence was found for E110 and Zircaloy-4 at all 

temperatures investigated, at least at the beginning of the oxidation (see Fig. 12). In Fig. 13 

the temperature dependences of mass increase rates are given for both materials. These 

temperature dependences can be described by two Arrhenius functions corresponding to the 

different oxide crystal structures.  

The transformation in the activation energy is about 50 K lower for E110 than for Zry-4. In the 

higher temperature range the activation energy of Zry-4 is lower than that of E110. In the 

lower temperature range it is opposite. However, the starting point for oxide breakaway at 

E110 can influence this finding. 

Fig. 12: Oxidation kinetics of E110 and Zry-4 at 80 0 and 1000 °C 
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 Fig. 13: Comparison of the temperature dependences  of mass increase rate of  
E110 and Zry-4 

 

The breakaway effect was observed at about 1000 °C for Zry-4 and in the range of 800 to 

1000 °C for E110. At these temperatures the oxidati on starts also a with parabolic time 

dependence. From there going up in temperature a linear function is found. The morphology 

of the spalled oxide is different between the two materials. These oxide layers are much finer 

for E110 than for Zry-4. At a first sight the comparison suggests a much lower oxidation rate 

of E110. However, during the experiments a lot of the spalled oxide of E110 got lost in the 

furnace. Therefore, the mass increase of this material was determined as too low in the 

temperature range where breakaway occurs.  

2.2.5.3.2. TG experiments in oxygen 

 

Thermo-gravimetric investigations have been conducted isothermally in oxygen-argon 

mixtures between 600 and 1100 °C as well as in tran sient tests up to 1580 °C [28]. These 

experiments confirmed the complex oxidation behaviour resulting in strong differences in 

oxidation rates at temperatures below 1100 °C where  the already discussed breakaway 

oxidation plays a role. Generally, a transition from parabolic or (sub-)cubic oxidation kinetics 

to linear (or even faster) is observed for both alloys between 600 and 1000 °C. This transition 

is more abrupt for Zry-4 and more gradual for E110 at most temperatures. The critical oxide 

scale thickness at which breakaway starts, increases with temperature from a few microns at 

600 °C to 70 and 30 µm for Zry-4 and E110, respecti vely, at 1000 °C. At 1100 °C and above 

the well known parabolic oxidation kinetics has been confirmed. 
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Fig. 14: Mass gain of Zry-4 and E110 cladding segme nts during isothermal oxidation in O2 
at 600 to 1100 °C (left); and reaction rate during transient tests from 1100 to 1600 °C (right) 

 
Obviously, the different compositions and manufacturing procedures result in varying 

susceptibility for breakaway oxidation in dependence on temperature. So, E110 shows slower 

oxidation rates than Zry-4 at 600 and 700 °C and co nsiderably higher rates at 800 and 

900 °C. At 1000 °C the situation changes twice with  time, finally resulting in severe 

breakaway oxidation of Zry-4. Beyond breakaway regime temperatures the kinetics are quite 

similar at 1300-1400 °C with a change from lower ox idation rates for the Nb alloy to the Sn 

alloy, as can be seen in Fig. 14. 

In transient tests starting from room temperature, only E110 showed breakaway passing the 

relevant temperature range which is another indication of the higher susceptibility to 

breakaway of the Nb alloy. Discontinuous increases in oxidation rates were observed for both 

materials at about 1000 and 1500 °C, indicating the  transition of the oxidic phases from 

monoclinic to tetragonal to cubic ZrO2 with increasing sub-stoichiometry and oxygen diffusion 

coefficients. 

 
2.2.6. QUENCH-13 with SIC control rod 

 

The QUENCH-13 experiment investigated the effects of the presence of a PWR control rod 

on early-phase bundle degradation and on reflood behaviour under integral conditions. In this 

test, the single unheated fuel rod simulator in the centre of the normal 21-rod bundle was 

replaced by the PWR control rod. The opportunity was also taken to measure, in realistic 

geometry, release of silver/indium/cadmium aerosols following control rod rupture. 

The test was successfully conducted at the Forschungszentrum Karlsruhe on 8 November 

2007. It was supported by PSI (Switzerland) and AEKI (Hungary) regarding aerosol 

measurements and by PSI, GRS (Germany) and EdF (France) regarding calculational 

support. There was a close cooperation between the WP9.1 and WP14 SIC circle during 

preparation and analysis of the test. 
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1.2.6.1 Test conduct and essential test results 
 

The experimental protocol involved heating the bundle in a flow of 3.0 g/s argon and 3.0 g/s 

steam to a plateau temperature of about 1250 K, below the expected failure temperature of 

the control rod, then pre-conditioning the bundle under steady conditions for about 5000 s, 

before ramping the power to achieve a heating rate of about 0.25 K/s. The power ramp was 

interrupted at about 1620 K, whereupon the bundle was subjected to constant power for 

about 1050 s to examine control rod behaviour under these conditions. Following this period, 

the power ramp was resumed; the test was terminated when the maximum measured 

structural temperature reached 1813 K, by reflood with cold water at 50 g/s following rapid 

filling of the lower plenum, and switching off the electrical power. One unheated corner rod 

was withdrawn following failure of the control rod for later checking of the extent of cladding 

oxidation at that point. A second corner rod was withdrawn after the experiment. 

Melting of absorber material was shown by changes in heat-up rate at temperatures of about 

1000 K (solidus) and at about 1100 K (liquidus). First indication of possible control rod 

damage was given by a sudden reduction of absorber temperature from about 1415 K at 

about 10000 s. A positive indication of control rod failure was given by the on-line aerosol 

monitoring system, which gave a sudden increase in count rate at about 10846 s. A second, 

much larger aerosol peak, of short duration, was observed at 11500 s, followed by a 

sustained period of aerosol transport that continued until the sampling system was isolated 

just before reflood. Impactor samples were taken at significant times, for elemental 

composition analysis. Post-test analyses confirmed first the release of cadmium and later of 

indium and silver (Fig. 15). 

 

Fig. 15: Analysis of aerosol release with PSI and A EKI impactors as well as on-line aerosol 
concentration measurements by ELPI. 

 

The total amount of hydrogen production is 42 g received in the pre-reflood phase and about 

1 g during quenching; there was no noticeable temperature excursion. 
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2.2.6.2. Analytical support 
 

The calculational support [30, 37] was organised through the Source Term area, linking the 

experimental team at FZK with modellers at PSI, GRS and EdF. Following agreement of the 

target test conditions, the modelling teams used SCDAP-based codes, ATHLET-CD and 

MAAP4 respectively to help the definition of the test boundary conditions, and in the latter two 

cases to estimate the control rod aerosol release. The facility models used were 

benchmarked against data from previous QUENCH tests, while also the ATHLET-CD release 

modelling was checked against Phebus FP data. The experimental protocol took account of 

the recommendations from the pre-test studies. Benefit was gained in the cooperation 

through the use of independent codes by different organisations, in lending confidence to the 

test predictions, and in obtaining different perspectives on the test conduct. Post-test 

calculations have been conducted following release of the definitive results. Post-test 

calculations have been conducted following release of the definitive results [43].  

 

2.2.6.3. Separate-effects tests 
 

The bundle test QUENCH-13 was supported by single rod tests performed in the QUENCH-

SR rig which allows inductive heating of rod specimens till their failure. The test rig is coupled 

with a mass spectrometer; temperatures are controlled and measured by a two-colour 

pyrometer and additionally measured by a thermocouple attached to the surface of the rod 

segment. Two video systems were installed to observe the failure mode and melt release. 

10-cm long specimens with different designs regarding contact between Stainless Steel (SS) 

and Zry-4 tubes (symmetric, asymmetric) as well as regarding possibility of inner Zry 

oxidation (with and w/o 4-mm holes in the Zry guide tube) were manufactured. The test 

conduct was as close as possible to the planned QUENCH-13 test protocol, i.e. including a 

5000-s plateau at 977 and 1150 °C, respectively, fo llowed by a slow transient phase (0.1 K/s) 

till failure of the specimen. All tests were performed in an oxidising steam-argon atmosphere. 

Five (out of ten) tests have been performed so far. Test matrix and main results are 

summarised in table 1. The failure temperatures were always above 1200 °C with the highest 

ones measured at the symmetric specimens (no contact between SS and Zry-4). The 

temperatures measured by thermocouples additionally indicate a later failure of specimens 

with (possibility of) inner oxidation of the Zircaloy guide tube. No clear influence of pre-

oxidation temperature was seen. The failure mechanisms were quite different between the 

specimens, from local failure with melt droplet splashing and rivulet relocation till explosive 

destruction. At the specimens with holes in the guide tube (allowing inner oxidation), the melt 

relocated internally and was released through these holes. 
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Test Sample Tpre-ox, 
°C 

T failure, °C 
(Pyro/TC) 

Failure mode 

SIC-01 
asymmetric 

without holes 
977 1240/1235 

failure at lower part of specimen with 
massive melt discharge 

SIC-02 
asymmetric 

without holes 
1150 1270/1225 

failure at middle part of specimen with 
droplets and rivulets 

SIC-03 
asymmetric 
with holes 

977 1235/1280 
melt release through lower holes for steam 

access 

SIC-04 
symmetric 
with holes 

977 1290/1290 
melt release through upper holes for steam 

access 

SIC-05 
symmetric 

without holes 
977 1355/1355 explosion of specimen 

 

Table I: Test matrix and main results of single rod  experiments on SIC failure 
 

The post-test appearance of the specimens is well documented by photography (Fig. 16). 

The metallographic post-test examination is under way. First results show a huge number of 

different phases due to the interaction between SIC, SS, and Zry-4. Furthermore, even very 

narrow gaps (10 µm) between the Zry guide tube and the SS cladding were found to be filled 

with SIC melt. Videos of all tests are additionally available. 

  

Fig. 16: Post-test appearance of SIC single rod spe cimens 
 

Experiments with the five remaining specimens are planned after complete analysis of the 

QUENCH-13 bundle test. Most probably, they will retrace the temperature histories of the 

elevations 950 mm (the hottest one) and 750 mm (lower failure position of the guide tube) of 

the bundle experiment. 
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2.2.7. QUENCH-14 with M5 cladding 
 

The QUENCH-14 experiment investigated the effect of M5 cladding material on bundle 

oxidation and core reflood, in comparison with test QUENCH-06 (ISP-45) that used standard 

Zircaloy-4. The PWR bundle configuration was identical to QUENCH-06. The test was 

conducted in principle with the same protocol as QUENCH-06 (Fig. 17), so that the effects of 

the change of cladding material could be more easily observed. This involved pre-

conditioning in superheated steam followed by a power ramp leading to bundle temperatures 

of about 1800 °C. The experiment was concluded by r eflood with water at room temperature 

and reduction of electrical power. 

The experiment was successfully conducted at the Forschungszentrum Karlsruhe on 2 July 

2008 in the frame of the Advanced Cladding Materials (ACM) test series. Pre-test 

calculations were performed by the Paul Scherrer Institute (PSI) using SCDAPSIM, 

SCDAP/RELAP5 and MELCOR, modified locally as necessary for M5 oxidation kinetics using 

separate-effects data from FZK. 

 

  

Fig. 17: Electrical power and bundle temperature at  950 mm elevation during QUENCH-14 in 
comparison with reference test QUENCH-06 

 

2.2.7.1. Test conduct and first experimental result s 
 

The experiment started with an application of electrical bundle power of ca. 3.8 kW, which 

was ramped step-wise to 10.8 kW over ca. 2000 s to achieve the desired pre-oxidation 

temperature at bundle peak position of 1240 °C, in a flow of 3.0 g/s argon and 3.0 g/s steam. 

Pre-oxidation was continued to 6000 s; at about this time a first corner rod was withdrawn 
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following previous practice, to check the oxidation level. The power was then ramped at a 

rate of 6.2 W/s to cause a temperature increase until the desired maximum bundle 

temperature of 1780 °C which was reached after abou t 1200 s. Then reflood with 41 g/s 

water at room temperature was initiated, following fast water injection to fill the lower plenum. 

The quench criterion and reflood rate were identical to those in QUENCH-06. The electrical 

power was reduced to 3.9 kW during the reflood phase, approximating effective decay heat 

levels. A second corner rod was withdrawn about 30 s before quench initiation, when the 

maximum bundle temperature was about 1700 °C. 

Following reflood initiation a moderate temperature excursion was observed. The peak 

temperature reached, 2035 °C, was measured on the s hroud, shortly after the quench 

initiation. Preliminary figures for hydrogen production are 35 g in the pre-oxidation and 

transient phases, and ca. 5 g in the quench phase; the total amounts released being similar 

to those in QUENCH 06, 32 g and 4 g respectively. Shroud failure was observed at around 

the initiation of reflood; while heated rod failure was observed towards the end of the 

transient phase. The remaining two corner rods were withdrawn after the test, again to check 

oxide levels and hydrogen absorption.  

Post-test examination and evaluation of the results is now under way. 
 
2.2.7.2. Analytical support 

 

QUENCH-14 was planned as a counterpart of QUENCH-06, but with M5 used as the 

cladding material instead of Zircaloy-4. SCDAP/RELAP5 and MELCOR models were 

benchmarked against previous QUENCH experiments including QUENCH-06 and then 

modified to take account of the change in cladding, using recent oxidation correlations 

developed at FZK [27]. It was calculated a small but noticeable effect of the M5 correlation in 

the lower temperature range, but the overall effect of the switch from Zry-4 to M5 is minor in 

the prediction, which was confirmed in the experiment. 
 
2.2.7.3. Separate-effects tests 

 

The QUENCH-ACM bundle tests are supported by an extensive SET program. First 

experimental series with various cladding materials in steam and in oxygen have been 

conducted in the temperature range 600-1600 °C [27,  28]. Strong differences between the 

alloys have been observed till ca. 1050 °C were bre akaway oxidation plays a role. Less, but 

still significant variation in oxidation kinetics have been observed at 1100 °C and above. The 

improved corrosion resistance for operational conditions of the M5 alloy proceeds at higher 

temperatures. The susceptibility to breakaway oxidation is significant less pronounced for M5 

than for other alloys. Only at temperatures above ca. 1400 °C the oxidation rate of the 

niobium alloys is slightly higher than of the tin-bearing alloys. 

Hydrogen absorption of SET and bundle sample has been performed by neutron radiography 

(NR). The installation of an in-situ furnace for the investigation of oxidation and hydrogen 

absorption kinetics is under way. 

The data obtained by SETs are used for model development and better understanding of the 

various phenomena observed in the integral tests. 
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2.2.8. Analysis and interpretation of the BWR test CORA-28 with ATHLET-CD 

 

Another activity outside the current QUENCH programme is presented in this chapter. The 

test CORA-28 [32] was performed 1992 at the Kernforschungszentrum Karlsruhe (nowadays: 

Forschungszentrum Karlsruhe) in the framework of the CORA test program to investigate the 

influence of pre-oxidation of the cladding material on the bundle damage behaviour. The 

CORA-28 test bundle simulated a BWR bundle and consisted of 9 rods (6 heated, 3 

unheated) and was surrounded by the BWR structures canister wall and absorber blade as 

well as by a shroud. The absorber blade was made of steel including B4C powder absorber 

material. 

For the post-test calculations nearly the same ATHLET-CD input deck was used as for the 

CORA-17 [34] and CORA-33 [35] simulations, which were performed at RUB-LEE within 

former research projects, so that only the actual initial and boundary conditions for the test 

CORA-28 were implemented. The calculations are performed with the current official program 

version ATHLET-CD 2.1A. Only half of the bundle is considered in the nodalisation scheme 

because of program specific needs on the one hand and the symmetry of the test facility on 

the other hand [33]. 

The zirconium oxidation of HEAT and HECU structures is calculated with the correlations of 

Leistikow (< 1800 K) and Prater/Courtright (> 2600 K) and a transition range between them.  

Taking into account the actual implemented BWR model basis the thermal behaviour of the 

simulator rods is calculated in good agreement using ATHLET-CD 2.1A compared to the 

measured data, as it is shown in Fig. 18 for the 750 mm bundle height as an example. 

 Fig. 18: CORA-28: Fuel Rod Cladding Temperatures o n 750 mm Bundle Height 
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Due to the over-prediction of heat losses during the cool-down phase, whereby the bundle is 

not actively cooled by water or steam reflooding, the bundle temperatures are under-

predicted during this phase. The thermal behaviour of the shroud consequently follows the 

temperature behaviour of the bundle but on a lower level due to radial heat losses. 

In comparison to the calculated thermal behaviour of the rods the thermal behaviour of the 

BWR structures – canister wall and absorber blade – follows qualitatively the temperature of 

the rods. Due to a temperature depending failure criterion the calculated temperatures of the 

BWR structures are under-predicted during the late phase of the experiment.  

The integral hydrogen generation of the bundle was measured to app. 102 g. In the 

calculation only half of the bundle is modelled, which means that the reference value for the 

comparison of the calculated and the measured hydrogen generation is set to app. 51 g. 

Nearly 85 % of the measured hydrogen from half of the bundle is calculated with ATHLET-CD 

2.1A, but the kinetics differ (compare Fig. 19). Due to an under-prediction of the temperature 

during the transient phase the hydrogen generation starts later in the calculation and then 

increases faster than in the experiment. Most of the hydrogen is generated by the oxidation of 

the fuel rods and the BWR structures, while the shroud has only a small contribution to the 

hydrogen source term. Finally, the oxidation of the BWR structures has a smaller influence on 

the hydrogen generation than the contribution of fuel rod cladding oxidation. 

The analysis of these results as well as the analysis of the actual implemented BWR model 

basis show that the implementation of a relocation model of BWR structures and the coupling 

of the B4C oxidation model as well as the B4C-SS interaction model with the BWR models 

are necessary to be able to calculate the physical behaviour of the all bundle structures in a 

better way.    

  

Fig. 19: CORA-28: Experimental and calculated hydro gen Generation 
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2.2.9. Analytical activities on previous QUENCH exp eriments 
 

Code validation on the B4C bundle tests QUENCH-07 and QUENCH-09 as well as 

corresponding model development are described in the WP9.2 section [39]. 

Another activity was to identify the cause of the troubles in the analysis if the Quench-03 test 

(significant underprediction of hydrogen production – see Fig. 20[40]) performed in NRI Rez 

with the MELCOR Code. The analyses of the Quench-01 and Quench-06 (as a part of the 

blind phase of the OECD ISP-45) were carried out with very good results, but the analysis of 

the Quench-03 test strongly underpredicted the temperature escalation in the hot zone and 

also the hydrogen production. The capability of the integral code MELCOR is not sufficient for 

more detail nodalization, so the SFD code ICARE2 was used for further analysis, with the 

code to code comparison as well. The analysis of the Quench-01 test with the ICARE2 code 

was used as the reference case for the preparation and tuning up of the input model, as in 

the case of the MELCOR analyses. The analysis of the Quench-03 test with the ICARE2 

code, in accordance with the MELCOR analysis, also strongly underestimated the 

temperature escalation in the hot zone and hydrogen production. 
 

Fig. 20: Quench-03 test total hydrogen 
production in Original MELCOR 

simulation   

Fig. 21: Quench-03 test total hydrogen 
production in improved MELCOR 
simulation with modified Zr Fibers 

conductivity 
For the more efficient assessment of the calculation results the ATLAS postprocessor was 

implemented. Three main types of the screens were prepared with the possibility to use one 

of them for the postprocessing of the results from the analyses done by both analytical tools – 

the ICARE2 as well as the MELCOR code. The copies of the screens are extensively used 

for the result presentations in this report. 

The assessment of the wrong result cause showed that the heat removal through the shroud 

in the hot spot area is overestimated during the heat up phase. What is a reason for this 

overestimation is not clear, but the consequence is that the temperature profile at the time of 

the reflooding onset has significantly underestimated temperatures in the hot spot – 

experimental values are above 2000 K, but the analyses done by both above mentioned 

codes predict values less than 1700 K. The phenomenon, which happened during the 

Quench-03 test was called “loss of heat removal through shroud in hot zone”, as a working 

term. The modeling solution of this phenomenon could be done by several ways; the NRI's 
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choice was based on the modification of the Zirconia fiber heat conductivity. Its reduction 

(mainly in the innermost modeling layer) resulted in the successful tuning up of the 

temperature profiles at the time the reflooding onset. Continuation of the calculation resulted 

in abnormal termination due to temperature unconvergency. The regressive application of the 

modified Zirconia fiber heat conductivity to the analysis of the Quench-01 test with the 

ICARE2 code resulted in the strong overestimation of temperatures and hydrogen production.  

The application of the modified Zirconia fiber heat conductivity to the analysis of the Quench-

03 test with the MELCOR code resulted in significant improvement in the temperature 

prediction as well as the hydrogen production (Fig. 21). Based on these results the 

conclusion related to the analytical simulation of the QUENCH tests could be done 

Phenomenon occurred in Quench-03 test only, not in Quench-01, so it is not possible to use 

the same model for analysis of both tests 

Only one of possible analytical approach to model this test was applied 

Final identification and description of the phenomenon, which occurred in Quench-03, should 

be done by the FZK experimenters, then the appropriate model could be developed  

The final conclusion from the effort is that the Quench-03 test specific phenomenon was 

observed. It influences the heat balance in the hot zone. The phenomenon is related to the 

shroud behavior, but the study of the shroud behavior is not an objective of the QUENCH 

program. The key objective of the QUENCH program is to study the phenomena related to 

the reflooding of the overheated core (fuel and control rods). The observations from this effort 

was also summarized in the paper [41] together with activates related to Quench-11 

Benchmark. Concerning the plant applications, the effort described above showed that the 

significant hydrogen underprediction in the original simulations of the Quench-03 test with the 

MELCOR and ICARE2 codes was not caused by the code faults, but the shroud specific 

behavior which is not typical reactor component. 

 
2.2.10. Contributions to the PARAMETER programme at  LUCH 

 

The PARAMETER programme [38] investigates phenomena associated with reflooding of a 

degrading VVER core under postulated severe accident conditions, in an early degradation 

phase when the geometry is still mainly intact. The objective of the PARAMETER-SF out-of-

pile test series is both the experimental and computational investigation of 19-fuel rods 

bundle behaviour under severe accident conditions including the stage of low rate flooding 

from bundle top (test PARAMETER-SF1) or high-rate flooding from bottom and top (test 

PARAMETER-SF2). The studies are performed according to the Work Plan of ISTC Project 

#3194 “Fuel assembly tests under severe accident conditions”. The PARAMETER 

programme is being realized jointly by the leading organizations of the Federal Atomic 

Energy Agency of the Russian Federation: FSUE EDO “GIDROPRESS”, IBRAE RAS, FSUE 

SRI SIA “LUCH”. The project is performed under financial support by ISTC and in close 

cooperation with leading European R&D organizations such as FZK, GRS (Germany), CEA, 

EDF and IRSN (France). The experimental part of PARAMETER project is supported by 

intensive analytical work. For this purpose widely used codes for NPP safety assessment 

were involved. Considerable contribution to the success of the PARAMETER project was 
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provided by teams from Russia (SOCRAT, PARAM-TG, ICARE/CATHARE, and RELAP 

codes), France (MAAP4) and Germany (ATHLET-CD). 

The claddings of the fuel rods are identical to those used in VVER with respect to material 

and dimensions. The fuel rods are filled with depleted UO2 pellets. 18 fuel rods are heated 

electrically over a length of 1275 mm. Tantalum heaters are installed in the centre of the rods 

to heat up the rods. The test bundle is surrounded by a hexahedral (SF1) or cylindrical (SF2) 

shroud, a thick ZrO2 fibre insulation to decrease radial heat loss, a thermal insulation shroud, 

and a water cooling jacket. 

 

2.2.10.1. PARAMETER-SF1 test on top flooding 
 

In the PARAMETER-SF1 experiment the behaviour of VVER-1000 assembly overheated up 

to 2000 ºС under top flooding conditions was studied. The experimental temperature 

evolutions are pictured in Fig. 22 and Fig. 23 together with post-test simulation results. 

 
 

Fig. 22: Claddings temperatures in the 2nd 
ring at the elevation of 1250 mm   

Fig. 23: Temperature axial profile for 
claddings in the 2nd ring rods

 
 

   
  

Fig. 24: PARAMETER-SF1 cross-sections 
 

Fig. 24 provides the pictures of the cross-sections at elevations 652 mm (local melt), 793 mm 

(total melting), and 1263 mm (the bundle oxidized but remained undamaged). 
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Total amount of the generated hydrogen was ~91 g and ~59 % of this amount was produced 

during the flooding stage. The maximum rate of hydrogen generation was ~0.19 g/s. 

  

Fig. 24: Hydrogen production during PARAMETER-SF1 
 

Fig. 24 shows a qualitative agreement of the calculated and experimental data. In spite of 

noted scattering in calculated temperature at the pre-oxidation phase, the amount of 

hydrogen generated at the end of the pre-oxidation phase was predicted by the codes with 

an accuracy of 30-40%. The main difference appears at the end of the transient stage and 

during the flooding stage. At the transient and the flooding stages, RELAP code predicts no 

extra hydrogen generation although during these phases melt formation and its strong 

oxidation occurred. Other codes simulating these processes give significant hydrogen 

release. However, all the codes underestimate total hydrogen production. 

 

2.2.10.2. PARAMETER-SF2 test on combined flooding 
 

In the PARAMETER-SF2 experiment the efficiency of the combined top and bottom flooding 

was studied for the VVER-1000 assembly overheated to 1500 ºС. During the experiment, the 

bundle was preoxidized for ~3400 s at the peak temperature of fuel rod claddings of 1200 °C 

in the flowing steam-argon environment. At the moment of switching the power before 

quenching onset the cladding temperature in the hottest zone at the elevation of 1250 mm 

was ~1400 °C. 

Water supply into top part of the test section resulted in cooling the fuel rod claddings at the 

elevation of 1250 mm and above. The effect of top flooding on the cladding temperature at 

1100 mm and below was not recorded by thermocouples. Water supply into the bottom part 

resulted in successive cooling of claddings at the levels of 0-1100 mm. 

Post-test analysis of the shroud state showed that it kept its integrity and leak tightness. 

Visual examination of the state of the assembly structural materials at the elevations of 702, 

1103 and 1250 mm are presented in Fig. 25. The fuel rod claddings were oxidized 

considerably and partially fragmented; there is no melt in the space between fuel rods. 
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    Z = 702 mm    Z = 1103 mm    Z = 1250 mm 
 

Fig. 25: PARAMETER-SF2 cross-sections. 
 

Post-test calculations were performed on the basis of the PARAMETER-SF2 experimental 

data on power history, mass flow rates, inlet temperature. In RELAP code Joule heating 

power instead electric power was applied as a boundary condition. All codes well reproduce 

temperature evolution of the bundle heated part besides the “hump” in experimental 

temperature at ~12000 s (Fig. 27). Calculated maximal temperatures before flooding onset 

correspond to experimental one (~1480 °C). 

Significant differences between calculated and experimental hydrogen flowrate for 12000-

13000 s time period for SOCRAT, ICARE, ATHLET, and MAAP would follow from un-

reproduced “hump” in temperature behaviour. The best coincidence between experimental 

and calculated hydrogen mass (Fig. 28) is achieved in calculations by ICARE code for the 

entire experiment. 28 g of hydrogen mass was measured at the end of the experiment; 

ICARE demonstrates 25.5 g. ATHLET and SOCRAT codes show lower hydrogen release. 

One of the possible ways to improve the calculated results is based on the clarification of 

“hump” causes. 

Fig. 26: Cladding temperatures   Fig. 27: Hydrogen release in SF2
 

2.2.10. PARAMETER-SF3 test on top flooding and PARA METER-SF4 test on air ingress 
 

Two bundle experiments called PARAMETER-SF3 and -SF4 are foreseen in the frame of 

ISTC project #3690. 
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PARAMETER-SF3 will be a repetition of the PARAMETER-SF1 test with reduced maximum 

temperature (1500°C) to avoid the formation of exte nded blockage formation in the bundle. 

Indeed, Counter Current Flow Limitation (CCFL) models implemented in the codes could not 

be easily assessed against PARAMETER-SF1 data due to melt pool formation and strong 

shroud damaging that occurred during the test. Besides, the comparison of PARAMETER-

SF3 and PARAMETER-SF2 tests will allow better evaluation of the efficiency of combined 

(top and bottom) quenching and top quenching only.  

The pre-test calculation support is centred on the experimental team at LUCH and modellers 

at PSI and GRS. Following agreement of the target test conditions, the modelling teams use 

SCDAP-based codes and ATHLET-CD respectively to help the definition of the test boundary 

conditions. The facility models used have been benchmarked against data from previous 

PARAMETER tests. The experimental protocol will take into account the recommendations 

from the pre-test studies. Benefit is gained in the cooperation through the use of independent 

codes by different organisations, in lending confidence to the test predictions, and in 

obtaining different perspectives on the test conduct. EDF will join PSI and GRS during the 

post-test calculations. 

PARAMETER-SF4 will focus on the study of the oxidation and nitride formation of Zircaloy 

during air ingress, before flooding the bundle with water. This test will be a counterpart to 

QUENCH-10 test as it allows using fuel pellets. Therefore, it will help to assess the 

competitive oxidation of cladding and fuel. 

The calculation support is organized through the Source Term area linking the experimental 

team at LUCH with modellers at PSI, GRS and EDF. The agreement of the target test 

conditions will come in a near future and participants will perform pre-test calculations as 

basis for recommended test conditions in time for LUCH to define test protocol. More details 

of these activities are presented in the WP14 Source Term Section. 

 
2.2.11. Summary, conclusions, and outlook 

 

During the duration of SARNET five QUENCH bundle tests have been performed with a wide 

variety of topics including air ingress, absorber rod behaviour and various cladding materials. 

This broad theme spectrum as well as the complexity of this large scale experiments needed 

and strengthened intensive international cooperation as it is supported by the SARNET 

network of excellence. Besides the collaboration within the WP9.1, SARNET-internal 

cooperation with WP9.3 (air ingress) and WP14 (Source Term) as well as with at least two 

ISTC projects was established. The QUENCH bundle tests needed and got strong analytical 

support by the various partners with PSI taking a leading position. Pre-test calculations 

helped to define the test conditions whereas post-test calculations were done to validate the 

various code systems. 

Additionally, comprehensive separate-effects test have been conducted for better 

phenomenological understanding of the high-temperature behaviour of various core 

components and to deliver data for model development and validation. 

With bundle tests QUENCH-12 (VVER, E110 cladding) and QUENCH-14 (M5 cladding) and 

reference test QUENCH-06 (Zry-4 cladding) three comparable tests with different cladding 

alloys have been conducted which considerably increased the data basis for validation of 
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corresponding code systems. These integral experiments as well as extensive separate-

effects tests have confirmed the need for future research on the high-temperature behaviour 

of advanced cladding materials. 
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2.3. Early phase core degradation and B4C effects ( WP9.2) 
 

This issue was not been selected in EURSAFE, but the conclusions of the COLOSS 5th FP 

project and the preparation of Phébus FPT3 test have shown needs of improvements of 

understanding and modelling of B4C impact on core degradation. Some questions remain on 

the core degradation early phase, in particular the influence of B4C degradation on the 

surrounding rods and especially on Zircaloy oxidation runaway, as well as oxidation of B4C in 

mixture form coming from the interaction between B4C materials and its Stainless-steel 

cladding. 

 

Investigation of the physical processes of B4C impact on core degradation has been carried 

out through separate-effect, coupled-effect and integral tests. From these experimental 

results, adequate models for the physical processes involving B4C degradation are 

developed and improved, with the ultimate aim of being included in the ASTEC integral code. 

Then, these models and the codes, in which they are implemented, should be qualified on 

coupled-effect and integral tests such as Quench and Phebus Tests. 

 

For that purpose, large works have been done related to interpretations and analyses of 

experiments with codes [such as ICARE/CATHARE (by IRSN), ATLHET-CD (by GRS and 

RUB-LEE), MELCOR (by PSI), MAAP (by EDF), ASTEC...]. 

 

The objectives of the activities performed in this WP9-2 are, also in particular, to drawn a 

common interpretation of these experiments (Quench 07/09 in one hand and FPT3 in the 

other hand) as regards B4C effect on core degradation and to propose recommendation for 

specific modelling that are still to be developed, and important for nuclear reactor core 

applications. 

 
2.3.1. Introduction 
 

Boron carbide is used in many designs of nuclear power plants like BWR, VVER, some PWR, 

and EPR as a neutron absorber material. It is important, therefore, to assess its effects on the 

main core degradation phenomena, as well as the gas release, and the impact on the fission 

products behaviour during severe accidents. This part is focused on the progress on the B4C 

control rod modelling in Severe Accident codes (SA), like ATHLET-CD, ICARE2, ASTEC 

MELCOR and MAAP, performed in the frame of the Network of Excellence SARNET during 

the five year activity of the Work Package 9.2, following on from the previous European Union 

5th Framework COLOSS project [38]. 

Starting from basic modelling derived from available tests reported in literature, large 

improvements of the correlation for B4C oxidation were gained from analytical experiments 

performed at FzK (Germany) and IRSN (France), mainly at higher temperature. 

The modelling has been applied to the analysis of experiments involving a B4C control rod in 

a small fuel rod assembly, such as Phebus FPT3 in pile experiment, as well as out of pile 

experiments Quench 07 and 09, aimed at studying the course of severe accidents.  
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2.3.2. Progress in oxidation B 4C modelling during the COLOSS and SARNET 
projects 

 
Boron carbide (B4C) is used as absorber material in Western (BWRs, some PWRs, EPR) and 

Russian (VVER) nuclear power plants. During a hypothetical severe accident B4C material 

from the control rod can react with steam in the reactor core and produce additional source of 

hydrogen besides Zircaloy oxidation. Furthermore, gaseous carbon and boron containing 

species are formed, which may affect the fission product chemistry in the containment. 

Before the COLOSS and the following SARNET projects, experimental database on the 

phenomenon was very limited especially at high temperatures (T ≥ 1273 K). Only a few data 

sets were available on the oxidation kinetics of boron carbide, most of them have been 

obtained at temperatures less than 1273K (Litz, 1963 [1] for powders); Elrick et al., 1987 [2]; 

Liljenzin et al., 1990 [3] and up to temperatures of 1573 K for published results on the 

oxidation of hot-pressed B4C pellets Sato et al. (1988 [4]). Temperatures interesting severe 

Accident transients regarding B4C oxidation were above 1600-1800 K (Fig. 1) after the failure 

of the stainless steel control rod tube and the Zircaloy guide tube. 

 

To get complementary data, a program [5] in the VERDI furnace, has been initiated by the 

IRSN in the framework of the COLOSS project under the EU 5th Framework Programme on 

Nuclear Fission Safety (contract number FIKS-CT-1999-00002). This issue was not selected 

in EURSAFE, but the conclusions of the COLOSS project and the foreseen interpretation of 

Phebus FPT3 test showed needs of improvements of understanding and modelling of B4C 

impact on core degradation. This program as BECARRE (part I) continued in the frame of the 

International Source Term programme jointly carried out by IRSN, CEA and EDF, with 

European and US-NRC contributions. Other tests were performed by FzK (Germany) in the 

BOX [6] and TG [7] facility in parallel to the Bundle-Quench Program within the COLOSS 

project (2000-2003) [8]. 

 

The sections below are focused on the progress on the B4C control rod modelling in Severe 

Accident codes, like ATHLET-CD, ICARE2, ASTEC, MELCOR and MAAP performed in the 

frame of the Network of Excellence SARNET during the five year (2004-2008) activity of the 

Work Package 9.2 and their applications to Quench and Phebus experiments. 

 

The need for B4C modelling in ICARE2 has risen in the frame of the preparation of the 

Phebus FPT3 experiment in 1999. At that time, as introduced before, the only available data 

were those of Elrick, Liljenzin and Sato, for temperature below 1573K. The extrapolation of 

those oxidation rates at higher temperature was found to introduce too large uncertainties up 

to factors of 8 to 10 (figure 1). So, additional experiments were launched by IRSN and FzK. 

Nevertheless, it was decided to start modelling activity for ICARE2. At that time (in 2000 for 

the first Phebus FPT3 test protocol), the Liljenzin correlation (table 1 –line 1) was chosen. 
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Figure 1: B 4C Oxidation kinetics (mole/m2/s) available before 1 990 

 
Analysing those available results (Fig. 1) in more details, it was shown a dependence of the 

kinetics as function of partial steam and total pressure. A simplified model was developed in 

ICARE2 code in 2001 (0), following an Arrhenius form with the below formula for the kinetic: 

βα
TotOH

RT

E

PPekk
a

20

−

=  

The various chemical reactions involved in the B4C oxidation by steam are described by the 

following reactions: 

 

 B4C + 7H2O(g) ↔ 2B2O3 + CO(g) + 7H2(g) (1) 

 B4C + 8H2O(g) ↔ 2B2O3 + CO2(g) + 8H2(g) (2) 

 B4C + 6H2O(g) ↔ 2B2O3 + CH4(g) + 4H2(g) (3) 

 B4C + 6H2O(g) ↔ 2B2O3 + C          + 6H2(g) (4) 

 

The resulting boric oxide can react with steam to form boric acid or it can be vaporized: 

 B2O3 +   H2O(g) ↔ 2HBO2(g)        (metaboric acid) (5) 

 B2O3 + 3H2O(g) ↔ 2H3BO3(g)       (orthoboric acid) (6) 

 B2O3 +   H2O(g) ↔ 2/3(HBO2)3(g) (trimer of metaboric acid) (7) 

 B2O3 ↔ B2O3(g)                    (8) 

 

In addition, three secondary reactions can take place: 

 CH4(g) +   H2O(g) ↔ CO(g) +  3H2(g) (9) 

 CH4(g) + 2H2O(g) ↔ CO2(g) + 4H2(g) (10) 

 CO(g) +    H2O(g) ↔ CO2(g) +   H2(g) (11) 

  

The oxidation of a solid B4C pellet results in the formation of liquid boron oxide (B2O3), of 

gaseous carbon species and hydrogen. At high temperatures, the liquid boron oxide directly 

evaporates or reacts with steam to form volatile boric acids. The kinetics depend on the B2O3 

behaviour, but considering the temperature range which corresponds to accidental conditions 

including B4C oxidation, a linear kinetics assumption, consistent with experimental results, 

has been retained (meaning a null or a constant thickness of the B2O3 liquid film). 
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In this simple modelling, the code user must decide upon the amount of H2O consumed and 

of H2 released to oxidize one mole of B4C. Based on thermodynamics equilibrium 

calculations, a set of most probable equations has been retained leading to the following 

results [9] the oxidation of one mole of B4C consumes 10 moles of H2O and releases 8 moles 

of H2 (reactions taking into account B4C oxidation and B2O3 consumption).  

 

The heat released by the oxidation reaction is constant versus the temperature depending on 

whether or not the consumption of B2O3 is taken into account. Up to 1327°C, the used valu e 

is 800 kJ/mole of oxidized B4C; beyond 1327°C, the heat is lowered to 100 kJ/mol e of 

oxidized B4C, mainly to take into account the formation of metaboric acid. 

 

This preliminary modelling (with parameters given in table 1 –line 4) was used to perform 

FPT3 pre-calculations in 2002. The correlation has been improved by IRSN in 2004 by taking 

into account new results coming from VERDI [5] and BOX [6] experiments. This new kinetic 

(table 1 – line 5) has been used to analyze Quench 07-09 experiments and in the preliminary 

Phebus FPT-3 post test calculations (cf section § 3.5). 

 

In the same way, FzK and GRS for ATHLET-CD developed other kinetics (table 1 – lines 6, 7 

and 8). Analysing all the results coming only from FzK [11] (T<1673K), Veshchunov et al. [12] 

have developed specific modelling where the kinetics depends on temperature, linked to 

physical understanding of the chemical process. Below 1373K, the kinetics are mainly 

governed by the formation of boric acids from the B2O3 reaction with steam (eq. 5 to 7), and 

above 1373K, the kinetic are governed by direct evaporation of B2O3 (eq. 8). This modelling 

following the same parameters (table 1 – line 11) as proposed by IRSN in 2002, has been 

published in 2007 [13].  

Remark : those correlations are not available for high pressure transient 

The table 2 summarizes all the data, which were used by IRSN, including the last results 

obtained in the BECARRE (part I) experiments [14] to build a best estimate correlation for the 

B4C oxidation kinetic in 2006 and recently published [15]. 
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 T(K) k0 

(molB4C/m2/s) 
Ea  

(105 J/mol) 
α β 

Liljenzin  3.29 10+3 1.81 0 0 
Litz  5.29 10-9 0.46 0 0 
Sato  1.03 10+2 1.54 0 0 
IRSN (2002)  34.17 1.6334 1.18 -0.78 
IRSN (2004)  263.32 1.8587 1.18 -0.75 
BOX data (FzK 6979)  6.81 10+3 1.887 0 0 
VERDI data (GRS)  1.143 10+3 1.503 0 0 

< 1800 1.143 10+3 1.503 0 0 VERDI BOX data (GRS) 
> 1800 1.471 10+6 2.586 0 0 

FzK BOX data *  1.471 10+6 2.586 0 0 
FzK BOX/TG data *  1.250 10+6 2.650 0 0 

Rj 2.5 10-7 0.216 1 0 Veshchunov (2005)** 
Rj+1 6.0 10+5 3.829 1 0 

< 1400 4.33 10-6 0.25 1 -0.25 IRSN (2006 ) 
> 1400 3.64 1.775 1 -0.25 

 MELCOR correlation***   1.662167 10+5 1.88299 0 0 
* for B2O3 reduction 
**  Veshchunov approach : Rj + Rj+1 (cf § 3.4.2) 
*** developed for BWR control blades 
 

Table 1: Coefficient for the B 4C oxidation kinetics 
 

Experiments Liljenzin, Litz, Sato BOX FzK [11]  VERDI [14]  
 1963-1990 2000-2003 2001-2005 

Number of tests 
used for modelling 

21 ~40 (29 used for IRSN 
modelling) 

69 tests 

Pellets Pellets and powders Framatome, Codex, ESK Framatome 
Type of 

measurement 
Mass balance H2 release Mass balance 

Ptot (atm) 10-2 – 1 1 1 
Psteam (atm) 10-2 – 10-1 0.43 - 0.07(8) - 0.6(1) 0.2 - 0.4 - 0.8  0.9 

Temperature (K) 1127-1573 1073-1673 1473-2073 
Qtot (g/min)   2.5 – 10 

Velocity (m/s)   1 – 5 
 

Table 2 : Synthesis of experiments related to B 4C oxidation 
 

The main point of the model concerns the building of the reaction kinetics, which has been 

done with a large set of available experiments dedicated to the measurement of B4C 

oxidation kinetics. This set is composed of about 120 tests, including tests performed by 

Liljenzin, Sato, tests realised at FzK in the BOX facility for the temperature range between 

1073 and 1673K and 69 tests realised in the VERDI furnace at IRSN, for a temperature range 

extending the previous one to the domain to 1473-2073K. The main conclusions derived from 

the analysis of these experiments, are that the reaction kinetics can be described in the form 

of an Arrhenius law, the main relevant parameters being the temperature, the steam partial 

pressure, and the total pressure as proposed earlier (table 1 – line 12). 
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Figure 2 illustrates the kinetics calculated with this correlation as function of oxidation rate for 

experiments, plotted in ln(k). The whole set of points staying close to the bisecting line 

supported the validity of the correlation along the various test conditions. The tests issued 

from the VERDI experiment (red points) represent the conditions of high kinetics, and are 

grouped toward the upper right extremity.  

IRSN  

Veshchunov 

FzK 

 
Figure 2: Oxidation kinetics law in ICARE2 code ver sus experiments 

The higher kinetics given by the Veshchunov correlation at high temperature, which did not 

take into account the VERDI results, could explain the discrepancy (factor of 2 on the 

Activation Energy Ea – table 1). 

 
2.3.3. Additional experimental activities involving  B4C degradation processes 

 

The experimental activities performed during the last period by IRSN, are related to the 

BECARRE sub-program (boron carbide degradation studies), which is part of the 

International Source Term Program (ISTP) : 

 

devoted to the oxidation of B4C /steel mixtures with the study of Fe/B, Fe/B4C and Stainless 

Steel/B4C mixtures oxidation (BECARRE Part II), 

preparation of the B4C control rod degradation tests (BECARRE Part III). 

 

2.3.3.1 Boron carbide degradation: BECARRE Program (part II) 
 

These tests BECARRE (part II) will supply data on B4C/steel melts oxidation and on related 

H2 production in order to obtain an oxidation kinetic law. Those tests were defined in 0. 

Because of the test complexity, exploratory tests with simpler compositions than steel/B4C 

(Fe-B and Fe-B4C) have been performed at the beginning of the program : 21 exploratory 

tests were performed with a 95 % Fe – 5 % B composition at 1527°C. Then, experiments for 

the pre-defined test matrix started with the 5%B4C concentration in the mixture. 

 

The nominal conditions were : T=1527°C, PH 2O 0,43 bar, QH2O =60,5g/h. 
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Taking into account that the kinetics of the solid B4C was obtained  with the following 

formula : 

βα
TotOH

RT

E

PPekk
a

20

−

=  

the test matrix was defined to investigate the effect of temperature and the steam partial 

pressure. The mass flow rate was also tested. 

 

To complete the previous tests [17] [18], the planned work foreseen during the last period 

was the following : 

 

Study of oxidation mechanism of SS-5%B4C mixture at 1300°C 

Oxidation of a 10 %B4C mixture at 1527, 1422 and 1300°C. 

Oxidation of a 20 %B4C mixture at 1527°C 

Effect of Q steam and P steam on oxidation rate.  

 

Rapidly, it was found during the preparation of the sample that the 20 %B4C mixture at 

1527°C was not liquid and was replaced by the 15 %B 4C concentration. After detailed post 

analyses, samples even with 10 and 15 %B4C, which were used for some experiments, were 

not completely liquid. The maximum B4C concentration which lead to liquid sample was 9 %: 

this value represents the upper limit of the B4C content in the mixture described in ICARE2 

code. Finally, 50 tests with B4C and Stainless Steel, given in the table 2 below were 

performed between May 2006 and September 2007. 

 

Those complementary results were presented to the ISTP partners, during the technical 5th 

ISTP BIC meeting held in Aix-en-Provence (18/10/2007) [19]. 

 

PH2O=0,43 PH2O=0,43 PH2O=0,8  

%B4C 

 

Température 
QH2O (g/h)=60,5 QH2O (g/h)=10 QH2O (g/h)=60,5 

0 % : acier pur 1527°C 1   

1284°C 6   

1422°C 5   

 

SS-5%B4C 

1527°C 10 4 4 

SS-9%B4C 1527°C 7 2 2 

SS-10%B4C 1527°C 8   

SS-15%B4C 1527°C 1   

  
Table 2 : tests matrix as performed 

 

At high temperature (above 1423°C), three stages we re confirmed in H2 production. In the 

first stage a moderate H2 production rate was controlled by the formation and disappearance 

Pure steel 
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of a Cr-rich B2O3 liquid layer. In the second stage a significant H2 production rate was 

observed. A viscous layer composed by Cr2O3 isolated grains in a complex liquid formed 

above the mixture. As the quantity of Cr2O3 increased, the viscous layer progressively 

solidified. In the third stage a low H2 production rate was again detected, limited by the 

Cr2O3 protective crust. At high temperature, H2 release rates were not affected by B4C 

content in the oxidised mixture but by flow parameters: the oxidation was limited by mass 

transfer through a gas boundary layer. A linear dependence between Boron content in the 

oxidised mixture and total quantity of H2 generated during the first oxidation stage was 

observed. 

 

At lower temperature (1289°C), only one stage was o bserved in H2 production. The 

hydrogen production rate was lower than that measured at higher temperature and limited by 

a complex multilayer scale. In some tests, a sharp peak in H2 production rate was measured. 

This peak corresponded to significant melt liquid projections. 

 

To summarized, the main implications of mixtures oxidation tests (showing very complex 

phenomena) were that the oxidation kinetics of Stainlees-Steel/ B4C mixtures dependent of 

events affecting mass transfers (liquid films, bubbles, liquid projections, solid crusts 

formation…) with several stages, illustrated in the above figure 3 : 

 

 Kinetic of initial oxidation stage dependent on mass transfer through liquid Cr-rich/ B2O3 and 

gas boundary layer with a preferential the boron oxidation 

Important role played by Chromium from Stainless Steel 

Fe and Cr oxidation during  phase 2 

Low CO and CO2 releases were observed mainly during the phase 2 and 3 

 

A report has been written, as a draft, during the period (JPA5/TPA5). It will be released, later 

after verification and approval by the ISTP partners. 
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Figure 3: selection of B 4C/SS mixture oxidation tests 

 

Interpretation of these experiments has started at IRSN in cooperation with EDF in order to 

propose modelling able to be included in Severe Accident code such as ICARE2/ASTEC 

(IRSN ) and MAAP (by EDF). Those results should be used by GRS (for ATHLET CD) and by 

PSI (for MELCOR). 

 

2.3.3.2 BECARRE (part III) tests for the degradatio n B4C control rod segment 
 

B4C rod degradation tests should provide understanding of B4C rod degradation progression 

and data on degradation. They will be performed in the INTERMEZZO facility. Those 

experiments have prepared using ICARE.CATHARE pre-calculations [20]. 

Three degradation tests have been initially defined as the following: 

 

• Test 1- Study of the partial degradation of a B4C rod. The aim of this test is to provide 

data to understand better the degradation mechanisms of a B4C rod, 

• Test 2- Study of the interaction between a B4C rod and neighbouring structures. The 

test objective is to study the splashing of the liquid mixtures formed during the 

degradation of a B4C rod over the surrounding rods. A Zircaloy cylinder will be used to 

simulate geometry similar to that of the Phebus FPT3 first crown of fuel rods. The 

maximum temperature of tests 1 and 2 will be 1680°C , 

• Test 3- Study of gases formed during degradation. The objective of this test is to 

study conditions favouring the formation of CH4 to elucidate if this gas can be formed 

in significant amount in a severe accident and impact significantly fission product 

behaviour.  

 

5% B4C conditions standards: 8 tests selected

0,000

0,002

0,004

0,006

0,008

0,010

0,012

0,014

0,016

0,018

0,020

0 5 10 15 20 25 30 35

time (min)

H
2
 (

m
ol

/m
in

)
ox 100
ox 101
ox 102
ox 103
ox 106
ox 104
ox 107
ox 108

Preferential 
oxidation of 
the boron 
and 
chromium 

Fe, Cr oxidation 

Phase 2 

Phase 1 

Phase 3 



49/260 

 

 

Due to problems on the test device, these tests initially foreseen at the beginning of 2008 

were postponed.. Additional months of delay in test section delivery for rod degradation tests 

are needed, so the 1st test is now scheduled for the first semester of 2009. 

After IRSN proposal, the 3rd degradation test devoted to CH4 formation will be replaced by a 

simulation  program: calculations completed, if necessary, by a program of analytical tests to 

study kinetics of CO + H2 + H2O mixtures (preliminary calculations performed at 700°C 

indicate a very low CH4 concentration even if it increases with pressure and residence time). 

This has been discussed with the ISTP partners during the last SAWG meeting held in 

Bergen, in April 2008. 

 
2.3.4 Implementation of the modelling in the severe  accident codes 

 

The modelling of the  B4C oxidation has been largely improved during the SARNET period 

and implemented in the Severe accident such as ICARE/CATHARE (IRSN), ATHLET-CD 

(GRS), MELCOR (PSI) and MAAP (EDF). 

 

2.3.4.1 ICARE/CATHARE code 
 

The ICARE2 V3mod1.4 code is the stand-alone core degradation module of the 

ICARE/CATHARE V1 code system developed by IRSN, devoted to the Nuclear Power Plant 

calculations under severe accident conditions with an extensible validation campaign [21]  

We only describe, here after, models dealing with B4C control rod degradation. 

 
a) Chemical interaction B 4C/SS: in “ideal” conditions (inert atmosphere and “ideal” 

contact), a 1 mm thick wall of an as-received SS tube can be converted by B4C at 1250°C 

into a liquid phase within ~100 s. These results were calculated by empirical correlations, 

obtained by Hoffman and Uetsuka in experiments with crucible (see Belovsky et al, 1997 

[22]). Later, Belovsky developed a B4C/SS chemical interaction model for ICARE2, based 

on separate effects tests (SET). He showed that the parabolic correlations are applicable 

to the real geometry of control rod segments and to transient conditions as well. 

Modifications were performed on the original model; the main conclusions were the 

following: 

1. the parabolic correlations of Uetsuka for B4C-pellets were added, 

2. the B4C/SS interaction begins at 800°C; the tran sition temperature to the accelerated 

kinetics is set to 1210°C and the reaction rate is increased above this temperature, 

3. because ~6 wt% of carbon was detected in the reaction zone, the B4C fraction in the 

B4C/SS mixture simulating the reaction zone was increased from 5.5 wt% to 9 wt%. 
b) Chemical interaction B 4C/SS/Zircaloy-4 : in ICARE2 there is a module which calculates 

the liquefaction of Zircaloy by solid stainless steel. It is however not used in the 

calculation, mainly because the contact between the steel cladding and the guide tube is 

never met, not allowing the interaction to begin. Because of the lack of modelling of 

chemical interaction B4C /SS/Zry-4, it is therefore usual, in standard ICARE2 simulations, 

to assume that the control rod failure is issued from an instantaneous Zircaloy dissolution 
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by the molten B4C/SS mixture. Usually, the melting temperature of the stainless steel 

(~1450°C) is selected as key-event to trigger the r upture of the control rod. 

 

In the experiments made by Hoffman and Uetsuka, under similar “ideal” conditions, a 0.5 mm 

thick zircaloy-4 wall can be consumed by steel at 1200°C within ~10 s. This illustrates the 

hypothesis of quasi instantaneous Zircaloy dissolution by the molten B4C/SS mixture, as 

compared to the timing of the B4C/SS interaction. However, in the more appropriate geometry 

of control rod segments, it was shown by Belovsky in 2000 that an important parameter 

influencing the specimen behaviour was the degree of oxidation of the Zircaloy-4 guide tube, 

meaning the thickness of the zirconia scale. One possibility to take into account this 

experimental observation in the modelling was the following recommendation, for ICARE2 

users, to set the integrity criteria of the guide tube in such a way that its failure happened 

between ~1300°C and ~1450°C(1723K). These facts wer e confirmed by the Separate Effects 

Tests made at FzK [23], which showed the importance of the outer ZrO2 oxide scale 

preventing melt relocation. Concerning the embrittlement criteria of the guide tube, the option 

usually selected is based on the dislocation of the steel cladding. This dislocation can happen 

upon melting, but also on the disappearance of the initial solid zircaloy, when all the cladding 

has been transformed into B4C/SS mixture. 

 

So, the failure of the control rod is foreseen for 2 criteria: 
• When the SS cladding is totally dissolved by the B4C (B4C /SS interaction) or 
• when guide tube temperature > 1450°C (1723K) 

 

After the failure of the B4C control rod, B4C oxidation can start. The kinetics used in 

ICARE/CATHARE code is well described in the section § 3.2. The ICARE2 provides the 

amount of H2 released and the amount of B4C consumed due to the boron carbide oxidation. 

The formation of various carbonaceous species is not taken into account. 

 

In the frame of severe accident phenomena in nuclear reactors, the modelling of the 

degradation phase requires the understanding of the many above-described physical 

processes, leading to the degradation of the control rod. When boron carbide is used for the 

control rod, the sequence of events for the degradation leads to the oxidation of the solid B4C 

pellets, and also to the oxidation of a molten alloy of B4C, steel and zircaloy. Many 

experimental tests have been performed to model the oxidation of solid B4C pellets. The 

various experimental conditions for the temperature, the steam partial pressure and mass 

flow rates leads to a semi-empirical correlation used in the code ICARE2 in the following 

form: 

 
βα

TotOH
RT

E

CsolB PPekk
a

24 0

−

=   (moles of B4C oxidized/m2)/sec    (12) 

This correlation gives the molar amount of consumed B4C. The four parameters (k0, Ea, a, b) 

have been established [15] on an experimental database of more than 120 tests, using a 

relationship between the loss of mass of the oxidized B4C and the release of hydrogen, 

based on the most probable chemical reactions (1 mole of B4C gives 8 moles of H2). ICARE2 

calculations of the Phebus-FPT3 test have been performed using this correlation for the B4C 

oxidation. The code results, which are in good agreement with the experimental ones, show 
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that there is about 15 wt% of the initial mass of B4C which has been transformed in a molten 

SS- B4C mixture during the test. This mass can be oxidized but, as there are no specific 

oxidation laws for the B4C in molten mixture, the previous correlation for the oxidation of the 

solid B4C pellets has been used (similar modelling between solid and melts exists in ICARE2 

for the Zry and SS materials). 

 

Knowing that the oxidation rates of pure molten material can be much larger than those of the 

solid ones, the validity of the previous calculations can be raised about the B4C oxidation in 

melts. To get some more understanding, the BECARRE II tests series have been launched. 

About fifty tests of oxidation of molten mixture composed of B4C and stainless steel (SS) 

have been done from May 2006 to September 2007 at IRSN. Starting from the ‘standard 

conditions’ (SS-5wt% B4C mixture, T=1527°C, PH 2O=0.43bar QH2O=60.5 g/h) previously 

determined in the definition report [16], some variations of the leading parameters have been 

made according to the identified parameters of the oxidation of the solid material (the 

temperature, the steam partial pressure and the flow rate), and according to the requests of 

definition report (the wt% of B4C dissolution in the mixture). For each test, the release of 

hydrogen and carbonaceous species have been measured, and a chemical analysis of the 

final frozen melts has been performed for some series. 

 

A first look at the experimental results (cf §3.3.1) shows that there are many types of 

oxidation rates which are not straightforwardly correlated to the various experimental 

conditions, as the increase of the dissolution range of the B4C in the mixture, which does not 

appear in the correlation (eq. 12). This makes it challenging to deduce any general kinetics of 

steam oxidation of molten alloys from the gas release rates of oxidation, based on a very 

simplistic modelling of the chemistry.  

 

So, the objectives of this initial work have to be clearly defined and restricted:  
• in connection to what is actually modelled in ICARE2: simply find the oxidation rates of 

only the B4C material in the melt within the BECARRE II measurements. Can they be 
approximately modelled with the correlation (eq. 12) for the solid pellets, using similar 
coefficients (k0, Ea, ) or newly determined ones, 

• and also in connection to what happens during the sequence of degradation: simply 
model short oxidation periods at rather high temperature levels (based on FPT3 
interpretations with ICARE2 [12]). The whole history of the hydrogen release is not what 
is looked for. 

• A detailed study of the various kinetics measured in these experiments underlines the 
general tendency that the beginning of the hydrogen release is made of two plateaus 
(roughly): 

• a first plateau representative of the preferential oxidation of the boron (alloys Fe-B, Fe- 
B4C) or of both boron and chromium (B+Cr) (alloy SS- B4C) 

• followed by a step increase in the rates and a second plateau, at higher release rates, 
representative of the SS oxidation (mainly Fe).  

 

These tendencies have been confirmed by the chemical analyses of the final frozen melts of 

the simple exploratory tests (Fe-B and Fe-B4C). This preferential oxidation of the boron – 

and/or the chromium- within the melt is also in agreement with the Ellingham diagram of the 

oxidation reactions of the melt components. 
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Melt compositions at 5wt% B4C/SS: almost all the tests of this series can be fitted using the 

correlation (1) (and slightly different parameters) except for the tests at low steam flow rate 

(10 g/h) which seem limited by mass transport phenomena within the cooling gas. The rates 

obtained with the solid pellets kinetics are in the same range of order, but still higher. The 

difficulty here is in conveying the experimental hydrogen releases in amounts of B4C, in order 

to make comparisons with the correlation (eq. 12). 

If we assume a preferential boron (and/or chromium) oxidation during the first plateau, the 

ratio between the amount of oxidized B4C and the released H2 could be between at least 6 or 

12, following the simple chemical reactions (eq. 13): 

 4B + 6H20 « 2B2O3 + 6H2      (idem for Cr)       (13) 

and more if other elements are simultaneously oxidized. This ratio is relating to the B4C 

consumption in the mixture (and not only to the boron oxidation). The ratio of 8, used in the 

solid oxidation modelling, stays in-between those values, still giving a good order of 

magnitude. 

Usually, the oxidation of solid B4C pellets leads also to the release of some carbonaceous 

species. With the oxidation of the B4C in melt alloy, there are no carbonaceous releases 

during the first period linked to the first plateau. 

 

Melt compositions at 9wt% B4C/SS: these series have been studied separately because 

there is no straightforward comparison with the former ones at 5wt%. The general form with 

two plateaus is rather well reproduced, but the initial rate is lower, contrary to what was 

expected. This tendency could be related with an increase of the solidus phase in the melt 

(also noticed by Steinbrück [23] who relied on the Fe-B phase diagram). So the rates at 9wt% 

are lower than those at 5wt%, and still lower than the kinetics given by the solid pellets 

correlation (1).  

These experimental results were not expected in that way: much higher rates were awaited 

from the melt oxidation. Whether it is a limitation by the complexity of the chemical reactions 

in the alloy, or a limitation by some transport in the gas, the BECARRE II tests show that the 

kinetics of the melt is lower or equivalent to that of the solid.  

So, within the framework of this initial study, we will consider that the rates given by the 

kinetics of oxidation of the solid B4C pellets are in a satisfactory range of order with the 

BECARRE II experiments, and that the use of the correlation (eq. 12) for B4C -melt material 

is correct. These analyses have to be further confirmed. 

 

2.3.4.2. ATHLET-CD code 
 

The severe accident code system ATHLET-CD (Analysis of Thermal-Hydraulics of LEaks and 

Transients with Core Degradation) [24] is under development by the Gesellschaft für 

Anlagen- und Reaktorsicherheit (GRS) in Germany for the simulation of design basis and – in 

cooperation with the Institut für Kernenergetik und Energiesysteme (IKE) at the University of 

Stuttgart– beyond design basis accidents with core degradation in LWR. 
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The current model for the oxidation of B4C considers the PWR control rod with stainless steel 

(SS) cladding and zirconium guide tube. The oxidation model of the guide tube uses the 

same approach as the cladding oxidation model of the fuel rod. The oxidation of the B4C 

pellets is initiated after the failure of the SS cladding due to the dissolution of B4C by SS.  

The kinetics of this dissolution process is described by an Arrhenius approach and increases 

by 2 to 3 orders of magnitude at a temperature of 1210 °C (1483 K). With the increasing layer 

thickness of the dissolved B4C-SS mixture a parabolic kinetic is assumed. The maximum 

theoretical mass concentration of dissolved B4C in the B4C-SS mixture is 22 %. Based on 

experimental data for French control rods [22] the mass concentration is limited to 9 %.  

If the dissolved B4C mass reaches the maximum value based on this limitation, the SS 

cladding is completely liquefied and local control rod failure is established. The failure 

temperature Tfailure is about 1500 to 1520 K. With this, the melt relocation and the B4C 

oxidation are initiated. In the present code version, it is assumed that only the dissolved SS 

and metallic zirconium of the guide tube take part at the candling process – allowing the 

oxidation of the zirconium in the melt rivulet or crust. The candling is stopped when the 

freezing temperature of the melt is reached. The model describes also subsequent re-

melting, further downward relocation and re-freezing.  

By comparison with experimental data which indicates very fast oxidation kinetics for B4C, 

and due to the lack on sufficient data on B4C/SS/Zr oxidation, it is assumed that the dissolved 

B4C stays in place and oxidizes as a solid pellet. This oxidation process is described by a 

semi empirical model very similar to that employed in ICARE2. 

 

For the boron carbide oxidation in steam the reactions given by equations 1 to 3 are 

considered. At present the ratio of the molar fractions of the reaction products are defined by 

user input. It is planned to extend the model by a function of the oxidation potential in the 

coolant to control the generation of the different carbon species. The exothermic reaction 

approximately produces 800 kJ/mol. 
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Figure 4: Oxidation kinetics law in ATHLET-CD code (different options) 

 

 
Table 3 : Correlations investigated for B4C oxidati on and B 2O3 reduction in steam 
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(mol/m²) 
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ox - 1 modified Steinbrueck 6.810�10+3 188.7�10+3 0.0  0.0 0.0 

ox - 2 Liljenzin 3.290�10+3 181.0�10+3 0.0  0.0 0.0 

ox - 3 Sato 1.030�10+2 154.0�10+3 0.0  0.0 0.0 

ox - 4 Litz (powder, p = 0.1 MPa) 5.290�10-9 46.00�10+3 0.0  1.0 0.0 

ox - 5 FZKA 6979 (Steinbrueck) 6.810�10+3 188.7�10+3 1.08�10-3  0.0 0.0 

ox - 6 Verdi data 1.143�10+3 1.503�10+5 0.0  0.0 0.0 

ox - 7 Verdi and BOX data 1.143�10+3 1.503�10+5 0.0 < 1800 0.0 0.0 

  1.471�10+6 2.586�10+5 0.0 ≥ 1800 0.0 0.0 

ox - 8 IRSN, ICARE 4.330�10-6 2.500�10+4 0.0 < 1400 1.0 -0.25 

  3.64 17.75�10+4 0.0 ≥ 1400   

ox - 9 Veshchunov  2.500�10-7 2.160�10+4 0.0 Rj 1.0 0.0 

  6.000�10+5 38.29�10+4 0.0 Rj+1   

red - 1 FZK BOX data 1.471�10+6 2.586�10+5 0.0  0.0 0.0 

red - 2 FZK BOX and TG data 1.250�10+7 2.650�10+5 0.0  0.0 0.0 
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The resulting boric oxide can react with steam to form some combinations of acid or it can be 

vaporized. At present only the formation of metaboric acid, with an endothermic reaction 

energy of –341 kJ/mol, is modelled : 

  B2O3 + H2O(g) ↔ 2HBO2(g)        (14) 

The rate constants are based on Arrhenius equations : 

igasiii CpfpgTREAR OH +⋅⋅−⋅= )()()//exp(
2

    (moles of B4C or B2O3 /m²/s) (15) 

with the function to consider fluid pressure and steam availability: 

( ) ( )btot
a

RROH pppppf ⋅=
2

)(        (16) 

In ATHLET-CD the steam availability is considered by a separate steam starvation function 

0.1//³))615(10()( lim2
≤=−−= xppxwithxxxpg totalOHS    (17) 

which is also evaluated during the calculation of the Jacobian matrix for the implicit solution of 

the fluid dynamics equation system. 

 

The available correlations for the two reactions are summarized in Table 3 and the rate 

constants versus the reciprocal temperature are depicted in Figure 4. The correlation 

recommended by Veshchunov is the sum of two terms Ri = Rj + Rj+1. 

The reaction products have no limiting effect on the reaction, therefore linear kinetics are 

assumed for both processes. On the other hand, the second reaction, the formation of 

metaboric acid, is limited by the availability of B2O3, which forms a thin liquid film on the 

surface of the remaining B4C pellet. At lower temperature the oxidation reaction is stronger 

than the reducing reaction and the thickness of the B2O3 film increases. At higher 

temperature (T > Tequal) consumption of B2O3 is higher than the production and the liquid 

film thickness decreases. If the film thickness goes to zero, the formation of metaboric acid is 

controlled by the B4C oxidation. Tequal is about 1600 K for the combination of oxidation 

reaction 6 (Verdi) and reduction reaction 2 (FZK BOX and TG data) according to Table 3 or 

Figure 15.  

By comparison of the failure temperature Tfailure and the equilibrium temperature Tequal, 

one recognizes that generally the formation of metaboric acid is controlled by the B4C 

oxidation. In the present model, the B4C oxidation is initiated along the whole absorber rod, 

assuming a de-cladding of the B4C pellets. This results in unrealistic thick liquid films of B2O3 

due to oxidation at relatively low temperatures. This model weakness will be corrected with 

the next code version. 

 

In general the B4C control rod model is able to cover the most relevant process and is verified 

by post test calculation of the experiments QUENCH-07, QUENCH-09 and Phébus FPT3 (cf 

§ 3.5). With the enlargement of the experimental data base, the models will be improved, 

particularly regarding the modelling of the B4C melt interaction with surrounding fuel rods and 

the oxidation of the B4C-SS-Zr melt. Corresponding experimental programmes as BECARRE 

[20] are planned in the frame of ISTP. 
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2.3.4.3. MELCOR code 
 

MELCOR [25] is designed to simulate all phases of a plant severe accident, the relevant plant 

phenomena and components. The objective is to concentrate on the major characteristics 

and parameters important for plant safety rather than to capture the processes in detail. 

MELCOR comprises, typically, simple empirical correlations or parametric statements, and is 

normally used conjunction with coarse-mesh input models. 

 

The thermal-hydraulic module is pivotal within the code, and is the most intimately linked to 

the other modules. In particular, it furnishes the thermal and fluid conditions for all of the 

process and component models: degradation, fission-product transport, corium-concrete 

interaction, etc. In the spirit of the coarse-nodding approach, fairly large regions are often 

represented by just one hydraulic cell. Each cell normally comprises two regions: a pool, 

which may be a single-phase liquid or a two-phase bubble-rise region, and an atmosphere 

which may contain liquid water in the form of fog. The cells are connected by flow paths 

where the flows of the pool and atmosphere are separately calculated by means of a 

simplified, one-dimensional treatment of momentum balance. Heat conducting structures 

provide the physical and thermal boundaries for the hydraulic system; these can ablate or 

undergo failure through thermo-mechanical loads. 

 

The core models follow the heat-up, oxidation, fuel dissolution, bulk melting and relocation. 

The core components include fuel rods, absorber rods, cladding, non-supporting structures 

such as guide tubes, and supporting structures. Heat generation in the core is by a 

combination of fission, decay and oxidation. Melting occurs at the melting point of the pure 

material, or due to eutectic interactions between metallic (e.g. steel and Zr) and between 

metallic and oxide (e.g. Zr and UO2, Zr and ZrO2). The fuel rods are considered to be locally 

reduced to debris, once intact geometry is lost; this according to a temperature criterion 

(2500 K according to the analyses of the Phebus PF experiments, 2800 K for UO2-ZrO2 or 

when melting occurs 3113 K). Both liquid and solid debris can relocate downwards or radially, 

provided there is space for them to occupy. Material relocates to the lower head when the 

supporting structures fail, according to an empirical correlation or parametric criterion. 

 

The treatment B4C oxidation in MELCOR 1.8.5 is based on an old model developed for BWR 

control blades. It assumes very rapid, linear kinetics on the assumption that the B4C is in the 

form of powder and only a small fraction would be released to the coolant channel steam 

following breach of the stainless steel (SS) rod cladding and the Zircaloy blade. The 

remainder of the B4C is presumed to form a eutectic melt with the SS and relocate. The 

model in version 1.8.6 has been extended to enable PWR control rods to be represented and 
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is less restrictive concerning criteria for enabling oxidation, but the treatment of oxidation is 

largely unchanged. The code includes built-in parameter values for the parameters that 

determine oxidation but all of these values can be modified by user input. 

 

MELCOR 1.8.5 and 1.8.6 adopt different treatments of the material interaction. Version 1.8.5 

uses a kinetic model to calculate the eutectic reaction between B4C, SS and Zircaloy and 

hence the breach which releases the B4C. In version 1.8.5 the reaction can occur provided (i) 

a certain fraction (default 10%) of the SS has melted and relocated away, (ii) the temperature 

exceeds some threshold temperature (default 1500 K), and (iii) less than a maximum fraction 

(default 2%) has oxidized. These values should be modified for PWR control rods so there is 

no restriction on the maximum oxidisable fraction. Version 1.8.6 does not model the eutectic 

interaction; instead the effective melting temperature of the B4C can be input (default 1700K). 

Otherwise the 1.8.6 version adopts essentially the same model as 1.8.5 for the BWR control 

blade. It also includes a PWR model in which oxidation is initiated according to a temperature 

criterion (default 1500 K) to represent control rod breach. This is assumed to apply 

regardless of SS melting and there is no restriction on the amount of B4C that may oxidize. A 

present limitation is that oxidation of melted B4C (in 1.8.6) or (B4C/SS in 1.8.5) mixtures is not 

represented, so it is likely that the B4C oxidation will be underestimated by version 1.8.5 and 

by 1.8.6 unless the eutectic reaction is suppressed by a high temperature values for the 

melting. This limitation is being addressed by SNL. The kinetic model in both 1.8.5 and 1.8.6 

(BWR and PWR) is as follows: 

d(M/M0)/dt  = 166216.7 exp(-188299.5/RT) T > 1500 K    (18) 

provided no overriding restrictions apply. M is the current mass of B4C and M0 is the initial 

value and T is the temperature. It is noted that no dependence on flow rate of steam partial 

pressure is considered, provided it is not steam starved. 

 

Two options exist for the reaction scheme. The “simple model” considers formation of B2O3 

and partitioning between CO, CO2 and CH4 formation as given by equations 1 to 3 of section 

§ 3.2. An “advanced model” option considers thermodynamic equilibrium between these 

products and HBO2, H3B3O6, BOH, BH3, B2H6, O, B and C. However, the advanced model 

appears to offer no advantage despite the added complexity.  

 

Overall, the 1.8.6 treatment is simpler but more flexible and differentiates between the BWR 

and PWR configuration. However, the kinetics has not been changed and is still more 

appropriate to powdered B4C than pellets, while the lack of model for melted B4C or B4C/SS 

mixture restricts its applicability to PWR rods. Reducing the kinetic coefficient may provide a 

more realistic oxidation rate but what is needed is for the model take account of the 

comparatively recent IRSN and FzK data for oxidation of B4C pellets. 

 

2.3.4.4. MAAP code 
 

The MAAP (Modular Accident Analysis Program [26]) code was originally developed in the 

early 1980’s by Fauske & Associates Inc. (FAI) as part of the Industry Degraded Core 

Rulemaking (IDCOR) program which gathered about sixty American utilities and other 



58/260 

 

 

organizations. The goal of this program was to address the needs for a reliable tool for 

performing physical studies, basis for PSA’s, both for PWRs and BWRs. Since the dissolution 

of IDCOR, EPRI is the owner of the MAAP code, with new developments realized by FAI.  

 

The current version of the code is MAAP4. The MAAP4 functional modelling is particularly 

adapted to investigate the impact of operator actions on the progression of sequences. 

MAAP4 can be used for the following studies: PSA level 2, studies supporting the elaboration 

of Severe Accidents Management Guidance (SAMG) procedures and the design of mitigation 

systems. MAAP4 is the code used at EDF for severe accidents modelling. After acquiring the 

code, EDF has developed its own know-how in developing and validating MAAP4 in addition 

to FAI activity. Since 1996, EDF has pushed this logic of development by carrying out 

particular versions of MAAP that contain specific contributions. 

 

Initial versions of MAAP4 for PWRs considered only silver-indium-cadmium (SIC) alloy as 

material for control rods. Some EDF reactors (1300 MWe and N4 series, EPR) use hybrid 

control rods: the lower part of some control rods is made of Ag-In-Cd alloy, the upper part is 

made of boron carbide (B4C). So, for those EDF reactors, B4C behaviour under severe 

accident conditions had to be modelled in a MAAP4 specific version. Several phenomena can 

occur during B4C degradation: 

• Interaction of B4C with surrounding materials: stainless steel (SS) cladding first, zircaloy 

guide tube later on. This interaction involves only a fraction of the actual B4C, since the 

eutectic B4C -SS has a limited content in B4C (supposed 9% in mass). 

• Pure B4C oxidation by steam, releasing gases like H2, CO, CO2 and possibly CH4. 

• Pure B4C melting  

• Relocation and oxidation of molten material (mainly the B4C-SS mixture). 

 

The MAAP4.04 version of the code has included a modelling of the main phenomena (B4C-

SS mixture formation, B4C oxidation and melting, relocation of molten materials). 

Developments concerning B4C-SS oxidation and an improved B4C oxidation law are in 

progress for a future version. Concerning B4C oxidation, three empirical oxidation laws have 

been implemented in MAAP4.04: 

the MELCOR modelling proposes an Arrhenius temperature dependant law for the ratio 

"current mass to initial mass" (this MELCOR correlation is based on B4C powders oxidation 

use in BWR), 

the " FzK correlation" is based upon the BOX test. 

the "IRSN correlation from ICARE2" comes from a best fit on existing tests and is validated 

against the BOX and VERDI experiments (cf section §B). 

 

Concerning gases production, the three main possible reactions are given by equations (1) 

(2) and (3), described in section § 3.2: Chemical constants (from the MELCOR model or from 

GEMINI/COACH calculations) for these reactions are implemented in MAAP4.04, thus 

leading to gas production for the different species. Melting and freezing of the B4C-SS 

mixture have been modelled considering liquidus (1500 K) and solidus (1550 K) 
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temperatures. For pure B4C the melting point is assumed to be 2673 K. Molten materials are 

added to the liquid phase in each node and relocated with this liquid phase. 

 

New developments in MAAP4 
 

The B4C oxidation law used in ICARE/CATHARE (see corresponding § 3.2, table1 line 12) 

has been implemented. Oxidation of the B4C-SS mixture has been modelled according to the 

indications given in a "Source Term modelling" meeting between IRSN and EDF (17th 

December 2007), i.e. use of the same correlation for boron oxidation in a liquid mixture as for 

solid B4C, adapting the gas release rate to the dominant reaction (B + 3/2 H2O -> ½ B2O3 +  

3/2 H2 instead of B4C + 8 H2O -> 2 B2O3 + CO2 + 8 H2).  

 

Those results are coming from the recent preliminary IRSN analyses of the BECARRE (part 

II) experiments related to oxidation of liquid B4C-SS mixture. This has to be further 

consolidated for the hydrogen source taking into account the fact that it will correspond to a 

small fraction to the total H2 releases. 

 
2.3.5 Application to PHEBUS and QUENCH experiments 

 

This section describes the application of B4C degradation modelling included in the Severe 

Accident Code to experiments which have been performed in out of pile (Quench) and in-pile, 

both including a B4C control rod, namely Quench 07/09 and Phebus FPT3. The results will be 

focused only on B4C degradation and the corresponding gas releases. 

 

2.3.5.1 Quench 07 and 09 experiments 
 

Global bundle Quench tests 07 [27] and 09 [28] were carried out at FzK within the COLOSS 

project of the EU 5th Framework Program. The bundle of Quench -07 and -09 tests simulates 

a fuel assembly including pertinent materials for cladding and spacer grids while fuel pellet 

are simulated by ZrO2. The test section consists of 20 fuel rods simulators (electrically 

heated) which surround a central rod: either a B4C control rod in Quench -07 and -09 or an 

unheated rod in Quench -08 [29]. 

 

Those experiments have been used to validate ICARE/CATHARE (IRSN [30]) and ATHLET-

CD (with contribution of GRS [31] and RUB [32], [1]) and more recently with MAAP4 code 

(EDF) [33]. Those applications have been performed in the frame of SARNET WP9.2 

activities from 2005 to March 2008. 

 

Before the analyses of the B4C control behaviour, let us have a short look on the thermal 

results by both the S.A codes. The figure below provides temperature evolution during the 

transient at two elevations (1150mm and 950mm). Two codes matched well the experimental 

results (Fig. 5a and 4b). 
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  Figure 5: Quench 07 test - temperature evolution (K) for 1150 and 950 mm elevation 
(ICARE/CATHARE, ATHLET-CD and MAAP4 results) 

 

Regarding the B4C oxidation, the results have been improved with the ICARE/CATHARE 

(Fig. 6) code using the new correlation obtained in 2004 compared to that used earlier in the 

FPT- 3 preparation (correlation IRSN 2002 –see § 3.2): 18.2 to 22.4 grams. The additional 

amount in the test could be due to B4C oxidation in mixture form not accounted for by the 

code.  

Figure 7 gives an example of the final configuration of the Quench 07 bundle given by 

ICARE/CATHARE code. About one third of the B4C control rod has been degraded (lower 

amount compared to FPT3 – section §3.4.2). 

Figure 7 : bundle degradation (I/C) 
 

The H2 generation (very sensitive to the escalation during the quench phase) has to be 

improved for some contributions (Fig. 8a), nevertheless, the carbon release obtained for most 

of the simulations (Fig. 8b) gave satisfactorily results except that of MAAP4. This could be 

linked to the B4C relocation mode probably connected to the higher temperature at the 
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950mm elevation (Fig. 5b). A specific benchmark (under preparation) will indicate more 

details on Quench 07 and 09 analyses. 

 
Figure 8: Quench 07 test –gas releases – Hydrogen ( in kg) and Carbon (in mole) 

(ICARE/CATHARE, ATHLET-CD and MAAP4 results) 
 

2.3.5.2. FPT3 Phebus experiment 
 

The applications of the B4C degradation model included in S.A to Phebus FPT3 experiment 

have been performed in the frame of SARNET WP9.2 activities from 2005 to March 2008, 

with several partners and S.A codes. Those applications have been published and presented 

during the ERMSAR conference in 2007 in Karlsruhe [34]. 

 

Most of the physical processes (burst, oxidation, dissolution, embrittlement…) are strongly 

dependent on the bundle thermal behaviour. So, it was necessary to correctly reproduce the 

thermal behaviour of the fuel rods during the calibration and the pre-oxidation phase to obtain 

a correct analysis of the control rod behaviour, the gas release, and the bundle degradation. 

Assuming, a reduction of the power or an increase of the thermal conductivity of the shroud, 

the thermal behaviour give similar results. These sensitivity studies were previously 

performed with ICARE2 and MELCOR. 

 

 
 Figure 9 : Exp./code fuel rod temperature at 0.5 m  
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With these modifications of the input power, the thermal behaviour of the fuel rods is rather 

well reproduced by the codes during the calibration and the pre-oxidation phase as well as 

the beginning of the escalation during the main oxidation period (Fig. 9). 

 

In general, a good overall behaviour is observed for the whole transient in the bundle and in 

the shroud up to the end of the experiment. Nevertheless, the temperatures are largely over-

estimated during the oxidation phase by all codes in particular at the 0.6 and 0.7 m elevation 

 

The hydrogen generation is coming mainly from the zircaloy claddings oxidation and partly 

from the boron carbide oxidation of the control rod. Code results can be seen on the figure 11 

for all calculations. Starting with temperatures close to the experimental ones at the end of 

the P2 plateau, the beginning of the run-away phase is correctly described. Looking to the 

evolution of the hydrogen release rates, we can see that ICARE2 results are very close to the 

experimental ones, at least for the beginning of the temperature escalation phase, until 

starvation happens (Fig. 10). The total hydrogen release is correctly predicted but not the 

kinetics. 

.Figure 10 : Hydrogen generation (experiment and IC ARE2 calculation) 
 
As expected, the low steam flow rate situation leads to starvation conditions, but the evolution 
of these starvation conditions is not correctly reproduced using ICARE2 (Fig. 10). The run-
away phase leads to a fast heat-up of mid-plane temperatures. Reaching the temperature 
interval for the increase of the kinetics, the code results lead rapidly to full starvation, 
consistent with the experiment. 

Similar behaviour was observed with ATHLET-CD calculations performed by GRS and RUB 

(Figure 11a): the total steam starvation duration is about 1330 s with ICARE2, and about 

1220/1380 s with ATHLET-CD (GRS/RUB). The delay (360 s) in the case of RUB simulation 

(as well as for PSI) is due to the delay of the temperature escalation as a consequence of the 

lower bundle power. Those steam starvation durations are still consistent with the ones 

foreseen in the pre-calculations : 1200 ± 200 s with a total hydrogen generation of about 

120 ± 10 g [35]. 
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As an example, the results given by ICARE2 (Fig. 12) lead to oxidation of 68% of the initial 

inventory in solid form whereas 17% was dissolved by S.S and do not participate to the 

oxidation process. The new IRSN kinetics increased the amount of B4C oxidation (solid line) 

and consequently the corresponding gas releases in more agreement [36] to that was 

measured during the experiment (Fig. 10a). Only 15% of the initial mass is still intact, which is 

consistent with the experiment. 

 
 Figure 12: Phebus FPT3 - B 4C oxidation (ICARE2)  

 

Taking into account the most probable reaction (eq. 1 to 4 in § 3.2), one mole of B4C oxidized 

should produce one mole of carbon. So, the validation of the modelling has been tested 

against the total carbon release given by the codes. 

 

To summarize the results on Phebus FPT-3, SA codes such as ICARE/CATHARE and 

ATHLET-CD, using suitable modelling for B4C oxidation, predicted that about 70 to 80% of 

the initial B4C mass has reacted with the steam leading to carbon release consistent with the 

experimental results (Fig. 13a.). MELCOR code applies a B4C oxidation model designed for 

use in BWR control blades, which is not suitable for PWR B4C control rods (cf § 3.4.3). As 

can be seen (Fig. 13b), the formation of carbon gases is underestimated by version 1.8.5 and 

by 1.8.6 when the best estimate B4C/SS melting temperature of 1700 K is used. Increasing 

the temperature to 2600 K [36], close to the melting temperature of pure B4C gives better 

agreement but at the expense of suppressing the formation of B4C/SS melt. 

 

0

10

20

30

40

50

60

70

80

90

100

8000 9000 10000 11000 12000 13000 14000 15000 16000 17000 18000

time (s)

P
er

ce
nt

 o
f i

ni
tia

l B
4C

 m
as

s 
(%

)

68% 

17% 



64/260 

 

 

 

    
Figure 13: Phebus FPT3 –gas releases CO and CO2 : t otal carbon release (in mole) 

(ICARE/CATHARE, ATHLET-CD and MELCOR results) 
 

2.3.6 Conclusion on B 4C issues 
 

The works which have been performed in the SARNET produced significant improvement 

regarding the control rod behaviour, mainly for the B4C oxidation process.  

 

The chemical kinetics of steam oxidation of boron carbide have been studied by a number of 

investigators. There has been an attempt to force the quantitative results of these studies to 

fit a parabolic chemical kinetics model. We would certainly expect on the very early stages of 

oxidation to follow parabolic kinetics. These kinetics should evolve into para-linear kinetics as 

the rate of vaporization of the boron carbide product layer becomes equal to the rate of 

product formation. There are additional non-Arrhenius complications of the chemical kinetics 

that can be linked to the mass transport of the product layer on boron carbide surfaces. 

 

Nevertheless, with simple models, the Severe Accident Code capabilities to simulate the 

control rod behaviour in a fuel rod assembly during the course of severe accident transient 

have been demonstrated. However, some progress in degradation processes are needed. 

 

There are still some difficulties to reproduce the final degradation of the bundle using codes 

(which is out of the scope of this paper). The nearly total destruction of the control rod is well 

reproduced in the calculations. Effects of spreading molten materials of the control rods 

towards fuel rods of the bundle are suspected, meaning that the main effect of the B4C 

control rod on the bundle behaviour could be connected with B4C-SS eutectics formation and 

liquid B4C-SS-Zry relocation. These phenomena are not accounted for in the SA codes up to 

now. The need for further code developments of the early phase of core degradation is 

recognized for the absorber rod material behaviour. BECARRE III experiments, foreseen to 

be conducted in 2009, in the framework of the International Source Term Program [37] 

should help us in the understanding and improving the modelling. Out of the scope of the 

following SARNET 2 [39], a synthesis of the B4C aspect is foreseen in 2010 to close this 

specific issue. 
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2.4. Zircalloy oxidation by air or by steam-air mix ture (WP9.3) 
 
2.4.1. Introduction 

 

The interaction of air-containing atmospheres with Zircaloy cladding can strongly affect the 

evolution of severe accident scenarios such as loss of water from a spent fuel pool or reactor 

pressure vessel breaching. The presence of air leads to accelerated oxidation of the Zircaloy 

cladding compared to that in steam, owing to the faster kinetics, while the 85% higher heat of 

reaction drives this process further. Air ingress is typically associated with poor heat transfer; 

the combined effect of these factors can give rise to an increased rate of core degradation. 

This in turn results in fuel oxidation and enhanced fission product release, most notably 

ruthenium. It is consequently of great importance to understand the phenomena governing 

oxidation of Zircaloy by air as a prerequisite to addressing the source term issues. 

A state-of-the-art review performed before SARNET showed a high degree of variation 

among the existing kinetic data regarding zirconium alloy oxidation in air. The role of 

zirconium nitride on the cladding degradation process was poorly understood. Moreover, 

available data were limited to the reaction in pure air. The more prototypical scenarios of air 

oxidation of zirconium alloys pre-oxidized in steam and their reaction in mixed air-steam 

atmospheres were not addressed. 

From a modelling point of view, most of the severe accident codes used parabolic kinetics 

and there was no treatment of nitriding. It was thus assumed that a protective oxide scale is 

built up and controls the progress of the reaction by oxygen diffusion through the oxide. The 

acceleration of the reaction rate due to the transition towards non-protective scales 

(breakaway) was not treated. Post-test calculations of the QUENCH-10 bundle test with an 

air-ingress phase have shown that such models fail to reproduce determinant relevant 

parameters measured during the test and cannot be guaranteed to be conservative under all 

circumstances. 

Within the SARNET project, new experimental programmes comprising small-scale tests 

have therefore been conducted at FZK, IRSN and INR. Cladding tubes in PWR (FZK, IRSN) 

and in CANDU (INR) geometry have been investigated. On-line kinetic data have been 

obtained on centimetre size segments, by thermogravimetry (FZK, IRSN and INR) or by 

mass spectrometry (FZK). Plugged tubes 15 cm long (FZK) were also investigated. The 

samples are air-oxidized either in the “as-received” state, or after pre-oxidation in steam. 

“Analytical” tests at constant temperature and gas composition provide basic kinetic data, 

while more prototypical temperature transients and sequential gas compositions are also 

investigated. The temperature domains extend from 600°C up to 1500°C. Systematic post-

test metallographic inspections are performed. Common analyses of results were focussed 

on the Zircaloy-4 alloy, but main conclusions drawn on the degradation phenomenology 

appear also valid for other investigated alloys (M5, Zirlo). Main results and lessons learned 

from these small scale experimental program are summarised in the next section.  

This recently acquired knowledge has led to model improvements in SA codes. The different 

modelling approaches are presented in a second section. 
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2.4.2. Separate-effects tests results 
2.4.2.1. Thermogravimetric tests at IRSN 

 

The MOZART program has investigated the oxidation behaviour of Zircaloy-4 in pure air in 

mainly isothermal conditions (following heat-up in argon), in the 600-1200°C temperature 

range. The thermogravimetric on-line measurement technique was used to determine the 

mass-gain, from which detailed kinetics were obtained by derivation of the measured data. 

The samples were short open segments cut from PWR cladding tubes, giving way to double 

side oxidation. They were used either in a “as received” state, or after steam pre-oxidation at 

500°C to simulate in-reactor corrosion. Samples of length 20 mm were oxidised in air at a 

flow rate of 500 mL/mn (standard conditions), but for some experiments at the highest 

temperatures, 7 mm short samples and a 1000 mL/mn air flow rate were necessary to avoid 

oxygen starvation. 

Examples of results obtained at 850°C, either with the bare alloy or after steam pre-oxidation, 

are plotted on Figure 1. Two kinetic regimes are clearly distinguishable. 

 
Figure 1 (IRSN data): Results of isothermal air oxi dation tests at 850°C, with bare, slightly 

pre-oxidised (ZrO2 scale thickness = 20µm) and stro ngly pre-oxidised (ZrO2 scale thickness 
= 66 µm) Zircaloy-4. 

 

The pre-transition regime: With the as-received samples, an oxidation peak is observed at 

the start of air flow (at t=0), corresponding to rapid oxidation of the bare metal. Due to the 

growth of a protective oxide scale, the oxidation rate then decreases. The kinetic regime can 

here be described by a parabolic law, i.e. the mass gain per surface unit can be written: 

∆m/S = k t1/2 
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For each test, the parabolic rate constant, k, is calculated by linear regression on t1/2 plot. For 

better sensitivity, the regression is performed on the oxidation rate curve rather than on the 

mass gain signal. Only the tests not exhibiting oxygen starvation are considered. The results 

of k calculations are plotted on Figure 2 in an Arrhenius form and compared to different 

correlations: the NUREG-1 and NUREG-2 correlations, recommended by Powers et al. for air 

oxidation [1] and presently used in the IRSN ICARE code; the Leistikow-Schanz correlation, 

derived from FZK separate effect tests on Zircaloy-4 oxidation in steam and recommended in 

[2] for T<1800K. In the low temperature domain, the NUREG-1 relation significantly 

overestimates the MOZART data, while a better agreement is given by the Leistikow-Schanz 

correlation. Indeed, a fit of our data in the 600-1000°C temperature range (dotted line) gives 

an activation energy very close to the one derived from the FZK steam experiments. 

Therefore, it can be concluded that, in this temperature range, the protective zirconia scales 

grown in air and steam have similar properties regarding oxygen diffusion. At high 

temperature, our data indicate a change in the apparent activation energy of the process, 

which might be related to the monoclinic to tetragonal phase transition of the zirconia which 

occurs at ca. 1050ºC. Here, detailed crystallographic and micro-structural investigations of 

the protective oxide scale (TEM, DRX, Raman spectroscopy) would be required to better 

understand what happens. 

Figure 2 (IRSN data): Parabolic rate constants from  isothermal air oxidation tests on bare 
Zircaloy-4. Dotted lines are Arrhenius fits of the data, in the 600-1000°C and 1000-1200°C 
temperature ranges. Full lines: Leistikow-Schanz co rrelation (Zircaloy-4 steam oxidation, 

600°C<T<1500°C) [2] and NUREG-1-2 recommendations f or Zircaloy air oxidation [1]. 
 

Kinetic transition: after the parabolic phase, a kinetic transition to accelerated oxidation is 

observed. The thermogravimetric on-line recording allows a precise location of the transition, 

identified at the minimum of the oxidation rate. Zirconia scale thickness calculated from mass 

gains at the transition is considered alongside the metallographic investigations. It is clearly 

demonstrated that the transition can be attributed to radial cracking of the dense protective 

zirconia (see Fig. 3a), which occurs at a thickness that increases strongly with the 
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temperature (a few microns at 600°C, up to 60-80µm at 1000°C). At 800°C and above, 

cracking does not occur everywhere simultaneously on the sample surface. At 1100 and 

1200°C, providing enough oxygen is available (no st arvation), no transition is observed and 

the zirconia scale remains globally uncracked and protective (dense scales of up to 200 µm 

thickness have been grown, see Fig. 3b). However, macroscopic fissuring occurs locally. 

Here, the air has direct access to the metal and enhanced oxidation associated with nitriding 

is observed. This leads to local loss of integrity of the cladding wall (see Fig. 3c). 

 

Figure 3 (IRSN data): Metallographies of Zircaloy-4  samples oxidised in pure air. a) 850°C; b) 
and c) 1100°C, no global oxygen starvation; d) 1100 °C, with global oxygen starvation. 

 

Post-transition regime: The oxide grown in the post-transition regime is a porous cracked 

oxide. For the lowest temperature investigated, the cracks have a circumferential orientation 

and form a periodic network, giving way to a stratified oxide. From 800°C, the stratification 

disappears progressively as the temperature increases, to leave in place a more 

disorganised structure. This correlates with the presence of ZrN particles seen nearby the 

metal/oxide interface. Their size and density, as well as their extent into the oxide, increase 

with increasing oxidation temperature. The post-transition kinetic regime associated with the 

growth of this “porous nitrided” oxide shows continuous acceleration rather than a linear 

stabilised degradation rate. 

On bare Zircaloy, above 1000°C, nitriding is observ ed only when the input air flow rate is 

insufficient, resulting in oxygen starvation for the inside surface or for downstream areas (see 

Fig. 3d). 

The effects of a pre-existing “corrosion” scale can be summarised as follows: 

• With a thin “corrosion” scale (16-20µm, i.e. moderate burn-up simulation), the transition 

is favoured (see Figure 1) and there is no effect on the post-transition rate. At high 

temperature, whereas with the bare alloy the pre-transition regime is significantly long, 

the time needed to reach a given ECR is shorter. 

• A 60-80 µm thick “corrosion” scale (high burn-up simulation) clearly acts as a protective 

barrier in the 700-850°C temperature range, slowing  down the degradation upon air 

exposure (see Figure 1). For higher temperatures, this is not anymore the case. 

Compared to the bare alloy, the degradation kinetics are either comparable, or even 

    
 

a b c d 
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faster at 1100°C, probably because the corrosion sc ale creates the conditions of ZrN 

formation. At 1200°C, the “corrosion” scale has no more protective effect, because it 

loses its mechanical integrity. This might be explained by the monoclinic to tetragonal 

phase transformation of the zirconia grown at low temperature. 

 

2.4.2.2. Separate-Effects Tests at FZK 
 

The investigations at FZK concentrated on more prototypical reactor scenarios involving air 

oxidation of zirconium alloys pre-oxidized in steam at high temperature and their reaction in 

mixed air-steam atmospheres.  

 

2.4.2.2.1. Oxidation of Zircaloy in mixed air-steam  and nitrogen-steam atmospheres 
Experiments on the oxidation of Zircaloy-4 in mixed air-steam atmospheres were performed 

in the BOX furnace [3] with 2-cm cladding tube segments under nine different compositions 

including pure air and pure steam. The isothermal tests were run for 1 h at temperatures 800-

1200 °C and 10 min at temperatures 1200-1500 °C. Th e off-gas was analyzed on-line by 

mass spectrometry, the final mass gain was measured and metallographic post-test 

examinations were performed to determine the influence of air. 

 

 a b 

c d 
 

Figure 4 (FZK data): Cross section through Zry-4 cl adding walls after 10 min oxidationa) 
1300 °C, pure air, b) 1300 °C, 70% air + 30% steam, c) 1300 °C, pure steam, and d) 1500 °C, 

pure air. 
At 800 °C addition of air to steam had no effect on  mass gain or oxide scale. Dense, 

protective ZrO2 layers were formed up to 90% air. Only the oxidation in pure air caused the 

formation of porous, scaly oxide associated with a twofold mass increase. At 900 °C air 

admixture of 70% and above caused the formation of zirconium nitride at the interface 

between metal and oxide leading to porous oxide scales and higher mass gain.  

With increasing temperature up to 1300-1400 °C, the re was a progressively stronger 

degrading effect of even lower air concentrations in the mixture, and correspondingly 
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increased mass gain. Interestingly, at 1500 °C nitr ide formation and oxide scale degradation 

was reduced again, see Figure 4. 

As could be expected from chemical thermodynamics, the oxidation in oxygen is favoured in 

comparison with the oxidation in steam. So, hydrogen was only released in tests under pure 

steam or in case of oxygen starvation. 

Similar tests have been performed in nitrogen-steam mixtures. Such atmospheres may be 

present: 1) when all oxygen is consumed in the lower part of a fuel bundle, i.e. under oxygen 

starvation conditions; 2) in some BWRs where containments are filled with nitrogen for 

inerting; 3) following operation of some nitrogen pressurised safety injection.  

The highest oxidation rates evaluated by mass increase and hydrogen release were obtained 

for 50/50 vol% nitrogen-steam mixtures. The metallographic analyses revealed quite similar 

porous oxide scales with nitride precipitations as seen in the air-steam tests. 

 

2.4.2.2.2. Oxidation in air and nitrogen of Zircalo y pre-oxidized in steam or oxygen 

These experiments were conducted in the QUENCH-SR rig [4] and with a commercial 

thermal balance, where oxygen replaced the steam to simulate pre-oxidation. Specimens 

were either 15-cm long fuel rod simulator segments filled with ZrO2 pellets or 1-cm cladding 

tube segments.  

The general observations were: Reaction in pure air can be approximately described by 

linear reaction kinetics and is significantly faster than in oxygen. On the other hand, reaction 

in pure nitrogen is parabolic and much slower than in oxygen. As long as an oxide scale 

previously formed in steam or oxygen remains intact, subsequent oxidation in air continues 

with parabolic kinetics. Nitrogen causes the formation of external nitride scales on oxide 

scales formed before; this reaction is of linear kinetics and faster than nitride formation on the 

metal surface. Figures 5 and 6 illustrate this behaviour showing results obtained at 1100°C. 

At 800 and 1000°C, the breakaway effect superimpose s and intensifies the degrading 

influence of nitrogen. As in the tests under mixed atmospheres, a reduced influence of 

nitrogen on the degradation of the oxide scale was observed at the highest temperature, here 

1400°C. 

Figure 5 (FZK data): Mass gain of Zry-4 cladding se gments during reaction in O2, N2, and 
air at 1100 °C with and without pre-oxidation in O2 . 

 

0 1000 2000 3000 4000 5000
0

5

10

15

20

25

30

35

∆m
, %

Time, s

 Ox. in O
2

 Pre-ox. in O
2
, ox. in air

 Pre-ox. in O
2
, react. in N

2

 Ox. in air
 React. in N

2



75/260 

 

 

 

  

Figure 6 (FZK data): Post-test images of Zry-4 clad ding walls after reaction at 1100 °C in a) 
oxygen, b) air, c) nitrogen, d) air following pre-o xidation in O2, and e) nitrogen following 

pre-oxidation in O2. 
 

2.4.2.2.3. Tests on mechanism of nitrogen attack 

 

The results presented in the previous sections indicate that significant nitriding only occurs in 

the absence of oxygen in the gas phase (local or global oxygen starvation) and in the 

presence of oxygen in the solid phase. From the thermo-chemical point of view, 

stoichiometric zirconia should be stable in nitrogen atmosphere. So the inference was that 

nitriding of sub-stoichiometric oxide or zirconium with dissolved oxygen occurs.  

Five Zircaloy-4 specimens with different oxygen contents were annealed in nitrogen at 

1200 °C to check which phase is accessible for nitr ogen reaction: pure Zry-4, β-Zr with about 

3 at% oxygen, α-Zr(O) with about 26 at% oxygen, sub-stoichiometric oxide ZrO1.9 and 

stoichiometric ZrO2. They were prepared in the thermal balance by 1) slow oxidation at 

1200°C till the desired mass gain was obtained, 2) 3 h homogenisation in argon at 1400 °C 

and 3) 1 h reaction at 1200°C in nitrogen.  

 

 

 

a 

b c 

d e 
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Figure 7 compares the TG signals of all tests with nitrogen access starting with initiation of 

nitrogen injection. The highest mass gain by far was obtained with the α-Zr(O) sample. 

Saturation was reached after about 1000 sec for this specimen. The metallographic analyses 

revealed formation of α-ZrO2-ZrN two-phase mixture. The second-fastest reaction was 

observed for the sub-stoichiometric oxide. By nature, the capacity for further nitrogen uptake 

was limited. A nitride scale covered the surface of the specimen with open cracks. Both 

specimens were finally completely "oxidised", i.e. no metal was left. 

As seen below, pure Zry-4 reacts insignificantly with nitrogen; the same was observed for the 

β-Zr(O) specimen. As expected, the stoichiometric oxide did not change during the annealing 

in nitrogen. 

 

Figure 7 (FZK data): Mass gain of pre-oxidised and homogenised Zircaloy-4 specimens 
during annealing in nitrogen at 1200°C. 

 

2.4.2.3. Separate-Effects Tests at INR 
 

The activities at INR concentrated on bare Zircaloy-4 oxidation in Ar + steam atmosphere, 

and oxidation of steam pre-oxidized samples in air, mixed air + steam and argon + steam 

atmospheres. The work primarily addressed the kinetics of reaction. Tests were performed 

using the thermogravimetric technique. The steam-containing atmospheres were delivered by 

a controlled humidity generator. The samples used are ~ 21 mm long cladding tube 

segments of the CANDU geometry (outer diameter 13.08 mm, thickness 0.4 mm, around 2.2 

g weight). The samples were heated and cooled under argon at a rate of 50 K/mn. 

 

2.4.2.3.1. Oxidation of bare Zircaloy-4 in Ar + ste am atmosphere 

 

Isothermal oxidation tests were performed at 600, 700, 800, 900, 1000, 1100, 1200, 1300 

and 1400°C. The steam volumetric ratio was 18.6% an d the total argon + steam flow rate 

was 100mL/mn. In the pre-transition region the oxidation kinetics has been shown to obey a 

power law that can be written as: 

ntk
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Values of the rate constant k have been calculated assuming parabolic kinetics, that is taking 

n=0.5. Results were compared with correlations recommended for oxidation by steam 

(Cathcart-Pawel and Leistikow correlations). The rather poor agreement obtained shows that 

mass transfer limitations might have influenced the results. Supplementary investigations are 

needed. 

 

2.4.2.3.2. Isothermal oxidation tests on pre-oxidiz ed  samples 

 

All the samples were pre-oxidized for 24 hours at 6000C in a (18.6vol% steam + Ar) 

atmosphere. The resulting oxide layer thicknesses were ca. 20µm (or ~6,5 %ox). 

Isothermal oxidation tests were made in the temperature range 900-1400°C, with 3 different 

mixed atmospheres: 

1 - 18.6 vol% steam + Ar, 100 mL/mn total flow rate. 

2 - 37.2 vol% steam + air, 50 mL/mn total flow rate. 

3 – 50 vol% air + Ar, 25 mL/mn total flow rate. 

There is clear differences in the appearance of the samples oxidized in air and those oxidized 

in steam-containing atmospheres. In air, the surface oxide is stoichiometric (white, with 

porous aspect) and there are strong deformations of the sample shape. In all the other cases 

the surface oxide is substoichiometric (black or dark grey and extremely adherent, despite 

the fragility of the material). Because of the high temperatures of oxidation, the remaining 

metal layer has a large grain size. The metallographies present in all cases large radial 

cracks at the outer oxide and a porous structure of the inner layer. 

Surprisingly, the slowest reaction occurred for non-pre-oxidized samples. For all pre-oxidized 

samples the reaction is faster. As already pointed out, mass transfer limitations have to be 

taken into account. Further experimental investigations with higher oxidizing gas flow rates 

are required for more detailed quantitative discussions. 

 

2.4.2.4. Synthesis of the experimental results - Di scussion 
 

Experiments clearly show that a diffusion-limited regime is involved only at the beginning of 

the cladding air oxidation process. In most of the conditions investigated, the presence of 

nitrogen induces the formation of a highly cracked “porous”, non-protective oxide. 

Accelerated oxidation occurs and the barrier against the release of fission products is lost 

much earlier than under pure steam conditions. This was seen not only for pure air, but also 

for air-steam and nitrogen-steam atmospheres over a large composition range. 

In isothermal conditions, with the initially bare alloy, the following sequence of events leading 

to nitriding and fast degradation is inferred: a dense columnar oxide forms first. While its 

thickness grows, compressive stresses in the oxide build up, and are finally relieved by 

formation of cracks. Cracking occurs in the radial direction, along the columnar grain 

boundaries, giving direct access for the air to the metal. There, oxygen is consumed first, 

creating a microscopic oxygen starvation. A pure nitrogen atmosphere remains, which is then 

able to react either with the a-Zr(O) phase or the sub-stoichiometric oxide, both available at 

that place. As the oxide scale further grows, the already formed nitride migrates outwards 
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where it is re-oxidised by fresh air flowing from the external surface to the metal. Due to the 

lower density of ZrO2 (5.6 g/cm3) in comparison to ZrN (7.1 g/cm3) this reaction is connected 

with a significant volume increase (48%) leading to high compressive stresses which can be 

only relieved by the formation of cracks. Incidentally, a volume mismatch already occurs 

during nitride formation leading to the formation of pores. 

Figure 8 illustrates this mechanistic approach. One can clearly distinguish four regions in the 

oxide layers: 

The most external one (region 1) is the dense columnar oxide grown during the parabolic 

regime. Where the breakaway has occurred, it is interspersed with micro-cracks, visualised 

by the dark-field illumination. It means that the coarse radial cracking is associated with 

micro-cracking, likely induced by the phase transformation of the initially tetragonal grains 

into the monoclinic structure, when the compressive stresses are relaxed [5]. This micro-

fissuring undoubtedly contributes to the loss of protectiveness of the scale. 

Underneath, the porous oxide formed under the influence of nitriding is composed of 3 sub-

layers: 

The most internal one (region 4), in contact with the metal, contains nitride particles. 

Just above (region 3), ZrN has converted into oxide, leaving a cracked oxide. 

Region 2 has the same appearance than region 3 in the bright field image, but is illuminated 

in the dark field mode, while it is not the case for the region 3 layer. It means that micro-

cracking has occurred, again likely because of the zirconia tetragonal to monoclinic phase 

conversion. 

 

Figure 8: Optical bright field and dark field metal lographic images of a Zircaloy-4 cladding 
oxidised in air at 850°C(regions 1, 2, 3 and 4 are defined in the above paragraphs). 
 

Once initiated, the nitride-assisted degradation will be a self-sustaining process, because ZrN 

conversion into oxide leaves nitrogen available for further nitriding, and because the oxide 

formed is undoubtedly non-protective. Where the nitriding has initiated, the bright α-Zr(O) 

layer is thin, confirming the faster progression of the oxidation front. Another consequence of 

this nitriding-oxidation process is the tensile stress applied to the metal when the nitride 

converts into zirconia. It induces increased creep of the metal, revealed by strong cladding 

deformation where the post-breakaway oxide has grown. It likely contributes to accelerate the 

degradation process because the exposed metal surface increases. 
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Interestingly, a reversal of the increasing degradation in air with temperature is observed at 

high temperatures (above 1000°C in IRSN tests, abov e 1400°C for FZK experiments). This 

could be explained by increasing plasticity of the oxide with temperature, or by faster creep of 

the metal, so that stresses built-up can be relieved by processes other than crack formation. 

This is also to be linked to the monoclinic to tetragonal transformation associated with the 

breakaway: at high temperature, the zirconia scale would grow directly in the tetragonal form, 

and thus could not undergo such transformation. Consequently, the dense oxide keeps its 

protectiveness up to very high thickness. However, local defects can be seen in the macro-

images of the specimens by bumps, spots or macroscopic cracks at the surface. There, 

nitriding initiates and the same self-sustaining nitrogen attack process causes fast (with 

temperature and time increasing) proliferation of the affected area, finally leading to the rapid 

local destruction of the cladding wall.  

Considerable nitrogen attack, i.e. extremely porous oxide layers with nitride precipitations, 

was also observed for the air-steam and nitrogen-steam mixtures over a large composition 

range. The degradation increased with increasing temperature (at least till 1300°C) and 

increasing air content in the mixture. The maximum degradation of Zircaloy cladding in 

nitrogen-steam was found for 50/50 mixtures. 

 

• A pre-existing oxide scale before the air ingress may have a positive or a negative effect, 

depending on its nature and on the temperature: 

• A thin scale grown at low temperature (simulating moderate in-reactor corrosion) favours 

the transition to the nitride-assisted regime (negative effect). But if the “corrosion” scale is 

thick (high burn-up fuel), the effect is beneficial, probably because even if defective, the 

layered zirconia is not micro-porous and somewhat limits the access of oxygen to the 

metal. From 1200°C, probably because the monoclinic  zirconia grown at low temperature 

converts into the tetragonal form, the “corrosion” scale loses its integrity and has no more 

effect. 

• A scale grown in steam at high temperature (typical of LOCA situation), even a thin one, 

can effectively protect the cladding from nitrogen attack and corresponding degradation. 

During annealing in air the scale continues growing as before in oxygen as long as the 

access of nitrogen to the metal is blocked and as long as oxygen is available. A protective 

oxide scale is of course only formed beyond the steam breakaway regime, i.e. above ca. 

1050°C. 

Global oxygen starvation, i.e. the absence of oxygen or other oxidising gases in the 

atmosphere, can seriously worsen the situation: 

When the nitrogen exposure occurs during a short period at the beginning of the oxidation, 

which means a transient oxygen starvation phase on poorly oxidized cladding, the self-

sustained nitriding-oxidation process can initiate in conditions it wouldn’t have in pure air 

(above 1000°C). The destruction of the cladding is therefore much faster. 

In experiments with pre-oxidised specimens exposed to pure nitrogen, significant amounts of 

nitrides were formed externally at the oxide scale independent on the degree of pre-oxidation. 

Previous work has shown that oxygen diffusion from the oxide to the metal occurs during 

steam starvation condition leading to sub-stoichiometric oxide, α-Zr(O) precipitations in the 

oxide and even external α-Zr(O) layers at the oxide [6]. Although the oxide is 
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thermodynamically much more stable than the nitride, nitrogen can react with sub-

stoichiometric oxide and the α-Zr(O) phase to form ZrN. From a safety point of view, during 

reflood with water this nitride may very rapidly re-oxidise and lead to temperature escalations 

in later phases of the accident. 

Theses two examples show that in air ingress accident, because of the presence of nitrogen, 

a transient oxygen starvation situation may have strongly detrimental consequences, which is 

not the case for steam scenarios. The exact consequences depend on the scenario 

considered. Further experimental investigations are requested to get more data for other 

potential scenarios representative of air ingress accident. 

To summarise, the presence of nitrogen in air ingress scenarios appears to have complex 

effects that can not be ignored. From a modelling point of view it is worthwhile noticing that 

Parabolic kinetics can only describe a limited time window of the cladding degradation.  

A breakaway criterion has to be fixed. The scale thickness at breakaway determined as a 

function of the temperature from isothermal tests will be used to define such a criterion. 

However its validity in transient conditions has to be checked, for example by validation 

against T transient tests.  

Atmosphere composition variations and specifically oxygen starvation may shorten the 

parabolic regime. A conservative approach can be to only consider post-breakaway kinetics. 

For the post-breakaway kinetics, a detailed mechanistic modelling of the nitride-assisted 

degradation would be an ambitious, long-term task. For implementation in SA codes, 

simplified approaches may be preferable. 

 
2.4.3. Modelling of accelerated cladding degradatio n in air 

 

Stimulated by the new available data, a development activity has been initiated, in various 

European Research Organizations, to improve oxidation models of severe accident codes as 

ATHLET-CD, MAAP, ICARE/CATHARE and MELCOR. Modelling approaches of varying 

degrees of detail have been adopted, depending on the characteristics of considered codes. 

Validations have been made either against the QUENCH-10 integral bundle test or against 

FZK and IRSN small scale separate effect tests. 

 

2.4.3.1. Modelling in ATHLET-CD  
 

The chemical reaction of Zircaloy oxidation with the oxygen contained in air results in an 

exothermal energy of ∆hair =1.2065·107 J/kg(Zr) which is about twice the value resulting from 

Zircaloy oxidation in steam atmosphere. Oxidation in air is calculated on the basis of the 

analytical solution of the diffusion equation. Similar to the oxidation with steam, the reaction in 

air starts with parabolic kinetics given by the equation : 

  dm’/dt = Ri (T) / m’        (2) 

for the formation of ZrO2 where m’ is the mass of oxidized zirconium per surface area in 

kg/m2. At an oxide layer thickness which is defined by input data (standard value 0.25 mm) a 

transfer to linear kinetics is made. This has the effect that a further increase of oxide mass is 

not considered on the right side of equation (3) to simulate the effects of cracking and 

breakaway observed in the experiments [7]. 
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The reaction rate Ri that is needed for the solution of equation (3) is described by an 

Arrhenius type equation: 

  Ri = Ai · e (–Ei / T) · g(pO2) · Flim         (3) 

where i selects one of the empirical correlation available in ATHLET-CD [8]; g(pO2) is a 

function of the oxygen partial pressure (see equ. 4) and considers oxygen starvation. Flim  is 

an input value which could be used as a preliminary compensation for the up to now 

unavailable nitrid formation model but was set to 1 in the validation calculation of the 

QUENCH-10 experiment.  

Table 1: Empirical correlations available in ATHLET -CD 
 

 Correlation Ai (kgZr
2/m4/s) Bi (K) Range 

1 Powers 
10.50 

7.976 � 1014 

50.40 

15630.0 
57180.0 
14630.0 

T < 1300 K 
interpolation 
T >1400 K 

2 CODEX AIT1 428.1 17597.0  
3 NUREG2 25.115 � 104 28485.0  

4 NUREG2 → NUREG1 
25.115 � 104 

5.807 � 107  

50.40 

28485.0 
34860.0 
14630.0 

T < 1180 K 
interpolation 
T >1450 K 

5 NUREG2 → CODEX AIT1 
25.115 � 104 

5.47 � 1026  

428.1 

28485.0 
80320.0 
17597.0 

T < 1055 K 
interpolation 
T >1130 K 

6 AEKI – Mixture Ar and O2 
2.55 � 104 

74.80 
25792.0 
17895.0 

T < 1353 K 
T > 1353 K 

7 AEKI – Air (IRSN, corr.fac.10) 2.735� 105 29054.0  

8 ICARE/CATHARE - Air 
10.50 

2.512 � 105  

50.40 

15630.0 
28470.0 
14627.0 

T < 1265K 
interpolation 
T >1625 K 

 

 

Figure 9: Available correlations for Zr air-oxidati on in ATHLET-CD 
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Figure 9 shows the resulting reaction rates for the 8 options available in ATHLET-CD. Some 

of the correlations need an interpolation between different temperature regimes; to get a 

linear transfer in the logarithmic diagram Ri = f (1000/T) the interpolation functions were also 

defined as additional Arrhenius functions. 

Corresponding to the consideration of steam starvation the factor g(pO2) is calculated as 

  g(pO2)  = (10 – (15 – 6 · fp) · fp) · fp
3         (4) 

with fp = (pO2 / p) / xlim  and the limitation  0 ≤  g(pO2) ≤  1, where  pO2 is the partial pressure of 

oxygen, p is the total pressure of the steam / gas mixture and  xlim is the upper limit of  pO2 / 

p to start the reduction to values below 1. This polynomial of 5th degree for fp provides a 

smooth and steady stop or activation of the air oxidation reaction during a transfer into or out 

of an oxygen starvation phase. The recommended region to initiate the reduction is  

0.01 ≤  xlim ≤  0.1.   

From the measured development of the hydrogen production a preferred oxidation of Zircaloy 

with oxygen in an air-steam mixture was identified. As a consequence of this experimental 

behaviour the rate of steam oxidation is multiplied by a factor rvap,ox which considers the partial 

pressure of oxygen in a mixture. For oxygen pressure fractions pO2 / p between 10-4  and 10-2, 

rvap,ox varies between 1 and 0, so that  the oxidation of steam during a phase of air oxidation 

can be eliminated dependent on the oxygen partial pressure.  

With equation (1) the mass of zirconium dmZr , which is oxidized during time step dt can be 

calculated from dm’·A where A is the available surface area for the oxidation at the beginning 

of the time step. At the end of the time step the actual zirconium mass consumption dmZr  is 

added to the total mass of oxidized Zr and from that the actual thickness of the oxide layer at 

time t will be calculated, taking into account the different densities of Zr and ZrO2. 

Proportional to the consumed metallic Zr the exothermal energy is considered as a heat 

source to the cladding and the consumed oxygen is considered as a mass sink of the 

thermofluid dynamic system. 

As shown above the air ingress model of ATHLET-CD considers the oxygen of the air only. 

Therefore the model will be improved by implementing the reaction of the nitrogen of the air 

with the zirconium under defined boundary conditions like the steam and oxygen starvation, 

the existence of zirconia and the thickness of the zirconia layer. 

 

2.4.3.2. Modelling in MAAP 
 

For performing PSA Level 2 studies, a short computational time is needed. Cladding air 

oxidation is consequently modelled by calculating directly the cladding weight gain, rather 

than with Fick equations [9]. In accordance with the literature [10, 11], several correlations for 

cladding air oxidation are available in MAAP [9]. Weight gains are described by an Arrhenius 

function: 

K=Ai.exp(-Bi/T) 

The breakaway is given by a parameterized temperature criterion, defined on the 

transformation of zirconia (1447 K) or by a criterion based on the weight gain and specified 

by IRSN following MOZART experiments. 

The post-breakaway regime can be simulated by parabolic or linear correlations, even if 

experimental findings indicate linear.  
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If both steam and oxygen are available, oxidation is done before with oxygen. The Zr 

oxidation model in MAAP only takes into account the oxygen of the air. 

With regard to QUENCH-10 experiment, parabolic correlations are chosen before and after 

breakaway. This choice can be justified by the experimental findings from the FZK separate-

effects tests. They show air oxidation is not accelerated when cladding has been pre-oxidised 

for a long time and at a high temperature [7] (for instance nearly 2 h and >1600 K in the 

QUENCH-10 experiment). The oxide thickness is consequently thick and protective. 
 
2.4.3.3. Validation of ATHLET-CD and MAAP against Q UENCH-10 

 

The test QUENCH-10 is a bundle test performed at Forschungszentrum Karlsruhe (FZK) in 

2004 involving an air ingress phase following a high temperature steam pre-oxidation phase. 

For a description of test conditions and main results, readers can refer to the WP 9.1 section 

of this report, or to ref. [12] for more details. 

 

The modelling of the test facility and the implemented initial and boundary conditions differs 

in the SA codes ATHLET-CD and MAAP mainly in the treatment of the core. While the 21 

simulator rods are summarised to three rings (1 unheated rod, 8 heated rods and 12 heated 

rods) in ATHLET-CD using 20 axial nodes (5 for the lower plenum, 10 for the heated zone 

and 5 for the upper plenum), the modelling in MAAP considers 3 rings (1 unheated rod + 4 

heated rods, 8 heated rods and 8 heated rods) and 58 axial meshes (5 for the lower plenum, 

48 for the core and 5 for the upper plenum). For the calculation using ATHLET-CD and 

MAAP, the components rods, shroud and grids are modelled.  

 

In the calculations using ATHLET-CD the Zr-H2O reaction is calculated by the correlations of 

Cathcart and Prater/Courtright and the reaction of the oxygen from the air with zirconium is 

calculated by the correlations of Powers. For the MAAP calculations the correlations of 

Cathcart and Urbanic are used for the Zr-H2O reaction and the correlations NUREG are used 

for the reaction during air ingress. 

 

The thermal behaviour of the bundle (Figure 10) shows for both codes a good agreement 

with the experimental data. The calculated temperatures with ATHLET-CD are slightly lower 

than in the calculation with MAAP, but the increase starts earlier than in the calculations with 

MAAP. For the comparison between the experiment and the calculations with ATHLET-CD 

and MAAP the measurement device TFS 2/11 is considered up to 13326 s (when it failed) 

and afterwards the thermocouples of the shroud (TSH 11/0 and TSH 11/180) are used. The 

level of the temperature of the shroud is slightly lower, but can give an indication of the 

thermal behaviour of the bundle. 
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Figure 10: QUENCH-10 measured and calculated temper atures, by ATHLET-CD and MAAP, 
on 750 mm bundle height 

 

During the second half of the air ingress phase the course of the temperatures in the 

ATHLET-CD calculation is based on a too high calculated oxidation so that the exothermal 

heat input coming from the oxidation is too high. The over-predicted oxidation can be seen in 

Figure 11, too, where the oxygen consumption during the air ingress phase is shown. While 

the qualitative behaviour is calculated quite well with a slight under-prediction at the 

beginning, quantitatively it shows that the over-estimation of the oxygen consumption occurs 

at the end of the air ingress phase. An oxygen consumption of about 93 g is calculated by 

ATHLET-CD which represents an over-estimation of nearly 11 % in comparison to the 

measured value of app. 84 g. Most of the oxygen consumption from the air is calculated from 

the bundle itself (~ 89 g), while the shroud and the grids consume only 4 g of oxygen. 

In the calculations using MAAP, the qualitative behaviour of the oxygen consumption is 

calculated quite well. It shows an overall mass of O2 of app. 73 g. The overall calculated 

mass consumed represents 87% of the measured 84 g. The slight under-prediction of the 

oxygen consumption comes probably from the use of parabolic correlations during the overall 

simulation and of a criterion defined on the transformation from tetragonal to monoclinic 

zirconia that do not lead to a temperature escalation as quick as in the experiment. Parabolic 

correlations were chosen because of the long pre-oxidation phase and the thick oxide layer. 

  
Figure 11: QUENCH-10 calculated oxygen consumption during air ingress of the SA codes, 

ATHLET-CD and MAAP, versus experimental data 
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The calculated thermal behaviour during the air ingress phase has direct impact on the 

temperatures and corresponding to them on the hydrogen generation in the quench phase 

(Figure 12). In MAAP, the calculated temperatures are slightly lower compared with ATHLET-

CD because of lower temperatures after the air ingress, that lead to a small amount of 

hydrogen generation of about less than 1 g in addition to the app. 26.4 g H2 after the 

intermediate cooldown. In the calculations using MAAP, the overall calculated mass of 

hydrogen of app. 27.2 g from the model is under-predicted and represents only 52 % of the 

measured 53 g H2 during QUENCH-10, but the qualitative behaviour of the hydrogen 

generation is predicted well. The under-prediction of H2 production at the end comes from its 

under-prediction during pre-oxidation and from lower temperatures at the end of air ingress. 

The reason remains in the fact that shroud and grids are not modelled as finely as the rods 

are, because they are not taken into account in reactors. Without grids and shroud models in 

MAAP, we implemented simplified ones which under-estimate oxidizable surfaces. The 

qualitative course of the H2 production in the calculations using ATHLET-CD is predicted in 

good agreement with the experimental data and shows only a small over-estimation of the 

overall hydrogen generation of 6 %. The amount of H2 (~ 48 g) up to the end of the air 

ingress phase is calculated in good agreement with the experiment, while the hydrogen 

generation during quenching of app. 8 g is overestimated, because of the overprediction of 

temperatures during the air ingress. 

 
Figure 12: QUENCH-10 calculated hydrogen generation , by ATHLET-CD and MAAP, versus 

experimental data. 
 

The validation of both codes shows in general good agreement with the experiment 

concerning the thermal behaviour up to the end of the intermediate cooldown, but during the 

air ingress phase the calculations vary from the data. This indicates the need for improved 

physical understanding and corresponding to that to improved modelling of the phenomena 

concerning air ingress. For example, the influence of nitride formation is not included in 

ATHLET-CD and MAAP yet, but it has an impact on the cladding and the thermal behaviour 

in the case of re-oxidation when oxygen is available again after an oxygen starvation phase 

[7]. 
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2.4.3.4 Modelling in ICARE/CATHARE  and validation against MOZART SET 
 

Developments in the ICARE/CATHARE v2 code regarding air oxidation include the treatment 

of oxygen starvation, the formation of ZrN in case of total oxygen starvation and the 

simulation of breakaway effects with the transition from parabolic to accelerated kinetics. A 

description of the improved air oxidation model that takes into account breakaway transition 

is given hereafter. Then, a comparison of the weight gain measured in the MOZART 

experiments and calculated with the standard and the improved air oxidation model is 

presented. 

In the pre-transition regime, the total weight gain is described by a parabolic law (Eq. 5).  

   p

2

K
dt

)S/m(d =∆
        (5) 

This is actually a first approximation since departures from parabolic to subparabolic kinetics 

were observed a long time ago [13, 14] and were also observed in recent experiments. They 

can be attributed to the increase of compressive stress with time or to a reduction of diffusion 

path density in the scale with time. 

Several correlations for the parabolic scaling rate Kp are available, in particular the NUREG1-

2 [1], the NUREGB [10], the AEKI [10] and the MOZART correlation, derived from the 

MOZART programme with: )RT10949.1exp(75.696]smkg[K 5142
p ×−=−−  

The MOZART programme has shown that the breakaway transition occurs for a critical value 

of weight gain which is strongly temperature dependent. Moreover, the weight gain at 

transition can be correlated to the temperature by a hyperbolic law (see Eq. 5), which is 

supported by the assumption that the breakaway transition is linked with transformation of 

tetragonal to monoclinic zirconia. The oxide formed between 873 K and 1447 K is expected 

to be monoclinic zirconia (noted m-ZrO2) but tetragonal zirconia (noted t-ZrO2) can also be 

found, being stabilized at subcritical temperatures by fine grain size, hydrostatic pressure, or 

a very high defect concentration [14]. The presence of tetragonal zirconia in the oxide scale is 

generally attributed to high compressive stresses [15] and it was shown by Raman 

spectroscopy [16] that compressive stresses in the oxide layer are larger at the metal-oxide 

interface and reduce away from this interface. It can thus be conjectured that the 

compressive strain energy is largest near the Zr/ZrO2 interface (where compressive stresses 

are maximum) and decrease away from the interface (due to the decrease of compressive 

stresses). As the oxide grows the compressive strain-energy at the oxide-gas interface 

decreases. When the oxide reaches a critical thickness, the compressive strain energy is not 

high enough to keep the tetragonal phase stable. The thermodynamically stable m-ZrO2 

tends to form upon the surface of t-ZrO2. Due to its larger volume, the m-ZrO2 stresses the 

underlying t-ZrO2 causing extensive crack formation and propagation. The breakaway can 

thus be thought to be related to the tetragonal-monoclinic transformation of ZrO2 

accompanied by crack formation. The formation of m-ZrO2 is possible when the free energy 

change of t-ZrO2 to m-ZrO2, given by : 

)uu()T(G)T(G)mt(G tm
0
t

0
m −+−=→∆  , with 

     :)(),( 00 TGTG tm   standard free energy of m-ZrO2 and t-ZrO2 formation in J/mol 

     :, tm uu                compressive strain energy of m-ZrO2 and t-ZrO2 in J/mol,  
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becomes lower or equal to 0. 

Assuming that the strain-energy difference between the monoclinic and the tetragonal phase 
decreases with the mass gain according to equation:  B

tm SmAuu )/(∆=−  and considering 

that the free energy difference can be approximated by:  )1()()( 00
btrtm TTHTGTG −=− , 

where ([17, 18]): 

 
   molJH tr /1094.5 3×−=     is the enthalpy of transformation of  t-ZrO2 to m-ZrO2 

    KTb 1447=     is the temperature of transformation of  m-ZrO2 to t-ZrO2,  

 
the critical mass gain at breakaway corresponds to:  . )1()/( btr

B
break TTHSmA −−=∆  

Experimental weight gains at transition determined experimentally in the MOZART 

programme were used to determine the A and B coefficients and the following correlation 

was obtained: 

   ( ) ( ) 27328.25 )(1019.3 btrbbreak TTHTSm −×=∆      (6) 

After the breakaway transition, a much higher scaling rate is observed. This accelerated 

kinetics can be described by Eq. (7): 

aK
dt

Smd =∆ 5.0)/(
         with   )10325.1exp(9.45][ 5115.0 RTsmkgK a ×−=−−  (7) 

The MOZART experimental set-up has been modelled using ICARE/CATHARE. The 

modelling is mono-dimensional, with 10 axial meshes and one fluid channel. Comparisons 

between experimental and numerical results are shown in Figure 13. The standard air 

oxidation model largely overestimates the time for complete oxidation whereas the improved 

air oxidation model provides a much better agreement. Results obtained with the improved 

model are discussed hereafter: 

At low temperature (873-973 K), there is a rather good agreement between measured and 

computed mass gain. Time at breakaway transition is satisfactorily reproduced by the model. 

After breakaway transition, the slopes of the experimental and numerical plots are slightly 

different. This is due to the modelling of the post-breakaway kinetics by an accelerated law 

whereas a roughly linear kinetics is observed. 

At 1073-1123 K, there is a good agreement between observed and computed mass gain. 

The accelerated kinetic regime is well reproduced. 

At 1173 K, time to reach complete oxidation is underestimated (150 minutes in the calculation 

and more than 200 minutes in experiment). The breakaway transition occurs too early 

compared to experiment (after 20 minutes in experiments and only 13 minutes in 

simulations). Actually, the determination of the experimental time at transition is difficult since 

the oxidation rate stays around its minimum value during about 30 minutes. Time at 

breakaway was determined on the experimental curve when the oxidation rate stops 

decreasing. However, the accelerated regime does not start at this moment but 30 minutes 

later, when the oxidation rate starts to increase again. In the simulation, this delay is not 

taken into account and thus, the accelerated regime occurs too early. This is the main source 

of error since there is quite good agreement between the observed and the modelled 

accelerated scaling rate.  
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At 1273 K, there is a good agreement between experiment and simulation and time for 

complete oxidation is well reproduced by the model. The breakaway transition is observed 

after 14 minutes in experiments and between 20 (in meshes close to air inlet) and 60 minutes 

(in the vicinity of outlet region) in simulations. This means that in spite of a relatively high air 

flow rate (500 ml/min), local starvation conditions are reached, leading to an inhomogeneous 

scale growth. In the simulation, the oxide layer is thicker close to the air inlet, where 

breakaway occurs at first. Breakaway propagates along the cladding leading to a kinetic 

transition that appears progressive at the macroscopic scale.  

Figure 13: Comparison between MOZART experimental a nd ICARE/CATHARE calculated 
weight gain versus time. “model-0” refers to the st andard air oxidation model (parabolic 
law) and “model-1” to the improved one (that takes into account breakaway transition) 

 

2.4.3.5. Modelling in MELCOR and validation against  FZK SET 
 

In common with other plant analysis codes in current use, MELCOR adopts a parabolic 

model for air oxidation. Various correlations were reviewed [19] from which a single 

correlation known as NUREG-B was chosen as default in MELCOR in order to provide a 

conservative upper bound on the oxidation rate. An alternative correlation known as NUREG-

A uses different kinetic parameter values in different temperature ranges and is considered to 

provide a better estimate of the oxidation rate. However, analysis of the air ingress test 

QUENCH-10 [20] revealed the limitations of the MELCOR model, with either the default 

correlation or alternative fits to data. In every case an immediate switch to the air oxidation 

model did not capture the gradual transition to faster kinetics. 

PSI is therefore developing a model which seeks to represent the observed characteristics of 

air oxidation: faster kinetics under most conditions with a tendency toward linear kinetics, 

delayed or gradual transition to faster kinetics after pre-oxidation in steam, breakaway 

behaviour of the oxide scale at low and moderate temperatures. The model development is 

being performed as part of an agreement between the Swiss Nuclear Safety Authority (HSK) 

and the USNRC [21, 22]. In order that the model can be developed, implemented and tested 

within a practical time-frame, and also remain within the overall spirit of MELCOR, a largely 

empirical approach is being adopted, based on results of separate effects experimental data. 

 

873 K 973 K 1073 K

1123 K 1173 K 1273 K

 

873 K 973 K 1073 K

1123 K 1173 K 1273 K
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The main sources of data being used in the model development is the thermal balance (TB) 

tests at FZK and IRSN, while assessment will be performed using data not used in the 

development, e.g. BOX (FZK) and Argonne National Laboratories [23], while QUENCH-10 

data will be used for validation under transient conditions in a rod bundle.  

The TB tests provide transient data that is advantageous for model development. However, 

the present rig cannot be operated with steam, so that an oxygen-argon mixture is used as 

surrogate. Tests by Uetsuka and Hofmann [24] indicate similar kinetics for oxygen and 

steam. The resulting correlation for oxygen is being used as the starting point for the air 

oxidation model and is similar to that of Cathcart-Pawel at the temperatures of main interest. 

The model is still undergoing development, so only a brief description is given to indicate the 

main characteristics and to illustrate the comparison with data. The model modifies the rate-

limiting effect of the growing oxide layer by imposing a temperature-dependent upper bound, 

δ*, on the effective oxide thickness. The kinetic model than takes the following form: 

 

Mass gain rate/area: R   =   ρ(Zr) dδ/dt = A exp (-B/T) /  min(δ, δ*)  (8) 

where   δ   =  oxide thickness. 

 

A and B are Arrhenius constants and ρ(Zr) is the density of the cladding material. The upper 

bound δ* is defined separately for air and steam, and in principle could depend also on the 

cladding material. It is applied progressively over a time period to represent the finite rate of 

transition. The case where δ* is large reverts to the traditional parabolic model. It is assumed 

in MELCOR that the mass gain and thickness are directly linked according to the densities of 

metallic and stoichiometric oxide, and this relation is used in the model. Nitride formation is 

not represented at this stage. A virtue of this conceptually simple approach is that it practical 

to apply in a system-level code and offers flexibility to account for a wide range of conditions. 

The model for steam and air oxidation is indicated schematically in Figure 14. The treatment 

of steam-air mixtures follows a hierarchal approach as in the other codes; the oxygen in the 

air is consumed in preference to the steam if both oxidants are available. 
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Figure 14: Schematic of MELCOR  air oxidation model  
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Sample comparisons with FZK data are shown in Figure 15 which illustrates the 

establishment of faster, linear kinetics at 1073 K in air, and the delayed transition to a similar 

rate following two different periods of pre-oxidation, while in oxygen the kinetic acceleration is 

a much milder. These trends are correctly captured in each case. 

 

Figure 15: Comparison of MELCOR model with FZK data : oxygen + air oxidation at 1073 K  
 

2.4.3.6. Comparison between the different approache s and needs for further developments  
 

The approaches summarised above all indicate the need to capture the breakaway effect to 

reproduce the transient behaviour of oxidation of Zircaloy in air observed in the extensive 

separate-effects database now available. Post-test analysis of the integral test QUENCH-10 

confirmed this requirement, and indeed was an initial stimulus for the development activity. 

The modelling is at various stages of development, and the level of detail is consistent with 

the approaches adopted in the considered codes, from the highly parametric treatment in the 

fast-running engineering-level code MAAP4 to the more mechanistic treatment in the 

detailed-level code ICARE/CATHARE.  To summarise the approaches adopted in each code: 

• MAAP embodies a wide selection of Arrhenius-type parabolic correlations for weight gain 

mainly based on separate-effects tests; parabolic kinetics are used pre-breakaway and 

parabolic or linear post-breakaway, according to user selection. The breakaway criterion 

is a parameterised temperature criterion or a critical weight gain. 

• MELCOR uses a single parabolic correlation based on the NUREG high temperature 

range, but applied over all temperatures. MELCOR also allows the user to specify 

arbitrarily via input Arrhenius correlations defined over up to two temperature ranges; the 

breakaway effect is newly modelled progressively taking into account temperature and 

oxide thickness to capture the time-dependent weakening of the protection offered by an 

oxide layer formed in steam; this transition model is empirically-based. The model will be 

implemented in MELCOR. 
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• ATHLET-CD, similar to MAAP, has available a range of parabolic correlations for weight 

gain. At a user-defined limit, a transition to linear kinetics is effected by limiting the weight 

gain as regards its controlling effect on the reaction rate in the differential form of the 

parabolic rate equation. 

• ICARE/CATHARE also embodies several correlations for the oxide scaling rate, and 

calculates the weight gain at transition using a hyperbolic law fitted to data from 

MOZART. The modelling is justified by reference to oxide phase change and the stress-

strain state of the oxide layers. 

 

The MELCOR and ICARE/CATHARE treatments are being developed in detail on the basis 

of FZK and IRSN separate-effects data respectively; in the MELCOR case it is planned to 

use the IRSN and possibly Argonne data for independent validation. Then assessment 

against QUENCH-10 is planned. No code yet treats nitriding per se (though the effect of 

nitrogen in weakening the corrosion resistance of the oxide is implicitly treated), but this is 

planned in connection with ICARE and ATHLET-CD. All codes treat competitive oxidation in 

steam and air essentially by a hierarchal approach (this may be smoothed as in ATHLET-

CD), and take into account the higher oxidation heat in oxygen compared with steam. 

It is clear that significant progress has been made, during the extent of SARNET project, in all 

the codes in attempting to treat the transition from parabolic to linear kinetics that is seen in 

air atmospheres, but it is also clear that further development and assessment are needed 

before the codes can be confidently applied in plant calculations where a very wide range of 

input conditions occur. The wide range of correlations being used, including the numerous 

options within a single code, testifies to the still immature status of the modelling. The 

separate-effects data generated by FZK and IRSN provide a very comprehensive basis for 

understanding the phenomena, for model development and for code independent 

assessment, while QUENCH-10 and CODEX-AIT1 and AIT2 give relevant integral data. 

Furthermore, the planned experiment SF4 [25] in the ISTC PARAMETER series would 

provide further integral data, here on E110 cladding material, probably at lower steam pre-

oxidation than in QUENCH-10, to further aid the validation process. Further into the future, 

extension of the models to advanced cladding materials such as M5 and Zirlo will be needed, 

with the IRSN and FZK experiments already providing a good basis for such work. 

 
2.4.4. Conclusions 

 

Before the EU 6th framework SARNET project, most of severe accident codes used parabolic 

kinetics for air oxidation of Zircaloy. The experiments recently carried-out at IRSN, FZK and 

INR within the SARNET project duration contribute to a better understanding of the oxidation 

process of Zry clad in air atmosphere. 

The experimental data put into evidence that, after a first period, where the oxidation kinetics 

is parabolic or sub-parabolic, the oxidation behaviour changes and the reaction rate 

increases. This break-away effect is enhanced in air due to the presence of nitrogen: 

formation and further re-oxidation of zirconium nitride induces growth of porous, non-

protective oxide scales and results in fast progression of the oxidation front. The oxidation in 

air and nitrogen-containing atmospheres thus leads to strong degradation of the cladding 
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material. The barrier against fission product release provided by the fuel cladding is lost much 

earlier than during accident transients under steam atmosphere. 

Oxygen starvation strongly influences the degradation process because it can favour the 

initiation of this nitride-associated fast degradation or may lead to significant external nitride 

formation depending on the duration of the starvation phase and on the state of the cladding 

when it occurs. From a safety point of view, external nitride formation has to be considered 

because it may lead to severe temperature escalations in later phases of the accident and 

also, perhaps, loss of rod-like coolable geometry. 

Stimulated by the new available data and fruitful discussions between SARNET members of 

the WP9.3, a development activity has been initiated, in various European Research 

Organizations, to improve oxidation models of severe accident codes as ATHLET-CD, 

MAAP, ICARE/CATHARE and MELCOR. A more or less detailed modelling approach has 

been adopted, depending by the characteristics of considered codes; from the highly 

parametric treatment of the fast-running code MAAP4 to the more mechanistic treatment in 

the detailed-level code ICARE/CATHARE. All models, even if at various stage of 

development, take into account the transition from parabolic to higher post break-away 

oxidation kinetics. The nitriding of Zry cladding, and the further oxidation of the formed ZrN, is 

not yet considered by codes. Even if it can be thought that the role of nitrogen, on oxidation 

rate and heat generation, is implicitly taken into account, a further development to treat this 

phenomenon is planned in connection with ICARE/CATHARE and ATHLET-CD codes. 

The model developed for the ICARE/CATHARE code will be easily introduced in a future 

version of ASTEC code, having the same module (ICARE) for the treatment of the core 

behaviour. 

The preliminary validation work performed within the SARNET project indicates that 

significant progress have been made in all codes to capture the main features of Zry 

oxidation in air, but further development and assessment is needed before the codes can be 

confidently applied in plant calculations were a wide range of conditions (temperature, 

atmosphere composition) can arise. The separate-effects data coming from FZK and IRSN 

experiments as well as data from integral tests (QUENCH-10 and CODEX-AIT1), provide a 

comprehensive basis for future model development and independent assessment. Moreover, 

IRSN and FZK experimental data will also support the extension of code models to the 

oxidation of advanced cladding materials as M5 and Zirlo. Experimental efforts should also 

be pursued, at least in 2 directions: 

• To investigate the behaviors of other advanced materials as E110 or Duplex, which 

have not been yet studied in detail. 

• To adress oxidation situations that are more representative of accidental scenarios, 

as degradation in air during temperature transients, or exposition to air of samples 

that have been longly exposed to pure N2 atmospheres. 

To conclude, the following table draws up a balance summary of the status of the air ingress 

topic after the SARNET project. It tries to highlight, for the different accidental states where 

cladding can react with air components, progresses performed within SARNET and actual 

status of knowledge, from an experimental as well as from a modelling point of vu. Still 

missing data are pointed out and proposition for further investigations are made. 
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State Significance Status of database Status of modelli ng Further work considered 

Pure air oxidation Not very typical 
but important 
foundation for 
building 
database 

Some data already 
and much new 
knowledge from 
SARNET 

First models developed to 
include post-breakaway 
kinetics, active model 
development 

Studies being widened to 
other materials at IRSN 
and FZK 

Low T oxidation 
followed by air 

Relevant for 
spent fuel pond 

Data mostly from 
recent IRSN tests 

Current models neglect 
pre-oxidation; active 
model development 

New data expected from 
the Sandia Fuel Project 
(US-NRC) 

High T steam 
oxidation followed 
by air 

Typical of air 
ingress after 
LOCA 

Data from recent FZK 
SETs and QUENCH-
10 test 

Current models neglect 
the effect of HT steam 
pre-oxidation 

New data expected from 
SF4 

Oxidation by mixed 
steam+air/N2 

Relevant to short 
term post-RPV 
failure 

Limited data, mostly 
from recent FZK tests 

Current models consider 
oxidation by O2 as long as 
available, then by steam 

No studies currently 
planned but could be 
included in ongoing 
programmes if considered 
important 

Oxygen starvation 
and nitriding of pre-
oxidised cladding 

Potential loss of 
geometry/coolabi
lity in spent fuel 
pond or reactor 
accident 

Some limited data 
from IRSN and FZK 
SETs, and from the 
QUENCH-10 test 

Model concepts being 
developed 

No studies currently 
planned but possible if 
considered important; 
possible objective of SF4 

Reaction in N2 then 
oxidation in 
air/steam, e.g. 
during reflooding 

Relevant for 
spent fuel pond 

Few data from recent 
FZK tests 

 Dedicated experimental 
investigations are 
considered at IRSN 

Data expected from the 
Sandia Fuel Project (US-
NRC) 

Steam oxidation of 
nitrided or air-
oxidised cladding 

Potentially 
important during 
recovery AM 

No systematic data Nothing done, no model 
activities currently planned 

No studies currently 
planned but possible if 
considered important; 
possible objective of SF4 

Impact of hydrogen 
and carbon gases 

Canonical state 
for post-RPV 
failure 

No known data Nothing done, no model 
activities currently planned 

No studies planned, may 
be technically difficult 
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3. Late In-Vessel Phases (WP10) 
 
3.1. Introduction 

 

The objective of WP10 is to study the late in-vessel phases and the vessel melt through, i.e. 

accidental sequences after the early in vessel phases and before the ex-vessel phases. It 

has been divided in 2 tasks: 

• WP10.1 is mainly dedicated to the corium behaviour in the lower head, and has been 

successively leaded by Sun Park and Ma Wei-Min, both from KTH;  

• WP10.2 is dedicated to the issues of vessel melt through and has been lead by 

Vincent Koundy from IRSN. 

 
3.2. Late-phase core degradation and corium behavio ur in lower head 
(WP 10.1) 

 
3.2.1 Introduction 

 

The late-phase degradation and corium behavior in lower head (LATVES) is of paramount 

importance to severe accident progression, since it determines the threats to the integrity of 

the reactor pressure vessel (RPV) and the boundary conditions for the ex-vessel phase in 

case f the RPV failure. Motivated by pursuit of in-vessel retention (IVR) and coolability, a 

great amount of research had been performed to investigate the phenomena related to 

LATVES. The created knowledge base (data, models, codes, methodologies and insights) 

helped render a conceptual picture for in-vessel melt risk. 

 

However, there were still large uncertainties in both phenomena and risk quantification when 

SARNET began, which are reflected by the issuesi resulting from the EU 5th FP EURSAFE 

project: 
- Research issue N°1-3: Predictability of the therma l loadings on RPV lower head (or 

corium catcher devices) to maintain their integrity.  
- Research issue N°1-4: External vessel cooling and RPV integrity for in-vessel melt 

retention strategies. 
- Research issue N°1-6: Predictability of mode and l ocation of RPV failure to characterise 

the corium release into the containment.  
- Research issue N°3-1: Melt relocation into water a nd particulate formation through the 

melt relocation from core region into water filled space. 
 

Towards resolution of the issues, a more complete understanding is needed on the following 

physical processes: 
- For coolability of a molten corium pool in the lower plenum or in an external core-catcher: 

In case of dry cavity, initial corium characteristics from the core region when relocating to 
                                                 
i D. Magallon, A. Mailliat, J.-M. Seiler, K. Atkhen, H. Sjövall, S. Dickinson, J. Jakab, L. Meyer, M. Buerger, 
K. Trambauer, L. Fickert, B. Raj Sehgal, Z. Hozer, J. Bagues, F. Martin-Fuentes, R. Zeyen, A. Annunziato, M. El-
Shanawany, S. Guentay, C. Tinkler, B. Turland, L.E. Herranz Puebla, European expert network for the reduction of 
uncertainties in severe accident safety issues (EURSAFE),  Nucl. Eng. Design, 235, Pages 309-346, 2005. 
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the lower plenum, and behaviour of molten pool in the lower plenum 
(segregation/stratification, heat transfers to boundaries…); In case of external vessel 
cooling, critical heat flux and external cooling conditions in order to evaluate and design 
accident management strategies for in-vessel melt retention. 

- For vessel integrity and corium release to cavity: In conditions of dry cavity, vessel 
mechanical failure (mode, instant, location) due to thermal and mechanical loadings, and 
breach opening processes and characteristics of corium release to the cavity. 

 

The main objective of WP10.1 in SARNET has been to integrate the R&D capacities on these 

issues in EU level, in order to better coordinate the research activities and optimise the 

available competences and resources. This was done particularly through: 

- Joint investigation of the physical processes in order to reach a common understanding 

through syntheses on experimental programs and their interpretation. 

- Development of adequate models for the above physical processes to be implemented 

into ASTEC.  

 

This led to the definition and proposal of the joint research activities in WP10.1: 
• Activity 1 . Review of available experiments and/or models: 

- The work was performed and updated every year, taking into account new 
information or progress. 

• Activity 2 . Experimental and analytical activities: 
- Conduct of new experiments on LIVE test facility for molten pool behavior and 

convection (FzK); 
- Model development and analysis for in-vessel corium (KTH). 
- Analytical support (pre- and post test analysis) for LIVE experiments (CEA, IKE and 

KTH). 

• Activity 3 . Fission product (FP) release modelling / analysis from molten pools (RUB) 

• Activity 4 . Code benchmark and reactor applications with emphasis in corium 
relocation and melt pool behavior (loadings).   

- Interpretation of the TMI2 accident with the same codes (IRSN and GRS). 
- FPT-2 and TM-2 calculations with MELCOR 1.8.6 (PSI). 
- Reactor application to VVER-440 reactors using ASTEC code with emphasis on 

corium coolability in lower head (IVS). 
• Activity 5 . Assessment of past work and definition of joint R&D work performed further. 

 

The main achievements of the technical tasks 2- 4 are presented in the following sections. 

 
3.2.2. LIVE Experiments for Melt Pool Behavior 
 

In total, 4 experiments have been performed in the LIVE large-scale test facility (see Fig.1) 

which consists of a 1:5 scaled RPV lower head of a typical pressurised water reactor, a 

pouring system to produce and release the stimulant melt into the test vessel, and a 

volumetric heating system to simulate decay heat generation the melt pool. The test vessel is 

instrumented with thermocouples to measure the temperature distribution in the melt pool 

and with heat flux sensors to determine heat fluxes through the vessel wall at different 

locations. 
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Figure 1: LIVE test facility. 
 
3.2.2.1. LIVE-L1 test 
 

The LIVE-L1 experimenti was designed to investigate the core melt behaviour in the lower 

plenum of the reactor pressure vessel and the influence of the cooling of the vessel outer 

surface with water in the conditions that may occur during core meltdown accident in Light 

Water Reactors. Test initial conditions and main parameters are summarized in Table 1. 

 

To simulate the corium melt a binary mixture of 20 mol% of NaNO3 and 80 mol% of KNO3 

with liquidus temperature of ~300 °C and solidifica tion range of about 60 K has been used. 

The mixture has been melted in the separate heating furnace and 120 L of the melt has been 

centrally poured into the LIVE test vessel through the pouring spout. After the completion of 

the pouring process a heating power of approximately 18 kW was applied to homogeneously 

heat the melt. To avoid the overheating of the melt the power was stepwise reduce to ~10 kW 

within 3720 s and was kept at this level. When the maximum melt temperatures increased up 

to ~370 °C, the flooding of the outer vessel wall w as started. After the cooling initiation, the 

maximum melt temperatures at the upper part of the melt pool decreased to ~320 °C. At the 

inner surface of the vessel wall, the crust started to form and continued to grow, which was 

clearly detected by the infrared camera installed at the vessel lid. 

The homogeneous heating of the melt with ~10 kW was continued for about 20 hours to 

reach the steady state conditions. The experiment was completed by switching off the 

volumetric heating and by the extraction of the liquid melt back into the heating furnace to 

uncover the crusts formed during the test for later analysis. 

The evolution of the electrical power input into the melt (step changes) is presented in Figure 

2. The crust thickness was measured for the final steady state condition. Along the vessel 

wall thickness, temperatures were measured in four (or three) points at several locations. The 

transient temperature curves of the vessel inner surface points IT3, IT7, IT11, IT 15, and the 

vessel outer surface points OT3, OT7, OT11 and OT15 are shown here. Positions of IT3, IT7, 

IT11, IT 15, OT3, OT7, OT11 and OT15 are shown in Figure 3. The temperature evolutions of 

vessel wall are as shown in Figure 4 for the inner and outer surfaces. 

 

                                                 
i A. Miassoedov et al., Results of the LIVE-L1 Experiment on melt behaviour in RPV lower head performed within the 

LACOMERA project at the Forschungszentrum Karlsruhe, Proc of ICONE-15, Nagoya, Japan, 2007 
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The measurements of the crust thickness along the vessel wall show that it varies between 

~11.7 mm at the position near to the melt surface and ~70.7 mm at the bottom of the test 

vessel (see Figure 5).The results of the chemical analysis of the extracted melt samples 

clearly demonstrate that the real melt composition was very close to the planned one and that 

the initial KNO3 fraction was reduced by ~1.6 mole-% at the end of the experiment. This 

observation is in a good agreement with the post-test chemical analysis of the crust 

performed at two locations (Table 2), which indicated that the amount of KNO3 in the crust 

has been increased to ~91 mole-% compared to initial value of 80 mole-%.  

Table 1. Main parameters and test phases of the LIV E-L1 test 
Type NaNO3 KNO3 
Mole % 20% 80% 
Mass % 17.37% 82.63% 
Mass 58 kg 278 kg 
Melt pour 120 l (corresponds to ~31 cm melt height) 

Melt Characteristics 

Initial temperature 350 °C 
Position Central 
Number of pours 1 
Furnace tilting velocity 0.5°/s 
Furnace target angle 80° 
Hold time 50 s 

Melt pour 

Pouring spout temperature 350 °C 
Boundary conditions Air 
Heating planes All 
Heating power 18 kW at the beginning, reduced to 10 kW at 

3720 s 

Phase 1. 
Homogeneous heat 
generation 
(0-82675 s) 

Maximum melt temperature 350 °C 
Boundary conditions water, continuous cooling 
Cooling water flow rate Starting with 1.5 kg/s then reduced to ~47 g/s 
Heating planes All 
Heating power 10 kW 

Phase 2. Start of the 
vessel outer wall 
cooling  
(7220 s) 

Heat generation Homogeneous 
Boundary conditions water, continuous cooling 
Cooling water flow rate ~47 g/s 
Heating planes All 
Heating power 7 kW 

Phase 3. Reduction of 
heat generation  
 (82675 s) 

Heat generation Homogeneous 
Test conditions Reaching of steady-state conditions in Phase 3 Phase 4. Test 

termination, melt 
extraction (102620 s) 

Heating power 0 kW 
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IT 1, 3, 7, 11 and 15 (Bottom up)

OT 1, 3, 7, 11 and 15 (Bottom up)

NaNO3-KNO3 Melt

Vessel

IT 1, 3, 7, 11 and 15 (Bottom up)

OT 1, 3, 7, 11 and 15 (Bottom up)

NaNO3-KNO3 Melt

Vessel

 

Figure 2: Total heating power input. Figure 3: Posi tions of measured 
temperatures ITi and OTi. 

 

a) inner surface (ITi) 

 

b) outer surface (OTi). 

Figure 4: Temperature evolutions of the vessel wall . 
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Figure 5: Crust profile. 
The heat flux measurements (Figure 6 left) clearly show two peaks: one after the melt pouring and 
another one after the start of the vessel outer wall cooling. The maximum heat flux of ~170 kW/m² 
was measured during the vessel cooling at 51° (appr oximately at the middle of the melt pool). In 
the steady-state phase the value of the maximum heat flux through the vessel wall has been 
decreased to ~15 kW/m², as detected at 65.5° locati on (near to the melt surface). Angle 0° 
corresponds to the south pole of the test vessel. From the heat flux measurements the fraction of 
heat extracted through the sidewall has been estimated. According to Figure 6 (right), about 80% 
of the heat generated in the pool is removed through the vessel wall. The remaining part of the 
heat is removed through the top surface of the pool by radiation and convection to air. 

 

Figure 6:  Heat fluxes measured at different positi ons (left) and power balance (right). 
 

Table 2:Crust composition 

  Before the test 
(sample L1-M1) 

After the test 
(sample L1-M2) 

Crust 
(sample L1-C1) 

Crust 
(sample L1-C2) 

K     [w%] 30.597 28.102 38.883 37.960 

Na  [w%] 4.511 4.584 2.118 2.114 

Na/K  [w/w] 0.14742 0.16312 0.05447 0.05569 

K    [mole %] 79.954 78.283 91.522 91.349 

Na  [mole %] 20.046 21.717 8.478 8.651 

Na/K  [mol/mol] 0.25071 0.27741 0.09263 0.09470 

KNO3 [w%] 82.594 81.091 92.776 92.627 

NaNO3  [w%] 17.406 18.909 7.224 7.373 
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3.2.2.2. LIVE-L2 test 
 

The experiment LIVE-L2 was dedicated to investigate the transient melt flow along the RPV 

lower head wall, the shape of the crust at the vessel wall and its influence on the heat flux 

distribution through the RPV wall.  

 

At the top of the upper heating plane, at ~32 cm from the bottom of the LIVE test vessel, a 

2 cm thick disc was placed before the test. This disc should ensure a nonsymmetrical melt 

release into the test vessel and to simulate the upper crust on the melt surface after the 

complete melt relocation. The disc was fabricated from a solidified mixture of NaNO3 and 

KNO3 and had the same composition as the stimulant melt. 

 

Already before the melt pour the cooling of the outer vessel wall with water was started first 

with 1.5 kg/s to fill the gap between the cooling vessel and the test vessel wall and then with 

~47 g/s. This flowrate has been kept constant throughout the whole experiment. Water 

temperature at the inlet amounted to ~10 °C. 

 

To simulate the corium melt a binary mixture of 20 mole% of NaNO3 and 80 mole% of KNO3 

with liquidus temperature of ~300 °C and solidifica tion range of about 80 K has been used. 

The mixture has been melted in the separate heating furnace and when the temperature 

reached ~350 °C, 120 L of the melt has been poured into the LIVE test vessel near to the 

vessel wall through the pouring spout preheated up to approximately 350 °C. 
 

After the completion of the pouring process a heating power of 10 kW was applied to 

homogeneously heat the melt pool. During this time the melting of the upper crust has been 

observed; the maximum measured melt temperatures remained constant at about 300 °C. 

The complete melting of the crust has been completed after approximately 30 minutes and 

the melt pool temperatures started to increase. 

 

The volumetric heating of the melt pool with 10 kW was continued for about 24 hours to reach 

the steady state conditions. During this time the maximum melt temperatures increased up to 

~330 °C and remained constant at this level. The ex periment was completed by switching off 

the volumetric heating and by the extraction of the liquid melt back into the heating furnace to 

uncover the crusts formed during the test. 

 

The experiments provided significant information on the melt pool behaviour during cooling of 

the outer RPV surface with air followed by the flooding of the lower head. Important data 

have been obtained also on the dependence of the crust growth and crust composition on the 

internal heat generation and outside cooling regimes as well as the crust influence on the 

heat flux distribution along the vessel wall. The results of the experiment are being used for 

the validation of the codes applied for safety assessment and planning of accident mitigation 

concepts. 
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3.2.2.3. LIVE-L3 test 
 

The LIVE-L3 is the same as the LIVE-L1 experiment but with a single melt pour at the vessel 

side. More details are as follows: 

120 L in ~100 s, ~7 kg/s maximum pouring rate, temperature ~350 °C 

Same power history and cooling conditions as in LIVE-L1 

All half-meridians of the test vessels were instrumented with the heat flux sensors 

Vessel lid was instrumented with thermocouples  

 

The test aspects were desined to enable direct comparison between central and vessel side 

melt relocation: final (asymmetrical) shape of the crust in the lower head, heat fluxes in 

steady-state and transient conditions and crust composition. The partial results are as shown 

in Figures 7 to 9. 

 
 

Figure 7: Temperature evolution . 
 

 

Figure 8: Heat flux distribution. 
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a) at the middle of the melt pool 

 
b) at the top of the melt pool. 

Figure 9: Crust growth velocity. 
 
3.4. LIVE-L4 test 
 

The experiment LIVE-L4 has the following features:  

 

Single melt pour at the center of the vessel 

NaNO3 – KNO3 binary melt 

210 L (~43.5 cm melt height compared to ~32 cm for previous tests) 

Temperature ~350 °C 
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Power history 18 kW → 10 kW → 5 kW → 10 kW → 15 kW 

Increased cooling rate → isothermal conditions at the outer wall 

Improved instrumentation 

On-line measurements of the crust thickness, thickness and temperature gradient across the 

boundary layer 

Test aspects 

Maximum melt height in the LIVE vessel 

Influence of the different power changes on crust thickness and heat flux distribution  

Preparation for the LIVE tests with two subsequent melt pours 

 

The experiment has been performed but is still under post-test analysis. 
 

3.2.3. Analytical Support of LIVE Tests 
 

The experimental results of the LIVE programme are being used for the development and 

validation of mechanistic models for the description of molten pool behaviour. In joint 

activities of SARNET WP10.1, the LIVE-L1 test was selected to compare the results of 

models with different degree of detail, including the simplified, but fast running models 

implemented in the severe accident codes ASTEC and ATHLET-CD and the PECM model, 

which can used for 2D/3D analysis. 
3.2.3.1. Analysis of LIVE-L1 test using DIVA module of ASTEC V1.3 code 
 

In the ASTEC V1.3 integral code, the DIVA module is used to describe in-vessel core 

degradation, core thermal hydraulics and molten pool behaviour in the lower head during 

severe accident. This stand-alone module was applied by CEA for the analysis of the molten 

pool behaviour in the LIVE-L1 experiment. The external cooling of the vessel outer wall 

surface was simulated using boundary conditions for the temperature and the heat transfer 

coefficients at different positions of the vessel wall derived from the test measurements. The 

following results were obtained from the DIVA calculation and compared with the 

experimental data: 

• temperatures of the inner and outer wall surface, 

• temperature distribution in the molten pool, 

• crust thickness. 
 

The DIVA input deck was developed at CEA The external heat exchange coefficients were 

calculated based on experimental measurements of the heat fluxes, outer wall temperatures 

and temperatures of the cooling tank. All the experimental phases (see Table 1) were 

included into the DIVA input deck. 



106/260 

 

 

500

520

540

560

580

600

620

640

660

680

700

0 10000 20000 30000 40000 50000 60000 70000 80000 90000 100000

Time (s)

T
em

pe
ra

tu
re

 (
K

)

MT3
MT11
MT23
'T calculation'

 

Figure 10: Melt temperature comparison. 
 

The ASTEC lower plenum model does not allow the treatment of one homogeneous oxide 

layer in several sub-layers. The molten pool in the LIVE-L1 test was therefore treated as a 

single layer in the DIVA calculation, with only one representative (average) temperature for 

the melt in the pool. The sum of the power generated by all six heating planes was 

homogeneously distributed in this layer. Due to the modelling, it was not possible to 

reproduce the temperature distribution in the pool since the code calculates an “effective” 

temperature of the single layer. This temperature evolution is compared in Figure 10 with the 

central pool measurements from bottom to top MT3, MT11 and MT23. Globally, the 

experimental trend is obtained even if the calculated temperature is 10 K to 20 K lower than 

the measured temperatures after the start of the external cooling of the vessel wall. 

 

Inner and outer vessel wall temperatures also show discrepancy during the water cooling and 

crust formation as shown in Figures 11 and 12. Figure 11 gives the inner vessel wall 

temperature comparison: from the bottom going up along the wall, the calculated variables T-

mesh61, T-mesh64, T-mesh 68 and T-mesh 71 are respectively compared to the 

thermocouple measurements IT1, IT3, IT7 and IT11. Figure 12 shows the outer vessel wall 

temperature comparison: again, from the bottom going up along the wall, the calculated 

variables T-mesh1, T-mesh5, T-mesh 9 and T-mesh 11 are respectively compared to OT1, 

OT5, OT9 and OT13. In both cases, the calculated temperatures at their maximum are about 

40 K higher than the experimental values. 

 

From the validation point of view it seems important to compare the ASTEC/DIVA 

calculations of the crust thickness between the corium layer and the vessel wall. 

Unfortunately, the crust thickness is not directly provided as a standard output of DIVA. To 
calculate the crust thickness, an approachi has been implemented based on the assumptions 

                                                 
i A. Miassoedov et al., Application of the ASTEC V1 code to the LIVE-L1 experiment, Proc. of ICAPP ’08, Anaheim, 
USA, June 8-12, 2008. 
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of steady-state conditions and a linear temperature gradient through the crust as, done in 

DIVA. Setting the heat flux from the pool towards the crust equal to the heat flux through 

crust and vessel wall, the crust thickness can be calculated using known values from the 

calculation for the melt pool temperature, the melting temperature of the pool mixture, the 

heat local transfer coefficient between the melt pool and the crust, the outer temperature of 

the vessel wall, the thickness and heat conductivity of the vessel wall as well as the heat 

conductivity of the crust. 
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Figure 11: Temperatures of the inner vessel wall ca lculated by the DIVA module. 
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Figure 12: Temperatures of the vessel outer wall ca lculated by the DIVA module. 
 

The value of the crust thermal conductivity is subject to some uncertainty. A sensitivity study 

was performed to evaluate the influence of different values of the thermal conductivity on the 

final crust thickness. Further, the effect of a delay between power shut-down (at 102629 s) 

and melt extraction was checked. The results are shown in Figure 13. According to this, best 

agreement with the experimental crust thickness is obtained assuming a conductivity of 0.68 

W/(m K) or a lower conductivity of 0.54 W/(m K) and a delay of 100 s between shut-down and 

extraction. 
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For these cases, keeping also in mind the simplified approach (e.g. steady-state conditions, 

use of single melting temperature for a non-eutectic melts), the calculated crust thickness 

profile corresponds well to the experimental values determined post-test except for the radius 

locations between 0.24 m and 0.28 m. This approach is, however, not applicable to the 

calculations of the crust thickness evolution in the transient phases of the experiment due to 

the above-described limitations. 
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Figure 13: Crust thickness profile calculated by th e DIVA code 
 
 

3.2.3.2. Calculations of LIVE-L1 using ATHLET-CD la te-phase Modules  
 

The MEWA and VECO modules are being developed and integrated in the German system 

code ATHLET-CDi for the description of late phase core melting. MEWA describes the 

processes of late phase core degradation with massive melting, melt relocation, molten pool 

formation and behaviour up to the relocation of melt to the lower head. The VECO module is 

designed to model the behaviour of corium in the lower head, including debris formation, 

coolability, debris re-melting and molten pool behaviour up to failure of the RPV.  

 

MEWA and VECO are generally based on a quasi-continuum approach. However, for the 

description of molten pools, both in the core and in the lower head, an approach based on a 

representative model is applied. The pool modelling divides the pool into a boundary layer 

along the cooled wall where the melt flows down, a stratified lower region in the central lower 

part of the pool and a turbulent, isothermal region in the upper part. For the heat transfer in 

the boundary layer, the model of Chawla and Chanii is used. The temperature distribution in 

the central part of the pool is determined from a one-dimensional energy conservation 

equation in axial direction, assuming that mass flowing down in the boundary layer is 

balanced by a corresponding upward mass flow in the central pool part. Heat transfer to the 

surface of the upper mixed layer is described by empirical correlations.  

 

                                                 
i K. Trambauer et al, ATHLET-CD Mod 2.1 - Cycle A User’s Manual, Gesellschaft für Anlagen- und Reaktorsicherheit (GRS), GRS-

P-4/Vol. 1, July 2006. 
ii T. W. Chawla and S. H. Chan, Heat transfer for vertical/inclined boundaries of heat generating boiling pools, J. Heat 
Transfer, Vol. 104, pp. 465 (1982) 
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The development of crusts (at side or top) is modelled through a time-dependent mass 

conservation equation for the layer thickness, assuming a steady-state parabolic temperature 

profile in the crust, which allows to consider also volumetric heating in the crust. If a crust 

exists, the interfacial temperature with the molten pool is assumed to be the liquidus 

temperature, corresponding to the melt composition. The representative pool/crust crust 

model is can be thermally coupled to its environment, e.g. a surrounding debris bed or the 

vessel wall. More details of the model are given by Bucki. 

 

Calculations were performed at IKE with the melt pool model in MEWA respectively VECO in 

stand-alone mode. The vessel wall was described as a two-dimensional heat conducting 

structure. As boundary conditions at the outer vessel surface, the temperature of the cooling 

water and a heat transfer coefficient (derived from experimental measurements of heat flux 

and outer cooling tank temperatures) was applied. At the pool surface, radiation towards the 

uncovered vessel and to the surrounding was modelled. 

 

The pool modelling in MEWA and VECO includes the option to apply a simplified description 

using a uniform melt temperature in the pool and empirical correlations for the heat transfer to 

the top and side pool boundaries. Correlations for 3D hemispherical geometry, including 

angular dependence of the heat flux derived from ACOPOii and BALIiii experiments, 

respectively. Through comparison with these correlations, also the actual LIVE tests can be 

related to the underlying experiments. 

 

Figure 14 gives a comparison of measured and calculated heat fluxes for the steady state 

periods with 10 kW (between 10 and 20 h) and 7 kW (after 27 hours) calculated correlations. 

For the BALI and ACOPO correlations only the high power case is included. It can be seen 

that, using the correlations, the heat flux towards the vessel wall is generally underestimated. 

This is explained by the fact that the correlations were derived for a cooled upper boundary 

(crust). In the calculation, For the LIVE-L1 experiment without active top cooling they predict 

a top to sideways partitioning of the heat flux of about 35/65. Experimentally, rather a 

partitioning of 20/80 results.  

 

In the calculation with the full pool model, the correlation for the top heat flux was adapted to 

yield the experimental split. With this modification, the calculated heat flux distribution agrees 

well with the measurements. It has to be noted that an adaptation of the BALI and ACOPO 

correlations to the experimental power split would still have resulted in a much too flat power 

distribution. The peak at 65° can only be recovered  by taking into account the temperature 

distribution in the melt pool (see Figure 15). During the 10 kW heating period, the measured 

melt temperatures are well met by the calculation In the 7 kW period the melt temperatures 

are generally over-estimated. Considering that the calculation rather predicts larger heat 

                                                 
i M. Buck, Modelling of the late phase of core degradation in light water reactors, Dissertation, Universitaet Stuttgart, 
IKE 2-153, November 2007 
ii T. G. Theofanous and S. Angelini, Natural convection for in-vessel retention at prototypic Rayleigh numbers, Nucl. Eng. Design, 

200, pp. 1-9, (2001). 
iii J.M. Seiler et al., Experimental results obtained in France in support of in-vessel retention, Proceedings of RASPLAV seminar 

2000, Munich, November 14-15 (2000). 
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fluxes, this means that the sideways heat transfer coefficients are under-estimated for the low 

power. 

 

Calculated and measured inner and outer vessel temperatures are given in Figure 16. The 

good agreement for the steady-state periods is consistent with the heat flux distribution. For 

the transient period up to start of the water cooling there are however larger discrepancies, 

also concerning the melt temperatures. These can partly be explained by uncertainties 

concerning boundary conditions associated with air cooling. Also, the prediction is 

complicated by temporal growth and disappearance of crust. 
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Figure 14: Outer vessel heat flux during steady states 

calculated by the MEWA module. 
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Figure 15: Development of melt temperatures in the 
pool centre. MT1 is at 50 mm, MT9 at 150 mm and 

MT21 at 250 mm distance from bottom. 
 

 
Figure 16: Temperatures at the inner (left) and outer (right) vessel boundary calculated by the MEWA 

module. 
 

Looking at the experimental heat flux distribution, a higher value at the pole than at 30° can 

be observed. From a picture of the broken crust taken after the experiment (Figure 17) it can 

be seen that the crust partly covered the heater grid in the lower part of the test section. 

Thus, part of the generated heat was dissipated in the crust.  
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Figure 17: Post test view of crust in LIVE-L1. 

The calculated crust thickness at the end of the experiment is compared with the 

experimental profile in Figure 18. For the heat conductivity of the crust, a constant value of 

0.45 W/(m K) was applied. Taking not into account power dissipation inside the crust, the 

crust thickness at in the lower part of the vessel is strongly over-estimated. Thus, heating of 

the crust has been considered in the lower third (up to 10 cm) of the pool. Since it is difficult 

to exactly assess the power released inside the crust, it has been assumed that the 

volumetric power in the crust is a fraction of the volumetric power in the pool. Taking a 

fraction of 30%, good agreement with the experimental crust thickness profile was reached, 

see curve labelled with “Model” in Figure 18. 
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Figure 18: Calculated and measured crust thickness profile at the end of the test. 
 

 

3.2.3.3. ECM/PECM simulations for melt pool behavio ur 
A computationally-affordable method named Effective Convectivity Model (ECM) and Phase- 

change ECM (PECM) were developed at KTH for simulation of turbulent natural convection 

heat transfer and phase changes in a decay-heated corium pool in a LWR lower head with 

complex geometry (e.g. with a forest of control rod guide tubes-CRGT).  
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3.2.3.3.1. ECM approach and validation 

Built on the concept of effective convectivity first introduced in ECCMi, the ECM methodii uses 

characteristic velocities Ux, Uy and Uz to effectively transfer the heat generated in a fluid 

volume toward the cooled wall in an amount equal to the convective heat transport in the 

respective direction. The characteristic velocities are determined by means of heat transfer 

correlations.   
 

The use of effective convectivity helps eliminate the need to solve a complete set of Navier-

Stokes and energy equations with fluid velocities (ux, uy and uz) – a computationally 

expensive exercise for a large pool with high Rayleigh numbers (turbulent natural 

convection). Instead, the following energy conservation equation with effective convective 

terms (with characteristic velocities Ux, Uy and Uz) is solved: 
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Equation (1) is essentially a heat conduction equation once the effective convective terms are 

moved to the right hand side, serving as a source term. To take advantages of a commercial 

CFD code in calculating heat transfer of a melt pool in a complex geometry, the ECM is 

implemented in the FLUENT code using its User Define Function (UDF). The source term in 

the conduction equation solved in FLUENT is modified as: 
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In reality, the effective convective heat transport term is active only at the pool boundaries. To 

achieve the pool’s correct energy balance, the convective heat transport term added in the 

pool is uniformly removed from the whole computational domain. The procedure has been 

detailed by Tran & Dinhiii. 

 

The implementation of ECM in FLUENT offers advantages of being able to use the 

FLUENT/Gambit/TGrid grid generator to create 3D grid, and consequently perform simulation 

in a 3D geometry and post processing of the corresponding results. 
 

Experimental data were used for validation. Kulacki et al. reported measurements of transient 

temperature distribution of an internally heated horizontal fluid layer cooled from the topiv. 

The ECM simulation results of transient temperature profiles (lines) are in a good agreement 

with the experimental data (Fig. 19). Kulacki & Goldstein recorded temperature profiles of 

internally heated fluid layers cooled from the top and bottom with wide range of Rayleigh 
                                                 
i V. A. Bui and T. N. Dinh, Modeling of heat transfer in heated-generating liquid pools by an effective diffusivity-
convectivity approach, Proc. of 2nd European Thermal-Sciences Conference, Rome, Italy, pp.1365-1372, 1996. 
ii C.T. Thanh and T.N. Dinh, Analysis of Melt Pool Heat Transfer in a BWR Lower Head, Transaction of the American 
Nuclear Society, Vol. 95, pp. 629-631, Nov 2006. 
iii  C.T. Tran and T.N. Dinh, “An effective convectivity conductivity model for simulation of in-vessel core melt 
progression in boiling water reactor”, The 2007 International Congress on Advanced Nuclear Power Plants, Nice, 
France. May 13-18, 2007. 
iv F. A. Kulacki and A. A. Emara, Steady and transient thermal convection in a fluid layer with uniform volumetric energy sources, J. 

Fluid Mech., Volume 83, part 2, pp.375-395, 1977. 
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numbersi. The ECM simulation of the experiments showed comparable temperature profiles 

with the experimental data (Fig. 20). 

 

A simple analytical model based on energy balance and experimental correlations is used to 

calculate energy splitting (heat fluxes) in Steinberner and Reneike experiments with internally 

heated water in a square cavity cooled from the top, bottom and vertical wallsii. Results of 

CFD prediction, ECM simulation and the analytical model (using Steinberner & Reneike’s 

correlations) are as shown in Table 3 to demonstrate a reasonably good agreement (within 

15%).  

 
Figure. 19: Transient temperature profiles (Ra=1.18 x1010) in a fluid layer cooled 

from the top 
 

 
Figure 20: Temperature profiles in fluid layers coo led from the top and 

bottom. 

                                                 
i F.A. Kulacki and R.J. Goldstein, Thermal convection in a horizontal fluid layer with uniform volumetric energy 
source”, J. Fluid Mech. Volume 55, part 2, 271-287 (1972) 
ii U. Steinberner and H.H. Reineke, “Turbulent buoyancy convection heat transfer with internal heat sources”, Proceedings of the 6th 

Int. Heat Transfer Conference, Toronto, Canada, Vol.2, pp.305-310 (1978). 
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As expected, the ECM simulation (also using Steinberner-Reineke correlations) produces 

better agreement with the analytical model than the CFD simulation. 

Further validation of the ECM is made by comparison with CFD simulation of heat transfer in 

a melt pool in a scaled PWR lower plenum. Results of simulations by CFD and ECM methods 

can be found in the paper by Tran & Dinh (2007)i, which shows that a fairly good agreement 

was achieved. Notably, the difference of the maximum temperature predicted by the two 

methods is 11K.  
 

Table 3: CFD, ECM simulations and analytical model results 
 Models qup, W/m2 qside, W/m2 qdown, W/m2 

CFD  1045 599 41 

ECM 953 696 48 

Analytical 1026 659 55 

 

As an example of heat transfer simulation for a 3D complex geometry, we apply the ECM 

method to a melt pool unit volume in a BWR, for which CFD simulation was also performed 

and presented by Tran & Dinhii (2006). Specifically, a unit volume is a rectangular box 

surrounding one CRGT and filled with the decay-heated corium. The results show that the 

maximum temperatures of the core melt obtained by two methods differ by mere 5K. Thus, 

the ECM predictions are in a good agreement with both experimental data and results of CFD 

simulations. The simulations for the unit volume show the difference in heat fluxes predicted 

by CFD and ECM is acceptable (within 15% for upward and sideward heat fluxes). 
 

3.2.3.3.2. PECM approach and validation 

 

For the modeling of phase change (Phase-change ECM, i.e., PECM), the enthalpy-porosity 

formulation is used to model the solidification/melting process. The enthalpy formulation is 

based on the assumption of total enthalpy as a dependent variable, along with the 

temperature. In this formulation at a temperature T around the melting temperature TMP, the 

phase-change material is assumed to be mushy for temperature T in the mushy zone:  
 LIQSOL TTT ≤≤       (3) 

Assuming that the viscous dissipation is neglected, from a single enthalpy conservation 

equation which is common for solid, mushy and liquid regions, the flowing heat transfer 

equation can be derived:  

( ) ( ) ( )
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t
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TkTC
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+

∂
∆∂−∇•∇=

∂
∂ ρρ     (4) 

where the source term Sc includes convective terms and material volumetric heat source. We 

can separate two cases of a mushy region: a mushy zone in which the solid is fully dispersed 

                                                 
i C.T. Tran and T.N. Dinh, “An effective convectivity conductivity model for simulation of in-vessel core melt 
progression in boiling water reactor”, The 2007 International Congress on Advanced Nuclear Power Plants, Nice, 
France. May 13-18, 2007. 
ii C.T. Thanh and T.N. Dinh, Analysis of Melt Pool Heat Transfer in a BWR Lower Head, Transaction of the American 
Nuclear Society, Vol. 95, pp. 629-631, Nov 2006. 
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in the liquid phase, and a fixed columnar zonei. The mushy region of core melt is 

characterized by dendrite structure which is similar to a columnar zone. In the PECM, the 

fixed columnar zone model is considered, the source term Sc is defined as follows: 
( ) ( ) vpc QuLTuCS +•∇−•−∇= ρρ      (5) 

In the fixed columnar zone, however, the solid flow is zero, and no net latent heat is 

convected. As a result, the second convective term of Eq. (5) is zero. Thus in the PECM 

there are two mechanisms of heat transfer within a mushy zone: the conduction and 

convection of the liquid fraction. The convection is possible only within the liquid fraction. 

The latent heat of fusion ∆H is constrained by the limits 
LH ≤∆≤0       (6) 

or      LFH L ×=∆                     (7) 

where FL is the local liquid fraction. A key feature in the development of the fixed grid method 

is the definition of the local liquid volume fraction FL. In general, the local liquid fraction in the 

mushy zone will depend on the nature of solidification. The local liquid fraction could be a 

function of temperature, cooling rate, solidification rate and the local liquid fraction field. A 

general form of the local liquid fraction versus temperature function is non-linear (Figure 21). 

In this figure, the step change at the solidus temperature (solid-mushy interface) can be 

associated with a eutectic phase change, and the step change at the liquidus temperature 

(mushy-liquid interface) can be used to approximately represent a kinetic under-cooling at the 

dendrite tipsii. 

 

Figure 21: A general liquid fraction-temperature cu rve. 
 

For simplicity the local liquid fraction is assumed to be dependent only on temperature. An 

approximate linear function temperature dependency of the local liquid fraction in the mushy 

zone is used in enthalpy-porosity method, Eq. (6). 
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It is seen from Eq.(5) that to solve the heat source equation, it is necessary to define the fluid 

velocity in the mushy zone. The fluid velocity in the mushy zone may have a certain impact 

                                                 
i V. R. Voller and A. D. Brent, Modelling the mushy region in a binary alloy, App. Math Modelling, Vol. 14, pp. 320-326, 1990. 
ii T. W. Clyne, Numerical modeling of directional solidification of metallic alloys, J. Metal Science, Vol. 16 (9), pp. 441-450, 1982. 
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on the dynamics of the melting/solidification front and change the behavior of the melt pool 

formation. 

 

Validation is performed to examine the consistency of the CFD and PECM simulations with 

different mushy velocity models, comparing the heat transfer coefficient (i.e. upward Nusselt 

number) of the phase-change case with that predicted by the experimental correlations 

(Kulacki-Emara correlation). The solidus and liquidus temperatures applied in the CFD and 

PECM simulations are 2750K and 2770K, respectively. The domain’s initial temperature is 

50K lower than the solidus temperature. 
 

As baseline benchmark, we use CFD method of Direct Numerical Simulation (DNS) to 

compute fluid flow and heat transfer in an internally heated fluid layer cooled from the top with 

a truly isothermal boundary condition (i.e. with the phase-change boundary). A very fine 

nodalization was applied to effectively provide large-eddy simulations of turbulent natural 

convection in fluid layer without invoking an explicit subgrid scale turbulence model.  
 

The results of the CFD simulation and PECM calculation of a fluid layer cooled from the top 

without phase change (the boundary temperature is the liquidus temperature) agree well with 

the prediction by the experimental correlation valid for a wide range of Rayleigh number 

(Figure 22). More validations are available in [i]. 

 
Figure 22: Kulacki-Emara correlation and CFD simula tion heat transfer coefficients. 

 

In a previous study, we examined the potential of using coolant flow in CRGTs in the BWR 

lower head to remove decay heat and retain the debris and corium melt within the RPV. 

Presence of the CRGT significantly complicates the analysis of heat transfer in a debris cake 

as well as a melt pool, and consequently quantification of the melt attack on the vessel 

structures and vessel failure mode and timing. Here we apply the PECM to compute the 

dynamics of the melt pool formation in a unit volume. The unit volume is a rectangular box 

                                                 
i C.T. Tran and T.N. Dinh, Simulation of core melt pool formation in a reactor pressure vessel lower head using an effective 

convectivity model, Proc. Of NURETH-12, Pittsburgh, Pennsylvania, USA, Sept.30-Oct.4, 2007. 
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surrounding a BWR CRGT and filled with the debris cake of 400mm height. The simulation 

objective is to examine the performance of the PECM in the BWR geometry and obtain new 

insights into the dynamics of the melt pool formation, energy splitting and thermal loadings on 

the vessel structure and CRGT. 

Further, the following assumptions are made for the test case. Both the debris cake and the 

resulting melt pool are assumed to be homogeneous, with volumetric decay heat generation 

rate of 1 MW/m3. The thermal conductivities of the debris cake and molten corium are 

assumed to be 1 W/(m.K) and 3 W/(m.K), respectively. The debris cake has an initial 

temperature of 500K. Isothermal boundary conditions (383K, 450K and 500K) are applied to 

the computational domain’s top, side and bottom boundaries.  
 

To ensure the accuracy of a complex flow simulation, Adaptive Mesh Refinement (AMR) 

technique of FLUENT is used. The AMR tool of FLUENT creates a high-resolution mesh 

based on the gradient of liquid/solid fraction; a high-resolution mesh is provided in the phase-

change interface of the solid debris and liquid melt to resolve the melting front. 

 

As expected, the simulation results (Figures 23) depict the formation of a melt pool in the 

region between CRGTs. The pool expanded with time, both radially, and became connected, 

forming a large melt pool surrounded by crust on the cooled walls of the CRGTs and vessel.  

 

   
a)         b) 

Figure 23: Top view of the formation of a melt pool  within four CRGTs:  

a) Formation process; b) Steady state 
Table 4 shows the pool superheat and energy splitting of the computational domain. For 

comparison, we also include results of CFD simulation performed and presented in our 

previously.  

Table 4: Energy splitting and superheat of the pool . 
Simulation Superheat of 

the pool, K 
Upward 
heat flux 

qup, kW/m 2 

Sideward 
heat flux 

qsd, kW/m 2 

Downward 
heat flux 

qdown , kW/m 2 

PECM 50 118 121 57 
CFD 

without phase 
change 

 
61.1 

 
170 

 
108 

 
30 
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3.2.3.3.3. Analysis of LIVE-L1 test using PECM 

 

The PECM approach was employed to calculate LIVE-L1 test. The boundary conditions 

applied to the PECM simulation are as follows. The outer wall of the vessel is applied to 

convection heat transfer. The top melt surface was applied to radiation heat transfer. The 

upper part of the vessel inner surface, where the vessel contacts with air (not with the melt) is 

also applied to radiation heat transfer. The simulation is started with a plenum filled by hot 

liquid melt, the initial temperature is 330 oC (according to the beginning temperature of 

thermocouples). In the first two hours, the vessel wall is cooled by the air, afterward it is 

cooled by a water flow. 

 

a) inner surface 

 

b) outer surface  

Figure 24: Temperature evolutions of the vessel. 
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The temperature evolutions are presented in Figures 24. Temperature evolution figures 

indicate that the PECM well predicts the complicated behavior of vessel wall temperatures in 

a long time period (several tens hours). Predicted temperatures levels are fairly agreed with 

the experimental data (see Figure 4). 

The heat fluxes of the last steady states are shown in Figure 25 (about 15 hours). The heat 

flux profile obtained by the PECM simulation is well agreed with the heat flux measured at 

IT/OT 1, 3, 5 and 15 positions.  

 

Figure 25 shows the crust thickness predicted by the PECM and the experimental crust 

thickness (the dot line). As it is shown, the PECM result is reasonably well agreed with the 

experiment. Crust thickness of the PECM simulation in the lower region is thinner compared 

with the experimental (58.97 mm vs. 70.67 mm in the lowermost region) that can be 

explained similarly to the previous SIMECO experiment simulation result. In addition, the 

other potential reason leading to the crust thickness difference is the different heating power 

distribution to the six layers of the melt pool. 

 

Figure 25: Outer vessel heat flux, 15 hours (the li ne is PECM and dots are LIVE-L1). 
 

 

Figure 26: LIVE-L1 experiment and PECM predicted cr ust thickness. 
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3.2.4. FP Release Modelling / Analysis from Molten Pools 
 

At RUB-LEE the code RELOS (Release of low volatile fission products from molten pool 

surfaces) was developed up to 2006 which is based on a mechanistic model considering the 

diffusive and convective FP transport from a molten pool surface into a cooler gas 

atmosphere. Thereby free and forced convection is taken into account for transport 

calculations in the gas phase. Crust formation is compensated in decreasing the liquid 

surface area input. The transport is driven by the difference of the partial densities at the gas 

side of the phase boundary and the bulk of the gas phase. To get these densities the 

commercial programme library ChemApp is implemented in RELOS in order to perform 

continual thermo-chemical equilibrium calculations both for the phase boundary and the gas 

atmosphere. Therefore ChemApp needs chemical property data as input. 

 

RELOS is able to calculate this release by vaporisation both for stirred pool volumes, oxidic 

and metallic layers depending on what is user defined. The relevance of the amount of 

transferred oxygen from the gas atmosphere into the molten pool on the specification of a 

radionuclide and its release depends strongly on the initial oxygen inventory. Particularly for a 

low oxygen potential in the melt as it is the case for stratification when a metallic phase forms 

the upper layer and, respectively, when the oxidation has proceeded so far so that Zirconium 

was completely oxidized, a significant influence of atmospheric oxygen on the specification 

and the release of some radionuclides has to be anticipated. 

 
 
 
 
 
 
 
 
 
 
 
 

 

Figure. 27: Transport and reaction between melt and  steam  
at phase boundary and within  melt 
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For this reason a model describing the process of pool oxidation is being implemented in the 

latest RELOS version 2.4. In the case that steam builds the gas atmosphere a further model 

calculates at first the transport from the gas atmosphere to the gas side of the phase 

boundary, i. e. the amount of oxygen reaching the liquid surface. Figure 27 shows possible 

reactions of steam and melt components in the melt and at the phase boundary, respectively. 

 

Two options activating the oxidation model are available so that oxygen transfer from the 

liquid side of the phase boundary into the bulk of the upper melt layer takes place: transfer by 

diffusion or by natural convection mechanism. The transfer of oxygen by diffusion is based on 

Fick’s second law which describes the local change of concentration c in time, 
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Together with Eq. 9 the approach of Eq. 10 allows to calculate the oxygen transfer to the 

liquid corium volume, 

AOA cn ∆⋅= β,
&          (10) 

The natural convection concept comprises two options, first the simulation basing on the 

Rayleigh-Benard-Problem that emanates from the assumption of a temperature difference 

T (cf. Eq. 11) because of a cool surface and a warm bottom of the respective layer. In order 

to calculate the molar mass flow rate of oxygen into the pool the mass transfer coefficient β 

has to be known. The mass transfer coefficient, however, is a function of the dimensionless 

Sherwood number (Sh). The analogy between heat and mass transfer allows deducing Sh 

from the Nusselt number (Nu) which in turn depends on a correlation of the Rayleigh number 

(Ra). Eq. 3 shows that Ra depends on gravitational constant g, the thermal expansion 

coefficient β(1/K) and furthermore on the characteristic length, and it is antiproportional to the 

kinematic viscosity ν and the thermal diffusivity a. 

ν
β

⋅
⋅∆⋅⋅

=
a

HTg
Ra K

3
)/1(

        (11) 

The second option of natural convection calculation is convection due to internal heatingi (cf. 

Eq. 12). In this case Nu depends on the modified Rayleigh number Ra’. It includes the 
internal heat source q&  and the thermal conductivity λ. 

λν
β

⋅⋅
⋅⋅⋅

=
a

Hqg
Ra vK

5
)/1('

&
        (12) 

 

Considering a metallic upper layer, all oxygen amount having reached the surface is 

transferred into the melt assuming that all oxygen atoms at the surface find a metallic partner. 

                                                 
i M. S. Sohal, L. J. Siefken, A heat transfer model for a stratified corium-metal pool in the lower plenum of a nuclear reactor, Idaho 

National Engineering and Environmental Laboratory, INEEL/EXT-99-00763, August 1999. 
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The diffusion coefficients for the oxidic or mixed composed layer are calculated on the basis 

of the thermal conductivity of the reference coriums C-22 and C-100 which were measured 
within the RASPLAV-Projecti. 

 

Recapitulating it is to say that after the modelling activities regarding RELOS described 

above the model basis with respect to the process of pool oxidation has been supplemented: 

After the implementation of the new models both air ingress and steam atmospheres can be 

taken as basis for internal transient oxidation calculations within RELOS. After the transition 

of oxygen from the gas bulk to the phase interface, in a next step the amount of oxygen 

entering the pool volume and thus being available for reactions can be calculated.  

To check both the functionality of RELOS after implementation of the modules and their 

influence on the fission product release some test calculations were performed. In order to 

examine the long-term release behaviour using the new models the test phase was defined 

to 54.000 s. 

The results show that the composition of the liquid phase of the boundary layer is oxidic. 

Since with the former RELOS version oxygen is transferred into the pool according to the 

ratio of metallic liquid fractions to the total liquid phase of the boundary layer, no oxygen is 

transferred in the oxidic pool using this approach. Using the convection approach more 

oxygen is transferred into the pool than with the diffusion model so that with the convection 

model more oxygen is carried out by oxidic compounds. Using the former approach no 

oxygen is transferred into the pool so that for Ce, U and Zr the release behaviour is linear. In 

contrast, the new models calculate a higher release rate at the beginning of the test phase, 

especially for uranium. Differences between the convection and diffusion model occur after a 

few thousand seconds. 

 

In order to assess the fission product release from a molten pool following a test scenario of 

an integral test the pool phase of PHEBUS FPT-1 was calculated with RELOS. For this 

calculation the pool phase was conservatively estimated, i. e. its beginning with 16.000 s of 

the total transient test time and the end with 18.660 s. Following the data of molten pool post-

test analyses the pool inventory was determined. After 2.660 s in the RELOS calculation the 

elements Ce, Cr, Fe, Mo, U and Zr were released with fractions of 10-6 % and 1 % of the 

initial pool inventory, Pu with a negligible fraction only (cf. Figure 28). That means the amount 

of elemental release from the molten pool was relatively small for the pool temperature of 

2.600 K. 

In order to investigate a potential release of more fission products at the same pool 

temperature, all elements, which had not been released till 16.000 s, were defined with their 

non-released masses as pool inventory. In this calculation most of the elements were 

released with a fraction between 10-5 % and 1 % of the pool inventory, however, Ag, In, Sn, 

and Te with clearly higher fractions. They were released not so much as oxidic but as metallic 

compounds (cf. Fig. 29 - Fig. 32). The augmented definition of semi-volatile fission products 

to the pool inventory showed that the ratio of transferred oxygen to potential oxidation 

                                                 
i V. G. Asmolov, S. S. Abalin, A. V. Merzlyakov, Properties measurements of high temperature melts, In: RASPLAV 
Seminar 2000, Munich, 14-15 November OECD, 2000 
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partners was diminished, whereupon the release of more volatile oxidic compounds was 

partially reduced despite the increased oxygen inventory. 

Finally, the results of the calculation of the pool phase of PHEBUS FPT-1 show that pool 

inventories could be defined, so that the release of elements is relevant even if the release is 

related to the initial bundle inventory. However, the results suggest that for an in-vessel oxidic 

molten pool of 2.600 K as defined for the FPT-1 pool release calculation, no relevant amount 

of compounds is released in the molten pool phase of FPT-1. 
 
 

1E-14
1E-13
1E-12
1E-11
1E-10
1E-09
1E-08
1E-07
1E-06
1E-05

0.0001
0.001

0.01
0.1

1

Ce Cr Fe Mo Pu U Zr

R
el

ea
se

 o
f p

oo
l i

nv
en

to
ry

 [%
]

 

Figure 28: Pool Release at the end of the PHEBUS FP T-1 pool phase  
calculated with RELOS. 
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Figure 29: Fractions of Ag-Release-
Compounds  

Figure 30: Fractions of In-Release-
Compounds 
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Figure 31: Fractions of Sn-Release-Compounds 
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Figure 32: Fractions of Ag-Release-Compounds 
 
 
 
3.2.5. Code Benchmark and Reactor Applications 
 

Code benchmark and reactor applications with emphasis in corium relocation and melt pool 

behavior were performed within SARNET WP10.1. 
 

3.2.5.1. Code benchmark on an alternative TMI-2 (AT MI) Accident Scenario 
 

The experimental database on core degradation and melt relocation (and their consequences 

on hydrogen production, vessel rupture) is limited to small-scale experiments which are only 

partially representative of what could occur in a reactor. As a consequence, codes are used 
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to describe core degradation transients in real nuclear reactors without a clear idea of their 

predictive capabilities. OECDE/NEA has launched an action, in order to find out to which 

extent the current advanced codes are able to predict core degradation in nuclear reactors. 
The TMI-2 reactor was chosen for comparisons. For the Phase 1 of the projecti, which was 

completed in 2004, a real TMI-2 scenario was chosen. However, one of the conclusions of 

the report was the proposal of a new benchmark exercise based on TMI-2 plant. It was 

decided that for Phase 2 an alternative scenario should be defined, with simplified and 

controlled thermal-hydraulic boundary conditions in order to minimize the impact of 

uncertainties coming from the calculation of the initial transient and to focus on the 

degradation phenomena. It was supported by SARNET and started as a joint project. The 

project started at the end of 2005 and the final results were received in the beginning of 

2008. The final report will be issued in 2009. 
 

The goal of the excise is to estimate the efficiency of codes to predict safety margins and the 

predictive qualities of models. It was decided to calculate a SBLOCA with core degradation 

and delayed flooding as an alternative accident scenario with simplified boundary conditions 

in order to minimize the impact of uncertainties of thermal-hydraulics during the initial 

transient (front end) and to focus on the severe accident processes. Sensitivity analysis with 

respect to modeling options as well as safety systems actions and accident management 

procedures were planned. The participants and codes used are as shown in Table 5. 
 

Table 5: Participants and codes 

 
 

The definition of the basic scenario is 

• Initial conditions: standard TMI-2 initial state 

• Initial event: 

– Loss of main feedwater 

– Opening of a small break in hot leg A 

• size: 0.001 m2 

• position: 4 m on hot leg A (bottom) 

• Main assumptions: 

– No PORV failure 

                                                 
i Progress made in the Last Fifteen Years through Analyses of the TMI-2 Accident performed in Members Countries, 

NEA/CSNI/R(2005)1, 2005. 
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– No HPI available until 5000 sec after pump trip 

– No let-down flow 

– Trip of primary pumps when primary mass inventory reaches 85 ton 

– All other parameters are standard TMI-2 parameters 

• Boundary conditions: 

– Primary system: make-up flow = 3.0 kg/s 

– Secondary system: regulation of SG pressures (70 bar) and water levels (1 m) 

– ECC injection (HPI): 30 kg/s per loop @ 42 °C, 4000 se c after pump trip 

 

Comparisons of some calculated results are as shown in Figures 33 to 35. Overall, the 

results of this exercise are quite encouraging. First, all the codes succeeded in calculating the 

scenario from the beginning to the end, with very little tuning of parameters or optimization of 

input decks. This shows the robustness of current codes, which is a great progress compared 

to the state of codes 20 years ago when several codes could not calculate the complete TMI-

2 sequence. Moreover, it appears that, for the important safety issues that were considered in 

the exercise, i.e. hydrogen production, SGTR, vessel failure, and core coolability,, the 

predictions of codes are significantly more consistent than they were 20 years ago. 

Predictions are also equally or even more consistent than predictions made in the calculation 

of integral tests. 

  

Some weaknesses of current codes were identified, which are the reasons of having very 

scattered (or sometimes inconsistent) results for some parameters. The first one is the 

prediction of the oxidation of molten mixtures and their relocation. The second one is the 

prediction of UO2 melting and its interaction with molten corium. The third one is the 

prediction of core coolability and the behaviour of hot corium when the vessel is entirely 

reflooded. The weaknesses of codes in the prediction of those phenomena are not surprising, 

because experimental data are scarce and the physical understanding is still incomplete.  

 

The benchmark exercise involved some of the most important system codes which are 

currently used by utilities, TSO’s, and regulatory agencies. Because of that, the benchmark 

has provided substantial and important insights. However, due to the limited number of 

participants and the fact that only one scenario was calculated, the conclusions of this 

benchmark exercise must be considered with caution. 
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Figure 33: Primary circuit  mass. 
 

 

Figure 34: Cumulated H 2 generation. 
 

 

Figure 35: Total mass of molten materials. 
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3.2.5.2. Reactor applications 
 

3.2.5.2.1. Calculations of FPT-2 and TMI-2 using ME LCOR 1.8.6 code 

MELCOR is the primary choice for severe accident analysis in Switzerland. For several years 

version 1.8.5 has been used for plant application and experimental support, but the absence 

of an in-vessel melt pool model limits its capability to address plant safety issues such as in-

vessel retention and focussing effect. The latest released version, 1.8.6 contains a model for 

melt pool behaviour, including formation of separate oxidic and metallic layers. Also included 

in 1.8.6 is a more complete description of the reactor vessel configuration, as well as a model 

(still under development) for release of SIC absorber material. Some modification of the 1.8.5 

input models is needed to accommodate the more complete vessel description provided by 

version 1.8.6. 

 

PSI is therefore carrying out analyses of Phebus-FP and TMI-2 in order to assess the 

applicability of the MELCOR code to core degradation and core melt behaviour. The lack of a 

melt pool model mentioned above in the earlier version means that treatment of the late 

phase requires somewhat arbitrary choices for the degradation parameters, and results for 

the behaviour depend rather strongly on the choices made. Version 1.8.6 contains model 

intended to remove this limitation. The input modelsi for MELCOR 1.8.5 were converted to 

1.8.6. Preliminary analyses of Phebus and TMI-2 have been performed, concentrating mainly 

on the melt pool and late phase behaviour. 

 

For FPT-2 calculation, the initial thermal response was insensitive to the code version and 

choice input values. Differences emerged after the onset of degradation but these were 

mostly limited to areas directly affected by the material movement. Both releases of version 

1.8.6 calculated a maximum of about 1.4 kg of molten UO2 (the same amount as version 

1.8.5) in the case where the grid spacers were assumed to provide support the debris up to 

2200 K. If the spacers were treated as non-supporting structures then it appears that the 

debris relocated downwards earlier and did not reach a configuration from which a melt pool 

could develop. 

 

MELCOR 1.8.6 calculations were also performed for TMI-2, starting with accident initiation 

and continuing through the plant stabilisation phase. The 1.8.5 simulation was used as a 

starting point and the input was converted to generate an analogous 1.8.6 model as a 

baseline case. The UO2-ZrO2 oxidic melting temperature was here reduced from 3100 K to 

2700 K, while pure UO2 melts at 2800 K (reduced from 3100 K). These changes were made 

in attempt to avoid either extreme melt temperatures or absence of melting at all. Apart from 

that the same default models were used. Sensitivity studies were performed, mostly to 

treatment of oxidic melting. 

                                                 
i T. Haste et al, Analysis of TMI-2 with MELCOR and SCDAPSIM, Paper 5193, Proceedings of ICAPP ’05, Seoul, Korea, May 

2005. 

T. Haste et al, “MELCOR/MACCS simulation of the TMI-2 severe accident and initial recovery phases, off-site fission product 
release and consequences”, Nucl. Engrg. and Design 236, 1099–1112 (2006) 
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The results are illustrated by reference to the hydrogen generation and the mass of molten 

UO2. All the simulations calculated the total hydrogen generation during the period up to 

20 000 s (ca. 450 kg) fairly well (Figure 38), but none of the cases exhibited any significant 

further oxidation, despite evidence that there may have been a further 300 kg of hydrogen 

generated in the later period. In contrast to the rather consistent calculation of pressure and 

oxidation, the mass of molten UO2 was very dependent on the input (Figure 39). Several 

cases showed a repeated melting and resolidification and remelting which appeared to be 

unphysical and meant the total molten mass was much less than was estimated from plant 

investigations. In all of these cases a large melt pool did not form in the core but instead the 

debris relocated to the bottom of the vessel where further melting was restricted by residual 

liquid. One of the cases calculated complete dryout of the vessel and almost complete 

melting of the fuel before the vessel was later refilled by injection. This case, run under Linux, 

thus diverged significantly from its Windows counterpart. Representation of the containing 

and insulating effect of a crust is still lacking. It is generally believed that a large melt pool 

(possibly 50 000 kg) formed in the core where it remained until at least a sizeable fraction 

relocated to the lower head via the core bypass. Refilling of the vessel did not bring about an 

immediate cooling of the melt, although it may have played a part in the sequence of events 

that led to relocation. 
 

In principle, MELCOR 1.8.6 provides a better simulation of the late phase and interpretation 

of Phebus and TMI-2 data. However, difficulties are evident in modelling the molten pool 

behaviour, particularly for full plant sequences. The results are sensitive to uncertainties in 

the melting processes, and there are also major and unexplained platform and compiler 

dependencies. 

 

The results can provide useful comparison with ASTEC but experience at PSI suggests that 

MELCOR 1.8.6 is not yet mature enough for plant application. In particular, the TMI-2 results 

suggest that MELCOR can as yet provide only partial benchmarking.  

 

MELCOR 1.8.6 aims to provide a major advance over 1.8.5 in modelling of in-vessel 

behaviour. This is a challenging task and code improvement is continuing. Feedback from the 

experience at PSI including a summary of results has been communicated to USNRC and to 

Sandia National Labs to support the ongoing developmental assessment. 
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Figure 39: MELCOR simulation of TMI-2 hydrogen gene ration. 

 

 
Figure 39: MELCOR simulation of TMI-2 molten pool m ass. 

 
 

3.2.5.2.2. Application of ASTEC to IVR of VVER-440 reactors 

 

Performances of stand-alone DIVA module of ASTEC to simulate in-vessel corium retention 

via cooling of external surface of VVER-440 reactor pressure vessel were studied at IVS. For 

this purpose, coolant temperature (120°C) and heat tra nsfer coefficient (10 kW/m2.K) were 
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defined on the external surface of RPV (simulation of reactor cavity flooding). Mass and 

composition of corium and decay heat were defined inside the lower plenum. Initial and 

boundary conditions were chosen as to enable comparison of the results obtained with the 

results of another codes. Two sources of information were used for comparison: 
 

- Initial and boundary condition and the results taken from [i], which were used for in-vessel 

corium retention concept at Loviisa NPP (here referred as “Loviisa configuration”); 

- Initial and boundary condition and the results taken from [ii], which were used in ARVI 

project (here referred as “ARVI configuration”).     
 

In the first case the code, which was used for calculation of heat flux distribution and RPV 

wall thickness (ablation) was not given in [20]. In the second case the MVITA code (KTH) was 

used. In all calculations, depressurised RPV was considered (pprimary = 0.15 MPa). 

 

For Loviisa configuration which is characterised by large amount of metal from molten vessel 

internals, which are made of stainless steel, Figure 36 shows the calculated heat flux 

distribution through RPV wall compared with the data taken from [20]. As can be seen, the 

agreement for Fe metal layer the heat flux and ablation profile agree reasonably well with the 

data from [20]. For Steel molten metal composition the maximum ablation just below the metal 

layer is predicted. 

 

ARVI configuration is characterised by lower mass of molten metal layer and thus by lower 

thickness of metal layer. Corium composition is defined directly in figures below. The heat 

flux profile is shown on Figure 37. As can be seen from Figure 37, MVITA code predicts 

higher maximum heat flux than the DIVA code (~900 kW/m2 comparing to ~ 600 kW/m2).  
 

 

Figure 36: Heat flux profile for "LOVIISA" configur ation. 
 

                                                 
i O. Kymalaynen et all., In-vessel retention of corium at the Loviisa plant, Nuclear Engineering and Design 169 (1997) 109-130 
ii  Assessment of Reactor Vessel Integrity (ARVI), 5th Framework EU Programme, Final report 
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Figure 37: Heat flux profile for "ARVI" configurati on. 
 

An analysis of LBLOCA without availability of active safety injection was also performed using 

ASTEC V1.3. Reactor cavity flooding was modelled in later phase of the accident (the 

adiabatic BC on outer reactor surface was changed to constant HTC and coolant 

temperature). All ASTEC V1.3 modules were involved and evolution of molten pool and 

decay heat were calculated by the code (instead of postulating them as it was in previous 

case). In total 48 hours was analysed. The radiative heat transfer from upper metallic layer 

was not modelled. From the results obtained it follows: 

- Less than 50% of UO2 and corresponding decay heat was relocated into lower head. The 

rest of fuel assemblies on core periphery remains on its original position, cooled by 

radiative heat transfer to core barrel and hence to cold reactor wall;     

- Large amount of stainless steel reactor internals was melted and relocated into lower 

head, which results in the formation of a thick metallic layer;  

- Only a minor reactor wall ablation was predicted and the reactor vessel integrity was 

safely preserved;   

- The estimated maximum heat flux was lower than 400 MW/m2, what is lower value than 

the expected coolability limit on the outer reactor surface. 
 
3.2.6. Concluding Remarks  

Motivated by the understanding of the late-phase degradation and corium behavior in lower 

head (LATVES), joint activities in WP10.1 of SARNET were performed in analytical support of 

LIVE-L1 experiments, fission product release modeling, code benchmark and reactor 

applications. The achievements advanced the contemporary knowledge and helped reduce 

the uncertainties in in-vessel melt risk quantification. 

 

The large-scale tests performed at FZK through the LIVE program complement the 

experimental data on melt pool behaviour. The tests are designed to support the analysis of 

core melt behaviour in the lower plenum of the reactor pressure vessel and the influence of 

the cooling of the vessel outer surface with water in the conditions that may occur during core 

meltdown accident in PWRs. In the test LIVE-L1 a binary non-eutectic mixture of NaNO3 and 
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KNO3 was used to simulate the corium melt. To study the vessel thermal loadings during the 

melt relocation, the simulant melt was centrally poured into the LIVE hemispherical test 

vessel. The experimental protocol involved homogeneous volumetric heating of the melt 

during cooling of the outer RPV surface with air followed by the flooding of the vessel with 

water. The information obtained from the LIVE-L1 experiment includes the melt temperature 

evolution during different stages of the test, the heat flux distribution along the reactor 

pressure vessel wall in transient and steady state conditions. In the post-test analysis, the 

crust thickness profile along the vessel wall, the crust composition and morphology were 

determined. 

 

Experimental results of LIVE test were used for validation calculations applying models with 

different degree of detail. The stand-alone DIVA module (in-vessel core degradation and 

thermal hydraulics during a severe accident) of the ASTEC V1.3 code was applied by CEA to 

the analysis of the test LIVE-L1. For the ASTEC code a major requirement is fast execution 

time, therefore a lumped parameter approach is applied for the modelling of molten pools, 

based on empirical correlations for heat transfer. In the analysis, the molten pool was treated 

as a single layer. With the given simplifications, the results were fair. The calculated melt 

temperature was globally 10 to 20 K lower that the measured temperatures. For the inner and 

outer vessel wall temperatures, DIVA computed a too flat temperature profile compared to 

the experimental measurements. The calculation matched the maximum temperature and 

heat flux at the upper edge of the pool, but overestimated temperatures at lower locations by 

at most 40 K. The crust thickness at the end of the experiment was calculated using the 

simplified approach assuming steady-state conditions and linear temperature gradient 

through the crust. The results were in good agreement with the experimental values when a 

crust thermal conductivity slightly above the experimental estimates was used. 

 

For the modelling of the vessel external cooling with water in natural convection can be 

performed with the CESAR module of the ASTEC code. This would eliminate uncertainties 

related to the imposed boundary conditions used in the present calculation. Some preliminary 

results of the DIVA-CESAR application being encouraging; they will be pursued in the near 

future. The simulation of the natural convection flow is very important for the analysis of in-

vessel retention as a SAM strategy. Moreover, these calculations should be compared to the 

results from other codes (e.g. peer to peer RELAP calculations). 

 

The molten pool model implemented in the late phase modules developed by IKE for the 

German system code ATHLET-CD also applies a simplified approach. It is based on a 

representative model of the pool, which takes into account an axial temperature profile in the 

pool. The sideways heat transfer is modelled using a boundary layer approach. For heat 

transfer to crusts, a sharp interface is assumed, implying liquidus temperature corresponding 

to melt composition as boundary condition. The calculations performed for the LIVE-L1 

experiment showed quite good agreement with the measured melt and vessel wall 

temperatures and also reproduced the relatively steep relatively steep axial heat flux profile, if 

the heat flux to the top of the pool was reduced. In variation calculations, the application of 

empirical correlations derived from the BALI and ACOPO experiments to the LIVE-L1 test 
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was checked. The resulting heat flux distributions were too flat compared to the 

measurements, which can be explained by the low cooling rates at the top of the pool 

(exposed to air) in the present LIVE test. From the calculations with the MEWA/VECO pool 

model it was further concluded, that heat release inside the crust has to be considered for the 

lower part of the pool, where the crust partially covers the heating grid. Otherwise, the 

predicted crust thickness is too large. 

 

Computationally-affordable methods named Effective Convectivity Model (ECM) and Phase- 

change ECM (PECM) were developed at KTH for simulation of turbulent natural convection 

heat transfer and phase changes in a decay-heated corium pool in a LWR lower head with 

complex geometry (e.g. with a forest of control rod guide tubes-CRGT). The ECM / PECM is 

implemented in the FLUENT code, using its User Define Function (UDF), which offers 

advantages of being able to use the FLUENT/Gambit/TGrid grid generator to create 3D grid, 

and consequently perform simulation in a 3D geometry and post processing of the 

corresponding results.  

 

Extensive validations and applications of ECM / PECM were conducted and published. A 

three-dimensional analysis with higher spatial resolution of the temperature field in the molten 

pool for the LIVE-L1 test was also carried out with PECM by KTH. The time development of 

temperatures and calculated heat fluxes during the steady states agreed well with the 

measurements, with some over-prediction at the upper edge of the pool. This deviation was 

be explained by the peak value of the boundary layer correlation implemented in the PECM. 

Also the crust profile predicted by the PECM method is close to the measured crust 

thickness.  

 

The results of the PECM simulation are based on the concept of a mushy region at the 

pool/crust boundary, while the modelling in DIVA and MEWA assumes a sharp interface. In 

future analyses, more detailed comparisons between these competing approaches as well as 

with experimental results should be done in order to support the convergence towards a 

common, accepted modelling. 

 

The current version of the code RELOS developed at RUB-LEE is able to calculate the molar 

amount of oxygen reaching the pool surface for different atmosphere compositions. The 

transport of oxygen into the pool volume can be described now either by diffusion or natural 

convection model. They help to assess the amount of release of a substance which could 

evaporate from the surface of a molten pool in dependence of time. The assessment of long-

term calculations is difficult since only little sufficient experimental data is available for 

comparison but the results obtained with the implemented models might help to identify the 

range of release as a result of different oxygen potentials. 

 

An OECD/NEA – SARNET joint action is to perform code benchmark on SBLOCA with core 

degradation and delayed re-flooding (ATMI, the simplified TMI-2 scenario). Overall, the 

results of this exercise are quite encouraging. First, all the codes succeeded in calculating the 

scenario from the beginning to the end, with very little tuning of parameters or optimization of 



135/260 

 

 

input decks. This shows the robustness of current codes, which is a great progress compared 

to the state of codes 20 years ago when several codes could not calculate the complete TMI-

2 sequence. Moreover, it appears that, for the important safety issues that were considered in 

the exercise, i.e. hydrogen production, SGTR, vessel failure, and core coolability,, the 

predictions of codes are significantly more consistent than they were 20 years ago. 

Predictions are also equally or even more consistent than predictions made in the calculation 

of integral tests. 

  

Some weaknesses of current codes were identified, which are the reasons of having very 

scattered (or sometimes inconsistent) results for some parameters. The first one is the 

prediction of the oxidation of molten mixtures and their relocation. The second one is the 

prediction of UO2 melting and its interaction with molten corium. The third one is the 

prediction of core coolability and the behaviour of hot corium when the vessel is entirely 

reflooded. The weaknesses of codes in the prediction of those phenomena are not surprising, 

because experimental data are scarce and the physical understanding is still incomplete. 

 

PSI is therefore carrying out analyses of Phebus-FP and TMI-2 in order to assess the 

applicability of the MELCOR code to core degradation and melt behaviour. The preliminary 

results are encouraging. IVS presented an analysis with the ASTEC code of in-vessel 

retention in a VVER-440 reactor. 
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3.3. Vessel failure and corium release into cavity (WP 10.2) 

 
3.3.1. Introduction 

 

During the improbable scenario of a PWR severe accident causing core meltdown, the RPV 

integrity may be threatened by the relocation of molten corium into the lower head and the 

formation of a molten pool. In such a scenario, heat exchange between the pool and the 

vessel may provoke localised overheating (or partial melting) that could result in the failure of 

the RPV and the discharge of melt to the containment. The heat exchange can be very high 

for high-mass corium pools. 

Corium pool formation and relocation into the lower head was in fact observed during the 

TMI-2 accident in 1979. Several calculations used in the TMI-2 accident interpretation usually 

predicted creep rupture of the lower head under these loading conditions. This result was not 

matched by reality since the lower head preserved its integrity after the accident. This implies 

that state-of-the-art lower head failure modelling is not fully mature and the understanding of 

the thermal and mechanical problems associated with lower head failure is incomplete. The 

need to better understand the physical phenomenon relating to lower head deformation and 

rupture thus remains.  

In the framework of experimental research programmes on RPV failure behaviour, which 

addressed the relocation of corium to the lower head, several integral experimental 

programmes were performed. The most well known ones are the USNRC/SNL Lower Head 

Failure (LHF) programme [4], the OECD Lower Head Failure (OLHF) programme [8] and the 

KTH Failure Of REactor VEssel Retention (FOREVER) programme [22]. In this report, only 

the description of the OLHF programme (in particular its first experiment OLHF-1) will be 

presented in detail. 

These experiments led to a better understanding of the thermo-mechanical behaviour of the 

RPV lower head up to failure (e.g. failure mode and failure time), such information is of 

importance for both severe accident assessment and the definition of accident mitigation 

strategies. A well-characterized failure of the lower head (e.g. failure location and final breach 

size) is of prime importance for the evaluation of the quantity of core material that can escape 

into the containment, since this defines the initial conditions for all ex-vessel events. A large 

quantity of escaping corium (large breach size) may lead to direct containment heating 

(DCH). This is an important severe accident issue because of its potential to cause early 

containment failure.  

These experimental programmes also provided data for model development and validation. 

It is important to mention that after crack initiation, crack growth strongly depends on 

propagation mode, which is directly related to the metallurgical characteristics of the vessel 

material. Slight differences in chemical composition, including trace elements, can lead to 

different types of high temperature failure behaviour (brittle or ductile). In this respect, 

different steels can lead to completely different breach sizes, as observed in scaled LHF and 

OLHF experiments. 
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This section is divided into four parts, the first part presents a description of the OLHF-1 

experiment, the second part gives the various numerical models proposed by our WP10-2 

partnersi to simulate the OLHF-1 experiment, and the third part is devoted to the comparison 

of the different numerical results, together with the experimental findings. In the context of the 

joint work of the WP10-2 group of SARNET, four codes were considered to simulate the 

OLHF-1 experiment: the IRSN Astec severe accident code, the ANSYS code whose specific 

severe accident model has been developed by FZD, the CEA CAST3M code and the EDF 

Code_Aster code. The EDF specific severe accident model has been recently implemented 

into Code_Aster code and it will be interesting to compare its results with those of the former 

codes. 

The fourth part of the section is devoted to the presentation of the current research 

programme of IRSN together in close partnership with CEA and INSA Lyon. The aim is to 

model crack opening and crack propagation in French RPV lower head vessels under severe 

accidents conditions. This programme was initiated in 2003 and is made up of five main 

sections, namely an inventory of the different French PWR lower head materials, 

metallurgical investigations to better understand the cause of the variability in mechanical 

behaviour that is observed and related to material microstructure, Compact-Tension testing of 

specimens to characterize the tear resistance of the material, validation of the modelling 

using experiments on tube specimens and the development of a new failure criterion for the 

3D finite element models. 

 
3.3.2 OLHF experiments 

 

The OLHF programme [8] was an extension of the LHF programme [4] and was carried out 

with international cooperation via the OECD. Both were one-fifth scale experiments and were 

conducted by SNL. The major difference between the two programmes was that the wall 

thickness was doubled for OLHF to study the impact of the temperature gradient across the 

vessel wall thickness. LHF involved eight tests and OLHF involved four. The experimental 

apparatus, instrumentation and test operation used in these programmes were described and 

presented in detail by [4]. The experimental apparatus was designed according to the 

requirements set out in the scaling analysis. The test vessel was geometrically scaled to a 

typical PWR to preserve the membrane stress. The SA533B1 steel prototype material for US 

PWRs, was used for the lower head fabrication in order to preserve the material behaviour. 

The heat flux applied to the lower head was reduced by the geometrical scale factor to 

preserve the creep and failure time.   

In the OLHF experiments (except the "OLHF-3" experiment), a constant internal pressure 

was considered; its value corresponded to the reactor moderate pressure. The lower head 

was uniformly heated from within the interior by an induction-heated graphite radiating cavity 

at approximately 12 K/min until rupture occurred. The uniform heating throughout the lower 

head area represents scenarios where core melt gradually relocates to the lower head. Fig. 1 

presents an OLHF lower head test vessel and shows the installation of its induction based 

internal heating system. 

                                                 
i IRSN, CEA, EDF, FZD 
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The OLHF-1 test of the OLHF experiments has been used here for our model validations. 

The test vessel was a hemispherical structure with a inner radius of 0.457 m and a wall 

thickness of 0.076 m, in accordance with a geometrical scale factor. One should note that the 

OLHF-1 wall thickness is slightly thinner at the bottom (0.072 m) than at the equator 

(0.080 m) due to the fabrication method employed. For the calculations, the top nodes of the 

vessel were considered as fixed in the vertical direction (uz = 0) but free in the radial direction 

(ur = 0).  
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The pressure loading was taken from the experimental measurements (operating pressure 

held constant at 12 MPa until failure of the vessel). The thermal loading was itself based on 

the measurements of 20 thermocouples along the 0° azim uth (f = 0°), 10 thermocouples on 

the internal surface of the test vessel at 10° increment s from q = 0° to 90° and 10 other 

thermocouples on the external surface. Fig. 2 presents the internal test pressure and internal 

temperature curves from the edge of the vessel to its bottom, for the OLHF-1 experiment. 

The corresponding external temperatures as a function of time are not presented here, their 

curves are approximately similar to those of the internal curves but the maximum temperature 

gradient can reach 450K. The test pressure employed was of approximately 12 MPa, this 

value (higher than the usual reactor moderate pressure) took into account the increased wall 

thickness in the case of the OLHF geometry to preserve the hoop stress.  

During the OLHF tests, particular attention was paid to failure times and modes, as well as 

breach size. It is convenient to mention here that the OLHF-1 test vessel after failure had an 

ovoid (egg-shaped) geometry and there was severe necking at failure; the wall thickness at 

the failure site was of the order of 1 mm (from an initial thickness of 76 mm). 



139/260 

 

 

 

 
3.3.3. Theoretical formulation of the specific mode l used in ANSYS  

 

The general approach of the FZD Finite Element Model is to perform a coupled simulation 

between a thermal model and a mechanical model. The thermal model can be used to 

calculate the transient temperature field within the vessel wall by applying the thermocouple 

readings at the different internal and external measurement points. The lower vessel head is 

modelled with structural elements considering the material behaviour at high temperatures. 

For this purpose the FE code ANSYS® has been used (revision 8.1) with supplemental 

routines (User Programmable Features, UPFs) for creep and damage modelling.  

The 2D mesh is – like in the thermal model – axisymmetric. The node positions and the 

element geometries of the vessel wall exactly correspond to those of the thermal model. Thus 

an easy transfer of the transient temperature loads from the thermal model is possible. The 

number of elements over the wall thickness was set to 12. The ANSYS element type 

PLANE182 is used for meshing. 

The following loads are considered within the mechanical calculation: 

• transient internal pressure (according to experimental record), 

• gravity (dead weight of vessel), 

• temperature field in the vessel wall (from the corresponding thermal solution). 

In the FE model, the internal pressure is applied as a surface load. It has to be considered 

that two phenomena lead to an increasing primary stress with ongoing deformation: 1) the 

enlargement of the surface subjected to pressure loading; and 2) the reduction of the wall 

thickness. Temperature gradients can cause secondary stresses, which can be relieved by 

viscoplastic deformation. The 2D structural 4-node elements used are suited for the implicit 

solution of creep and plasticity considering large strain and deflection [3]. 
 
3.3.3.1. Elastic and viscoplastic material properti es 

 

Three parts of the deformation of the material have been taken into account: elastic 

deformation, creep and plasticity. The creep (also denoted as viscoplasticity) is a time 

dependent process coming into play at elevated temperatures (in case of steel above 500°C), 

however, occurring at arbitrary low stresses. Contrary to this the plasticity is a prompt 

process – occurring only above a stress threshold (yield strength). Plasticity can take place at 

room temperature, and the yield strength decreases with increasing temperatures. Both types 

of deformation (creep and plasticity) can occur simultaneously in the model. They are 

coupled via geometrical softening (e.g. by increase of the primary stress due to deformation 

induced wall thickness reduction).  

Although the elastic deformation is small compared to the creep and plastic deformation, it 

can also give rise to stresses. The elastic material properties are assumed to be isotropic and 

can therefore be completely characterised by the temperature dependent Young’s modulus 

and the constant Poisson ratio (n = 0.3). 

The generation of the plastic and viscoplastic material data base is based on the 

experimental results of the REVISA project of the 4th framework programme [17] and [9] of 
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the LHF/OLHF programme [8]. In these projects, as well tensile tests as creep tests were 

performed in the temperature range from 600°C to 13 00°C for the French RPV steel 16MND5 

and for the American steel SA533B1, respectively.  

3.3.3.1.1. Generation of the creep data base 

 

The creep behaviour of steel is usually described by analytical formulae (creep laws) 

containing a number of free parameters depending on the approach [2]. The following creep 

law is often used: 
[ ])/(exp 41

32 Tdd dd −⋅⋅⋅= εσε&         (1) 

In this equation the strain rate   is expressed in terms of true stress s, the accumulated true 

creep strain e and the current temperature T. Since the exponent d3 is negative for most of 
materials, Eq. (1) is called a strain hardening representation ( 0<ε&& ). The coefficients (d1  d4) 

are used to adapt the creep laws to a number of creep tests, each performed at constant 

nominal load and temperature. However, in practice it is often difficult to achieve a satisfying 

fit for a wide range of temperatures and stresses with only one set of coefficients. It appears 

that the coefficients themselves are dependent on the temperature or on the stress level. An 

additional drawback of the analytical description is connected with the fact, that only the 

primary creep stage can be described with one coefficient d3. However, it is also necessary 
to account for the secondary creep stage ( 0=ε&& ) and the tertiary creep stage ( 0=ε&& ) in the 

model.  

Therefore an extension of creep modelling was developed for the FE-Code ANSYS® by [1] 

and [2]. This development is based on the User Programmable Features (UPF) of ANSYS 

allowing additional FORTRAN routines to be used within the code. 

The development of the creep modelling starts from a generalised form of the strain 

hardening representation: 
 );;( Tf crcr σεε =&          (2) 

This is valid for primary, secondary and tertiary creep. Eq. (2) is transferred into the ANSYS 

database by means of a number of discrete pairs of the form:  
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Several such sets for different temperatures and stress levels can be combined, originating 

directly from creep tests or generated by a combination of different analytical formulas for 

primary, secondary und tertiary creep. The complete creep data base then consists of strain 

– strain rate arrays for each reasonable temperature and stress combination. 

For the ANSYS calculation the so called Creep Data Base must be provided by the user as a 

set of ASCII files (for each temperature - stress level one file). To perform the calculation of 

the creep strain increment according to the non-standard creep law, the according UPFs 

were modified and linked to the customized ANSYS "Executable". In these routines the scalar 

creep strain increment for each element integration point   is determined from the creep data 

base by non-linear interpolation. More details were presented by [25] and [2]. 
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In describing the creep behaviour, the most difficult part is the tertiary creep stage. The creep 

laws, or alternatively the creep data base, in FE algorithms must be based on true stress and 

true strain. However, usual creep tests are load controlled (force applied to the tension bar is 

constant). Consequently, the true stress is not constant during the test because of the 

uniform reduction of the cross section in the early test stage and because of the necking later 

on. Thus the increasing creep strain rate observed in the late test phase is a consequence of 

two effects: 

• geometrical creep acceleration due to reduction of the cross section and necking, 

• decreasing material creep resistance due to micro structural changes (e.g. micro 

cracks, creep cavities). 

In the FE-model the geometrical creep acceleration is considered. To describe the material 

tertiary creep there are two basic options: 1) to use a creep law or a creep data base with 
0>ε&&  (e.g. for d3 > 0 in the case of Eq. (1); and 2) to use a creep strain rate that is coupled 

to the material damage. In the second option, Eq. (2) is modified to: 
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with D being the damage (see next section). Using the creep data base, the creep strain 

increment is evaluated according to: 
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In this case the creep data base itself does not consider tertiary creep, but the continuation of 

the secondary stage ( ) is assumed; the material creep acceleration is realized by the 

damage coupling, i.e. by the factor (1 - D) -1.  

 

3.3.3.1.2. Modelling of the plastic material behavi our  

 

For the plasticity the multi-linear isotropic hardening model of the ANSYS code is used 

(MISO-option). For 12 temperature levels from room temperature to 1600K the plasticity is 

represented by a curve consisting of 6 linear sections. The stress-strain curves of the tensile 

tests of the REVISA project are used for this purpose.  

However, some modifications of the measured curves are necessary. The plasticity in the FE 

model is a fast process as mentioned above. Contrary to this the tensile tests in the REVISA 

tests were performed at a constant nominal strain rate of   for tests below 1000°C and   for 

1000°C and higher. This is too slow for a separation of  creep and plasticity. At these low 

strain rates the duration of the tensile test is relatively long and therefore a significant creep 

strain will be present at the rupture time. This is especially true for higher temperatures. Thus, 

the tensile test is partly a stress relaxation test [26]. In the creep tests significantly higher 

strain rates can be observed than the values for the tensile tests mentioned above. As a 

consequence of this, the maximum true stresses observed in the creep test are even higher 

than the tensile strength observed in the tensile test at the same temperature, since the 

deformation resistance increases with higher strain rates. Further details were presented by 

[26]. 



142/260 

 

 

In consideration of the large scatter in the creep behaviour even within specimens of the 

same heat, attention was paid to the fact that the creep data base describes all creep tests of 

the REVISA program conservatively with respect to the failure time. 

 

3.3.3.2. Modelling of material damage 
 

The material damage due to significant creep strains and plastic strains is modelled by a 

damage measure D, which is incrementally accumulated for each element at the end of a 

load step or substep of the FE analysis. The damage increment is: 
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with ),( Tcr
frac σε  being the creep fracture strain of the uniaxial creep test at constant stress 

and temperature and )(Tpl
fracε  the plastic fracture strain (true strain) of the tensile test. νR  is 

a function, which considers the damage behaviour in dependence on the triaxiality of the 

stress tensor [14]: 
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where hσ  is the hydrostatic stress and eqvσ  is the von-Mises equivalent stress. The 

accumulated damage is: 
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If the damage of an element reaches a value of D = 1, the element is deactivated by 

multiplying its stiffness matrix by a factor of 10-6. The element’s load vector is zeroed. 

FORTRAN routines have also been developed for the initialisation of the damage calculation 

and for the post processing of the damage [2]. 

 
3.3.4. Theoretical formulation of the specific mode l used in CAST3M  

 

2D and 3D analyses of the OLHF-1 test are based on a finite element method and have been 

carried out using the CAST3M finite element code performed assuming large displacements, 

large rotations but small strains.  

Starting with the experimental data on the geometry (inner diameter, pre-test thickness of the 

vessel) and loading conditions (thermal loading measured with four major arrays of 

thermocouples along 0°, 90°, 180° and 270° azimuths ( φ), weight of the vessel, complete 

record of pressure data), presented by [8], the mechanical behaviour will be predicted but the 

main objective is to simulate failure propagation associated to depressurisation of the vessel. 

The final size and location of the hole are an important issue for numerical simulations 

together with the propagation velocity.  
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3.3.4.1. Constitutive models 

 

For 2D calculations, the vessel is supposed to obey the classical Norton-Bailey unified 

viscoplastic model [13]. For 3D calculations, the vessel is supposed to exhibit an elastic 

viscous material behaviour as described by the unified coupled damage viscoplastic model 

proposed by [13] and [14]. This model allows us to simulate the rip propagation (evolution of 

the shape of the hole with time). 

 

3.3.4.1.1. Coupled damage viscoplastic model 

3.3.4.1.1.1. Model 

 

This material model is based on the work of [13]. The damage theory describes the evolution 

of mechanical degradation from the perfect state of a structure to the time when a 

macroscopic crack appears and propagates. The equations that govern the viscoplastic 

behaviour coupled to damage are as follows: 
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where: 
ε&  ,  eε& ,  pε&  : total, elastic and viscoplastic strain rate tensor, 

σ,  , eqσ σ' : stress tensor, equivalent Von Mises stress and deviatoric stress tensor, 

E, n : Hooke’s matrix and Poisson’s ratio, 
p&   : cumulative viscoplastic strain rate, 

 R : isotropic hardening variable, 

 D : isotropic damage variable, 

  : Heaviside function. 

The five parameters N, M, K, A, and R are temperature dependent material characteristics. 

This model has been adapted to consider temperature dependent properties for accurately 

describing the mechanical behaviour under transient elevated temperature.  
 

3.3.4.1.1.2. Failure criteria 

 

It is important to note that the present model is able to predict the tertiary creep phase as well 

as the rupture time which is reached when the condition D = 1 is fulfilled. So, there is no need 

for a particular rupture criterion describing creep failure. But, if the failure mode does not 

correspond with creep damage (plastic collapse for example), it is also necessary to take into 

account other criteria such as: 
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1) "Considere" criterion: the "Considere" criterion is applied to obtain a post-evaluation of 
failure faileq σσ =  , where  eqσ  is the Von Mises stress and t failσ  he stress threshold which is 

material and temperature dependent. This criterion assumes that necking takes place and the 

structure fails when the stress reaches a value equal to the tangent modulus of the material. 
The corresponding criterion consD  at time t is evaluated as ( ) ( )( ) ( )( )tTtTtD faileqcons σσ=  and 

so rupture is reached when the condition 1=consD  is fulfilled. 

2) Strain criterion: the strain criterion is applied to obtain a post-evaluation of failure 

faileq εε =  , where eqε  is the Von Mises strain and   the strain threshold  which is material and 

temperature dependent. The corresponding criterion strainD  is evaluated as 

( ) ( )( ) ( )( )tTtTtD faileqstrain εε=  and rupture is reached when the condition 1=strainD  is 

fulfilled. 

 

3.3.4.1.2. Norton-Bailey viscoplastic model 

3.3.4.1.2.1. Model 

The model described by the system of Eqs. (9) reduces to a Norton-Bailey law if the damage 

is considered negligible and the stress constant (primary and secondary creep stages): 

   pe εεε +=   ITr
EEe )(

1 σνσνε −+=  
eq

p p
σ
σε '

2

3=     (10) 

21   1
NN

eq tCp σ=           (11) 

C1, N1, N2 are temperature dependent material parameters linked to K, M and N by the 

following relations:  

  12                2121
NN KNC
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M
N

NM

NM
N −−=

+
=

+
⋅=      (12) 

 

3.3.4.1.2.2. Failure criteria 

 

For the Norton-Bailey model, damage at time t can be obtained by post-evaluation (not in a 

coupled way as for the Lemaitre and Chaboche model) using the Kachanov evolution law: 

( ) ( )∫=
t

dttDtD
0

 &    with  ( )

R

eq

DA
D

−
=

1

σ
&      (13) 

where A and R are the Kachanov temperature dependent material parameters. 

The "Considere" criterion and the strain criterion above can be applied to obtain a post-

evaluation of failure. 

 

3.3.4.1.3. Rip propagation and opening 

 

To simulate the rip propagation, "damaged" elements are removed from the mesh:  

- when the averaged Kachanov creep damage variable D on the Gauss points of the element 
has reached the failure criterion value critD . This failure criterion critD  is taken to be  

99.0=critD  instead of 1=critD  to avoid problems linked to a complete loss of stiffness of the 
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damaged elements if the Lemaitre and Chaboche model is used. For the Norton Bailey 
model, the value of 1=critD  is considered, 

- or, when the averaged "Considere" criterion faileqconsD σσ=  variable on the element 

Gauss points has reached the value 1, 
- or, when the averaged strain criterion faileqstrainD εε=  variable on the element Gauss 

points has reached the value 1. 

All mechanical and thermal fields (stresses, strains, internal variables, displacements, 

temperatures …) are actualised on the new geometry at each time step if necessary. The 

pressure drop due to hole opening is taken into account with a depressurisation model: 
 PSKP p ..−=&  (Perfect gas)        (14) 

where P is the pressure value. The parameter Kp has been estimated to be equal to 2250 for 

the OLHF vessel [5]. S is the section related to the rip opening and is actualised at each time 

step. The pressure is also applied on the edge of the new hole. 

Remark: the section related to the rip opening is very difficult to estimate if the mesh is not 
refined enough in the vicinity of the failure site. So, if we take S as the total section totS  of the 

hole, S will be largely over-estimated. A better approximation for S as considered in the 

simulations is only to take into account the edge displacements of the hole at each time step: 

at an instant   the section is then evaluated by the following expression: 
 ( ) ( ) [ ] ( ){ }[ ] S 1 1 −− += itottatii tOpeningtStS

i
      (15) 

 
3.3.4.2. Material Properties 

 

Due to the lack of experimental data available for the thermal expansion coefficient α(T) of 

the OLHF steel, the empirical equation given by [4] for the SA533B1 steel has been used in 

the calculations. This empirical equation doesn’t take into account any phase 

transformations. 

The SA533B1 steel used in the OLHF programme has been tested to determine tensile and 

creep mechanical properties: results were presented by [8]. Furthermore, the tensile and 

creep properties of the SA533B1 steel used in the LHF programme were presented by [4]. 

The empirical equations for tensile properties have been determined by Sandia on the OLHF 

steel [8] and the resulting temperature-dependent Young modulus E and yield stress sy have 

been utilized.  

The creep law chosen by [4] is a power law that corresponds to the Norton-Bailey model 

described by Eq. (11) with N2 equal to 1 (secondary creep regime). Model parameter values 

can then be obtained from the tests performed by SNL but only for the LHF SA533B1 steel 

[4]; they are directly related to the Lemaitre and Chaboche model parameters K(T), M(T), 

N(T).  
The "Considere" criterion is applied to obtain a post-evaluation of failure faileq σσ =  where 

eqσ is the Von Mises stress and failσ  the stress threshold which is temperature dependent. 

The stress threshold can be obtained from the relation ( ) ( ) ( )( )TETT pufail  , min σσ =  where 

the temperature-dependent true ultimate stress su and plastic modulus Ep have been fitted to 

an empirical equation [4]. 
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The strain criterion is applied to obtain a post-evaluation of failure: faileq εε =  where eqε  is 

the Von Mises strain and failε  the strain threshold which is temperature dependent. The 

value of failε  can be deduced from the OLHF-1 experimental strain profile (Fig. 3). At the 

failure site near °= 75θ  and °= 0φ , the local strain reaches a value of 140%. For the mesh 

considered, an element situated in the failure zone (refined zone) corresponds to °= 5.2θd  

and so the strain criterion value has to be evaluated in a zone corresponding at least to 
°= 5θd  around the failure location °= 75θ . This strain criterion value is %120≈failε  (to 

study the sensitivity of the results with the strain criterion, the cases corresponding to 
%100 %,90 %,80=failε  have been also studied but are not presented here [19]. 

  

Fig. 3. OLHF-1 experimental strain profile. 
 

As no values for the damage parameters were available, the values identified by CEA for the 

16MND5 steel [18] have been used (parameters A(T) and R(T) in the Lemaitre and 

Chaboche viscoplasticity model coupled with damage). The two parameters A and R (K = R) 

have been identified with the tertiary creep stage of the curves. For this creep stage, the 

creep stress evolution is taken as  . For more details, one can refer to the work of [18] and 

[12]. 
 
3.3.5. Theoretical formulation of the specific mode l used in Code_aster  

 

In this chapter, we describe the theoretical formulation of the numerical models used by EDF 

to simulate the OLHF-1 experiment with the Code_Aster v8.3 FE program. A coupled 

damage-viscoplasticity model developed by [13] and a viscoplastic model developed by 

Lemaitre were tested in the Code_Aster calculations. 

The coupled damage viscoplasticity model (Vendochab) was developed in the framework of 

continuum damage mechanics and exhibits isotropic hardening as well as non-linear isotropic 

damage as proposed by Kachanov. The damage theory applied is based upon the effective 

stress concept and the strain equivalence hypothesis. The damage variable D represents the 

extent of material deterioration. The main equations are almost identical to those presented 

by the system of Eqs. (9). The Vendochab model becomes a Lemaitre viscoplastic model 
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when one considers D = 0 and negligible damage evolution in the system of Eqs. (9). This 

viscoplastic model can simulate the primary and secondary stages of creep. Adding the 

assumption of large strains (but small rotations), it can also be used to predict the beginning 

of the tertiary creep stage. Using this model, the mode, location and timing of failure must be 

post-evaluated using failure criteria. Three failure criteria can be used in this post-evaluation. 

The criteria used so far are as follows: 

1) Stress criterion: necking at time t is assumed to occur when the average equivalent stress 
across the thickness exceeds the true ultimate stress συ of the material: ( ) uaverageeq σσ = . 

2) Strain criterion: creep failure of the structure occurs when the maximum local strain 
exceeds a critical strain εcrit: ( ) criteq εε =

max
 . For OLHF-1 interpretation, a value of 140 % has 

been selected because it corresponds to the maximum strain as measured on the test 

specimen near the failure site (see Fig. 3). 

3) Average creep damage: creep failure of the structure occurs when average damage 

across the thickness reaches unity. The average damage across the thickness follows the 

evolution law proposed by Kachanov (Eq. (13)). 

A comparison of the predictions of the Lemaitre and Vendochab models in terms of vertical 

displacement of the lower head as a function of time has shown that the coupling between 

damage and viscoplasticity does not bring any improvement in the numerical results. Using 

the Lemaitre model, the predictions of the three failure criteria have been compared in terms 

of failure time, location of crack and total vertical displacement at the bottom centre of the 

hemisphere. This comparison leads us to the following conclusions: 1) the stress criterion 

underestimates the failure time and total vertical displacement; and 2) results obtained with 

the strain criterion are well with experimental results but this criterion is not predictive (the 

maximum strain near the failure site is taken from the experimental measurements and not 

determined a priori). Thus it seems that the failure criterion based on average creep damage 

across the lower head thickness should be considered as the most appropriate criterion. 

Based on the results of the sensitivity studies, the Lemaitre model and the average creep 

damage criterion have been selected for the Code_Aster reference calculation. 

The simulation of the OLHF-1 experiment, performed with Code_Aster v8.3 program, was 

based on 2D axisymmetric meshes. The analysis of the test utilized a grid with 72´16 4-node 

linear elements for thermal calculations and 8-node quadratic elements for mechanical 

calculations (16 elements through the thickness and 72 along the meridian line). Moreover, 

the initial variation in thickness of the vessel was incorporated into the finite element mesh. 

20 nodes of the FE mesh matched the positions of the thermocouples and the temperature 

histories at intermediate nodes on the inner and outer surfaces were obtained by interpolating 

temperatures at known nodes (a linear profile between known nodes was assumed). Node 

temperatures between the inner and outer surfaces were themselves derived from a thermal 

analysis. 

Considering that the observed experimental vertical displacement at the bottom of the vessel 

was not negligible at the failure time, large strains, large displacements and follower pressure 

were taken into account in the Code_Aster reference simulation. 

All material characteristics used in the calculation were taken from the Sandia database for 

the SA533B1 steel [4] except the damage parameters A and R. Due to the lack of a damage 

parameter data for the SA533B1 steel, those from the 16MND5 steel were used [12] 
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. 
3.3.6. Theoretical formulation of the specific mode l used in ASTEC  

 

The lower head under study is considered as a thick hemispherical shell with a completely 

fixed edge condition, subjected to the simultaneous action of a uniform internal pressure and 

a significant thermal loading caused by liquid corium relocated to its bottom. The deformation 

of the lower head is assumed to be caused mostly by creep and to remain axisymmetric until 

failure; the elastic deformation and thermal deformation are assumed to be negligible. 

 

 

3.3.6.1. Equilibrium equations and hypotheses 
 

The model is based on the following equilibrium equations for shells of revolution under 

symmetrical loading [24]:  

 ( ) 0cos 1112 =+−− tPrxQxrNNx
d

d ψ
ψ

      (16) 

   ( ) 0)
2

()sin
2

(sin 1112 =−−−++ nP
e

r
e

xQx
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d
rNNx ψ

ψ
ψ    (17) 

   ( ) 0cos 1112 =−− QrxrMMx
d

d ψ
ψ

      (18) 

Eqs. (16) and (17) correspond to the force equilibrium in the directions of the tangent (index t) 

and the normal (index n) to the meridian, respectively. Eq. (18) defines the equilibrium of the 

moments. N1, N2, M1 and M2 are the stress resultants per unit length, Q is the transverse 

shear force and e is the current shell wall thickness. The normal pressure Pn is assumed to 
be applied on the inner surface of the shell and therefore the term ( ψsin2

e ) appears in Eq. 

(17). The tangential load Pt is equal to zero in the present case. All radii are defined from the 

origin to the middle surface of the shell wall. The problem is assumed to be a membrane-

dominated case and thus Eq. (18) won't be taken into account in the present study. 

From Eqs. (16) and (17), one can deduce the stress resultants N1 and N2 as a function of the 

transverse shear force Q [10]. 

Additionally, we can say that vessel failure has taken place after a significant amount of 

viscoplastic membrane creep and we can legitimately suppose to a first approximation that 

the membrane stresses are uniform through the wall thickness in the area of interest, and 

that the bending moments are negligible in the major parts of the shell. This assumption is in 

agreement with the observations made on the failed test vessels in the LHF and OLHF 

programmes [4] [8] but it should be re-examined in the zone subjected to a strong thermal 

gradient. 

The solutions to the equilibrium equations will be completely determined when the transverse 

shear force Q is known. The first approximation chosen in this simplified 2D model uses the 

Rabotnov formula which gives an explicit approximate analytical expression of the transverse 

shear force Q, in the case of a thin hemispherical shell under internal pressure. This formula 

is completely satisfactory for the major part of the shell, except at the pole [24] We have 

introduced a corrective term into this formula to remove this restriction [10].    
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The equilibrium equations (Eqs. (16) and (17)) that are written using the membrane stress 

resultants per unit length and not the local stresses, cannot then be used to solve the 

problem of local stress variation through the vessel thickness. Therefore, an additional 

hypothesis proposed by [10], which is of prime importance in this simplified 2D method is 

adopted and assumes that, at any point of the shell middle surface, the equivalent strain rate 

is uniform through the shell thickness. This assumption thus provides a discrete 

representation of the distribution of the equivalent stress through the wall thickness and the 

fineness thereof is completely controlled by the total number of Lobatto points [23] used 

across the wall thickness. Notice that the choice of the above additional hypothesis in this 

simplified model replaces the nonlinear material stress-strain law that would be used in a 

finite element model. 

The shell theory presented above, applicable for a small displacement study, is insufficient to 

describe the lower head deformation under severe accident conditions. It has been seen in 

the LHF and OLHF programmes that sagging of the deformed test vessel could be several 

times larger than the initial vessel thickness. The method of large displacements and large 
strains, used in this simplified 2D model consists of expressing analytically ( )θr   and  ( )ϕθ  

as a function of the final unknowns or mechanical (displacement-like) degrees of freedom of 

the simplified 2D model: 

where ϕ and θ  are the polar angles, R0 and r are the radii of the initial and deformed 

structures, respectively. α, β, α, b, c and d are the six final temperature dependent 

unknowns. These equations define the relationship between initial and ovoid shell variables. 

The choice of the number of parameters here is arbitrary but seems sufficient to correctly 

describe the shell deformation. We can verify the following boundary conditions, for 
20 πϕ ≤≤   and  : 20 πθ ≤≤  

 0)0( Rr = ,   0)0( =θ  and  22)( ππθ =        (21) 

It should be noted that the polar angles j  and q  are generally different, except at the equator 

and at the pole of the shell.  

Numerically, the following geometrical discretization was used: the polar angle ϕ (with 
20 πϕ ≤≤ ) was divided into one hundred intervals and eleven Lobatto sampling points were 

considered across the wall thickness to account for the temperature dependent material 

properties. The stress was calculated at each Lobatto point by assuming (as mentioned 

above) that the corresponding equivalent strain rate was uniform across the wall thickness. 

This is in agreement with the experimental evidence (as observed in the LHF and OLHF 

programmes) whereby the test vessels experienced very little bending as compared to 

extension in tension.  
 
3.3.6.2. Main model system matrix 

 

From the virtual work principle stating that internal work and external work are equal 

whatever the admissible virtual displacement, the following six by six system of ordinary 

differential equations arises:  

[ ]{ } { }Fdcba
T

=Γ &&&&&& βα         (22) 
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where the generalized force vector {F} and the generalized damping matrix [Γ] (symmetric 

and positive definite) result from numerical integration along the meridional curve of analytical 

expressions provided by the simplified model.  

The problem that arises has been solved using an iterative procedure. While the force vector 

and damping matrix are calculated from known values of the parameters α, β, a, b, c and d at 

step (n), parameters at step (n+1) are updated using the Euler explicit recurrence scheme 
(with constant or variable time step t∆  ). 

 

 
 
3.3.7. Results of 2d calculations 

 

The calculated and experimental results, with regard to the interpretation of the OLHF-1 

experiment, are summarized in Table 1. 

 
Code OLHF-1 ANSYS Code_Aster CAST3M ASTEC 

Model used Experiment 2D-FE 2D-FE 2D-FE 2D-simplified 
Partner   FZD EDF CEA IRSN 
Criterion  D = 1 D = 1 σeq ≥ σfail 

(D still negligible)  
D = 1 

Failure time (min)  192 189.2 191.6 181.2 185.8 
Failure location θ = 75° θ = 75° θ = 75° θ = 70° θ = 70° 
Sagging (cm) 14.6 9.5 17.7 6 16.9 

 
Table 1 - Comparison of numerical results against O LHF-1 test data 

 

From this table, it can be seen that the failure times and failure locations (polar angle) are in 

quite good agreement with experimental results. The failure time calculated by CEA is 

underestimated, due to the necking criterion being used (σeq ≥ σfail) which generally gives an 

premature failure time. The damage calculated by CAST3M remains negligible at the 

predicted failure time.  

Fig. 4 compares the elongation values of the vessel as a function of time. We can say that 

the calculated elongations at the end are not very close to the experimental value of 14.6 cm 

(we should note that at the end of the curves, the variation in displacement can be important 

for a small increment in time). However, Code_Aster and ANSYS are able to correctly 

describe the experimental curve. Fig. 5 gives the maximum accumulated strain as a function 

of time; the calculated accumulated strains at the predicted failure time are different. ASTEC 

gives quite a good value, when compared to the maximum experimental value measured 

locally at the rupture site, which was equal to 140 % (Fig. 3). 
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Fig. 4. Vessel sagging as a function of time. Fig. 5. Maximum accumulated 

strainas a function of time. 
 

The comparison of different calculated Von Mises stresses as a function of time (at the pole, 

for both the internal and external sides) is shown in Fig. 6. We can observe quite a good 

agreement between the three FE codes. For the simplified model (ASTEC), the calculated 

stresses are in good agreement with those obtained by the FE codes only beyond a time of 

160 min. One can specify here that the simplified model provides a method to obtain 

approximate stress values on a global level; the aim is not to calculate the stress values that 

are as precise as those provided by finite element codes.  

 
Fig. 6. Maximum Von Mises stress at the   Fig. 7. T hickness profile at failure. 
               pole (q = 90°). 
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Fig. 7 shows the profile of the thickness along the median line of the vessel (from q = 0° to 

90°), at the end of the calculations. CEA and FZD have  correctly taken into account the initial 

thickness profile but their calculated minimum thicknesses were underestimated compared to 

the experimental value. One again sees that the CAST3M calculations were stopped too 

earlier due to the necking failure criterion. The minimal thickness values calculated by 

ASTEC and Code_Aster were fairly close to the experimental result.   

Fig. 8. Failure criteria profile. 
 

Fig. 8 gives the value of the failure criteria along the meridian line (from latitude 0 to 90°). 

CAST3M gives the area affected by necking and ANSYS gives the area where the largest 

strain was observed. This high strain area was in agreement with that where maximum 

damage was determined by ASTEC and Code_Aster.     

Following this comparison of results, we can say that the failure time and the location of 

failure are in good agreement with experimental results and that the global mechanical 

behaviour of the OLHF-1 experiment is well represented by each simulation (although one 

cannot always have a good agreement between some calculated and experimental results, 

namely the thickness profile or the final elongation of the vessel). 
 
3.3.8. Results of 3D Calculations 

 

An interpretation of the OLHF-1 experiment was performed by the CAST3M 3D-calculations. 

The strain criterion was used since the "Considere" criterion led to an early failure prediction.  

The predicted failure time was close to the experimental result (187 min compared to 192 

min), the calculations reproduced quite well the deformed shape of the vessel and the 

calculated final elongation of the vessel was in agreement with the experimental value (15.7 

cm compared with 14.6 cm) (see Figs. 9a-9b). The failure locations/sizes were in quite good 

agreement with the experimental findings; the predicted failure area of about 17.57 cm² was 

in good agreement with the experimental failure size of 14 cm² (14 cm length and 2.1 cm 

maximum width) (see Fig. 10).  

Fig. 11 compares the final calculated thickness profiles (from the edge of the vessel to the 

pole) of four different longitudes (0°, 90°, 180° an d 270°) with the experimental results. These 

curves show a good agreement between the calculated thickness profiles and those from 
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post-measurements. We can also mention that the calculated and experimental thickness 

profiles around the vessel at a latitude of 70° (not presented here) are in good agreement. 

 
 

   

 

 
    

Fig. 9a. Final experimental deformed shape   Fig. 9 b. Final calculated deformed 
of the lower head.       shape of the lower head. 

 

        
 
Fig. 10. Overview of the simulated and   Fig. 11. C alculated and experimental 
experimental breaches.    thickness profiles at 4 d ifferent longitudes. 
 
3.3.9. Comments on the interpretation of OLHF-1  

 

The results of the interpretation of the OLHF-1 experiment using 2D computations showed 

that the global mechanical behaviour of the OLHF-1 experiment was well represented. The 

calculated and experimental deformed shapes of the vessel at the failure time were quite 

coherent. The calculated rupture times and locations of failure were in quite good agreement 

with experimental results. The Kachanov damage criterion proved to be suitable for the 

OLHF-1 simulation; the "Considere" criterion gave rise to shorter values of time to failure and 

vessel elongation. 

The 3D calculations carried out using CAST3M resulted in a more accurate way to simulate 

the OLHF-1 global mechanical behaviour. The vessel elongation and the thickness profiles in 

different sections of the lower head were well predicted. The 3D calculations allowed the 

study of crack opening and crack propagation. The estimated area of failure was close to the 

experimental results (17.6 cm² compared to 14 cm²). We should state here that the strain 

criterion (with value of 100%) was used in the 3D calculations and that at the failure time the 

calculated damage remained negligible (the damage criterion cannot be used here).  

One of the difficulties in 3D calculations is the use of an adequate criterion: the strain criterion 

which was valid for the simulation of the OLHF-1 test was not valid for example for the 

simulation of the fifth experiment of LHF (LHF-5), due to the dependence of the criterion on 
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the failure mode of the vessel material (ductile for OLHF and brittle for LHF). An adequate 

criterion must take into account the variability in material behaviour and the development of 

such a criterion is part of one objective of the current joint research programme between 

IRSN, CEA and INSA Lyon [11]. A broad outline of this programme is given below. 
 
3.3.10. Current joint research programme 

 

The current research programme of IRSN in close partnership with CEA and INSA Lyon, was 

initiated in 2003 (just after the OLHF programme) and was made up of several more or less 

parallel tasks. The programme relates to French RPV materials in order, on the one hand, to 

complement the existing database of material characterisation and, on the other hand, to be 

able to apply the results of this programme to French reactors. 

The purpose of this paper is to present the different actions and especially the different 

experimental and numerical methodologies used in the programme. The experimental results 

and the modelling resulting from the programme will be the subject of later publications. 

The programme first consisted in carrying out an inventory of the properties and metallurgical 

compositions of materials used for French RPV (private contract between IRSN and 

FRAMATOME). Five materials were then selected for the study, having metallurgical and 

mechanical properties sufficiently different, while remaining within the permitted 16MND5 

steel material specification. 

The tests were carried out in laboratories located at three different sites: 

CEA/Grenoble, conducted material characterisation experiments on small cylindrical 

specimens at high temperatures (1173-1373K) together with microscopical and image 

analyses. These experiments were aimed at better understanding the (metallurgical) cause of 

the failure mode variability of the materials. 

CEA/Saclay, performed material characterisation experiments on Compact Tension (CT) 

specimens at very high temperatures with the aim of characterizing the RPV material 

properties and tear resistance, which are essential for crack initiation and propagation 

studies. These tests are useful for crack modelling and will allow the influence of metallurgical 

composition on the tearing kinetics to be studied. 

INSA Lyon, conducted tearing tests on plates and pressurized tubes at high temperatures, in 

order to characterize the crack propagation velocity. Only tests on plates will be presented in 

this paper. 

Two different numerical models have been developed and will be validated with the 

experimental data. The first is a viscoplasticity model coupled with a tearing parameter Gfr 

(CEA/Saclay) and the second uses a cohesive crack method (IRSN and INSA Lyon). Both 

models take into account the variability in behaviour of the RPV material at high temperatures 

and aim to estimate the breach size (but in different ways). Further details are presented 

below.   
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3.3.10.1. Previous modelling investigations 

 

Only the coupled damage model will be presented here (the cohesive crack model is not yet 

sufficiently advanced in its development). 

An original and complete model based on a 3D finite element approach has been developed 

in CEA-Saclay for predicting the failure propagation in a RPV lower head under severe 

accident conditions. The objective of this 3D model (using the CEA finite element code 

CAST3M) was to simulate the complete lower head deformation process leading to vessel 

failure and then breach propagation. The final size and location of the breach is an important 

issue for the numerical simulations together with the propagation velocity. The retained 

material model is based on the work of [13] (coupled damage viscoplasticity model) and 

several failure criteria can be investigated: coupled creep damage, stress criterion (post-

evaluation), strain criterion (post-evaluation). In order to simulate the rip propagation, “failed” 

elements are removed from the mesh and the pressure drop due to the hole opening is taken 

into account with an isothermal depressurisation model (see Eq. (14)).  

First applications of this model [20] to the OLHF test 1 [8] and LHF test 3 [4] shown a good 

agreement between the global behaviour of the vessel, the failure location and final breach 

size (Figs. 10 and 12) with the experimental results. 

 
Fig. 12  Post-test view of LHF 3 and simulation res ult. 

 

The best results were obtained in the OLHF-1 test using a strain criterion with a failure value 

deduced from the experimentally determined local strain at the failure site. For the LHF-3 

test, the best results were obtained using a ductile damage criterion obtained from 

characterisation creep tests. Therefore, different tearing criteria were chosen for the LHF and 

OLHF materials (SA533B1 steel) and this was shown to be consistent with differences 

observed between the two materials. Indeed [8] indicated that at high temperature (1260K), 

the LHF material seems to be more "brittle" than the OLHF material: 

- LHF specimens showed very little necking (Fig. 13) compared to OLHF specimens at the 

same temperature (1260 K), 

- failure time is doubled for OLHF specimens and their minimum creep speed is half that of 

LHF specimens, 

- elongation at rupture is 50% greater for OLHF specimens. 
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Fig.13  Characterisation creep tests on LHF/OLHF st eels. 
 

It is important to note that the same phenomena had been previously encountered during the 

characterisation programme on the 16MND5 French RPV main vessel steel performed in the 

framework of the RUPTHER experimental programme [6]. For a better understanding of this 

problem, a metallurgical study on LHF and OLHF specimens has been performed in a 

specialised CEA laboratory at Saclay. The explanation proposed is that Manganese alloyed 

steels (and in particular RPV steels such as SA533B1 and 16MND5), could become brittle 

because of the sulphur in the steel. To support this, chemical analysis has shown that the 

LHF steel has 5 to 10 times more sulphur than the OLHF steel. Moreover, manganese 

sulphide can be observed with the Scanning Electronic Microscope on LHF fracture 

specimen surfaces but not on OLHF fracture surfaces. Metallographic analysis has shown 

that the rupture type is quite different between the OLHF specimens (longitudinal cracks and 

damage fracture) and the LHF specimens (transverse cracks and inter-granular fracture). 

Recent work on the interpretation of LHF-5 test shows that the complete circumferential 

unzipping of the vessel that was observed could not be predicted with the 3D breach 

propagation model (Fig. 14).  

 Fig. 14  Post-test view of LHF-5 and simulation re sult. 
The most interesting difference between the LHF-5 & LHF-3 tests is that a limited 

circumferential rip occurred in test LHF-3 at about 1000K whereas in test LHF-5, an 

unplanned pressure transient at about 1000 K led to a dramatic failure with complete 

circumferential unzipping of the vessel at approximately 1100 K (a temperature where the 

LHF material becomes "brittle"). To improve predictions, further investigations and work are 

required on the tearing criterion; this is thus the objective of our current joint research 

programme. 
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3.3.10.2. Material characterisation experiments on cylindrical specimens 

 

Work to evaluate the elevated temperature failure behaviour variability of different materials 

corresponding to the 16MND5 steel specification is in progress. The programme consists of 

several tasks. An inventory of the different French PWR lower head materials was first 

performed in order to subdivide these materials, according to their chemical composition 

(especially with regard to sulphur content) and their method of manufacture. After this had 

been completed, three materials were chosen for detailed mechanical and micro structural 

characterization. The sulphur contents of the three materials A, B and C correspond to the 

lowest, the average and the largest values observed in the various French RPV materials.  

Tensile testing was performed on the three materials under vacuum at different strain rates 

from 1073K to 1373K (at 100K intervals). The total elongation and the reduction of area after 

fracture were used as a measure of the hot ductility. Deformation to fracture was carried out 

at strain rates in the range 10-3 s-1 to 10-5 s-1. Fig. 15 shows tensile curves for the material B 

at 1173K, 1273K and 1373K using a strain rate of 5. 10-4 s-1. This figure indicates that the 

amount of elongation is a minimum at 1273K (1000°C) . 

  
Fig. 15  High temperature tensile test curves for m aterial B (strain rate: 5. 10 -4 s-1). 
 

The reduction of area as a function of temperature and strain rate for the materials A, B and 

C can be seen in Fig. 16. One can see that high sulphur containing materials (materials B 

and C) exhibits a reduction in ductility at around 1000°C (1273K). This corresponds to a 

decrease in the reduction of area (necking) from 90% to 30%. In contrast the low sulphur 

containing material (material A) shows a constantly high level of ductility over the entire 

temperature range. 
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 Fig. 16 Variability of the reduction of area as a function of temperature 
and strain rate for the three materials. 

 

Microscopic examination has been used to evaluate the nature and distribution of the 

metallurgical phases (sulphides, precipitates, segregations at grain boundaries, grain size, 

etc) within the materials, as well as the modes of failure and the associated damage 

mechanisms. Observation of the fracture surfaces using Scanning Electronic Microscopy 

showed that the drop in ductility at around 1000°C (1 273K) for the high sulphur containing 

materials was associated with intergranular fracture. AlN particles were observed on the 

fracture facets. Intergranular cracks between large sulphide particles were observed on 

longitudinal sections through high sulphur containing specimens tested at 1273K. The 

observed reduction in ductility is thought to be determined by the interaction between the AlN 

precipitates and the intergranularly segregated manganese sulphides. The results of the 

mechanical tests (necking values and deformation at rupture) and the associated micro-

structural observations will be useful for establishing a qualitative correlation between 

elevated temperature ductility and microstructure.  

 

3.3.10.3. Material characterisation experiments on CT specimens 
 

The objective of this series of tests is to acquire knowledge on the phenomenon of tearing of 

16MND5 steel at very high temperatures.  

The RUPTHER, LHF and OLHF experiments were made on vessels or tubes under pressure, 

in which the response to the loading was dynamic. The aim of this experimental study is to 
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carry out simple quasi-static tests in order to characterize material properties specifically with 

regard to tearing propagation. 

Compact Tension specimens are often used for fracture mechanic studies and the 

determination of material properties, and have been used in this study because formulae are 

available for interpretation of the tests. However CT specimens don't have a standard 

geometry, their dimensions must to be large for the high temperature conditions. 

We also intend to highlight the variability in the behaviour of 16MND5 materials which 

correspond to the RPV specifications. This has been done by examining materials originating 

from different generations of reactor, and determining differences in their mechanical 

properties. 

The high temperature tests were all made in the same furnace under vacuum or under inert 

atmosphere (argon) conditions, on a servo-hydraulic INSTRON test bench as shown in Fig. 

17. 

 
Fig. 17  Furnace installed on a servo-hydraulic INS TRON test bench. 

 

The Electrical potential drop measurement (EPD), in the vicinity of the notch has been used 

to determine the propagation of the crack. The opening of the notch was determined by 

means of a laser scan micrometer (Fig. 18). 

 Fig. 18  Measurement of the crack opening displace ment by a laser scan micrometer. 
 

Tests were carried out with different crack opening displacements in order to obtain different 

amounts of crack propagation at the end of the test. The aim was to determine calibration 

curves which relate the final EPD to the propagation of the crack. From theses curves, it is 

possible to calculate the extent of crack propagation during each test. 
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Analysis of the tests has been carried out according to the A16 appendix of [21]. From the 

formulae and methods proposed, an experimental evaluation of the J integral has been 

performed. 

The procedure proposed by [7], developed in the framework of [15], has been used to 

determine the tearing propagation modulus Gfr. It has been shown that this parameter (Gfr), 

which can be determined from simple specimens, allows prediction to be made for more 

complicated structures [16]. Initial CT specimen tests and modelling have been performed 

and the main results are: 

• the specimen geometry chosen is appropriate for crack growth characterisation at 

very high temperatures and allows the observation of enough propagation to 

enable a valid Gfr parameter to be fitted, 

• comparison of initial results for the two materials shows that this approach is 

appropriate to characterise the observed difference in ductility at high 

temperatures (Figs. 19 and 20), 

• the numerical simulations (Figs. 19 and 20) are able to accurately reproduce the 

behaviour of the specimens at high temperatures. The simulations were 

performed with the preliminary 3D model (using CAST3M) with a modified 

plasticity model that takes into account plastic strain rate and assumes that failure 

propagation takes place in a similar way to that observed experimentally.  

 
Fig. 19  simulation of CT 701-9h specimen     Fig. 20  simulation of CT 704-a specimen 
(1173K, 16MND5 RUPTHER steel).    (1173K, 16MND5 KR AKATOA steel). 

 

These initial results are encouraging and are being followed up by complementary testing 

and modelling in order to determine the sensitivity of the tearing parameter Gfr to 

temperature. This tearing parameter can then be implemented into CAST3M. This will 

demonstrate if the results from specimens can be used to determine the behaviour of 

structures (transposability). Validation will be performed on analytical tests that will be carried 

out at INSA Lyon. The final tearing parameter is intended to be used for modelling of crack 

propagation in French reactors. 
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3.3.10.4. Tearing tests on plates 
 

The main objective of the experiments carried out at INSA Lyon was to measure the crack 

speed velocity for different 16MND5 materials at 1173K or 1273K.  

In the tests performed, the specimen used a very simple geometry, the applied load was well 

defined and the temperature field was homogeneous. The specimen geometry used was a 

plate of 4 mm thickness and 30 mm width (Fig. 21a).  

Induction heating was used to heat the specimen. The 6 kW generator enables heating of the 

specimen to over 1273K if necessary. The temperature field was measured simultaneously 

by 4 thermocouples welded onto the specimen (as shown in Fig. 21a) and a CEDIP infrared 

camera. The maximum acquisition speed of the camera was 500 images per second. As can 

be seen in Fig. 21b, the specimen is fixed at both ends by water cooled grips.  

Fig. 21a  Geometry and thermocouple positions.  Fig . 21b  Experimental set up. 
 

With regard to mechanical loading, a servo hydraulic machine was used in force or 

displacement controlled mode. The maximum load of the machine was 250 kN, the force and 

displacement data were recorded at a frequency of 6 kHz during the whole test. To measure 

the crack speed velocity, two devices were used. Firstly, numerous images were taken with a 

high-speed digital camera (1 kHz rate) and secondly the potential drop close to the crack was 

measured using a high constant current intensity (180 A). After calibration, the potential drop 

allows the position of the crack tip to be identified. In the case of very fast crack velocities, 

this kind of measurement must be very effective.  

The specimen was heated at 4K/s to 1173K or 1273K and held at this temperature for 30 

seconds to homogenize the temperature field. During heating and the 30 second holding 

period, the force was kept constant at zero Newtons. Thereafter, a tensile force was applied 

at a rate of 20 kN per second until rupture.  

An example of the results is shown in Fig. 22. In the first image we can observe the opening 

of the pre-crack caused by creep. On the second image we can see crack evolution up to 

rupture. Using a series of such images, it is easy to determine the crack speed by 

determining how far the crack propagates with time. The methodology presented has been 

used to compare the behaviour of the different 16MND5 materials. These results are 

invaluable for the validation of numerical simulations. 
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Fig. 22  Images of crack propagation until rupture.  

 
3.3.11. Conclusions 

 

The joint ongoing work of the WP10-2 group of SARNET evaluated different severe accident 

codes used or developed by the partners. The detailed description of the models and their 

various capabilities are now better understood.  

The results of the interpretation of the OLHF-1 experiment using 2D computations showed 

that the global mechanical behaviour of the OLHF-1 experiment was well represented. The 

calculated and experimental deformed shapes of the vessel at the failure time were quite 

coherent. The calculated rupture times and locations of failure were in quite good agreement 

with experimental results. The Kachanov damage criterion proved to be suitable for the 

OLHF-1 simulation; the "Considere" criterion gave rise to shorter values of time to failure and 

vessel elongation. 

The 3D calculations carried out using CAST3M resulted in a more accurate way to simulate 

the OLHF-1 global mechanical behaviour. The vessel elongation and the thickness profiles in 

different sections of the lower head were well predicted. The 3D calculations allowed the 

study of crack opening and crack propagation. The estimated area of failure was close to the 

experimental results (17.6 cm² compared to 14 cm²). We should state here that the strain 

criterion (with value of 100%) was used in the 3D calculations and that at the failure time the 

calculated damage remained negligible (the damage criterion cannot be used here).  

One of the difficulties in 3D calculations is the use of an adequate criterion: the strain criterion 

which was valid for the simulation of the OLHF-1 test was not valid for example for the 

simulation of the LHF-5 experiment, due to the dependence of the criterion on the failure 

mode of the vessel material (ductile for OLHF and brittle for LHF). An adequate criterion must 

take into account the variability in material behaviour and the development of such a criterion 

is part of one objective of the current joint research programme between IRSN, CEA and 

INSA Lyon. This joint programme, on the characterization of the French RPV materials, now 

in its final stages, would allow us to: 

• predict the brittle/ductile behaviour of RPV materials from their chemical/metallurgical 

composition, 

• characterize the steel tearing properties at high temperatures. 

This approach could a priori be transposed to other reactor vessel steels. 

  

time=347 time=330 
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This will allow a better understanding of the influence of metallurgical composition on the 

tearing kinetics which can initially be validated by simulating tests on tube, before being used 

to simulate (using CAST3M) tearing propagation in the case of a reactor.  
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4. Ex-vessel corium behaviour (WP11) 
 
4.1. Introduction 

 

The objective of WP11 is to study the ex-vessel corium behaviour in the view of its safe 

recovery. The first issue is related to debris coolability in wet reactor pits. Because of 

similarities between in-vessel and ex-vessel debris, the scope of this work-package is 

extended to particulate debris coolability for in-vessel situation to study the termination of the 

accident by re-flooding of the core while maintaining RCS integrity. The work package 11 

also addresses the issue of Molten-Core Concrete Interaction, for which the main unknown 

has been found to be related to the repartition of flux between horizontal and vertical 

boundaries, and the questions related to ex-vessel corium pool coolability either in current or 

in Gen III+ reactors. 

This work package has thus been divided into three tasks: 

• WP 11.1 Core and debris coolability during reflooding coordinated by Manfred Bürger 

from IKE 

• WP11-2: Molten corium concrete or ceramic interaction Bertrand Spindler from CEA 

• WP11-3: Ex-vessel corium coolability Christophe Journeau from CEA 

 
4.2 Core and debris coolability during reflooding ( WP 11.1) 
 
4.2.1 Introduction 
 
4.2.1.1 Major Issues and Tasks with Respect to Reac tor Safety 

 

A major issue is how to manage severe accidents with core melting and to reach safely 

cooled states. Ex-vessel means as deep water-pools in BWRs or core-catchers and external 

flooding of the RPV (Reactor Pressure Vessel) promise retention of melt largely independent 

of the in-vessel development, as ultimate measures. However, not considering the coolability 

of corium states before ultimate situations neglects the potential to get safe states before. 

This is especially problematic if ultimate measures cannot guarantee coolability. 

Indeed, a non-coolable situation with a melt pool in the core was in the TMI-2 accident [1] 

transferred into a finally cooled situation due to relocation of the melt into the lower head of 

the vessel, with formation of particulate debris and gaps between low-porosity material (cake) 

and the RPV wall. Perhaps more typical conditions of melt relocation from the core in the 

form of jets into a water-filled lower head, more effective breakup into particles may be 

expected, as e.g. obtained in the FARO experiments [2], which favour coolability.  

Certainly, this does not provide an ultimate measure for coolability and retention. The 

efficiency depends on the formation of sufficiently broken (surface) and solidified material, on 

paths of water access, size and shape of debris bed, system pressure, etc. Thus, how can 

one draw conclusions and gain benefit of such configurations? 

In general, it appears to be important to evaluate chances of coolability during a severe 

accident. This is in line with the safety philosophy of defence-in-depth which requires to 

foresee and to analyse options to stop an accident at every stage. Ultimate measures are 
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also included, but not as the only ones to be relied on. Mitigating measures and options, in- 

and ex-vessel, and their chances of success as well as adverse effects (e.g. steam 

explosions) are to be analysed at every stage. Such analyses contribute to the overall 

impression about reliability of a technique.  

Current PSA Level 2 studies show very large uncertainties about reflooding and coolability. 

Since a convincing PSA depends on the quality of the analytical tools used, the need of their 

improvement and validation is thus given. Due to the complex processes involved, it is 

important to identify strong effects in favour of coolability or against it. Only this can yield 

clear conclusions. Similarly, a focus on controlling physics for specific issues is envisaged in 

the ROAAM method [3]. 

Indeed, such strong effects are under discussion, here. In earlier investigations on particulate 

or porous debris coolability, mainly 1D situations with top flooding have been considered 

(water pool above debris bed with laterally uniform conditions). Spatially averaged, a 

homogeneous inflow of water from above results, against the upward steam flow. Some 

investigations with water fed from the bottom have also been carried out, which indicated a 

significant increase of the power which can be removed from the bed before reaching dryout 

[4]. However, conclusions have practically not been drawn, which point out a significantly 

improved coolability under realistic multidimensional conditions, due to this effect.  

With boil-off under release of decay heat, starting from an initially water-filled bed, friction is 

decisive for the occurrence of dryout (dryout heat flux – DHF – as maximum cross-sectional 

heat flux). It was also detected that friction laws adapted to top flooding, as the description of 

Reed [5], yielded significantly too low DHF values for bottom inflow driven by a lateral water 

column [4]. Missing interfacial water/steam friction in the model is a possible cause. 

Interfacial friction decreases DHF for top flooding (counter-current flow of water and steam ) 

while increasing it for bottom flooding (co-current flow). Then, a unified approach requires an 

explicit interfacial friction term accounting for this difference. 

With top flooding, a critical condition of departure from cooled steady states is reached 

already by slightly increased power, beyond a final steady state with still a significant water 

content everywhere in the bed. Continuous boil-off results. This may be understood by a 

strong increase of friction between liquid flow and particles with decreasing liquid content. 

Then, water inflow from top is strongly hindered in the upmost region with accumulated 

steam. The water deficit progresses slowly downwards, finally reaching in the limit state the 

bottom and producing there a first dry spot.  

In contrast, bottom flooding tends to yield a first dry spot in the upmost region, since the 

water flows at bottom into a water-rich region and favoured by co-current flow with steam. 

Then, the formation of dry zones at top occurs essentially by the accumulation of steam. 

Such upper dry zones may still be coolable in the steam flow from lower regions. Then, the 

DHF fails as coolability criterion and continued analyses including extension and heatup of 

dry zones are required, with the key question whether such dry zones can be stabilized. 

Higher friction than with spherical particles of uniform size is expected with prototypic 

mixtures of irregularly shaped particles of different sizes. Reduced porosity is in principle 

obtained by smaller particles in the free volume between larger ones, while the irregular 

shape counteracts. The local mixture of particles also depends on the process of bed 

formation, i.e. breakup of material and settling as bed. 
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Additional problems of coolability arise if initially still hot debris (even if composed of solidified 

particles) is assumed, as expected in most scenarios. The case of a quenched, water-filled 

bed has usually been analysed, addressing limits of coolability with respect to decay heat 

removal, i.e. long-term coolability. However, quenching of hot material is a first problem, e.g. 

with reflooding of a hot, even partly molten core or quenching of a dry bed of hot particles 

formed by settling of particles from breakup of melt jets flowing in the lower head of the RPV 

or into a water-filled cavity. Again, an adequate analysis must take into account multi-

dimensional effects. The critical point here is that quenching competes with heatup due to 

decay heat. 

 

4.2.1.2 Structure of Joint Work in SARNET WP11.1 
 

The above status was the starting point for the WP11.1 works in SARNET and defined the 

specific tasks and joint work organized. As major lines of work may be considered: 

1. Identification of realistic debris: debris bed formation. 

2. Clarification about key constitutive laws and effects determining coolability. 

3. Influence of 2D effects determining coolability in reactor scenarios. 

4. Conclusions on adequate modelling in ASTEC. 

 

With respect to 1. and 2., experiments are performed by the participants in WP11.1: 

• DEFOR (KTH): Especially, particulate debris formation from breakup of melt jets flowing 

into a water pool is addressed. Particle sizes, local mixtures of particles (mean particle 

size) and porosity, bed shape and non-homogeneous structure are major results 

characterizing the debris.  

• DEBRIS (IKE): The emphasis is on constitutive laws (friction, heat transfer) under boil-off 

and quenching conditions, with top and bottom flooding. A stepwise approach to realistic 

debris is under way: mixtures of spheres of different sizes, non-spherical particles, debris 

from breakup experiments, e.g. from PREMIX, FZK. Specific explorations on 2D effects 

(downcomer structures) are foreseen. 

• STYX (VTT): Experiments with particle mixtures (alumina sand fractions) considered to 

approach the FARO debris have been performed under boil-off conditions with top 

flooding. They aim to qualify the SAM measure of debris bed formation and cooling in an 

ex-vessel deep water pool used in Olkiluoto 1, 2. Emphasis in previous SARNET work 

was on analysis of earlier experiments. New experiments have been discussed. 

• POMECO (KTH): Analyses on earlier experiments and related scenarios have been 

performed, with emphasis on downcomers. New experiments have been discussed. 

• SILFIDE (EdF): 2D under boil-off. No new experiments. Earlier results published in NED 

special issue Oct. 2006 [6]. 

Quenching experiments are planned at IRSN, with emphasis on multidimensional effects, 

especially of sidewards water inflow into hot particulate debris. 

The constitutive laws for friction and heat transfer are being clarified based on the 

experimental results and joint calculations on the experiments and reactor scenarios. This 

includes clarification about realistic debris compositions, e.g. about laws for particulate debris 
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composed of particles with different sizes (size distribution), realistic kinds of mixing, resulting 

porosities, and refers to the process of particulate debris formation.  

Major analytical tools at present are ICARE/CATHARE applied by IRSN and WABE-2D and 

MEWA-2D (IKE) modules of ATHLET-CD. WABE has been transferred to KTH and VTT for 

applications and joint clarification and code improvement work. The final aim in the frame of 

SARNET is to propose an adequate modelling for ASTEC. This includes the required kind of 

modelling, i.e. the level of detail, as well as possible simplifications. 

Different emphasis of partners exists in validation and applications. IRSN emphasized 

quenching of in-vessel states, especially of a degraded, hot core. KTH concentrated on 

particulate debris formation and multidimensional cooling with bed heterogeneities, in boil-off 

mode. Validation work was mainly related to POMECO experiments and comparison with 

WABE calculations. VTT analysed STYX results by use of WABE, with emphasis on particle 

mixtures and boil-off of a top-fed bed. Checking of effects of the heating method (heating 

wires) required 2D modelling. Applications to BWR (Olkiluoto) were envisaged. IKE was 

involved in boil-off as well as quenching analyses, with emphasis on multidimensional 

behaviour but also the constitutive laws required in the multidimensional codes.  

It has continuously been attempted to combine the different works and draw conclusions. As 

such an attempt, including also other areas (e.g. MCCI) and an extended international 

partnership, the NED special issue Vol. 236 (19-21) has been finalised in 2006. 

As follows, specific contributions from these works will be outlined in some detail and the 

status reached will be summarized. This is finally extended by specifically considering the 

knowledge reached about coolability in the different phases of a severe accident with core 

melting. This includes considerations about remaining uncertainties as well as modelling 

requirements and options for ASTEC. 

 
4.2.2. Debris bed formation 

 

BWR plants in Sweden adopt cavity flooding as a cornerstone of their severe accident 

management strategy. The corium ejected to a highly-subcooled (~80-90K), deep (7-11m) 

water pool is expected to fragment, solidify, quench, settle, and finally form a debris bed. 

While a large number of studies were focused on molten fuel-coolant interactions (FCI), very 

little data and no significant insights are found on debris bed formation itself. This process 

includes jet breakup, solidification of resulting melt drops and settling of the particles forming 

a debris bed composed of locally mixed particles of different sizes, re-agglomerated parts, 

not fragmented liquid corium and more or less porous cakes. The largest experiments 

performed on breakup of jets of molten corium in water are the FARO experiments [2], [7]. 

They yielded results on jet breakup, but not on the structure of the debris bed formed. 
 
4.2.2.1. Conclusions about Jet Breakup from FARO Ex periments and Modelling 

 

Breakup of melt jets penetrating into water pools has been investigated experimentally with 

corium melt in the FARO experiments, using jets of 5-10 cm diameter with about 5 m/s initial 

penetration velocity into 1-2 m deep water. Up to 177 kg melt mass were released, mostly 

into saturated water under different system pressures from 0.2 – 5 MPa. In cases with low 
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system pressure (0.2 – 0.4 MPa) also subcooling of water of ~ 100 K was chosen. A major 

outcome of these experiments was that significant breakup occurs with corium melt jets 

flowing under realistic conditions into water. Further, rather similar particle size distributions 

were obtained for the fragmented parts, in spite of the significant variation of conditions (see 

e.g. [2]). On the other hand, there were differences in the part of loose debris (taken for size 

distribution) and hard debris (cake).  

Especially, the remarkably similar distribution of fragment sizes of the fragmented parts in L 

28 and L-31 for the same conditions besides system pressure and especially subcooling 

indicates similar breakup processes. Measured penetration data (gained from 

thermocouples) show a significant decrease of penetration velocity in the range of 0.7 – 0.8 

m below water level for both experiments, which may be taken as an indication of the 

coherent jet length during the first penetration. Then, complete breakup may be concluded in 

both cases and the cake part resulting in L-28 would be interpreted as a result of re-

agglomeration or even coalescence of still liquid, not sufficiently quenched drops separated 

from the jet, not as coherent jet arrival at bottom. The result of completely broken material in 

L-31 could then be understood by more effective quenching due to the higher subcooling. 

Indeed, closer inspection of the debris in the FARO experiments shows that at least partly the 

cakes are constituted of agglomerated particles (see [2], although Magallon provides contrary 

conclusions there, requiring clarification). 

Modelling of melt jet breakup and falling behaviour of resulting melt drops under feedback 

with steam production has been provided in the frame of premixing codes addressing FCI, 

e.g. with IKEJET/IKEMIX from IKE and MC3D from CEA and IRSN (e.g. [8], [9]). Validation 

was especially performed with respect to FARO experiments. This part is under continued 

joint work in the SERENA-2 OECD project and not considered further, here. Inclusion of 

solidification processes, especially in subcooled water, is also a major subject with respect to 

prevention of steam explosions by crust formation at the falling melt drops.  

It remains to determine the bed structure and especially the bed porosity. While an 

approximate determination of characteristic particle sizes appears to be feasible with the 

above modelling and the experimental background and with already less surety also an 

evaluation of sufficiently crusted parts, this appears presently not possible concerning the 

bed structure and porosities. Experimental clarification about major trends and influences is 

required. For this purpose, the DEFOR experiments at KTH are currently performed [10]. 

 

4.2.2.2. Results from DEFOR Experiments and Analysi s about Breakup and Bed Structure 
 

B2O3 melt (density 2500 kg/m³), one experiment with WO3-CaO melt (density 6500 kg/m³), 

released as 2 cm diameter jets into water (falling height in air of 60 cm, water depth varied 

between 40 and 65 cm). Initial melt temperatures were between 1200 °C and 1350 °C and 

initial water temperatures varied from 7 °C to 88 °C  (0.1 MPa system pressure). First major 

results from DEFOR-E show very high measured porosities of 50-77% with CaO-B2O3, as 

well as in the single experiment with higher density WO3-CaO melt, namely 65%. Larger 

particles resulted with the low-density material CaO- B2O3 than with the higher-density one 

(WO3-CaO), as shown in Fig. 1.  
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Figure 1 : Comparison of debris from DEFOR low-dens ity (left) and higher density melt 
(right) 

 

The different breakup features visible in Fig.2 remind of the difference between coarse 

breakup of the low-density alumina versus relatively fine of high-density corium in the 

KROTOS experiments [11]. IKEJET/IKEMIX calculations could only reproduce the latter 

results. It was assumed that strong deceleration combined with coarse breakup occurred 

close to the water surface in the case with alumina. Similar conclusions may be drawn from 

the DEFOR-E results in Fig.2, with particles spread over the whole cross-section in contrast 

to apparent breakup along a coherent jet, as well as from calculations with IKEJET/IKEMIX.  

Figurre 2 :  Breakup behaviour in DEFOR-E 
 

Overall, the DEFOR-E results suggest that beds formed from a fragmented high-temperature 

melt jet in water have a high porosity and heterogeneity. Both support coolability if no 

compact regions or cakes are built. Further, higher subcooling of the water yields higher 

porosities in the resulting debris beds. 

For a more systematic examination of effects, a new series DEFOR-S was performed. Critical 

“snap-shot” experiments were envisaged to yield data under rather well defined conditions for 

use in developing phenomenological models of debris packing. Melt materials with higher 

density have been used as more prototypical materials: MnO-TiO2: 4300 kg/m³, Bi2O3-TiO2: 

8400 kg/m³, WO3-TiO2: 6400 kg/m³, Bi2O3-WO3: 7800 kg/m³. Melt temperatures were 

between 980 and 1450 °C, melt superheats between 0 an d 167 °C. 

Fig.1:  Comparison of debris from DEFOR: low-density (left) and higher density melt (right) 

a) E2 with low density melt CaO-Ba2O3         b) E7 with high-density melt WO3- CaO3 

Fig. 2: Breakup behaviour in DEFOR-E 
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As a major result, high bed porosities of 60–70% are obtained for high water subcooling of ~ 

80 K, independent of the simulant melt composition. Lower porosities of 46 and 59% are 

obtained with lower subcooling of 25 K. Partial agglomeration and cake formation is 

considered as cause. Nevertheless, these porosities are still higher than usually assumed for 

coolability analyses (rather 30-40%). Uncertainties remain concerning parts of internal, 

closed porosity. Questions also remain about the influence of higher melt temperatures.  

Solidification and material properties also influence the morphology of particles and by this 

the structure of debris beds. Non-spherical particles increase the porosity. With high 

subcooling, a strong trend exists towards irregular, rocky type particles, which partly explains 

the obtained robust results on high porosity, even independent of the melt material. Non-

eutectic melts further favour the trend to irregular particles due to the influence on the 

solidification process, e.g. by rapid viscosity increase even in still liquid state. This effect can 

also be concluded from DEFOR-S results.  

However, these effects appear not to be sufficient to explain high porosities of ~70%. In 

separate experiments at KTH, significant differences in different kinds of bed production have 

been detected, with “cold” compact packing by shaking in a box yielding 48%, “cold” loose 

packing by pouring in air to a box yielding 58% and “hot” packing in DEFOR-S yielding 70%. 

These differences need further investigations. In parallel to the experimental program, 

addressing e.g. settling against rising steam flow, work has been started at KTH to model 

major features of settling and packing [12]. For the coolability analysis, it will also be 

important to consider a local particle diameter as an effective diameter comprising the effect 

of the local mixture of particle sizes including irregular shapes. This has not yet been 

analysed in the DEFOR experiments.  
 
4.2.3 Coolability of debris bed: basic aspects and validation 

 

A significant part of basic joint work defining the tasks and steps to be done in SARNET has 

been published in the NED Special Issue Vol. 236 (19-21), 2006.  Therefore, here only major 

conclusions and new results and insights reflecting the status reached are presented. The 

main objective concerning the basic laws was to further elaborate a unified description which 

can be used in the multi-dimensional codes considered as necessary to analyse adequately 

the coolability under reactor conditions. 

 

4.2.3.1 Top and Bottom Flooding: DEBRIS Experiments  
 

It has been shown in [13] by the measurement of pressure drops in axial segments of the 

debris bed that classical friction laws of Lipinski, Reed or Hu/Theofanous not including 

explicitly interfacial friction terms can in principle not reproduce these pressure drops in a 

large range of conditions. Even the qualitative behaviour can only be reproduced by including 

an interfacial friction term as e.g. in the Tung/Dhir (TD) and Schulenberg/Müller (SM) friction 

laws. However, a clear decision about different approaches for the friction laws could not be 

further reached on this basis of pressure measurements in extended series varying 

conditions. Difficulties of sufficiently precise measurements and sensitivity of the quasi-local 

pressure drops are to be mentioned, especially in the critical range corresponding to DHF.  
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Therefore, in addition to these attempts (further to be pursued), more global features are 

investigated. This concerns extended measurements of DHF for top and bottom flooding, the 

latter provided from a lateral water column of the height of the bed. While beds of spherical 

particles with the same size (3 and 6 mm) have been investigated in earlier series of the 

DEBRIS experiments [13], mixtures of spherical particles of 6, 3 and 2 mm have been 

considered in a subsequent series, then a bed of particles of irregular shapes (Chapter 

4.2.3.2). 

In parallel, a further modification of the Tung/Dhir (TD) model has been introduced (MTD). 

Especially, the transitions between the flow patterns of bubbly, slug and annular flow have 

been modified to yield a more rapid transition towards slug and annular flows with smaller 

particle diameters, due to deficits detected for smaller particles and physical plausibility. Fig. 

3 shows a comparison of WABE results applying this new MTD description and others with 

the experimental results of the poly-dispersed bed composed of 6/3/2 mm particles (mass 

composition: 50% 6 mm, 30% 3 mm , 20% 2 mm) for top and bottom flooding. The measured 

porosity in these beds was 0.36 and from measurements of single-phase pressure drop an 

effective particle diameter of 2.9 mm was derived, with this porosity. From the composition, a 

surface averaged value of 3.53 mm can be derived. From this result, the classical 

determination needs checking, as already indicated in [14], [15]. 

Figure 3 :  Dryout heat flux calculations with WABE  on DEBRIS experiments with ploy-
dispersed debris. Application of different friction  laws (EXP. Experiment, SM : 

Schulenger/Müller, TD. Tung/Dhir, MTD : Modified Tu ng/Dhir) 
 

First dry spot appearance is in both cases taken as DHF criterion. For top flooding, a 

sufficiently long time has to be waited experimentally to check this, since dryout starts already 

with disappearance of steady solutions for still significant water contents in the bed and long 

times are required for dry spot formation at bottom. For bottom flooding, the first dry spot 

usually appears at top with high void fraction tending to 100%.  

As reference experiment, the classical Hofmann experiment [4] with top and bottom flooding 

for spherical particles of 3 mm diameter and porosity 0.4, at 1 bar system pressure, is 

considered in Table 2. A significant improvement with the new friction description (MTD) can 

be observed considering the aim of a unified description, here for both top and bottom 

flooding. This can also be concluded from the results for the poly-dispersed beds with 

variation of system pressure in Fig. 5. Further, the DEBRIS results confirm the strong 

a)  top flooding                                                      b) bottom flooding 
Fig. 3: Dryout heat flux calculations with WABE on DEBRIS experiments with poly-dispersed 

DEBRIS top flooding experiment
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increase (about twice) of the DHF with bottom versus top flooding also for the poly-dispersed 

debris. 

 
Table 2: Dryout heat flux calculations with differe nt friction models on Hofmann top and 

bottom flooding experiments 
 

An additional check was performed for bottom flooding by measuring the water inflow at 

bottom, which is driven by the lateral water column of same height as the bed against the 

bottom pressure developing in the bed. The comparison with calculations again confirms the 

MTD approach against Reed and SM.  

 
4.2.4. Mixed and Irregular Particles: STYX and DEBR IS Experiments 
 
4.2.4.1. STYX Experiments 

 

In reality, mixtures of particles of different sizes and irregular shapes are to be expected, as 

e.g. obtained in the FARO and DEFOR experiments (see Chapter 4.2.2). Specific features of 

the STYX experiments performed at VTT, Finland, are the broad particle size distribution 

based on the data from different international fragmentation tests, especially the FARO 

experiments, and the relatively large size of the bed (max depth 65 cm, diameter 30 cm). 

Alumina sands have been used as particles. Details about the experiment are given in [14]. 

The bed was considered to represent closely conditions of beds on the containment floor of 

Finnish and Swedish BWRs resulting from melt inflow into a deeply flooded cavity as a 

consequence of a RPV failure. Estimated for Finnish BWRs, a uniformly spread corium 

rubble could have a maximum depth of 60 cm. With such a uniformly spread bed, water 

inflow from the above water pool (top-fed bed) would determine the cooling mechanism.  

The porosity of the STYX bed has been determined in a separate test bed as 0.37 and 

measurements of the single-phase pressure drop in this bed yielded an effective particle 

diameter of 0.8 mm by use of the classical Ergun laws (to be compared with the surface 

mean of  1.9 mm). Resistance heaters embedded in the gravel are applied to simulate decay 

heat. Nets of heating bands of dimension 6 mm vs. 1 mm and total length of 1.7 m per level 

are used in axial distance of 10 cm, i.e. 6 nets for the bed of 60 cm height. Variants have 

been checked (bed height, heater arrangement). However, the given data correspond to the 

final test series considered here. The temperature of the bed is measured (with 48 

thermocouples) at various radial locations between each pair of heater elements. A local 

dryout is determined as continuous temperature rise in a thermocouple reading and taken as 

criterion for the DHF. 

DHF [kW/m2]  

Top flooding Bottom flooding 

Experiment 910 2088 

Reed 924 1250 

SM 837 1636 

TD 619 2070 

MTD 919 1917 
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Fig. 4 shows DHF results of the final test series and calculations with WABE applying 

different friction laws. The low experimental values can be understood by the small effective 

particle diameter and the top flooding configuration. Calculations are shown for two variants 

of conditions (porosity ε, effective diameter DP), which may still lie in the range of 

uncertainties. With the first choice (Fig. 4 a)), the SM and Reed friction laws yield for the 

lower pressures very good agreement with the experimental data, while lying somewhat 

higher for the higher pressures (Reed ~ 25%, SM ~ 15%). In contrast, the MTD approach 

yields DHF ~ 20% lower than the experiments for the lower pressures and good agreement 

for the higher pressures. With the different choice of bed conditions (Fig. 4 b)), it still appears 

that Reed, SM and MTD friction correlations overall yield a similar agreement with the 

experiments. The different quality of predictions for the lower and higher pressures remains. 

Figure 4 : STYX 2.1-2.4 experimental DHF vs. differ ent model predictions (variants of friction 
laws and bed conditions 

As an example of the development towards dryout with failure of steady states, Fig. 5 shows 

the developing nose of saturation (due to loss of sufficient water supply from top) moving 

downwards until reaching zero saturation at bottom. Water, still in the bed, moves downwards 

and covers deficits of supply from top in lower regions, thus maintaining the profile there up to 

the time when the nose reaches the bottom. The nose development results from this loss of 

supply from top and loss to bottom regions. If the limiting power level is just surpassed, the 

loss of supply from top must result in a first dry zone at bottom, higher powers will yield first 

dry spots in higher regions. This result demonstrates the long time required to detect DHF by 

a dry zone, here after an increase of bed power of about 5%.  

a) Dp = 0.8 mm, ε = 0.4                                             b) Dp = 1.2 mm, ε = 0.34 
Fig. 4: STYX 2.1-2.4 experimental DHF vs. different model predictions  
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Figure 5 :  WABE calculation on STYX-2.1 (herre wit h the Reed model) : Axial saturation 
profiles at different times. Last power level with steady profile is 590 kW/m 3 (1400s – 2200s: 

red curve covers black). With power level 618 kW/m 3, the saturation profile becomes 
transient (2400s). After 10000 s water up to 12 cm height is evaporated. 

A subject of questioning concerning the STYX experiments is the heating method. Strongly 

localised heating around the heating bands, with enhanced power to yield a certain total 

power of uniform heating, may produce local voids and thus yield earlier dryout. Calculations 

with WABE using approaches to the non-uniform heating were performed with axially and 

radially distributed heating rings in the cylindrical approach. However, they rather yielded 

some (small) increase in DHF, due to water downflow occurring between the heating bands. 

This is the reason why the first dry zone appears at top of the bed which is typical for bottom 

inflow of water. However, in the STYX experiments, the first dry zone was obtained at bottom, 

which can be taken as indication for a uniform behaviour, in spite of non-homogeneous 

heating. Further investigations are being performed jointly by VTT and IKE. 

Further questions concern the structure of the debris bed itself and its prototypical features 

with respect to reactor scenarios. Firstly, instead of laterally uniform beds, heap-like shapes 

of beds are to be expected, as obtained also from the DEFOR experiments (Chapter B). This 

yields 2D/3D effects in favor of coolability. Secondly, the composition of the bed, although 

choosing a prototypical particle size distribution, is not considered as realistic with respect to 

local mixing and porosities. It makes a difference whether the bed is produced by intense 

mixing or by settling (Chapter B). Thus, the STYX experiments may be considered more as 

yielding results for basic investigations and code validation than results directly usable for 

evaluations on reactor scenarios. Correspondingly, new experiments in the STYX facility are 

now foreseen dealing with the important effects in this respect, especially multi-dimensional 

effects and questions of bed construction, also of the heating method.  

 

4.2.4.2. DEBRIS Experiments 
 

Experiments with a mixture of irregularly shaped alumina particles from the PREMIX 

experiments [16], about 48 volume% between 2 and 5 mm in diameter, and spherical steel 

particles, 19% with 3 mm and 33% with 6 mm diameter, have also been performed in the 

DEBRIS facility. The measured porosity was 0.38. With this, single-phase pressure drop 
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measurements yielded from the classical Ergun laws an effective particle diameter of 3.2 mm. 

DHF measurements were performed for the system pressures 1, 3 and 5 bar. Experimental 

results, compared with WABE calculations, are given in Table 3 for the top flooding case. 

 
 DHF 

[kW/m2] 

Pressure 

[bar] 

Experiment Reed SM TD MTD 

1 792 841 764 559 829 

3 1176 1227 1104 911 1319 

5 1622 1432 1283 1119 1602  
 

Table 3: DHF results from WABE calculations compare d with experimental results from 
DEBRIS for a mixture with irregular debris under to p flooding 

 

Again, Reed, SM and MTD friction laws show rather good agreement for top flooding. The 

DHF values of Reed and SM are somewhat too low for the higher pressure of 5 bar, while 

they were too high for the higher pressures in the STYX experiments. Thus, there remain 

uncertainties, here especially in the dependence on system pressure. 

Experiments with bottom flooding from a lateral water column have also been performed with 

this bed type. However, since inductive heating yields only a power input into the steel 

particles, the heating power could not be increased here sufficiently to reach DHF, even not 

for 1 bar system pressure. For the latter, DHF values from WABE calculations are 1138 

kW/m² with Reed, 1469 kW/m² with SM and 1733 kW/m² with MTD (1877 kW/m² with TD). 

The limit in the experiment (which did not yield DHF) corresponds to 1421 kW/m². Thus, the 

DHF value with Reed friction law is too small, but a decision about SM or MTD approaches is 

not possible from these results. Further experiments without the present restriction are 

planned with scrap metal adapted to real debris via single phase pressure drops and allowing 

complete inductive power input. 

 

4.2.4.3. Quenching of Hot Debris: DEBRIS and Earlie r Experiments 
 

Quenching of hot particulate debris has only been investigated in few experiments, although 

quenching versus heatup by decay heat mostly determines the coolability question in reactor 

scenarios. Analyses on experiments of Tutu et al. [17], with bottom injection of water in hot 

particulate debris at fixed flow rates, have been performed by IKE with WABE [18] and IRSN 

with ICARE/CATHARE [19]. Experiments of Ginsberg et al [20] on top flooding of hot debris 

have also been analysed.  

A major result with respect to bottom flooding was that cases of smaller water flows with 

resulting plateau-like heat and steam fluxes and cases of stronger water flows with resulting 

peaks of heat and steam fluxes could be distinguished, as shown for a case from [17] with 

highest initial particle temperature of 775 K in Fig. 6. The difference is roughly spoken related 

to a more rapid quenching than water progression (plateau) versus the opposite (peak). The 

latter behaviour is favoured by film boiling stability and means the establishment of an 

extended heat transfer (boiling) zone with extended heat release after breakdown of film 

boiling resulting in the peak.  
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Figure 6 :  Camparison of measured and calculated ( WABE) heat fluxes at top for quenching 
experiments of Tutu [17] with initial particle temp erature of 775 K and different, fixed 

superficial water injection velocities at bottom(sp herical particles of 3.2. mm diameter, 
porosity 0.39, 1bar system pressure) 

 

Additional calculations with a driving water column indicate that only the lowest inlet velocities 

(< 2 mm/s) are realistic under such conditions and a column and bed height of about 40 cm. 

Thus, a thin quenching front due to slow progression of water in the bed yielding the plateau 

behaviour may be more typical and may also be valid for reactor conditions. This facilitates 

the heat transfer description. Details in the thin quenching zone are less important. 

In DEBRIS experiments, top and bottom flooding have been investigated, the latter driven by 

a lateral water column. Results for a bed of 6 mm diameter spheres are given in [13]. 

Temperatures > 1000 K were chosen in the top flooding case while only about 700 K with 

bottom flooding. Results of the latter case are reproduced in Fig.7 in comparison with WABE 

calculations. With the lower particle temperatures, higher quench front velocities, measured 

by the thermocouples, than the water velocities applied by Tutu et al are obtained, which can 

be understood by the smaller friction with the larger particles. However, a strong decrease of 

quench front velocities results above 670 K particle temperature. This could not be 

reproduced with the (old) WABE calculations and thus needs further analyses.  

 
Figure 7 : Quench front propagation for bottom-floo ding DEBRIS experiment at different 

initial bed temperatures 

Fig. 6: Comparison of measured and calculated (WABE) heat fluxes at top for quenching 

Fig. 7:  Quench front propagation for bottom–flooding DEBRIS experiment at different 
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For further clarification of the quenching process, additional experiments are planned in the 

frame of the SARNET-2 programme. In addition to new DEBRIS experiments with top and 

bottom flooding (using also irregular debris) as well as specific 2D effects (lateral inflow via 

downcomers or lateral regions), larger experimental facilities will be used, as QUENCH (FZK) 

with formation of debris beds and the new PEARL experiments of IRSN. Fig. 8 gives a sketch 

of the latter, together with a pre-calculation with ICARE/CATHARE indicating emphasis on 

non-homogeneous bed structures and multi-dimensional flows. The calculation also indicates 

the importance of considering quenching and heatup as competitive processes.  

 
Figure 8 :  Stetch of PEARL experiment at IRSN and pre-calculation of a possible 

configuration with heated debris bed by ICARE/CATHA RE 
 

4.2.4.4   Downcomers Yielding 2D Effects: POMECO Ex periments 
POMECO experiments at KTH. with downcomers considered as possible Accident 

Management measures have been performed in relation to reactor safety concepts. Fig. 9 a) 

shows a sketch with a downcomer tube of 5 cm diameter in the centre of a cylindrical vessel, 

connected to a lower water-filled gap. The bed is composed of sands with mean particle size 

of 1 mm and porosity 0.36. Electric heaters are uniformly embedded in the bed to provide 

internal heating.  

Fig. 9a: POMECO experiment Fig. 9b: WABE calculation for POMECO 
 

Figure 9a : POMECO experiment  Figure 9b : WABE cal culation for POMECO 
        (half bed section : axisymmetry) 

60 cm60 cm

a) PEARL sketch                 b) ICARE/CATHARE results 
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Calculations have been performed with WABE at KTH and IKE. A result (Fig. 9 b)) 

demonstrates the natural-circulation-driven cooling, due to lateral pressure differences 

between hydrostatic heads of pure water and water/steam mixture. The prediction of DHF is 

346 kW/m², only little higher than measured (331 kW/m²). Fig. 9 b) gives the calculation for 

346 kW/m² and shows beginning dryout at the top of the bed. For comparison, the calculation 

for top flooding without downcomer yields dryout already with about 210 kW/m², then with a 

first dry spot at bottom. These results have been obtained with the Reed friction law. MTD 

yields about the same results in this case with the small particles of 1 mm. This indicates a 

dominance of friction between fluids and particles. For 3 mm particles, with downcomer, MTD 

yields 1224 kW/m² and Reed 979 kW/m², under otherwise the same conditions.  

From the calculations, temperatures may rise significantly in dry zones, but not resulting in 

rapid growth of such zones, due to the energy required for evaporation. STYX experiments 

and the SILFIDE experiments [22] also indicated such effects. Further analyses are required. 

Local heating promotes local failures, but slow extension acts against early global failure. 

Extended WABE calculations for the case with downcomer show further, that the dry region 

developing at top of the bed can be stabilized by cooling in the steam flow. Such stabilization 

is in the present case still reached with a power of 450 W/kg corresponding to 390 kW/m². 

The maximum solid temperatures in this dry zone are then maintained at about 250 °C and 

no further extension of the dry zone is obtained. No coolable situation results with 500 W/kg. 

The temperatures in the dry zone increase beyond 1000 °C, and the dry zone itself grows 

downwards reaching about 10 cm height after about 50 minutes; i.e., even in this case of 

failure, the development towards complete failure takes quite some time. These stabilizing 

and retarding effects are considered as important for reactor safety, and not only the 

detection of dry zone formation as an (insufficient) indication of failure of cooling. 

 
4.2.5. Coolability of debris beds in reactor scenar ios 

 

Calculations with WABE and ICARE/CATHARE have been performed for reactor scenarios to 

explore the applicability of the models and the importance of effects, especially the strong 

effects favouring coolability concluded from experiments and related analyses: lateral water 

inflow via bottom regions into heap-like beds driven by lateral water heads, further support by 

taking into account steam/water interfacial friction, non-homogeneities, gaps and 

downcomers, cooling of dry zones in steam flow from evaporating water penetrating below, 

extended time to yield failure even in non coolable situations. In this chapter, results are 

presented for representative cases, analysing boil-off under decay heat starting with a water-

filled bed (long-term coolability) as well as quenching of hot debris. In the latter case, the 

competition of quenching and heatup decides about the success of the cooling measures.  
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4.2.5.1. Boil-off Under Decay Heat with Non-homogen eous Debris 
 

Non-homogeneous debris addresses here firstly beds with non-uniform shape, especially 

beds with lateral variation of height, as beds in the lower head of the RPV filled to a certain 

upper level or heap-like-beds in the cavity (see Fig. 10). Secondly, internal non-

homogeneities are of interest, as paths with increased porosity, e.g. downcomer-like 

structures and gaps, but also cakes with significantly smaller porosity. As a third category, 

local compositions of different particles can be considered as local non-homogeneities. 

These are presently described by effective particle diameters and porosities.  

Due to the laterally lower bed heights, it is expected that water can more easily penetrate at 

the sides, along the RPV wall. This flow is also driven by the lateral pressure differences 

caused by the radial increase of water content, due to less steam production with less height. 

As above, a significant further increase of coolability is expected by taking into account 

steam/water interfacial friction, at least for cases with larger particles (> 1 mm). As expected, 

significantly higher DHF values result than in 1D top flooding (Table 3). However, here 

interfacial friction (MTD) gives only a small increase, as compared to that in the 1D bottom 

flooding case (Table 3). A reduction of the driving pressure in the lateral water-rich zone 

along the wall, due to the water flow there, seems to be the cause. 

Choosing a gap along the wall in which the water can flow without significant friction losses, 

yields indeed a stronger effect of interfacial friction (MTD), as can be seen in Table 3. This 

underlines the importance of non-homogeneities with increased porosities and especially of 

gaps allowing access of water to bottom regions for coolability. 

 

Table 3: Dryout heat fluxes related to a flat 2D de bris bed with and without gap along the 
RPV wall with additional results for 1D top and bot tom flooding. Different choice of friction 

laws: Reed and MTD. 
 

Cases with heap-like bed configurations are considered in Fig. 10, again for the lower head of 

the RPV, but could also similarly (with plane instead of curved bottom) be taken for a bed 

produced in a water pool in the cavity (ex-vessel). In this case, the driving water head is 

mainly given by the height of the heap, not reduced by the resulting water flow. 

Correspondingly, a similar strong increase of DHF results as in the 1D bottom case between 

use of Reed and MTD friction laws, namely from 2.27 MW/m² to 3.62 MW/m². It is finally to be 

remarked that different water flow pattern result from use of Reed or MTD (Figs. 10, 11).  

  Reed MTD 

1D top 1.61 1.73 

1D bottom 2.51 3.66 

2D no gap 2.28 2.45 

 
 
DHF 
[MW/m2] 

2D with gap 2.45 3.59 
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             a) With Reed model, 141 W/kg                                     b) With MTD model, 223 W/kg        

 
Figure 10: WABE results on boil-off of initially wa ter-filled bed in lower head of RPV: 

Distribution of saturation (liquid volume part of f luid). Bed data: Heap with maximum height 
of 2.32 m, water pool above up to 2.72m, mean parti cle diameter 3 mm, porosity 0.4. System 

pressure 5 bar. 
Even with a dry zone, coolability can still be maintained by cooling in the steam flow, if water 

has access to lower bed regions. In the case of a particle bed in the lower head, it has been 

shown by calculations with WABE as well as ICARE/CATHARE (Refs. [18], [19]) that a much 

higher power than concluded from 1D top flooding and in general from dryout criteria still 

yields a coolable situation, even after formation of large dry zones. Further, significant time 

delay until reaching melting temperature has been obtained in cases with failure of cooling. 

Of course, cooling by steam becomes less effective with lower system pressure. 

Fig. 11 shows an example of boil-off calculations with WABE (with the Reed model) for a bed 

of 2 mm particles, porosity 0.4, at 0.3 MPa system pressure. 200 W/kg is the limit power for 

which the decay heat can just be removed without dry zone. With 1D top flooding, this limit 

would be reached for 141 W/kg, showing again improvement by multi-dimensional effects. 

Coolable situations with dry zones still result up to 300 W/kg, as seen in Fig. 11. 

 
Figure  11: Dry zone in particle bed in lower head of RPV, cooled in steam flow from 

evaporating water flowing into lower bed regions fr om water at top along the wall region 
(left: distribution of water volume part or liquid saturation, right: temperature development 

in centre of dry zone at different heights z from b ottom). 
 

Various cases with non-homogeneities inside the bed, also dense regions with low porosity 

(cakes), have been investigated to explore limits of coolability. Calculations have also been 
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performed for large debris beds in a water-filled cavity, related to BWR, exploring effects of 

additional flow paths (e.g. via sump). Results are given in [18].  

 

4.2.5.2. Quenching of Hot Debris in Core and Lower Head 
 

Fig. 12 shows results of calculations performed by IRSN with ICARE/CATHARE and by IKE 

with ATHLET-CD modules MEWA and VECO. on the quenching of a hot, dry and degraded 

core. A debris bed in the core is considered, similar to TMI. The calculations show that 

quenching is reached by flooding via the downcomer, with water rising in lateral, intact core 

regions, then penetrating from the sides into the degraded parts, driven by the outer water 

head. Again, the multi-dimensional aspects decide about the success of cooling. 

In the IRSN case, an initially dry core heated up to maximum temperatures of ~1700 K before 

onset of reflooding, in the IKE case, even a melt pool of ~20 t has formed in an assumed 

particle bed of 1.5 mm diameter particles, still allowing quenching. 

 

Time 400 s from start of  reflood 

 
Figure 12: ICARE/CATHARE (left) and ATHLET-CD-MEWA/ VECO (right) calculations on 

reflooding of a hot core: Water distribution (satur ation) in the RPV 
 

Flooding of hot debris in the lower head has also been investigated with WABE and 

ICARE/CATHARE (Refs. [18], [19]). Again, water inflow from the sides along the wall is 

decisive. Continued heatup in the debris acts against quenching. In a case with 0.3 MPa 

system pressure, 2000 K heatup in the dry zone was reached before finally cooling succeeds. 

The influence of model differences, e.g. about interfacial friction and vapour film boiling, has 

been investigated. However, continued analyses are required for final conclusions. The 

influence of oxidation as additional heat source has been analysed in calculations IRSN [19]. 

Related to considerations of Seiler [24], a calculation with WABE has been performed with a 

dense region of about 50 cm thickness in the centre, low porosity of 0.1 (still high compared 

to expected porosity in the cake [24]), a thick gap of about 10 cm (i.e. excluding analysis of 
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CHF in the gap), particle diameter 2mm and porosity 0.4 in the upper bed assumed of 1m 

height above the cake, i.e. another ~60 t of corium debris, much more than in TMI. A power 

of 200 W/kg has been applied, about twice that assumed by Seiler. An initial temperature of 

1270 K has been assumed in the initially dry debris and a system pressure of 60 bar. In the 

gap, the same conditions as in the upper bed have been assumed. 

Fig. 13 shows results of the temperatures and water velocity fields after 920 s and 2940 s. 

While the debris with higher porosity is rather rapidly quenched, with still a temporary 

increase of temperature up to about 1400 – 1500 K, the quenching of the cake region takes a 

much longer time and temperatures go beyond 1700 K at 2940 s, although in a reduced 

region in the cake. Obviously, steam cooling is here effective in the cake, at least avoiding 

rapid heatup until melting. This enables slow quenching by water flowing around and partially 

into the low porosity area. The calculation gives a perspective to evaluate the principal 

counter-action of heatup by decay heat and quenching, under conditions with additional 

handicaps. 

 
Figure 13:  WABE calculation on quenching of a debr is bed in the lower head with a 

dense (cake) region at bottom and a gap between thi s and the RPV wall: solid temperatures 
and water flow field (left: after 920 s, right: aft er 2940 s). 

 
4.2.6. Summary and Conclusions: Status and remainin g Tasks on Coolability  

in Severe Accidents  
 

A status appears to be reached, which allows applications to an overall analysis of reactor 

safety issues about coolability. The overall requirements are that the essential features of 

accident progression are described sufficiently (in a risk oriented way, allowing conclusions 

about the issues) and that the dependence of accident progression on cooling measures and 

the coolability options at any stage are included. Concerning these requirements, the status 

and remaining uncertainties as well as perspectives for ASTEC are finally to be evaluated. 

 
4.2.6.1. Description of the whole course of the acc ident 

 

The required evaluation has to be done with emphasis on major phases in the accident since 

all possible effects cannot be described in detail. Thus, key physics in key situations is to be 

elaborated. Key phases and situations for in-vessel cooling concern reflooding of a degraded 

core and debris beds formed in water in the lower head. 
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4.2.6.1.1. Cooling of Degraded Core 

 

After boil-off of the core in the frame of an accident, heating and melting may produce a 

severely damaged, partly molten core with relocated material and broken parts (ruptured 

cladding and collapsed fuel). With water injection, even increased fragmentation of material, 

molten and solid, can be expected, the hot solid parts being broken because of high thermal 

stresses. As in TMI, this may yield formation of extended particulate debris in the core. The 

question is then whether continued quenching dominates or an increase of temperature 

occurs in parts of this debris, due to decay heat and limited water access. Steam flow may 

support cooling but also favours exothermic Zr oxidation. Melt pool formation in the core 

surrounded by corium crusts, as in TMI, even under water, may not always occur. The major 

question is how strong the trend to non-coolable situations and melt pool formation is. This 

can be explored with parametrically assumed configurations, further to be narrowed down by 

scenario evaluations and calculations on core degradation. 

Such calculations can be performed with ATHLET-CD including the MEWA module 

(combined melting module MESOCO and cooling module WABE, allowing simultaneous and 

interacting melting and cooling by water, e.g. melt pool formation in a debris bed under water, 

with inflow of water) as well as with ICARE/CATHARE. Present results indicate that effective 

cooling even of large debris beds in the core composed of small particles results by the 

mechanism of Fig. 16, at least for the chosen high system pressure.  

Continued core melting was then obtained only with < 0.8 mm particle diameters. From this, 

melt pool formation in realistic debris with larger diameters may only be understood under dry 

conditions (dry phase in TMI), not under water. With lower system pressures of 2-3 bar, 

melting occurs for mean particle sizes of ~2-3 mm. Since also extended debris regions with 

such small particles are not probable, it may be concluded in general that only strongly 

degraded cores with large melt pools developed in periods with a dry core can not be 

quenched any more by reflooding. Extensive melting and melt pool formation may occur in a 

mostly dry core with sufficient cooling from a water level in a low core range or just below the 

core. The present calculations then yield a strong tendency to pool formation. 

The melt pool behaviour is the subsequent key issue. Cooling of a sufficiently large pool in 

the core does not appear possible, according to present results. Then, lateral failure and 

outflow of melt is expected. This means that limited streams of melt (diameter and velocity) 

probably occur, rather than a massive flow. There is no driving melt head and outflow from 

first smaller lateral holes prevents formation of large ones, due to resulting decrease of the 

melt level. Such limited streams or jets of melt into water in the lower head are considered as 

favourable for breakup and particulate debris formation.  

Further confirmation of the above conclusions from present results is required, concerning 

• the stated coolability even of  significantly degraded cores, 

• the requirements for melt pool formation (dry core, water in low range for some time), 

• non-coolability of large (limit?) melt pools in core by reflooding, 

• lateral pool failure and outflow of melt in limited streams into water in lower head. 
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Such confirmation is to be pursued by extended joint analyses with the models. Support is 

also expected by additional experiments, such as extended QUENCH and LIVE experiments 

at FZK (concerning debris quenching as well as pool formation, cooling and failure) and the 

new PEARL experiments of IRSN on quenching of large non-uniform debris beds. 

 

4.2.6.2. Debris Coolability in the Lower Head  
 

The TMI accident indicated that, even though coolability of the core is not attained, a coolable 

configuration may result from breakup of the melt in the water of the lower head and/or gaps 

below cakes or partially molten regions. Limited melt streams as usually expected (see 

above) should further favour the formation of coolable debris. Of course, the options will be 

limited, depending on the mass of melt relocated and on re-establishment of water injection. 

Nevertheless, even chances of partial success or of success in a variety of scenarios are 

worth to be evaluated, especially if much better chances can be envisaged from basic 

physical analyses than based on earlier considerations. 

As outlined in Chapter 4.2.2, key processes concern in this key situation  

jet breakup, 

crust formation at resulting melt drops and settling of the fragments as debris bed, 

porosities and effective diameters as well as unfragmented parts (cakes) in the bed.  

Models for these processes exist in MC3D at IRSN as well as in the frame of ATHLET-CD 

(VECO module with sub-modules IKEJET and IKEMIX for formation of debris and MEWA for 

the debris behaviour). Present results, supported by FARO and DEFOR experiments, 

indicate significant breakup already in water pools of 1-2 m depth, however uncertainties 

about cake formation (FARO-L28) with small subcooling of water, due to insufficient crust 

formation at melt drops, and about porosities (high porosities from DEFOR). The modelling 

on crust formation needs further validation. Determining porosities and effective diameters in 

prototypic debris needs further experimental support (DEFOR, LIVE, DEBRIS, STYX).  

As for the core, quenching analyses have also been performed for the lower head in 

SARNET WP 11.1. In agreement, the result was a strongly favoured coolability by lateral, 

downwards inflow of water from the regions with smaller height and along the vessel wall. 

Further, steam up-flow through bed regions with larger height, produced from the water 

flowing in laterally, strongly supported the quenching process in the competition with heatup, 

limiting the latter. These analyses are to be continued for reaching overall conclusions. 

It has been shown with ICARE/CATHARE and WABE calculations for boil-off conditions, i.e. 

with initially water-filled beds at saturation temperature, that lateral downwards inflow of water 

in the lower head strongly supports coolability. It is again necessary to analyse the situations 

by means of validated 2D/3D codes. Only based on a spectrum of such analyses, 

generalised conclusions may be drawn. Even beyond dry zone development, caused by 

insufficient water access, coolable states may still be maintained for strongly increased power 

(or small porosity and particle diameters). With water access to bottom regions, steam flow 

from evaporating water can cool dry regions and keep temperatures below the melting point.  

Again, further joint calculations for reactor scenarios have to be performed for further 

elaboration. Continued support is required also from more basic investigations, related to 

respective experiments. Such investigations concern realistic debris with local particle 
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mixtures, effects of non-homogeneous bed structures and of 2D/3D bed configurations, 

especially providing variants of water access. The STYX (VTT), POMECO (KTH) and new 

DEBRIS (IKE) experiments deal with these aspects.  
 
4.2.6.3. Debris Coolability in the Cavity 

 

A failure of the RPV after formation of a large melt pool in the lower head can also be 

expected to occur in the upper region of the pool. Then outflow of melt is limited as with a 

pool in the core. Penetrations at bottom may especially with BWRs yield failure there, but 

then also with a limited opening diameter and limited melt accumulation above. Streams of 

melt flowing through the bundle of control rod drives with BWRs are further splitted into partial 

streams. Nevertheless, thicker streams of higher velocity into water may occur, here. 

In PWRs only water pools of small depth (~1-2 m) are possible, due to the narrow space. 

Melt breakup and cooling is then limited. In a deep water pool below the RPV in a BWR, 

complete breakup even of thicker melt jets as well as quenching of fragments until settling 

can be expected. In principle, the models and codes can be applied as for the lower head. 

Remaining uncertainties and tasks for confirming work concern breakup of thick melt jets 

(>10 cm diameter) in deep water pools (~10 m)  at eventually higher entrance velocities (>5 

m/s) and with possible high water subcooling. The latter favours the formation of particulate 

debris beds by crust growth at the drops of melt. On the other hand, questions of steam 

explosions may be raised, also about formation of smaller particles which may hinder 

coolability. 
 
4.2.6.4. Proposals for ASTEC 

 

As outlined, adequate modelling for the key processes and situations during a severe 

accident with core melting exists, including the major coolability issues. It has been shown 

that the models are applicable to key reactor scenarios. Further, integration of these models 

in an overall accident code exists, as indicated above. The major present task is further 

consolidation and validation, with respect to experiments but also joint detailed comparisons 

between the codes, emphasising the key situations and effects. From such analyses 

performed already partly in comparison with ICARE/CATHARE and ATHLET-CD in SARNET 

WP 11.1, the adequate modelling for ASTEC shall be proposed. 

From the above analyses, it can presently be concluded: 

• 2D/3D modelling of separated flow of water and steam in porous structures is required for 

adequate analysis of coolability, i.e. not to strongly underestimate coolability. 

• Friction laws with explicit steam/water interfacial terms are required for a unified 

modelling of top and bottom flooding and in general various situations with different 

conditions of water inflow into the bed. 

• Heat transfer can be described in a simplified way: 

• For boil-off, a thermal equilibrium approach is sufficient. 

• For quenching of hot debris with friction dominated, slow water progression (thin 

quenching zones), a rather rough heat transfer model may be sufficient. 
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• Heatup and melting in dry zones simultaneously with quenching or cooling processes by 

water inflow and cooling flow of steam are to be enabled in order to describe the key 

competing processes deciding about coolability. 

• Modelling of breakup of melt jets and settling of resulting fragments under solidification 

(crust formation) is required to gain a perspective on particulate debris formation 

depending on water depth, melt inflow conditions, system pressure, etc. 

• Simplified models are, from IKEJET/IKEMIX experience, sufficient for breakup, as  

• 1D/cross-section jet model with wave-stripping model adapted to experiment, 

• simplified approach for the steam flow along the jet causing wave formation and stripping, 

with feedback to the surrounding mixture driving this flow. 

• 2D model for mixing of melt with water under settling is required to describe void 

production and its influence on solidification as condition for particulate bed formation. A 

simplified model for crust growth on drops is implemented in IKEMIX. 

As outlined, existing models are already simplified emphasising the key effects and exist 

already in the frame of severe accident codes as ATHLET-CD and ICARE/CATHARE.  

Applications have been performed dealing with sequences from core heatup to core melting 

and continued melt pool formation or cooling under reflooding, melt release to water in the 

lower head, breakup, particulate debris formation, cooling and quenching or dry zone 

formation with heatup and melting, even under reflooding. Further simplifications of these 

approaches for implementation and use in ASTEC may be checked more in detail depending 

on specific ASTEC requirements. 

Due to the remaining issues, it has been decided to pursue the research and development on 

debris coolability within the proposed SARNET2 project. 
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4.3. Molten corium concrete or ceramic interaction (WP 11.2) 
 
4.3.1. Main issues 

 

During a postulated severe accident in a nuclear power plant, the molten core can come in 

contact and interact with various structural materials, including concrete, under both dry and 

wet conditions. A better understanding of the underlying processes is important for the 

prediction of the radiological consequences, and for the selection of appropriate mitigative 

measures and design features. To investigate theses processes the SARNET member 

organizations have conducted an experimental program, with individual activities that are 

complementary regarding their specific objectives, and harmonized with other international 

experimental activities like the OECD-MCCI project. 

Main areas of investigationsi are the characteristics of molten corium pools interacting with 

the containment basemat and the integrity of protective materials for core catcher application. 

At the start of the SARNET project, there was a large experimental database on Molten Core 

Concrete Interaction, including 1D-tests with prototypic oxidic corium. Several models and 

codes had been developed and validated on these experiments. It was thus expected that 

only confirmatory results were needed to deal with the 2D aspects, as well as with the effect 

of the metallic layer. 

The activities in these domains performed during the years 2005 to 2008 are synthesized 

here, with first the experimental results (COMET-L2-L3, OECD-MCCI, HECLA, VULCANO, 

ARTEMIS, SICOPS) and then the benchmarking activities (CCI-2, COMET-L2-L3, reactor 

case). 

 
4.3.2. Corium concrete or ceramic interaction exper imental results 
 
4.3.2..  COMET-L2 and COMET-L3 

 

The COMET-L2 and L3 tests were performed at the Forschungszentrum Karlsruhe (FZK), 

respectively in February and November 2005 ([2] and [3]). The facility was decommissioned 

in 2006. 

A cylindrical siliceous concrete cavity of 0.6 m diameter is supported by a device including 

the induction heating coil at the bottom (Fig. 1-2). The simulated corium melt is generated 

externally by an alumina thermite reaction and poured into the crucible through a lid in the 

upper hood. This moment defines the experimental time zero, when the dry erosion starts. 

When the melt approaches the light guides at the bottom of the crucible, the test will stop and 

flooding is initiated in order to prevent damage of the facility. During the course of the test, 

continuous heating takes place through the induction coil. The heavy metal phase heated by 

induction is overlaid by the light oxide phase in which no sustained heating is provided. 

The outer crucible is gastight; so all gases generated during the experiment are collected in 

the free volume of the crucible and feed trough the off-gas system into the ambient 

                                                 
i The presentation of the main issues and work program is mainly inspirited from the activities presented at the first 
ERMSAR meeting [1]. 
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atmosphere. A constant argon cover gas flow is injected into the crucible to prevent the 

accumulation of a burnable gas mixture. In the off-gas system, the main characteristics such 

as temperature, composition and flow rate of the released gases are measured online. The 

COMET facility is equipped with a multitude of instrumentation to monitor and control the 

experiment and to collect the data for subsequent evaluation. The ablation evolution is 

deduced from the signal of thermocouples embedded in the concrete crucible. The 

thermocouples are of type NiCr-Ni. Their failure indicates arrival of the melt front. They are 

unable to measure the temperature of the melt. 
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600
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 Fig. 1 Scheme of the COMET facility at FZK.  Fig. 2 View of the concrete cavity. 
 

The COMET-L2 test was performed in the frame of the LACOMERA project of the 5th 

European Framework Programme, with participation of ARC Seibersdorf (Austria). The initial 

composition of the melt was 430 kg metal with 90 % iron and 10 % nickel and 35 kg oxide 

with 56 % alumina and 44 % calcia. The mean heating power was 200 kW and the initial 

temperature was 2023 K. The heating power was switched off automatically at 1015 s, by 

failure of a light guide. The bottom flooding of the crucible started at 1440 s. 

 

After an initial period of about 100 s until end of overheat, characterized by an isotropic 

ablation, a steady state regime is reached, with a faster axial ablation compared to the lateral 

ablation (factor 2 to 3), which is in agreement with the results of the BETA experiments at low 

power density.  

For COMET-L3, the initial composition of the melt was 425 kg metal with 90 % iron and 10 % 

nickel and 211 kg oxide with 56 % alumina and 44 % calcia. The mean heating power was 

220 kW and the initial temperature was 1940 K. Top flooding was initiated by shower at 800 

s. The heating power was switched off automatically at 1878 s, by failure of a light guide.  

After an initial period of about 100 s until end of overheat, characterized by an isotropic 

ablation, a steady state regime is reached, with a faster axial ablation compared to the lateral 

ablation (factor 2 to 3), which is in agreement with the results of the COMET-L2 experiment.  

Flooding does not lead to strong melt-water interaction, and the concrete ablation is slightly 

reduced. A view of the final shape of the cavity is presented on figure 3.  
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Fig. 3 COMET-L3: view of the concrete crucible sect ioned to plane S-N. 
 

4.3.2.2. OECD-MCCI 
 

The CCI experiments were not performed within the frame of SARNET, but within the frame 

of OECD-MCCI. Three large-scale reactor materials experiments were conducted in the 

frame of MCCI-1 contract, and two in the frame of MCCI-2. The results of the three first tests 

are synthesized here. The description hereunder is mainly due to Farmer et al. [4]. 

Aside from providing valuable information for addressing the debris coolability issue, the CCI 

tests also provided information that can be used to reduce modeling uncertainties related to 

2-D core-concrete interaction. In particular, all tests showed the overall trend of decreasing 

melt temperature as ablation progressed (Fig. 4). This trend can be contributed to several 

factors, which include: i) a heat sink effect as relatively cool concrete slag was introduced into 

the melt, ii) the increasing heat transfer surface area as the melts expanded into the concrete 

crucibles, and iii) the evolution of the pool boundary freezing (or immobilization) temperature 

that decreased as additional concrete was eroded into the melt during the tests. 

 

Tests CCI-1 and CCI-2 showed evidence of initial crust formation on the concrete basemat 

and sidewalls that resulted in an incubation period in which the ablation rates were very low 

and the melt temperature was relatively stable. Test CCI-3 also showed evidence of initial 

crust formation on the concrete basemat and one sidewall, but there was no evidence of a 

sustained crust on the other wall. In all cases with the possible exception of the crust over the 

CCI-3 basemat, the crusts eventually failed, thereby allowing ablation to proceed. The 

duration of the incubation period for CCI-1 and CCI-2 appeared to be inversely proportional to 

concrete gas content, which suggests that crust failure may be driven in part by the 

mechanical forces that arise from the production of concrete decomposition gases at the 

core-concrete interface.  
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The long-term ablation behavior was found to be closely linked to concrete type. Lateral and 

axial ablation rates for the LCS concrete test were virtually indistinguishable. This relatively 

uniform power split can be contrasted with the results of the two siliceous concrete tests. For 

test CCI-1, the ablation was highly non uniform, with most of the ablation concentrated in one 

sidewall of the apparatus. Crust stability may have played a major role in determining the 

ablation progression for this experiment; i.e., the data suggests that after the crust failed on 

the North concrete sidewall, the input power was predominately dissipated through ablation 

of this sidewall, while crusts continued to protect the basemat and south sidewall surfaces 

during the balance of the interaction.  

In contrast to Test CCI-1, Test CCI-3 exhibited fairly symmetrical lateral ablation. However, 

unlike Test CCI-2, the lateral ablation was more pronounced in comparison to axial ablation. 

In this regard, the results of tests CCI-1 and CCI-3 are consistent. On this basis, the 

lateral/axial surface heat flux ratio for test CCI-3 was estimated to be significantly higher than 

the near-unity ratio deduced for test CCI-2 with LCS concrete. Between the two concrete 

types used in the CCI tests, possible explanations for differences in the erosion behavior are 

chemical composition and concrete gas content. A third possible explanation was revealed 

during post-test examinations. In particular, the core-concrete interface for the siliceous 

concrete tests consisted of a region where the core oxide had locally displaced the cement 

that bonded the aggregate (Fig. 5). Conversely, the ablation front for the LCS test consisted 

of a powdery interface in which the core and concrete oxides were clearly separated. 

Variations in the interface characteristics may have influenced the ablation behavior for the 

two concrete types.  

Fig. 4 CCI tests : melt temperatures versus time.  Fig. 5. CCI tests: debris morphology 
for a) CCI-1, b) CCI-2, c) CCI-3. 
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4.3.2.3. HECLA 
 

The main objective of the HECLA experimentsi is to investigate the initial phase of the MCCI, 

occurring during the pouring of corium on the concrete. In most previous MCCI experiments, 

the melt has been generated inside the concrete crucible, which causes a slower heat-up of 

the concrete. In the HECLA experiments as well as in the VULCANO tests, the melt is poured 

into a cylindrical concrete crucible, which is more prototypic of a reactor accident. Hence, the 

possible effects of the very rapid temperature change can be investigated. The thermal shock 

may cause concrete spalling, i.e. pieces cracking off from the concrete surface. The HECLA 

tests are transient, i.e. no decay heat simulation is used. This enables the effects of the 

pouring phase to be clearly illuminated and eliminates all uncertainties related to non-

uniformity of melt heating techniques. 

Figure 6 shows the main parts of the HECLA test facility. The metallic melt is generated in the 

induction furnace with maximum capacity of 50 kg. The melt is poured into the pre-heated 

tundish above the experiment chamber. From the tundish the melt flows through the bottom 

hole and melt nozzle into the steel chamber and falls into the concrete crucible. The pouring 

height is about 87 cm from the nozzle to the bottom of the crucible. To prevent hydrogen 

burns, nitrogen gas is fed into the chamber for oxygen evacuation and dilution of the MCCI 

reaction gases. The gases are exhausted by a fan and conducted out. In HECLA-2 

experiment, the melt was stainless steel, including about 17 % Cr and 11 % Ni. 

 

The first HECLA experiment (HECLA-1) was conducted in December 2006. It was a 

preliminary, scaled down test. It involved pouring of 20.4 kg stainless steel at 1560 °C into a 

cylindrical crucible made of siliceous concrete. This melt mass and temperature caused only 

limited (< 1 mm) concrete ablation. The main result was that the HECLA facility works well 

and safely and is ready for higher melt masses and temperatures.  

 

The main dimensions of the concrete crucible are shown in Figure 7. The melt pool surface 

was about 15 cm above the crucible bottom.  

 

                                                 
i The description hereunder is taken from the paper by Journeau et al. [5]. 
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Fig. 6 Schematic presentation of the HECLA facility .   Fig. 7 Main dimensions of the  

cylindrical concrete crucible of the  
HECLA facility. 

 

Temperature within the concrete basemat and sidewalls was measured with 46 K-type 

thermocouples. For the measurement of the melt temperature, two C-type thermocouples 

with tantalum sheath and HfO2 insulation and two S-type thermocouples were used. These 

were mounted in quartz glass protection tubes and attached to the concrete crucible inclined 

downwards, so that they became immersed in the melt.  

 

 

Fig. 8. HECLA-2, melt temperature, measured       F ig. 9. HECLA-2, Axial and radial with two 
S-type and two C-type thermocouples.        ablatio n depths, based on thermocouple 

                                              respo nse. 
 

The HECLA-2 experiment was conducted on the 19th of June, 2007. 50 kg of stainless steel 

at 1700 °C was poured into a cylindrical crucible made o f siliceous concrete. The pouring 

phase lasted 21 seconds. The measured melt temperature in the concrete crucible is shown 

in Fig. 8. Based on the thermocouples data, it can be concluded that the initial melt 

temperature was quite close to 1700 °C when it arrived  at the concrete crucible. 

Unfortunately the thermocouples did not survive long enough to measure the melt cooling to 

the solidification. The initial gas temperature in the chamber was about 30 °C. It increased 

rapidly during the pour, and the peak temperature of about 210 °C was reached at 40 
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seconds. Then, the gas temperature cooled down to around 80 °C in about 2.5 min because 

cooler nitrogen was continuously fed into the chamber.  

From the measurement data, the axial and radial ablation depths as a function of time can be 

deduced (Fig. 9). It has been assumed that the ablation front is at the location of the 1240 °C 

isotherm, because GEMINI2 thermo-chemistry software predicts that half of the concrete 

mass is molten at this temperature. In addition, the failure of a thermocouple has been 

interpreted as concrete ablation at that location. During the first 40 seconds, the axial and 

radial ablation rates were about equal. There were no thermocouples in the sidewall at depth 

15 mm, and the sidewall thermocouples at 20 mm did not indicate ablation. The axial ablation 

continued for about two minutes.  

 

A photograph of the split crucible is shown in Figure 10. The ablation was quite symmetric. 

The initially sharp corners have become round. There was several millimetres of very fragile 

concrete at the metal–concrete interface. This layer fell off during the crucible cutting and 

ingot removal. Hence, it is difficult to determine the exact final ablation depth. For the 

basemat, it is estimated that about 25–30 mm of concrete melted. The metal ingot was 

halved separately. This revealed some gas bubbles trapped in the solidified melt. The final 

sidewall ablation depth, measured from the metal ingot, was about 15 mm.  

 

 

 

 

 

 

 

 

 

 

 

 

 
 Fig. 10. HECLA-2, the concrete crucible after spli tting, with the metal ingot still in place.  

 

4.3.2.4. VULCANO 
 

VULCANO facility and test section 
The VULCANO facilityi at CEA-Cadarache is mainly composed of an oxidic furnace, metal 

furnaces and a concrete test section, which can be adapted to the specificity of each 

experiment. A Molten Core Concrete Interaction experimental program is underway at the 

VULCANO facility. It is devoted to the study of 2D long-term dry MCCI with either purely 

oxidic prototypic corium or with stratified oxide and metal layers. The oxidic furnace is based 

on a transferred plasma-arc technique. When a sufficient quantity of corium has been melted, 

the arc power is reduced and the anode is withdrawn. The furnace is then tilted so that the 

                                                 
i The description hereunder is mainly due to Journeau et al. [5]. 
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melt pours out in the test section. The plasma arc is maintained during the pouring operation, 

in order to prevent too much cooling of the melt. For the melting of metal, three induction 

furnaces have been used. Superheated molten steel is poured in the test section by tilting the 

cylindrical furnaces. The pouring phase has been done just after the oxidic melt has been 

poured in the concrete cavity.  

 

The test section (Fig. 11) is a 600x300x400 mm concrete block with a 300 x 250 mm 

hemicylindrical cavity in which corium is poured. Two types of concretes, representative of 

nuclear reactor basemats, have been used. In the first one (Concrete F), the aggregates 

were mostly siliceous, while, for the second one (Concrete G), the sand and the gravels were 

a mixture of limestone-siliceous and limestone aggregates, leading to a higher fraction of 

limestone. More than 100 K-type thermocouples have been installed in the concrete to 

monitor its ablation as well as some high temperature C-type thermocouples. Four parallel 

induction coils surround the section and provide sustained heating (Fig. 12). For stratified 

configurations, non connected copper coils are used to shield the magnetic field so that more 

than 80% of the heat is provided in the volume that will be filled by oxides after stratification. 

During the initial period of oxide/metal tests when both phases make an emulsion, the heat 

will be provided to the mixture of phases in a complex pattern, but this shall not affect the 

pool thermalhydraulics due to the fact that both phases are well mixed at a small scale 

length. The same heating configuration has been used for tests with purely oxidic melts in 

order to facilitate comparisons between tests.  

 

       
 

 
Fig. 11. VULCANO, the concrete test section        Fig. 12. VULCANO, scheme of the concrete 
before corium pouring     test section with inducti on coils in a  

stratified pool configuration. 
 
Tests with oxidic corium 
Three experiments have been performed in which a high temperature oxidic corium melt has 

been poured in concrete test sections. Induction heating was maintained for at least 2 hours. 

Concrete ablation was monitored with consumable thermocouples inside the concrete. The 

concrete ablation has been tracked by the destruction of K-type thermocouples around 1500-

1600 K. In VULCANO experiments, Post-Test Analyses are an important tool to understand 

the processes that occurred during the test, in conjunction with the online measurements. 

After the end of the test, the test sections are dismounted and observed (Fig. 13 and Fig. 14). 

The shape of the remaining concrete is measured by laser telemetry and samples are 
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collected for analysis. The concrete ablation anisotropy for the siliceous concrete was 

confirmed by these analyses. In the tests with siliceous concrete, unmelted siliceous 

aggregates have been observed inside the corium. For the limestone-rich concrete, it is 

possible to observe in the ablated concrete block the decarbonated limestones (in white on 

Fig. 14). In the two tests with silica-rich concrete, SEM micrography of corium near the 

interface showed the presence of horizontal layers of different compositions. They include 

molten mortar (with few percents of corium), concrete-rich corium-concrete mixtures and 

finally the pool corium concrete mixture.  

 
 Fig. 13 VULCANO VB-U5 with silica rich  Fig. 14 VU LCANO VB-U6 with limestone 
concrete F: post test view of the concrete  rich co ncrete G: post test view of the 
cavity.        concrete cavity. 
 

In the case of the test VBU6 with limestone rich concrete G, no horizontal layering was 

identified, contrary to what was found in the other two tests with silica rich concrete F. Two 

zones of different composition have been observed which can be interpreted as a plume of 

ascending concrete rich liquid in corium. A similar feature had been observed on a sample 

from the CCI2 experiment performed with a US limestone-common sand concrete.  

The concrete near the interface had lost all mechanical strength, preventing an effective 

sampling of the concrete side. The main result from these tests is the fact that limestone rich 

concrete presents an isotropic ablation, while, for silica rich concretes, the ablation is 

significantly more pronounced in the sidewalls than in the basemat. There are several 

differences between these two types of concretes that could explain different behaviours, but 

up to now, no predictive model of ablation anisotropy has been qualified.  

 

Tests with oxide/metal corium 
The objective of the VULCANO VBS test series is to study experimentally with prototypic 

materials the 2D interaction with concrete of a corium containing a metallic and an oxidic 

phase, in a configuration for which much of the sustained heating is provided to the oxidic 

phase layer.  

The VBS-U1 test has been performed on the September 21 2006. The corium load was 

made of about 15 kg stainless steel and about 35 kg oxides. The oxides have been 

transferred in the limestone rich concrete test section at a temperature around 2000 °C, 

simultaneously with the molten steel at about 1700 °C . Induction heating has been sustained 

for 4 hours at about 32 kW in order to study the interaction process.  
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The oxidic part of the corium melt was similar to the load used for the VBU6 test with purely 

oxide melt. The concrete composition was also similar (limestone rich Concrete G). During 

the interaction, a continuous flow of gases was observed at the pool surface as well as large 

flames. This gas flow led to the ejection of corium particles. It must be noted that a crust with 

“volcanoes” formed at the pool surface and that the pool level frequently rose above the 

volcano altitude leading to small flows. This shows that the whole cavity was often filled by 

the multiphase mixture during the test. 

Between 22 and 33 minutes after the start of the experiment, the melt pool equivalent 

impedance varied significantly. This has been interpreted as an effect of metallic phase 

stratification, which changed the melt properties in between the two series of shielding coils. 

This time is of the same order of magnitude as the calculated melt stratification onset time. 

Concrete ablation has been monitored by the thermocouples. During the first hour, ablation is 

anisotropic and is more efficient radially than axially. Then, the ablation has progressed 

roughly isotropically for the next three hours. Figure 15 presents the ablation shape estimated 

from the thermocouples ruptures and the temperature field in the remaining. 

After the end of the test, six volcanoes (Fig. 16) have been found on the pool surface. These 

volcanoes were made of quite thin corium shells and a large cavity occupying more than half 

of the space that used to be filled with the corium pool has been found when the upper crust 

has been dismounted.  

 
 Fig. 15 VULCANO VBS-U1: temperature filed  Fig 16.  VULCANO VBS-U1: volcano 
 giving the cavity shape (arbitrary scale).  found on the corium surface. 
 

A second test (VBS-U2) has been performed on September 20 2007 with the other concrete 

composition (silica rich concrete F). Due to a malfunction during the pouring of the oxides, 

only about 15 kg of oxides were poured, completed by a similar amount of metal. During the 

4 hours of the test, the ablation was almost isotropic. Detailed analysis of the measurements 

and of the post-test corium are under way. A third test reproducing VBS-U1 with concrete F 

has been performed in April 2008. In this test about 35 kg of oxides and 15 kg of steel 

interacted with silica-rich concrete. The ablation was mostly radial at the beginning and then 

tended towards anisotropy. 
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4.3.2.5. ARTEMIS 
 
ARTEMIS program 
The experimental ARTEMIS program is mainly financed by IRSN in the framework of an 

agreement between EDF, IRSN and CEA. Conducted at CEA-Grenoble, this experimental 

programme is performed with simulant materials (chloride salts) selected after a scaling 

analysis based on a similarity with the pseudo-binary phase diagram and differences of 

densities of solid and liquid components for an actual oxidic corium-concrete mixture. 

Thermalhydraulic constraints were taken into account to scale the heating apparatus and to 

choose relevant gas superficial velocities. A special instrumentation was developed to 

measure the position of the corium/concrete interface as well as the interface temperature at 

the pool boundaries. In ARTEMIS, the corium-concrete system is simulated by a non-eutectic 

mixture of BaCl2 and LiCl. The melting interval of BaCl2+LiCl mixtures is between 960°C and 

520°C. The concrete is represented by a eutectic mixtu re (25mol% BaCl2, 75 mol% LiCl) of 

both materials, melting at 522°C. The temperatures ar e sufficiently low to authorize precise 

measurements in the pool and on the interfaces. The concrete is porous and gas is injected 

through it at constant superficial velocity. Special conception features have been taken for the 

gas circulation in order to be sure that the gas does not by-pass the melt.  

 

1D tests 
The ARTEMIS program is divided in two main series of tests. A first test series (2003-2004) 

consists in six 1D tests with the interaction of a corium pool with a horizontal concrete 

surface. The description and main results of the 1D experiments are reported by Veteau [6]. 

Figure 17 shows the test section and figure 18 the detail of the moving probe which give the 

interfacial temperature between melt and crust and the temperature gradient. Although the 

1D ARTEMIS results confirm the essential features of the segregation model, some of these 

results depart from this idealized, simple description (only partial enrichment of crust by the 

refractory component, thickness of the crust…) that justifies some complementary analysis. 

An interpretative work of the 1D tests is also underway in the frame of a PhD thesis by 

Mathieu Guillaumé, and will be published at the end of 2008. 
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Fig. 17 : Test section for ARTEMIS 1D test           Fig. 18 : tip of the moving probe 
series        (dimensions in mm) 

 
2D tests 
The second test series concerns a 2D geometry, and was performed in the years 2005 to 

2008. The description hereunder is mainly due to Seiler and Tourniaire [7].  

The 2D ARTEMIS experiments involve an initial cylindrical volume of molten “corium” of ~30 

cm diameter and ~30 cm height. The superficial gas velocity is maintained uniform and 

constant (time independent) on all the interfaces between corium and concrete (i.e. the gas 

flow increases vs time). Seven 2D experiments were conducted. In all the experiments the 

final shape of the cavity looked very similar to the cavities obtained for real material corium 

tests with siliceous concrete (Figure 19) and this conclusion is also valid in the case the pool 

was composed of molten concrete (no effect of melting interval on 2D ablation). Thus, it can 

be concluded from these tests that the shape of the cavity (radial ablation) is not a direct 

effect of the melting interval. 

The measured interface temperature, on the lateral surface of the melt revealed to be equal 

to the liquidus temperature corresponding to the local composition of the melt. The 

composition of the melt revealed also to be rather uniform over the main part of the melt 

volume (except near to the lower interface where the liquid is enriched in refractory species). 

However, the non uniform ablation could not be attributed to the interface temperature 

distribution (which is linked to the composition distribution in the liquid). This is confirmed by 

the results of the tests performed with molten eutectic concrete replacing corium: the ablation 

shape is not dependant on the corium composition. 
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Fig. 19: ARTEMIS 2D test 12, cavity shape at the en d of the experiment - the different colors 
represent the shape of the cavity in four different  angular directions 

 

In experiments where corium has the same composition of concrete, the temperature 

distribution on the pool axis was measured and revealed that a temperature profile develops 

on the height of the heated zone, with the maximum temperature near to the pool surface. 

Such a temperature profile clearly contradicts a good mixing by sparging gas. Furthermore, 

this temperature profile is linear, which suggests the existence of a recirculation flow within 

the pool. The measurement of the temperature distribution in the liquid enables the 

estimatation of the recirculation flow intensity, given the power dissipation in the liquid. It can, 

thus, be deduced that the axial temperature difference that is measured (about 20°C) 

corresponds to a relatively small recirculation flow rate, which is estimated to be less than 

200 g/s. This corresponds to a superficial liquid velocity of, roughly, only a few mm/s. 

Knowing the heat flux (from the measurement of the concrete ablation rate) and knowing the 

temperature difference between the melt and the interface (this temperature difference is 

measured), the average heat exchange coefficient could be determined to be ~500 W/m²K. 

Surprisingly, and despite the fact that the gas was sparging through the liquid, these results 

(i.e. the recirculation rate and the heat exchange coefficient) are quantitatively compatible 

with a heat transfer mechanism that is dominated by the existence of a natural convection 

loop, in the liquid phase, between the centre of the pool and the boundaries. 

But how can it be possible that single-phase natural convection effects dominate in a pool 

that is percolated by sparging gas? We have the proof that the gas effectively percolated the 

pool during ARTEMIS 2D tests, because cavities and holes can be seen on the bottom and 

lateral surfaces of the ablated concrete at the end of the experiments. However, the void 

fraction that has been measured is small. A plausible explanation may be that the gas is 

released from a limited number of localized holes, forming gas columns, which only weakly 

interact with the liquid pool. In ARTEMIS the restricted number of orifices is clearly not linked 

to an obstruction by a crust made of refractory material, since the limitation of the number of 

holes also exists when the corium has the same composition as the concrete. It is also not 

linked to the melting interval of the corium. This behaviour does not seem to be directly linked 

to the viscosity of the melt (as it could be the case in CCI 1 and CCI3 because the corium 

from siliceous concrete has a high viscosity), since the viscosity of ARTEMIS melt is small, 

and a limited number of holes exist. There are, thus, mainly two effects left: an interface 
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effect linked to the concrete material that affects the gas release and re-distribution near to 

the interface (number of holes per unit area); an effect linked to the gas superficial velocity 

(the gas content of LCS concrete is high and expected superficial gas velocities are greater 

than what could be investigated in ARTEMIS). 

 

4.3.2.6 SICOPS 
 

To understand and predict the interaction between molten corium and refractory material is of 

importance as such materials are used in core melt retention systems of various new plant 

designs, including the EPR. Experiments in the frame of the EU-FW4 CIT project showed that 

an oxidic corium melt can thermo-chemically attack even high-melting refractories, like 

zirconia-based ceramic. The intensity of dissolution increases with the superheat above the 

liquidus temperature and with the content of non-oxidized zirconium. When melt 

temperatures decreases below the liquidus temperature other experiments showed that 

dissolution will become very small. Such subcooled conditions are expected during 

simultaneous MCCI. This prediction is checked in the SICOPS experiments performed by 

FANP using EPR-type melt and sacrificial concrete.  

 

The SICOPS facilityi uses a high-frequency induction furnace (“cold” crucible) for the 

generation and sustained heating of the oxidic melt. The inside of the crucible holds a 

concrete cylinder with the embedded zirconia samples. Information on melt front progression 

into the concrete is obtained from embedded NiCr-Ni thermocouples. An array along the 

cylinder axis measures erosion velocity and detects melt arrival and start of MCCI. In order to 

characterize the concrete erosion process, all heat losses are calculated from flowrate and 

temperature increase of the cooling water that passes through the different parts of the 

system. Then the heat transported into the concrete during MCCI is obtained as the 

difference between total input power and the sum of these heat losses. The test matrix 

comprises two pre-tests, to identity suitable methods for realizing simultaneous interaction 

and MCCI, and two main experiments for melt conditions that bound those expected in the 

EPR case. So far, only the two pre-tests were performed.  

 

In pre-test 1 a 410 g ZrO2 block (H= 6.3 cm, W= 4 cm, D= 3.4 cm) was embedded in a 

siliceous concrete crucible of 12 cm inner diameter and 4 cm wall thickness (Figure 20). On 

the melt side, 0.5 cm of concrete was initially placed in front of the ceramic to avoid contact 

during preceding melt generation. On the outside 2 mm of zirconia powder was placed to 

insulate the block against the cooled inductor coils.  

                                                 
i The description hereunder is mainly due to Fischer et al. [1]. 
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Fig. 20 SICOPS pre-test 1: Scheme of the test secti on with view of the crucible after test. 

 

During the 12 min of the test, about 2.3 cm of concrete were ablated. Considering the 0.5 cm 

concrete in front of the zirconia, the interaction between corium melt and ceramic lasted 

about 10 min. This corresponds to an erosion rate of 2 mm/s and a heat flux of 250-300 

kW/m2. Post-test analysis revealed small frozen concrete grains in the solidified melt at the 

melt/concrete boundary or in the bulk that were not yet dissolved. This suggests that the 

constant addition of concrete decomposition products (gas and slag) during MCCI results in 

sub-cooled conditions in the oxidic melt (Tmelt < Tliquidus). At the surface of the zirconia 

ceramic no visual erosion by the melt was detected. The thickness of the block remained 

unchanged, edges were sharp and not rounded. Inspection by qualitative and quantitative 

electron microscopy confirmed this result showing that in the region of bulk melt the 

composition is homogeneous, which proves that the melt was well stirred. No crust had 

formed at the melt zirconia interface during the test, which could have blocked thermo-

chemical interaction. Melt components diffused only 1-2 mm into the ceramic but only in small 

concentration. The FeOx, SiO2 content near the interface was always below 1 wt% and 4 

wt%, respectively.  

 

In pre-test 2, two cylindrical samples (diam~10 mm, length=30 mm) of ZrO2-ceramic from 

different manufacturers were embedded in the concrete bottom, so that their top was plane 

with the surface. With ongoing erosion they became exposed to the melt. Exposure on all 

sides promoted their uniform heat-up to bulk temperature. All other test parameters, like initial 

melt composition, heat flux (erosion rate), and type of concrete were left unchanged.  

      a)     b) 
Fig.  21 SICOPS, pre-test 2, View of two cuts of th e final test section. 
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For post-test analysis the solidified melt was cut. Again, like in pre-test 1, plumes of rising 

molten concrete were visible, see Figure 21a. The conical shape of the ZrO2-samples (only 

one shown) was first interpreted as partial erosion. However, the unchanged length of rather 

suggested that the plane of the cut was inclined and out of the sample axis. This was 

confirmed by a second orthogonal cut, see Figure 21b.  

 

The results obtained in the pre-tests suggest that a local contact between melt and zirconia 

during MCCI is not critical for the stability of the zirconia ceramic during a contact period of a 

few hours. The high stability is attributed to the steady introduction of low-melting concrete 

decomposition products into the corium melt which keeps the temperature of the melt below 

liquidus. The final content of low-melting additives in the melt in the test was about three 

times higher than expected after temporary retention in the reactor pit of the EPR. 
 4.3.3. Benchmarking work  

 

In order to confront the different MCCI codes and to tend towards a joint understanding of 

MCCI processes, a series of benchmarksi has been organized on the CCI-2 test, the COMET 

L2 and L3 tests and on a reactor application. These benchmarks have also been very 

efficient networking tools between the participating R&D teams. 

 

4.3.3.1. The CCI-2 benchmark 
 

The benchmarking work concerning CCI-2 test was performed within the OECD-MCCI 

project. They were presented at a MCCI Project seminar [9]. The most interesting results 

concerning code comparisons are the blind calculations performed before the experiment. 

They were performed with the same data for all participants. Only the results obtained by 

participants involved in the SARNET program are summarized here. 

Very large temperature differences (Fig. 22a) are observed for the different codes, with three 

kinds of initial behaviour: sharp increase, decrease and sharp decrease. This behaviour is 

related to the condition that is used for the heat transfer between melt and concrete. An 

interfacial temperature equal to the liquidus temperature gives an increase of the melt 

temperature because the initial temperature is lower than the calculated liquidus temperature. 

On the opposite, an interfacial temperature equal to the solidus temperature gives an initial 

decrease of the melt temperature. After about one hour, a regular evolution of the melt 

temperature is reached. At the time water is poured on the melt, a rapid decrease is observed 

in some codes. 

                                                 
i  The description hereunder is mainly due to Spindler et al. [8]. 
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 a) melt temperature versus time.    b) ablation depth versus time. 

 
Fig. 22 CCI-2 benchmark 

 

The initial ablation rate differs depending on the code, and it is connected to the melt 

temperature behaviour. After about one hour, the ablation rates are less dispersed (Fig. 22b). 

The final shape of the cavity mainly depends on the choice made by the code user: either 

isotropic heat transfer (which corresponds to what was observed in the experiment) or radial 

heat transfer higher than axial heat transfer.  
 

4.3.3.2. The COMET-L2 benchmark 
 

A summary of the benchmark results is presented here. The detailed results are given by 

Spindler et al. [10]. The COMET-L2 test (see above chapter 2) was used for a post test 

benchmark. The same input data were used by all the participants. The scatter between the 

calculated metal temperatures is about 150 K, but six results are between 1750 and 1780 K. 

The scatter between the oxide temperatures is larger: about 450 K at 1000 s. There is also a 

large scatter concerning the ablation depth, but it can be noticed that, after the first phase 

corresponding to the initial overheat, the ablation rate is similar for all the codes. Finally, 

when compared to the experimental results, it is found that the maximum axial ablation is 

underestimated.  
 

4.3.3.3. The COMET-L3 benchmark 
 

A summary of the benchmark results is presented here. The detailed results are given by 

Spindler et al. [10]. The COMET-L3 (see chapter 2) test was used for a blind test benchmark: 

the experimental results were not known when the calculations were performed, but for some 

code, the model modifications tested in order to get a better agreement with COMET-L2 were 

used for the simulation of COMET-L3. The results are presented on figures 23. 
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a/ calculated metal temperature versus time.  b/ calculated oxide temperature versus time. 
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c/ calculated and measured axial 

ablation versus time.   

c/ calculated and measured lateral 

ablation versus time. 
Fig. 23 COMET-L3 benchmark.  

 

The top flooding at 800 s is sensitive for one calculated temperature only. It can be observed 

that the scatter of the calculated oxide and metal temperatures is reduced compared to 

COMET-L2, due to the fitting of some parameters on COMET-L2. In the initial phase, some 

codes give a heat transfer from the oxide layer to the metal layer and the others from the 

metal to the oxide. In the second phase, before flooding, all codes predict heat transfer from 

the metal to the oxide. After flooding, some codes give back a heat transfer from the oxide to 

the metal.  

For production of gas through oxidation of the metal layer (H2 and CO) the scatter is large, 

with about a factor 5 between the larger and the lower values. There is also a large scatter 

concerning the ablation depth. Some codes give results which are similar to the experimental 

results. Some others overestimate the axial ablation or the lateral ablation, and the ablated 

volume. 

 

4.3.3.4. The reactor benchmark 
 

A synthesis of the rector case benchmarking work, performed within SARNET, and 

coordinated by D. Dimov and M. Cranga [15], is given here. 

 

Calculations conditions 
A simplified geometry is used, with a cylindrical reactor pit of radius 3 m and basemat axial 

thickness 6 m. No limitation of lateral ablation before the axial melt-through is considered. 

The initial corium inventory in oxides and metals and the decay power evolution are typical of 
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that of BWR. Two cases of pool configuration under dry conditions are considered: a fixed 

homogeneous pool and a case with a stratified configuration or with a configuration evolution. 

Two types of concretes are addressed: a siliceous concrete and a limestone concrete. The 

calculations are pursued until axial melt-through. 

 
Homogeneous pool, limestone concrete 
Some results are presented in figures 24. The use of a pool/crust interface temperature near 

the liquidus in IRSN and CEA calculations gives a melt temperature that increases after 

about 2 days, whereas a regular decrease is obtained for the other codes, with an interface 

temperature corresponding to the solidus. The final scatter is about 350 K. 

 

a/ pool temperature versus time   b/ axial ablation depth versus time 
 

Fig. 24 Reactor benchmark, homogeneous pool, limest one concrete. 
 

As far as ablation kinetics are concerned, a reduced scattering is found up to a 4 m ablated 

axial depth reached at a time between 4 and 5.5 days; a larger scattering appears at later 

times on the axial ablation. Similar cavity shapes are found with lateral and axial ablations 

close to each other.  

 

Homogeneous pool, siliceous concrete 
Again the bulk pool temperature differences are reflecting the different choices for the 

melt/crust interface. Differences in axial ablation kinetics start earlier than for limestone 

concrete and amplify with time. However similar cavity shapes with a nearly isotropic ablation 

are found by the codes in case of siliceous concrete except for MELCOR with a smaller radial 

ablation. 

 
Stratified pool, limestone concrete 
Some results are presented in figures 25. A fixed stratified configuration is used in case of 

FZK (WECHSL) and GRS (MEDICIS). For IRSN (MEDICIS) the pool is first stratified with 

metal above, then the pool is mixed when the density of the layers are close, then the pool is 

stratified again with metal at the bottom and finally the pool becomes homogeneous, when all 

metal is oxidized. For CEA (TOLBIAC), the pool is first homogeneous due to the high initial 

gas flow rate, but when the BALISE criterion is reached (low gas flow rate, high density 
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difference), there is no more metal enough to allow stratification and the pool remains 

homogeneous, and the results are the same as those obtained with the homogeneous pool. 

The oxide layer temperature is again dependent on the model used for the pool/crust 

interface. In the stratified regime with metal at the bottom, the bulk metal temperature is 

either higher or lower or close to the oxide temperature depending on the code. Metal 

solidification is predicted before one day by FZK (WECHSL). For the other codes, it is 

delayed or hindered, due to the high interlayer heat transfer exchange.  

Compared to the pool homogeneous case, a larger scattering in axial ablation results is 

observed. The axial ablation reaches 4 m within 0.8 to 4.5 days and 6 m within 3.7 to 13 

days. The specific cavity shape obtained by IRSN (MEDICIS) and UPM (MELCOR) is due to 

the initial stratified configuration with metal above: the decay power is focussed from the 

oxide layer to the metal layer located above and hence to the lateral metal/concrete interface 

causing a large initial lateral cavity expansion. At the opposite, the initial axial ablation 

kinetics is faster in case of a fixed stratified metal/oxide configuration with metal at the bottom 

from the beginning.  

 

 

 

 

 

 

 

 

 

 

 

a/ oxide temperature versus time    b/ metal temperature versus time 

 

 

 

 

 

 

 

 

 

 

 

c/ axial ablation versus time       d/ cavity shape at 4 days interaction 
 

Fig. 25 Reactor benchmark, stratified pool, limesto ne concrete. 
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Stratified pool, siliceous concrete 
With siliceous concrete, the oxidation of the metal layer is slower due to a lower gas release. 

For CEA (TOLBIAC), stratification occurs at about 0.6 days and the pool remains in a 

stratified configuration. For IRSN also (MEDICIS), the pool remains stratified. 

The scatter of the calculated melt temperature is very large (600 K at 2 days). Again in the 

stratified regime with metal at the bottom, the bulk metal temperature is either higher or lower 

or close to the oxide temperature depending on the code, and metal solidification is predicted 

at about one day by FZK (WECHSL).  

Three results give an axial melt through at about 2 days, even if the shape of the cavity at this 

time is different. The specific cavity shape obtained by IRSN (MEDICIS) and UPM 

(MELCOR) is again due to the initial stratified configuration with metal above. The effect of 

the interlayer heat transfer coefficient is clear: when it is high (GRS, IRSN, UPM), a large part 

of the decay heat is transferred to the bottom metal layer, and the bottom ablation is 

increased. When it is low, the bottom ablation in the metal layer is reduced and the melt 

through time is largely increased (about 6 times between IRSN and CEA). 

 

4.3.3.5. Comparison of the benchmarks results 
 

The MCCI experiments are complex, and often, different input data may be used depending 

on the interpretation of the experimental results. For the codes comparisons, the interest of 

the benchmarking work presented here is that the same experimental input data are used by 

the participants, even if, in case of CCI-2, it is not the final input data. What can be examined 

here is the consistency between the results concerning experiments and the results 

concerning reactor cases, the reactor predictions being the purpose of the codes 

development. 

Concerning the homogeneous configuration, the first difference concerns the initial 

interaction. Before a steady state regime is reached, peculiarities depending on the initial 

temperature and on the heating process exist in the experiments. These effects are more or 

less well simulated with the codes, depending on the model (liquidus or solidus at interface), 

but it is not very important, since for the reactor cases the initial effects are not significant 

compared to the long term behaviour.  

The second point is the common large scatter of the bulk temperature for the experiment and 

reactor benchmarks, depending on the pool/crust interface model used: either close to 

liquidus or to solidus. However, the codes validation matrix now includes the CCI-2 test, and 

they are able to calculate the CCI-2 bulk temperature. The difference with the result of the 

benchmark is that they use the modified final input data, or also some fitting of the heat 

transfer parameters ([11] for GRS with MEDICIS, [12] or IRSN with MEDICIS, [13] or CEA 

with TOLBIAC-ICB). But the consequence is that for the reactor case the same models have 

to be used as those used for the experimental cases. Nevertheless, in spite of the fitting of 

model parameters against the CCI-2 test, significant code deviations on the bulk temperature 

appear at least in the long-term phase in the reactor cases even with a homogeneous pool 

and limestone concrete as in CCI-2. As far as ablation rate is concerned, the main issue here 

is the distribution of the input power between the upper pool surface, the side concrete 
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interface and the bottom concrete interface. For CCI-2, an isotropic power split corresponds 

to the experiment, but we know it is not the case for all kinds of concrete. 

 

Concerning the stratified configuration, the comparison between the COMET-L2-L3 

benchmark and the reactor benchmark is not completely suitable, because the input power is 

not located in the same layer, and there is no modification of the pool configuration during the 

tests. However, the bulk temperature scatter is large, and also the axial and radial ablations. 

A second major uncertainty concerns the heat transfer coefficients between two stratified 

layers: enhanced compared to the pool/wall heat transfer, or of the same order of magnitude?  

In case it is high, the influence of an initial stratification with metal above, and the time of 

layer inversion are also important for the time of axial melt through. 

 
4.3.4. Lesson learned and remaining issues 

 

When SARNET started, the MCCI codes were quite able to simulate the 1D oxide tests 

(SURC, ACE, MACE). The stratified 2D BETA tests performed with alumina and metals, 

showed preferential axial ablation, a phenomenon which is partly related to the specific 

configuration with the power input dissipated in the bottom metal layer. Two kinds of 

pool/crust heat transfer models exits: the first one with the temperature equal to the solidus, a 

low heat transfer coefficient and a slag layer, and a pool which contains solid; the second 

one, with the interfacial temperature equal to the liquidus, a high heat transfer coefficient, and 

phase segregation in the crusts. 

 

The recent 2D tests show rather high melt temperatures, closer from liquidus than from 

solidus. In terms of models it can be noticed the intermediate model developed by IRSN 

(MEDICIS), with an interface temperature under the liquidus temperature (0.8xTliquidus + 

0.2xTsolidus), a slag layer but no phase segregation. 

On the other hand the most amazing results concern the 2D ablation, with a rather isotropic 

ablation in case of a limestone rich concrete, and a preferential lateral ablation in case of a 

siliceous concrete. This anisotropy was also present in the ablation of Chernobyl silica rich 

concrete. Some ideas are soon given in order to understand the underlying physical 

phenomena. A detailed analysis of concrete degradation depending on its composition may 

allow a better understanding of the phenomena [14]. Effects of natural convection in the 

corium pool may exist instead of effects corresponding to a well mixed pool [7]. Effects of 

solid accumulation at the bottom in case of siliceous concrete are also proposed, with 

consequently different heat transfer at the axial and lateral interfaces [12].  

 

Concerning the stratified configuration of the corium pool, the reactor benchmark performed 

in the frame of SARNET shows that very different axial ablation rate are found. The heat 

transfer rate between the two stratified layers is the key parameter, and only experiments 

performed at a low scale with simulant materials are available. Associated to this 

phenomenon is the question of stratification itself: does it occurs at the beginning of the 

interaction, is it controlled by density differences and gas superficial velocity only. Some 

experiments exist, with associated correlations. 
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An analytical work, based on all available data has to be continued, in order to get a 

consistent interpretation of the different experiments, both with stimulant and with real 

material. The questions of the interface (crust or not), of the interfacial temperature, of the 

interfacial heat transfer coefficient still need to be investigated. 

Clearly new interaction tests in real material are still needed, and as far as possible with large 

amounts of corium, and long time duration of the interaction. More analytical tests with real 

material but with peculiar concrete composition may discriminate whether viscosity effects or 

gas contents effects predominate. Finally analytical tests in stimulant material could give 

measurements of the axial and radial heat transfer coefficients at various gas flow rates. 
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4.4. Ex-vessel corium coolability (WP 11.3) 
 

The ex-vessel coolability activities have been devoted to the study on the effect of flooding on 

the progression of corium-concrete interaction, on the analysis with WABE of ex-vessel 

debris coolability and of the COMET experiment performed in VULCANO within the PLINIUS 

project and, finally, on preparation of simple models that could be proposed for ASTEC to 

take into account the peculiarities of the EPR spreading core-catcher. 

 
4.4.1. Quenching by Bottom Injection of Water in th e COMET Core-Catcher 

Concept 
 
4.4.1.1. Introduction 

 

Ex-vessel melt cooling is one of the demanding challenges which is essential to stabilize and 

terminate a core melt accident if the melt should penetrate the reactor pressure vessel. 

Resolving the coolability issue does not only require the removal of the sensible and the 

latent heat of the corium, but also of the fission product decay heat, which is a long lasting 

source of internal heat generation. Different options of direct contact of melt and coolant 

water are considered in various research institutions to resolve the coolability issue. 

 

A core catcher concept based on the fragmentation of corium and porosity formation has 

been developed at Forschungszentrum Karlsruhe [1] and was investigated further on within 

the COMET project [2], [3], [4]. After erosion of a sacrificial concrete layer, the melt is 

passively flooded from the bottom by injection of coolant water. The water is forced up 

through the melt, the resulting evaporation process of the coolant water breaks up the melt 

and creates a porously solidified structure from which the heat is easily removed. The melt is 

expected to solidify within less than one hour from onset of flooding, and continuous boiling 

removes the decay heat from the permanently flooded corium bed. 

 

The conceptual and experimental work at FZK and CEA was accompanied by theoretical 

investigations at IKE, University of Stuttgart. The latter addresses porosity formation as well 

as quenching and long-term coolability of layers with established porosities. The aim of this 

theoretical work was to get a better understanding of the underlying processes in order to 

generally support the applicability of the concept for real conditions and to allow checks and 

optimisation for various conditions.  

 

4.4.1.2. The COMET Core-Catcher Concept 
 

The advantages of this concept are the fast cool-down and complete solidification of the melt. 

This stops further release of fission products from the corium. The solidification of a porous 

melt is the basis for safe, permanent long term cooling. The structures in the lower 

containment and the basement remain cold and intact. A drawback may be the fast release of 

steam during the quenching process, which results in a steam pressurisation of the 

containment, although condensation would subsequently reduce the steam pressure. Two 
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variants of the COMET design are presented for the basic processes of passive flooding and 

cooling, and have been evaluated by experiments: 

 

(i) The first variant uses an array of plastic tubes, embedded in a horizontal concrete layer 

(Fig. 1). Connected to a water reservoir and pressurized by static overhead, water is fed into 

the melt through the plastic tubes after the melt has eroded the sacrificial concrete layer on 

top.  

 
Fig.1: COMET bottom plate for water injection throu gh an array of plastic tubes 

 

(ii) The second variant uses a layer of porous, water filled concrete (CometPCA) from which 

flow channels protrude into the layer of sacrificial concrete (Fig. 2). The porosity of the 

concrete and the flow resistance of the flow channels can be adjusted to yield an appropriate 

coolant water flow into the melt. This modified concept combines the advantages of the 

original COMET concept with plugs of porous concrete instead of plastic tubes and the high 

resistance against downward melt attack by the use of the water-filled porous concrete layer. 

 
Fig.2: The CometPCA concept as a combination of con crete plugs and porous concrete 

layer. 
 

The performed investigations have been used to optimise the COMET concepts and to define 

the range of applicability under reactor conditions. The COMET concept with the injection 

tubes is considered to be mature for reactor application. Also for the CometPCA concept, 

investigations have demonstrated its technical applicability for corium layers up to 0.5 m high. 
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The COMET bottom cooling concept is thus able to guarantee safe arrest and cooling of the 

melt under ex-vessel conditions. 

 

4.4.1.3. COMET Experiments 
 

A variety of experiments have been performed in the COMET facility (Fig. 3) at FZK 

(Karlsruhe, Germany) to test and optimise the functionality of the different variants of the 

COMET concept. Within the framework of large-scale COMET-H experiments the basic 

concept with melting plugs and in the CometPCA-H test series the cooling process of the 

melt using a layer of porous, water filled concrete with flow channels was studied. Thermite 

generated, high temperature melts of iron and aluminium oxide were used, with addition of 

approximately 35 wt% CaO to the oxide. This admixture reduces the solidification 

temperature of the oxide from that of pure Al2O3 (2323 K) to about 1670 K. Also the viscosity 

of the melt is decreased and is comparable with that of a corium melt upon the admixture of 

the sacrificial concrete. In all experiments, which use metal and oxide melts simultaneously, 

the heavier metal melt is layered below the oxide melt, a situation which is also expected 

after admixture of major concrete constituents to the UO2/ZrO2 part of corium melt. 

Unfortunately, no oxide/metal pair for simulant experiments is available that matches the 

conditions of a lighter metal on a heavier oxide as would exist during the initial phase after 

corium release. These conditions are therefore represented by some experiments with a pure 

oxide melt.  

 
Fig. 3: COMET test facility. 
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4.4.1.3.1. COMET-H experiments 

 

The experiments represent a 92 cm diameter circular section of the large cooling facility in a 

reactor. The geometrical heights of the melt correspond to the real accident situation. Also 

the temperatures of the melt and further properties that govern the heat transfer process 

correspond to those of a real core melt after partial erosion of the sacrificial layer. The 

characteristic heat fluxes and solidification processes during cooling are therefore 

representative. Long-term heat fluxes that have to be removed from the inductively heated 

melt, are in the range of 450 kW/m2, referred to the bottom contact surface of the melt, and 

represent the decay power level shortly after melt release. In all experiments, the melt is 

poured onto the cooling facility. The erosion rate of the sacrificial concrete layer is highest 

immediately after the pouring of the melt. Due to the decreasing temperature of the melt, the 

erosion rate is rapidly reduced to a nearly constant value which is determined by the decay 

power simulated in the melt.  

  

The COMET-H test series includes nine experiments performed with the array of water 

injection channels embedded in sacrificial concrete as shown in Fig. 1. Melt cooling was so 

efficient that the support plate was not attacked by the melt with an initial temperature of 2200 

K and could be reused for all tests. The test series was performed under variation of the 

water supply pressure, the height of the melt, the presence of unoxidised zircalloy, and the 

possible occurrence of inhomogeneous downward concrete erosion.  

As an example, Fig. 4 shows a section through the porously solidified melt in experiment 

COMET-H2.2 after removal from the support plate. The melt mass poured on the cooling 

device was 650 kg. This experiment studied inhomogeneous downward erosion, provoked by 

earlier onset of cooling on one side of the cooling device. This did not prevent safe arrest and 

final cooling of the melt on the large surface, and complete coolability of the melt was safely 

achieved through porous solidification.  

 

COMET-H 2.2

0.92 m ∅∅∅∅  
 

Fig. 4: Porously solidified melt from COMET-H 2.2 e xperiment. 
 

 Fig. 5 shows the energy balance for this experiment, which is typical for the cooling process, 

and compares the simulated decay power (some 300 kW throughout the test) with the 

enthalpy of the steam flow in the off-gas. Passive injection of the coolant water starts 1200 s 
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after melt release, when the 80 mm thick layer of sacrificial concrete is eroded. Bottom 

injection leads to fast steam formation with melt fragmentation and to rapid solidification of 

the heated melt. The steam spike ends after some 2500 s, indicating complete quenching 

and solidification of the melt. The peak power during quenching is about one magnitude 

above the steady decay power and thus accounts for the highly efficient cooling. The ongoing 

lower steam release removes the decay heat of 300 kW that is deposited in the solidified melt 

throughout the further course of the test. Safe cooling has thus been achieved, and the 

temperature of the solidified melt is so low that no attack of structures does occur. Fast 

reduction of the melt temperature and onset of solidification limits the release of hydrogen to 

a short time period, characterised mainly by the erosion of the sacrificial concrete layer. 

Shortly after onset of bottom flooding, H2 and aerosol release come to an end as the melt 

starts to solidify. 
 

 
 

Fig. 5: Heat removal by coolant evaporation in COME T-H 2.2 experiment. 
 

4.4.1.3.2. CometPCA experiments 

 

 

 

Four large scale experiments were performed which demonstrated the efficient cooling. 

Variation of the water inlet pressure and melt height showed that melts up to 50 cm height 

can be safely cooled with the recommended overpressure of the coolant water of 0.2 bar. Fig. 

6 shows the final test result with 1300 kg of initial melt, an initial compact melt height of 50 cm 

and sustained heating of 300 kW (230 W/kg). After complete solidification of the melt within 

15 minutes, safe long term cooling was demonstrated by further inductive heating with 300 

kW over 30 minutes, during which continuous boiling in a completely stable geometry was 

observed, as indicated by the comparison of the decay power and the removed power in Fig. 

7. 
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Fig. 6: CometPCA-H4 solidified melt. 

 Fig. 7: Heat removal by coolant evaporation in Com etPCA-H4 experiment.  
                          

4.4.1.3.3. VULCANO VW-U1 experiment 

 

The VULCANO VW-U1 PCA type experiment has been performed at CEA Cadarache 

(France) to validate this concept with prototypic corium and simulated decay heat. 

Approximately 40 kg melt (45 wt.%UO2, 19.3 wt.% ZrO2, 19.6 wt.% SiO2, wt.15.3% FeOx, 

0.7 wt.% CaO and 0.1 wt.% Al2O3 ) has been generated and poured from the VULCANO 

plasma arc furnace [5] into a COMET cooling device (Fig. 8) at an initial temperature above 

2000 K.  The inductive heating power generated in the corium melt varied from 10 to 30 kW  

(250-750 W/kg). 
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Fig.8: The COMET PCA insert used in the VULCANO tes t section. 

After the erosion of 1 cm of the sacrificial concre te layer in 57 s, the bottom flooding was 
established. The melt was quenched within approxima tely 20 minutes (Fig. 9). 

 

 
 

 Fig.9:  VULCANO VW-U1, heat removal by coolant eva poration. 
 

The performed series of experiments have shown the high efficiency and reliability of the 

bottom flooding COMET and CometPCA concepts: 

Up to 50 cm high oxide plus metal melts are safely arrested and cooled through bottom 

flooding with 0.2 bar overpressure of the coolant water. 

The flooding rate of the coolant water is about 2 kg/(m2s), and results in a transient high 

cooling rate of some 3 MW/m2 which is about one order of magnitude above the decay 

power level. 
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The dominant process for the highly efficient heat removal is the fragmentation of the melt by 

evaporation of the injected water which creates open porosities and large surfaces for heat 

transfer from the melt. 

 Based on these results, a reliable design and operation of either COMET or CometPCA 

cooling facility in nuclear power plants seem to be possible. 

 

4.5.1.1. Integral Model in WABE code: WABE-COMET 
 

The large number of various successful cooling experiments for the bottom flooding concept 

shows the high potential to achieve rapid quenching and safe long-term cooling of the melt 

for various cooling scenarios. The crucial process for a successful cooling is sufficient 

breakup of the compact corium layer and the formation of a porous structure. It is therefore 

especially important to understand the processes that determine the porosity formation. 

However, the underlying mechanisms for porosity formation are very complex as 

demonstrated by the experimental experience. Therefore, one cannot expect a very detailed 

mechanistic modelling and calculation of the process of porosity formation. A general pattern 

of processes is assumed, as sketched in Fig. 10, describing breakup of melt and porosity 

formation from the beginning of water injection. This picture corresponds to the observations 

in the experiments that initially all water evaporates (only possible by strong lateral spreading 

of water which also produces the finally obtained lateral distribution of porosities) and that 

strong steam outflow at top of the melt occurs from the beginning. 

  

  
Fig. 10: Sketch of the two regions in the melt envi saged to determine porosity formation. 

 

In the lower region, the injected water evaporates, thereby forming porosity and quenching 

the melt. Lateral distribution of porosity within this region is provided due to the strength of 

interaction, self-escalating by fragmentation, and the resulting pressure buildup driving lateral 

expansion and spreading of water. In case of too little pressure buildup from evaporation (or 

gas injection), the gas would mainly flow upwards, thus only forming a limited region of 

porosity as upwards channel around the water or gas injection location. From a laterally 

extended steam production region, the produced steam may flow upwards through channels. 

Only by such a pattern, the experimentally detected strong steam outflow from the beginning 
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appears to be explainable.  Then, interconnected porosity is produced in the upper region. In 

later stages, the water progresses further upwards and may there also come into contact with 

still liquid melt producing additional lateral porosity. But, the major effect will be quenching 

and thus freezing the porosities (channels) formed in the liquid state. Generally, porosity 

formation by evaporation with resulting local pressure buildup should become weaker when 

the steam can better escape through porosities. On the other hand, pressure buildup is 

favoured by high friction hindering steam to escape. 

Especially, the rapid lateral expansion of the interaction between melt and injected water 

must be explained, in contrast to a formation of thick channels supporting axial upflow of 

steam and water. As only mechanism yielding the observed phenomena in principle, a strong 

local pressure buildup with subsequent strong expansion is envisaged here. This produces 

lateral motions as compared to only axial ones from buoyancy. Further, these lateral 

expansions produce oscillations (expansion/ collapse effects) giving rise to enhanced 

fragmentation. Thus, local pressure buildup is considered as a key feature of the process of 

porosity formation with lateral extension. 

For getting an overall picture about the processes in the melt layer, including counter-effects 

to porosity formation as building only few paths of steam escape or too rapid solidification in 

the entrance region or around such paths, the WABE code [6], [7] has been adapted for local 

porosity formation depending on local pressurization which exceeds the hydrostatic head of 

melt [7]. The inverse process of porosity disappearance is also included. Freezing stops both 

processes. This and temperature dependent viscosity of the melt are included as effects in 

the correlation of local porosity formation rate. For starting, very small initial porosity and 

hydraulic diameters are initialized. 

Within the validation process, applications have been done especially to the COMET 

experiments of FZK [7]. 

 

4.5.1.1.1. WABE-COMET application to VULCANO VW-U1 experiment 

 

Results of pre-calculations with WABE-COMET in Fig.11a and Fig. 11b show the porosities 

and temperatures at 200 s, respectively, as well as the water and steam flow patterns. A 

cylindrical as well as a planar approach have been performed, here results of the latter are 

given. A comparison of measured and calculated steam mass flow rate and total mass is 

given in Fig. 12. The short quenching times from the experiment as well as the calculation 

support the present understanding of mechanisms. In view of uncertainties of the initial 

conditions for the calculation (e.g. initial melt temperature at inlet opening after concrete 

ablation) and the complexity of processes, the comparison is quite promising. However, 

discrepancies must also be remarked. Although only a slightly higher final amount of steam of 

about 18 kg results, as compared to about 15 kg from the experiment (Fig. 12), this occurs 

according to the model already within about 10 min while from the experiment in more than 

25 min (best estimate mass given from experiment, lower mass from Pitot measurement). An 

explanation of the stronger steam production from the model may also be that in the 

experiment no simultaneous opening of the two inlets occurred, which was assumed in the 

calculation. Thus, post-test calculations are being performed to account for this and also to 
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consider other variants of parameters, as e.g. with respect to friction in the porous concrete, 

especially in the inlet region..  

 Fig.11: a) Porosity and b) temperature (1800 K: so lidus temperature) after 200s 

  
Fig.12: Comparison of measured and calculated steam  mass flow rate and total mass. 

 

 

4.5.1.2. Conclusions  

 

The COMET concept on ex-vessel melt cooling is based on water injection at the bottom of 

the ex-vessel corium melt which leads to melt fragmentation, fast quenching and 

solidification, and permanent cooling of the porously solidified melt. Different test series are 

described and reviewed which identify and underline the dominant physical processes for 

melt cooling and are the basis for technical realisation of the cooling concept. According to 

large scale tests with sustained heating of metal and oxide melts, two variants of the concept 
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are mature for plant application. These are the original COMET concept with water injection 

through an array of plastic tubes, and a modified version, which combines a water filled 

porous concrete layer and dedicated flow channels for water injection. The latter version may 

even enhance the passive operational safety for melt cooling and melt retention by the high 

stability of the flooded porous concrete layer. The height of the high temperature melt for 

which safe cooling with simulation of decay power was demonstrated is 0.5 m and requires 

an overpressure of the coolant water of 0.2 bar. 

 

The experimental findings are the basis for the model development of melt fragmentation and 

cooling. Rapid evaporation of injected water in the low regions of the melt layer leads to the 

conclusion that rapid radial extension of porosity formation must have occurred, instead of a 

dominating axial motion of steam and water. The latter would tend to establish thick channels 

of upwards fluid flow, rather than laterally extended porosities. Only pressure buildup by 

strong evaporation, limited upward flow of steam and resulting strong expansion processes 

are considered to explain the lateral melt and fluid motion, melt breakup and porosity 

formation. The presented model concentrates on key features in a heuristic correlation 

approach on local porosity formation, which is considered to be directly proportional to the 

local overpressure. Temperature dependent melt viscosity is included. It hinders porosity 

formation. Freezing is taken into account via a temperature criterion. It finally stops porosity 

formation. 

 

Overall, the essential processes of porosity formation and quenching appear to be 

understood and modelled with WABE-COMET. Present results support the technical 

application of the COMET concept. Future applications, especially to reactor-related cases, 

will more in detail address discussion points about freezing at the inlet and crust formation at 

the top of the melt layer and their consequences. In the present calculation no problematic 

influences from such effects have been obtained. Freezing in the lower region occurs as a 

result of porosity formation and quenching and thus fixes the successful porosity formation 

instead of hindering it. In the upper region, the steam flow and escape governs the 

behaviour. Further confirmation is expected by the extended studies envisaged. Mostly, the 

future analyses will concentrate on the CometPCA concept using a porous concrete as 

injection medium instead of nozzles and promising even improved features and adaptation 

possibilities to overall retention concepts. 

 

 
4.5.1.3. References relevant to the COMET Concept 

  

[1] Alsmeyer, H. and Tromm, W., 1994. Experiments for a core catcher concept based on 

fragmentation. ARS '94 - International Topical Meeting on Advanced Reactor Safety, 

April 21 - 24, Pittsburgh (PA), USA. 

[2] Alsmeyer, H. and Tromm, W., 1999. The COMET concept for cooling core melts: 

Evaluation of the experimental studies and use in the EPR. Report FZKA 6186, EXV-

CSC(99)-D036. 
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theoretical investigations on the COMET concept for ex-vessel core melt retention. 

Nucl. Eng. Des. 236, 2304-2327. 
 
4.5.2. Models to extend ASTEC to the EPR Core catch er 
 
4.5.2.1. Modelling needs for the extension of ASTEC  code to EPR core-catcher 

 

Safety studies were already performed by IRSN for the EPR core-catcher analysis from 2004 

to 2006, using mainly for MCCI aspects the ASTEC/MEDICIS module [1] run in stand-alone 

mode, for the corium spreading item the CROCO code [2] and some additional independent 

models.  

  

 

Modelling needs deduced from these studies [3] for the extension of ASTEC code to EPR 

core-catcher concern following items: 

• Corium pouring kinetics from vessel to reactor pit ;  

• Reactor pit ablation by corium collected in reactor pit taking into account the precise corium 

pouring kinetics from vessel ; 
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• Corium pouring kinetics from reactor pit to the spreading chamber (including the melt 

discharge channel); 

• Corium spreading capability along the spreading chamber; 

• Ablation kinetics of spreading chamber sacrificial layer by spread corium; 

• Heating of spreading chamber lower structures by spread corium. 

 

4.5.2.2. Corium pouring kinetics from vessel to rea ctor pit 
 

Two different methods will be implemented to evaluate the corium pouring kinetics:  

• first method, activated for normal once-through plant applications involving all ASTEC 

modules in a coupled mode, the ICARE2 outputs on corium inventories given for all 

oxide and metallic species either in liquid state or within debris beds are transferred to 

MEDICIS at each time step ; this method determines the corium mass able to fall down 

into the reactor pit according to the location of the pool/ debris bed in relation to breach 

size and location ; only the corium/debris mass that is located above the axial level of 

the breach is transferred ; 

• second method: in order to make possible parametric studies using MEDICIS-CPA 

alone, it will be useful to implement also an approximate but very simple interpolation 

method to account for the possible mass source rates of each corium species ; this 

method uses the available corium mass inventories given for all oxide and metallic 

species by ICARE2 at the vessel melt-through time (MCCI onset time); then it 

interpolates between corium mass inventories available at the MCCI onset time (liquid 

masses located above the vessel breach) and the total in-vessel core inventories to 

determine the later addition of corium masses.  

 

4.5.2.3. Reactor pit ablation  
 

The reactor pit ablation is already described by the present version of MEDICIS module in 

ASTEC V1. MCCI in the reactor pit takes into account radiative exchanges between the 

present materials (corium, vessel lower head, cavity walls). The absorbing nature of the gas 

medium is simulated in a parametric way. The radiative heat flux from corium to the 

remaining vessel walls will be taken into account for evaluating heat-up of vessel walls after 

the first vessel rupture.      

 

4.5.2.4. Corium pouring kinetics from reactor pit t o spreading chamber 
 

The reactor pit gate is supposed here to be made mainly of a concrete slab. The corium 

pouring kinetics from the reactor pit to the spreading chamber after the reactor pit gate melt-

through will be described with help of a simple Bernouilli flow model. The proposed modelling 

scheme couples the outflow of the melt with the decrease of the melt height, the 

corresponding evolution of the flow velocity and heat transfer to the hole lateral sides and 

finally the growth of the hole concrete by ablation using simple assumptions and analytical 

models for the hydrodynamics and heat transfer.  In particular, heat conduction across the 
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concrete is also neglected because the time period required for the hole ablation is short and 

concrete heat diffusivity is very low; 

The hole ablation kinetics is obtained from the convective flux from the poured melt to the 

hole wall determined from an appropriate heat transfer correlation in laminar and turbulent 

flow regime. 
 
4.5.2.5. Corium spreading capability along the spre ading chamber 

 

A sufficient cooling of the corium in the core-catcher is warranted if the corium spreads on the 

major part of the spreading chamber (at least about 80% of the total area) and if water 

injection occurs after most of the corium (at least about 90% of the total core inventory) is 

collected in the core-catcher.  

In all cases, according to CROCO code calculations, the spreading kinetics is faster than the 

pouring kinetics, or in case of very large breach diameter at least around as fast. Therefore 
the spreading kinetics will not determine the coriu m collection kinetics in the core-
catcher . The evaluation of the spreading kinetics appears necessary only for determining the 

water injection onset time triggered by the corium front arrival at the spreading chamber end. 

Spreading modelling needs are then the following: 

• prediction in all cases of the corium spreading capability: i.e. the minimum area covered 

by the corium and the minimum distance run by the corium front before freezing ; 

• evaluation of the corium front arrival time at the core-catcher end, i.e. the minimum value 

of the corium front arrival time in order to determine conservatively the minimum water 

injection onset time. 

A precise modelling of corium spreading kinetics is thus needed only in the case of a small 

breach diameter maintained during the corium pouring, implying both a viscous corium with a 

significant solid mass fraction and low inlet corium flow-rate. This means that the relevant 

spreading regime to be modelled here is then the viscous regime with a significant corium 

cooling and a possible crust formation at the upper surface. 

If the corium characteristics lead to incomplete spreading, such situation that would challenge 

the EPR design is clearly out of the ASTEC scope: the code should stop and the user should 

be alerted via a flag that he should rely on separate calculations with dedicated codes. 

Numerous discussions have been held within SARNET to progress towards a common view 

on a simplified spreading model. 
 
4.5.2.6. Model answering to the modelling need n.1 (prediction of the corium spreading 

capability) 
 

4.5.2.6.1. Simplified model 

 

A scaling model has been by proposed by KTH [4]. This model permits to determine the final 

corium spreading distance evaluating on one side the spreading length versus time from 

Huppert’s analytical model in the viscous regime or in the inertial regime [5] and on the other 

side the bulk cooling of the corium slug front using a simple energy balance taking into 

account the decay power, the convective and radiative heat losses at the upper and lower 
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corium slug interfaces, while using a simple criterion for the corium front freezing. Then the 

final corium spreading distance is obtained from the spreading distance run by the corium 

slug at the time of the corium front freezing.   

This scaling model has been applied to 1D spreading experiments with stimulant materials 

and with real material and 2D spreading experiments. In most cases, the use of this scaling 

model permits to reproduce approximately experimental data with an upper relative error 

around 50%.  

The simple criterion for the corium front freezing is based on a corium bulk solid mass 

fraction threshold. This solid mass fraction threshold might be also determined more precisely 

from the temperature corresponding to a volumetric solid fraction of 50% or based on the 

dependence of the viscosity versus the volumetric solid fraction as given by models available 

in literature [7,8]. 

This model can be easily implemented but has serious lacks, mainly rough approximations 

for determining the front potion kinetics and the constant corium flow-rate. To remedy these 

lacks, Improvements of this model based on self-similar solutions for gravity flows were 

proposed by GRS [9] very recently. However a significant uncertainty remains on the 

threshold solid mass fraction causing the corium front freezing taken generally equal to 

50 mass% for simplicity’s sake, whereas Journeau [12] proposes a criterion on a volume 

fraction of 55 vol%. 

 

4.5.2.6.2. Use of a detailed model 

 

The implementation of 2D meshed code is excluded since the implementation into the 

ASTEC code would a heavy process and the CPU time non negligible compared to the 

overall ASTEC CPU time. 

The use of a 1D spreading code such as LAVA [10] is on the contrary possible and would be 

interesting for determining the corium freezing in case of boundary conditions promoting the 

corium freezing (small mass-rate and/or high corium solid fraction). 

Both approaches can be combined:  the scaling model is useful to identify cases where the 

spreading capability is doubtful whereas the detailed 1D spreading code used as an option 

would permit to conclude on the real corium spreading capability in “boundary” doubtful cases 

identified by the scaling model. 

 

4.5.2.7. Model answering to the modelling need n.2 (prediction of the corium front 
progression kinetics) 

4.5.2.7.1. Description of a trend model 

 

A trend model for evaluating the corium spreading kinetics on an axi-symmetric substrate in 

isothermal conditions is available at IRSN [11]. This model might be satisfactory to determine 

the corium front motion kinetics if the precise evolution of the inlet corium flow-rate can be 

taken into account and if the approximation of constant corium viscosity is acceptable. These 

two conditions can be fulfilled, indeed: 



228/260 

 

 

• The detailed evolution of the inlet corium flow-rate can be described in the overall mass 

conservation equation [11]; 

• The dependence of the spreading kinetics on the corium viscosity in the viscous flow 

regime, which is encountered at low corium flow-rates, is low according Huppert’s 

analytical model [5], since the spreading distance depends on the viscosity at the power 

1/8 for a 2D axisymmetric flow. 

This trend model can also describe the influence of the crust thickness built-up at the corium 

upper surface on the corium slug motion; this capability is useful in case of a very small 

corium flow-rate causing a very long spreading duration. 

This trend model is an analytical model that can be easily implemented in the ASTEC code. 

 

4.5.2.7.2. Relevance of the trend model 

 

As far as the corium front progression kinetics is concerned, only a conservative evaluation of 

the minimum value of the corium front arrival time at the core-catcher end for determining the 

triggering time of water injection is needed in EPR applications. The absence of a description 

of the corium freezing at the front slug by the trend model will give conservative results for the 

evaluation of the minimum time delay for the corium slug front arrival.   

Therefore the proposed trend model might meet the ASTEC needs for the EPR applications 

and permit to avoid the systematic use of a detailed 1D code for the evaluation of the corium 

front progression kinetics, in particular in the case where the simplified model predicts a 

sufficient corium spreading capability. 

 

4.5.2.8. Ablation kinetics of the spreading chamber  sacrificial concrete layer 
 

The ablation kinetics of the spreading chamber sacrificial layer by spread corium will be 

evaluated by the MEDICIS MCCI module. The present MEDICIS version can already 

describe properly the ablation of the sacrificial concrete layer and also in a simplified way the 

corium quenching by top water injection as it was shown in previous safety studies [9]. 

However the impact of water-cooling below the concrete and steel layers will be ignored in 

ASTEC V2.0. Moreover the spreading kinetics can be also ignored for evaluation the ablation 

kinetics of the sacrificial concrete layer: the corium is assumed to be introduced 

instantaneously in the spreading chamber before initiating the ablation calculation. These two 

above approximations are acceptable because it permits nevertheless to obtain a 

conservative estimate of the delay before the concrete layer melt-through. For the next 

version V2.1, it is planned to implement a simplified model for heat conduction across the 

concrete layers: it will allow accounting for the water-cooling below the concrete and steel 

layers.   

The impact of water injection over the spread corium pool (corium quenching) on ablation 

kinetics has been found negligible in previous safety studies. The impact of water injection on 

steam production is however significant and will be evaluated during MCCI in the spreading 

chamber. After the stop of sacrificial concrete ablation, steam sources to the CPA module will 
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be evaluated for the long term using simple assumptions on the heat flux distribution at the 

spread corium pool interfaces. 

 

4.5.2.9. Heating of the spreading chamber lower str uctures 
 

The detailed thermal evolution of the spreading chamber lower steel structures should be 

evaluated under the thermal loading of the spread corium under severe conditions, e.g. with a 

partial plugging of cooling channels below the steel structures. This detailed evaluation of the 

temperature field in these lower structures is considered to be outside the ASTEC scope.  

However, the evolution of heat flux imposed at the concrete/metallic structure interface could 

be determined to produce the boundary conditions required by a code independent from 

ASTEC for evaluating the 2D temperature field. For this, it is sufficient to implement in 

ASTEC a simple model describing approximately the heat flux evolution during the transition 

period from the concrete layer melt-through time until a natural convection regime is 

established in the corium/concrete pool above the steel structures. This method was already 

applied in the frame of past safety studies. 
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5. GENERAL ACTIVITIES 
 
5.1. Improvement of the European corium thermodynam ic database 

NUCLEA (WP9/10/11) 
 
5.1.1. Introduction 

 

The calculation of fuel degradation, melting, relocation, in-vessel pool behaviour and ex 

vessel spreading or interactions, as well as of fission products retention/release are based on 

the physical and thermochemical properties of the corium (viscosity, heat conductivity, 

density, solid/liquid fraction, etc.). The evaluation of these properties requires the knowledge 

of the phase diagrams of the binary, ternary and more complicated systems present in the in- 

and ex-vessel scenarios. Phase diagrams are directly obtained by experiments measuring 

phase domain limits (e.g. transition temperatures as liquidus, solidus points) or indirectly by 

thermodynamic measurements and models. This is a crucial aspect of the interpretation of 

severe accident experiments [1], [2] as well as of the performance of calculations. 

Thanks to the ENTHALPY project [3], NUCLEA, a unique European code, with a commonly 

agreed thermodynamic database for in- and ex-vessel applications, has been developed and 

well validated. Moreover methodologies to couple the database to Severe Accident codes 

used by end-users have been proposed. This database [4], [5] is continuously evolving and 

takes advantage of the data acquired from bibliographical surveys and experimental 

programs. Within the SARNET work packages on corium issues,  a specific task has been 

dedicated to corium thermochemistry databases and in particular to the research and 

improvement of the NUCLEA database. 

In a first section, the NUCLEA database is described. Then the comparison between 

thermodynamic calculations and experimental results obtained in the framework of the 

different projects is presented. These results arise either from specific experiments or from 

experiments performed mainly for other goals within SARNET or EC-funded ISTC projects. 

These new data were used to improve the NUCLEA database during the 4½ years of the 

SARNET project or will serve for future improvements. Finally, since the uncertainty on the 

experimental results used to validate and improve the thermodynamic database varied, a 

round-robin exercise has been conducted in order to compare the analyses made by three 

different European laboratories on the same corium sample.   

 
5.1.2. The NUCLEA Database  

 

Since 1990 experts were interested in the assessment of thermodynamic data for a number 

of compounds of reactor materials and fission products based on the recommendations of a 

specialists meeting held in JRC Ispra [6]. Critical assessments have been made on a very 

large number of compounds and systems. NUCLEA is a Thermodynamic Data Base built for 

collecting all this knowledge.  

From a general point of view, NUCLEA is a self-consistent database designed for 

thermochemical equilibria calculation codes and is specially developed for in-and ex-vessel 

nuclear applications related to LWR severe accident scenarios. It contains 18 + 2 elements: 
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O-U-Zr-Ag-In-B-C-Fe-Cr-Ni-Ba-La-Sr-Ru-Al-Ca-Mg-Si + Ar-H  and includes the following 15 

oxide systems :  :UO2-ZrO2-In2O3- B2O3-FeO-Fe2O3-Cr2O3-NiO-BaO-La2O3-OSr-Al2O3-

CaO-MgO-SiO2. This database covers the entire field from metal to oxide domains. It allows 

the user to calculate the thermochemical equilibrium state at any step of a severe accident 

and to use the results to improve the predictions of core degradation codes. A complete 

description of the database can be found in [5]. 

The binary and ternary Gibbs energy parameters were critically assessed by means of 

sophisticated optimisation procedures. These thermodynamic parameters provide a 

consistent analytical description of the phase diagrams, chemical potentials, enthalpies of 

mixing, heat capacities, etc. 

Applications of a global thermodynamic approach, i.e. the simultaneous use of a high-quality 

thermodynamic database and an equilibrium calculation code, are numerous: 

 

• condensed state phase diagrams, transitions, liquidus/solidus, compositions and 

proportions, 

• coupling of thermodynamics and thermo-hydraulics, viscosity, segregation, residual 

power distribution, 

• gaseous fission products release in any external conditions. 

 

Such a database is much more than a compilation of thermodynamic data from various 

sources, its constitution needs considerable analysis for self-consistency, to ensure that all 

the available experimental information is satisfactorily reproduced. The condensed solutions 

(48 non-stoichiometric phases, based on 281 reference substances) were deduced from the 

analysis of the assessed sub-systems (binary, ternary, etc.) ; some of them present possible 

miscibility gaps. 511 condensed stoichiometric compounds were added with more than 200 

gaseous species as an ideal mixture. Hydrogen was added because it is a major component 

of the system, but the dissolution of hydrogen in condensed solid and liquid solutions is not 

taken into account at this time. 

A validated thermodynamic database is characterised by the good agreement between 

calculated and available experimental results (phase diagrams and thermodynamic 

properties) and the appropriate basic sub-systems or large integral experiments, made in 

similar conditions and at thermodynamic equilibrium. A set of 153 (18*17/2) metal-metal or 

metal-oxygen binary systems based on pure elements and 105 (15*14/2) oxide pseudo-

binary systems based on pure oxides are integrated in NUCLEA. Due to the very high 

number of possible ternary (18*17*16/3*2 = 816) and pseudo-ternary (15*14*13/3*2 = 455) 

systems, it is completely unimaginable to assess all of them in the current timescale. For that 

reason it was decided to assess only the most important ternary systems for practical 

applications. 

For each assessed system, the order number, source and a provisional quality criterion was 

given. This criterion was based on comparison between calculation and available 

experimental data, and has been established as follows: � Estimated No experimental data 

available; � � Perfectible Some domains need more experimental information (phase 

diagram or thermodynamic properties) ; ��� Acceptable The system is well known and 

satisfactorily modelled ; ���� High quality The system is quite known and modelled. It 
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must be stressed that this criterion takes into account both phase diagram and 

thermodynamic properties, and thus cannot be indicated on a phase diagram. This point is 

fundamental for the modelling of multi-component systems. Moreover, it must be kept in mind 

that the quality criteria remain somewhere subjective, and the improvement of existing sub-

systems with newly available experimental results is a continuous task, which is an important 

part of the database management and updating.  

 
5.1.3. Validation on experiments 
 
5.1.3.1. Experiments at ITU  

 

Experiments have been performed at ITU to investigate the melting points (liquidus and 

solidus temperatures) of the U-Zr-O system by the laser flash heating technique (Figure 1) as 

a key system for in-vessel retention. The samples were prepared from UO2 and ZrO2 or Zr 

powders by pressing into pellets and sintering under inert/lightly reducing conditions at 

1700°C (further details are given in references [7] & [8]). Samples were then mounted and 

polished for metallographic examination to verify that the starting material is in good 

condition. A second identical sample is used for the melting point measurement. The power 

laser heats an area (~5mm diameter) of the polished sample in a small under pressurized 

inert atmosphere to beyond its melting point. The temperature of the centre of the laser-

heated surface is then monitored by 2 pyrometers (a multi-channel and a rapid, 2-channel 

pyrometer for calibration) and from the temperature arrests during the cool-down phase, the 

phase transition points are determined. There is also a second laser and detector to monitor 

the melting of the sample surface by reflectivity changes. A melting trace for a UO2-5mol%Zr 

is given in Figure 2. 

 

 

 
Figure 1: Laser flash set-up for phase diagram stud ies at ITU.  
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Figure 2 : Laser heating thermogram of UO2-5 mol% Z r 

 

The liquidus and solidus temperatures for various compositions are indicated on the pseudo-

binary UO2-Zr phase diagram of Juenke and White [25] in Figure 3 for comparison with their 

data The ITU results indicate that the liquidus temperature is rather constant below 80% mol. 

UO2 on the UO2-Zr(O) sectionand seem to confirm the presence of a miscibility gap in the 

UO2-Zr(O) system This, in turn, supports the use of Juenke & White's data for the NUCLEA 

model of the U-O-Zr phase diagram . 

  

 
Figure 3 : Zr-UO2 pseudo-binary phase diagram  [25] w ith some of ITU's liquidus & solidus 

temperatures indicated 
 

5.1.3.2. Experiments at UJV 
 

Within the ECOSTAR and SARNET projects, experiments modeling corium formed under 

severe accidents of VVER type rector have been performed in UJV Rez (Nuclear Research 

Institute) using COMETA equipment with induction heating in cold crucible. Oxidic systems 
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U-Fe-Zr-Si-O have been specifically investigated. Compositions of all experimental samples 

are shown in Table 1. 

The miscibility gap (MG) phenomenon was observed during induction melting in the cold 

crucible in air. So the experiments with oxide mixtures were carried out with the aim to 

assess the extent of this phenomenon. 

 

  
Table I: Corium experiments performed in COMETA equ ipment 

    

Experiments URAN 1 – 14 : during ECOSTAR project 

Experiments URAN 15 – 18 : during SARNET project 

 

Experiments in cold crucible covered: 

• melting of oxide mixtures on air with overheating of melt up to 3273 K; 

• video recording at the  surface for the appearance of the second liquid and for the 

behaviour of the melt  

• computer collection of experimental data; 

• melt sampling using metallic rod (melt solidification in contact with cold metal) to get 

quenched samples; 

• controlled equilibrium melt crystallization;  

• rapid cooling of the final melt pool, ingot cooling and removal from crucible; 

• preparation of samples for resulting analysis; 

• SEM-EDS and X-ray analysis of samples; 

• construction of diagrams on basis of obtained results, hypothetic diagram variants with 

MG areas according to experimental results; 

 

Experiment UO2
Fe2O3 

(Fe3O4)
ZrO2 SiO2 CaO Cr2O3

URAN 1 66 3 16 0 15 0
URAN 2 66 3 16 0 15 0
URAN 3 66 3 16 0 15 0
URAN 4 47,5 29,5 19,7 0 0 3,3
URAN 5 47,5 29,5 19,7 0 0 3,3
URAN 6 42,8 26,6 17,7 10 0 3
URAN 7 56 3 14 12 15 0
URAN 8 50 50 0 0 0 0
URAN 9 77 3 20 0 0 0

URAN 10 99 1 0 0 0 0
URAN 11 77 3 20 0 0 0
URAN 12 56 3 14 12 15 0
URAN 13 64,22 2,75 13,76 5,5 13,76 0
URAN 14 54 3 13 15 15 0
URAN 15 50 50 0 0 0 0
URAN 16 43,72 29,14 27,14 0 0 0
URAN 17 30 50 20 0 0 0
URAN 18 83 0 0 17 0 0
URAN 19 50 0 0 50 0 0

Composition [wt%]
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Melting experiments were performed in UJV using COMETA equipment (Figure 4). The 

equipment is adapted for the treatment of radioactive materials, especially UO2 and thus 

modeling of real corium melts. A high-frequency lamp generator provides 60 kW power in 

melt and can provide a stable melting regime for the growth of monocrystals. 

  
Figure 4: Scheme of the COMETA equipment 

 

The post-test analyses were carried out in UACH Řež (Institute of Inorganic Chemistry). 

Scanning Electron Microscopy with Energy Dispersive X-ray (SEM/EDS) analyses were 

carried out using scanning electron microscope SEM XL 30 Philips CP with the ROBINSON 

(RBS) detector. The residual pressure in the chamber of the SEM equaled 0,5mBar, and the 

accelerating voltage –30kV. For X-ray analyses PANalytical X’Pert PRO Diffractometer X‘ 

Celerator was used.  

  
Figure 5: Calculation diagram of system UO2 – ZrO2 – FeO1.33 deduced from experimental 

data 
  

1-melting chamber with illuminators,  
2 - supporting movable frame, 
3 - cold crucible,  
4 - inductor,  
5 -high-frequency generator,  
6 - travel drive of the frame (2),  
7 - ball-and-screw couple of the moving mechanism,  
8 - ventilator of the gas-purification system,  
9 - filter, 10 - water-cooling system,  
11 - aerosol sampler,  
12 - radiation pyrometer or videocamera,  
13 - PC based information and measuring system. 
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The data processing was carried out at St. Petersburg’s Universities [11]. The diagram 

construction was created using calculation program DIATRIS 1.2. In Figure 5 is shown the 

calculation of the UO2 – ZrO2 – FeO1.33 system with indicated MG areas, according to 

different experimental data obtained in the ECOSTAR and SARNET projects. Up to now, only 

the results related to the investigation of the Fe2O3-ZrO2 section [12] have been taken into 

account in NUCLEA. The other experimental data related to the UO2 – ZrO2 – FeO1.33 

diagram and more specifically related to the different miscibility gap extensions in the ternary 

section should be implemented in a coming version of the NUCLEA database. 

 

5.1.3.3. Experiments at CEA 
 

Corium-concrete experiments 

The VB-U5 corium-concrete interaction test [13] consisted in pouring about 28 kg of molten 

corium-concrete mixture of the following composition (in mass %):  54% UO2, 38% ZrO2, 2% 

CaO, 5% SiO2, 1% Fe3O4 inside a concrete crucible. The concrete (Table II) is made from 

CEM I 52,5N cement and 80% siliceous aggregates from the GSM gravel pit at Rumersheim.  

 

Constituants 
Sand 

0-2 mm 

Sand 

0-6 mm 

Gravel 

5-8 mm 

Gravel 

8-11 mm 

Gravel 

11-16 mm 

Cement 

CEM I 52,5 N 
Water 

Mass fraction (%) 12,2 18,4 16,6 20,4 10,4 15,3 6,7 

 
Table II: Concrete formulation. 

 

The overall concrete mass composition is: 63 % SiO2, 16 % CaO, 9 % CO2, 5 % Al2O3, 3 % 

H2O, 1,4 % Fe2O3, 1,3 % Na2O, 1,3 % K2O. 

 The corium has been melted in the VULCANO furnace and transferred at an initial 

temperature of 2323 K. The concrete test section is surrounded by an inductor providing an 

average power of 25 kW to simulate decay heat. This power was maintained during 2h30 and 

lead to 6 cm of radial ablation and 1 cm of radial ablation. 

 

      
Figure 6: One of the greenish corium vesicles 

left: general view – right: SEM view (sample 13_1 z one B) showing two liquid phases, L1 
and L2. 
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A pseudo-binary phase diagram between corium and concrete has been calculated using 

GEMINI2 and the NUCLEA (version 05) database shows the presence of a large miscibility 

gap in which two liquids, one richer in silica, one poorer in silica, coexist. It must be stressed 

that, contrary to what occurs in binary systems, the major part of the miscibility gap lies below 

the liquidus, i.e. the two liquids are in equilibrium with at least one solid phase.  

After the test, the corium was dismounted and some greenish glassy structures were found 

inside the pool (Figure 6). SEM and EDS analyses suggest that a silico-calcareous glass has 

been formed. In the SEM view, globules of a silica rich liquid (L1) suspended in a urania-

zirconia-rich liquid (L2) have been observed, that confirm the presence of a miscibility gap 

within the pseudo-binary diagram. 

 

Corium-concrete thermodynamic calculations 

Table III presents typical compositions of the two liquids, which have been obtained from 

EDS measurements of typical surfaces, and converted to oxides with the help of GEMINI2 

[10] and NUCLEA (Version 2005).  
%mol SiO2 CaSiO3 ZrO 2 UO2 ACS Al2O3 FeOx 

L1 42 25 13 7 3 1 5 
L2 31 19 25 15  2  
Calc 1 48 28 8 4 6 2 6 
Calc 2 31 20 23 14 2 2 6 

 
Table III: Experimental and computed compositions o f the two liquids 

ACS stands for Alumina Calcium Silica compound oxides 

 

- Miscibility gap in U-Zr-Si-Ca-O system 

Thermodynamic calculations have been performed using GEMINI2 and NUCLEA (version 

2005) to confirm the existence of a miscibility gap and to determine the compositions of both 

liquids L1 and L2. From experimental point of view, the relative mole fraction of the two 

liquids L1 and L2 has not experimentally been measured. For this reason, the two liquids, L1 

and L2, have been considered individually to perform thermodynamic calculations. 

The liquid L1 has been first considered. For this composition, a miscibility gap between 1500 

and 2200 K has been calculated and the compositions of two liquids at 2200 K have been 

calculated (reported as Calc1 and Calc2 in Table III). The urania-zirconia liquid (1/3 mol. of 

the liquids) is close to the experimental composition of L2, whereas the silica-rich liquid is 

significantly enriched (by ~10 mol.%) in silica compared to the experimental liquid (L1). 

For the second liquid L2, the calculation gives also a miscibility gap between 1500 and 2200 

K. The calculated compositions are close (within compositional uncertainties) of those found 

in the experimental L1 but in this case there is 7 times more in mole of the Calc2 liquid than 

of Calc1 liquid. 

There is nevertheless a clear need to improve our knowledge of the miscibility gap in the 

corium-concrete systems. Currently, according to Hudon and Baker [14] review paper, the 

(CaO-SiO2) miscibility gap has been well established, as the FeO-SiO2 and the ZrO2-SiO2 

miscibility gaps. On the contrary, it is assessed that the data on the UO2-SiO2 miscibility gap, 

with data only from Lungu [15], should be considered unreliable. Experiments in the coming 

ISTC PRECOS project are foreseen in order to fill this lack. 
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We have also estimated densities of both liquids at 2400 K as 3100 and 3960 kg/m3 for L1 

and L2 respectively. This density difference of 20%, would be able to 'drive' the rise of L1 

above L2 and cause convective movements.  

At last, during the cooling of these melts, the first solids to appear are a urania-rich face 

centred cubic phase, and a zirconia-rich tetragonal phase. The chemical compositions of 

these phases have been experimentally observed by SEM/EDS analyses. There is a 

satisfactory fit for the deposited solids, nevertheless we will continue to study this aspect for 

the bulk of VB-U5 corium pool. 

- Solubility limit of Ca in  U-Zr-O phases- 

The central part of the pool consisted of one liquid phase. A composition of this region is the 

following (in mol.%): 14.7 % Zr, 9.8% U, 2.9% Si, 2.2 % Ca, 0.5% Fe, 0.2% Mg, 0.1% Al, 

69.4% O 

The GEMINI2 calculation with NUCLEA (version 2005) provides a liquidus temperature of 

2640 K and a solidus of 1410 K. The first phase to appear is a zirconia-rich face-centred 

cubic phase with a U0.36Zr0.61Ca0.01O2.02 composition. It is close to an EDS measurement of 

U0.36Zr0.56Ca0.05O2.21 (major U-Zr phase). The main   discrepancy between experiment and 

model lies with the solubility limit of calcium in zirconia-urania, which seems much larger than 

the 1% calculated solubility. 

The second phase to appear, at 2200 K, is a second face-centred cubic solid solution with a 

composition of U0.7Zr0.1O2.1. It is close to another experimentally measured composition: 

U0.58Zr0.13Ca0.17Si0.1O2.17. If it is not an artefact due to the vicinity with the Si,Ca-rich matrix, 

there seems also to have a larger solubility of calcium (and also of silicon) in the solid 

solution compared to the calculated result. 

Then, at 2100 K, a tetragonal phase, Zr0.87U0.13O2 appears, which is similar to the observed 

Zr0.75U0.18Ca0.04O2.11 phase (stars-like of about 5 µm), which has been solidified from the 

boundaries of the large FCC phase nodules.  . 

- U3O8 

Some U3O8 has also been computed but not been observed in the SEM micrographs. A first 

explanation could be the following: this could be due to a partly wrong evaluation of the 

oxygen activity for the oxides in the U,Zr,Ca,O system. A second explanation could be the 

bad detection of U3O8 phase: XRD analyses could provide information on the effective 

presence of U3O8 in the corium if there are at least 2% vol. of this phase present in the 

corium sample. 

 

At this stage, most of the refractory materials is in the form of a mixed oxide with an U/Zr ratio 

close to the calculations for the Scheil [16], Gulliver [17] solidification path (infinite diffusion in 

liquids, no diffusion in solids) which supports the fact that the cooling was out of equilibrium. 

 

In conclusion, the GEMINI2 calculations with NUCLEA (version 2005) provide useful 

information on the solidification of the VB-U5 central pool.  
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5.1.3.4. Experiments at NITI (CORPHAD - PRECOS) 
 

From 2003, NITI and ISC RAS have implemented the ISTC CORPHAD (Corium phase 

diagrams) project funded by European Commission. One of CORPHAD's objectives was to 

investigate phase equilibria in the binary and ternary oxidized and suboxidized systems: 

ZrO2–FeO, UO2–FeO, FeOx–SiO2, and U–O, U–Zr–O, Fe–Zr–O, U–Fe–O depending on 

oxygen partial pressure. Some of the CORPHAD data on ternary systems are then relevant 

for the phase equilibrium investigation in the miscibility gap domain of the U–Zr–

Fe(Cr,Ni,Mn)–O system. The phase diagram study of several systems, particularly UO2–SiO2 

and U–Zr–Fe–O has been continued in the frame of the recently started ISTC PRECOS 

(Phase relations in corium systems) project also funded by EU. Some of the CORPHAD 

results are listed hereunder. 

 

5.1.3.4.1. ZrO2–FeO and UO 2–FeO systems  

 

The data on the ZrO2–FeO and UO2–FeO systems -- studied in a neutral atmosphere are 

presented as phase diagrams in Figures 7-b, 8-b. The refined eutectic point in the first 

system has been found to correspond to a ZrO2 concentration of 10.3±0.6 mol% at 1605±5 K. 

The solubility limit of iron oxide in zirconia has been determined in a broad temperature 

range, taking into account the ZrO2 polymorphism. The eutectic point in the second system 

corresponds to a temperature of 1608±5 K and a UO2 concentration of 4.0±0.1 mol.%. The 

maximum solubility of FeO in UO2 at the eutectic temperature has been estimated as 

17.0±1.0 mol.%. Optimization of these binary oxidic diagrams in NUCLEA taking into account 

these new results (Figure 7, Figure 8, a vs. b) enables more complicated systems 

representing oxidized corium to be modeled in more details. 

    

a) Version 2004 of phase diagram with CORPHAD  b) Version optimized with main modifications 

data points added          due to CORPHAD data 
 

Figure 7: NUCLEA representation of  UO2–FeO phase d iagram  
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 a) Version 2004 of phase diagram with CORPHAD        b) Version optimized with main modifications 

data points added                 due to CORPHAD data 
 

Figure 8: NUCLEA representation of  ZrO 2–FeO phase diagram 
 

5.1.3.4.2. FeOx–SiO2 systems  

 

The influence of oxygen partial pressure on the phase diagrams of SiO2–Fe2O3(Fe3O4) 

systems has been shown in [20]. At lower partial oxygen pressure (0.1 Pa) the system 

belongs to the SiO2–Fe3O4 polythermal section. With increasing pO2 from 0.1 to 1.0×105 Pa 

the quasi-binary SiO2–Fe3O4 and SiO2–Fe2O3 systems belongs to the SiO2–Fe3O4–Fe2O3 

concentration triangle due to Fe3O4+x stoichiometry. All SiO2–Fe2O3(Fe3O4) systems contain 

a miscibility gap region at the temperatures higher than 1818±11 K (average value for the 

three systems); the content of the coexisting phases depends on oxygen partial pressure.  

 

. *In the region of primary crystallization of Fe3O4  

**In the region of primary crystallization of SiO2 

 
Figure 9: Schematics of the phase and chemical tran sformations in the SiO 2–Fe2O3(Fe3O4) 

system at various oxygen partial pressures accordin g to [20]  
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All the transformations are schematized in Figure 9. The scheme proves that the changing 

oxygen partial pressure over the condensed phases of the SiO2–Fe2O3(Fe3O4) systems 

equally affects the character and temperature of the phase and chemical transformations. 

The effect above all governs the combination of the iron oxides that exists under certain pO2. 

5.1.3.4.3. U–O system 

 

Figure 10 shows the comparison of the CORPHAD data on the U–O system obtained under 

inert atmosphere with results of other authors. Discrepancies in the experimental values of 

the oxygen solubility in the uranium melt at high temperature and in the extent of the 

miscibility gap (MG) clearly appear. In accordance with [21] the wide MG with two liquids (L1 

and L2) lies in the domain between 2.5 and 65 mol. % UO2, while, in accordance with the 

diagram of [22] the MG is very small – reducing to 12 mol.% UO2 at 2773 K.  

The CORPHAD results are in quantitative agreement with the data of the more recent 

experiments of [23] obtained at high temperature and these results confirm the presence of a 

wide miscibility gap (MG) in this system. In CORPHAD, the measured extension of the MG is 

very slightly smaller than the previously-determined values [23]. At 2950 K, the oxygen 

solubility in metallic uranium is about 2 at. % lower, than the solubility indicated in diagram in 

[23] at 3090 K (Figure 10). 

 

 Figure 10: Phase diagram of the U-O system with th e different existing data 
 

However the melt temperature in the test [23] was not measured directly, but was calculated 

from evaporation data. The resulting uncertainty was ±100 K. Therefore the reason for the 

difference in oxygen solubility could be associated not with its decrease with temperature but 

with a methodological error. Considerable error bars for the oxygen solubility in metal in 

CORPHAD (Figure 10) should be pointed out here. 
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5.1.3.4.4. U–Zr–O system 

 

The U–Zr–O phase diagram is known to exhibit MG in the liquid state between two phases of 

respective compositions (U,Zr)O2-x and U–Zr–(O). The orientation of the tie-lines in this 

biphasic domain was measured by Guéneau et al.[23] at very high temperature, 3090 K. A 

large number of compositions was investigated in CORPHAD at lower temperatures (2600–

2800 K, Figure 11, right). These temperatures are of interest since they are closer to the 

temperatures reached in the MASCA tests [24]. Among the different tests, MG was registered 

only for three compositions (Figure 11, right).  

Among the different investigated compositions, a MG was registered only for three 

compositions indexed 41, 42 and 37 on Figure 11, right) at 2573 K. For compositions 42 and 

37, the experimental observation of a MG is consistent with the NUCLEA modelling (Figure 8 

left). In contrast, for composition 34 located on the UO2-Zr section, separation between two 

liquids at 2573 K is foreseen by NUCLEA (Figure 11 left). It must be noticed that NUCLEA 

slightly underestimates the temperature of MG appearance in comparison with the past 

experimental data of Juenke and White [25] on which the NUCLEA modelling of the U-O-Zr 

phase diagram is based. Indeed these authors mentioned the liquid separation above 2623 

K, which could explain the absence of MG registered in the CORPHAD test performed only at 

2573 K. For other compositions located in the triangle UO2-ZrO2-Zr , in particular on the 

section UO2-aZr(O), there is no indication of MG, which is in agreement with experimental 

data of Hayward and George [26] and with the NUCLEA modelling. 

 

  
Figure 11: Modelling of U–Zr–O system in NUCLEA, 20 06 with the different existing data 

(left) and compositions tested in the CORPHAD proje ct (right)  
 

For two of these compositions (namely 42 and 37, Figure 11, right), for which the 

compositions of the phases at equilibrium were experimentally determined, thermodynamic 

calculations using the GEMINI2 code and the NUCLEA database were performed for 

comparison (Table IV). The modelling of the MG in this database takes into account the 
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experimental data of [22] on the U–O and U–Zr–O systems at high temperature (> 3000 K) 

and allows the U–Zr–O phase diagram to be presented at lower temperatures (Figure 11, left, 

2573 K, see - for the complete modelling). It then makes possible the comparison between 

the CORPHAD experimental results and the data of [22] even if there were not obtained in 

the same temperature range. 

Experimental results of the CORPHAD have only a qualitative agreement with the 

thermodynamic modeling of NUCLEA. The quantitative data on equilibrium compositions of 

liquids in the miscibility gap do differ from the thermodynamic forecast, in particular for the 

oxygen and zirconium contents in metallic melts. The oxygen solubility in the uranium-

zirconium alloys is the key point since it is tightly linked to the extension of the MG in the 

ternary system. Normally, the higher is the solubility, the smaller is the miscibility gap. The 

CORPHAD result on the U-O phase diagram (previous section) seems to confirm that the 

oxygen solubility in uranium-zirconium melts is limited and is in agreement with previous 

experimental results [22]. From this data, it is expected to have a large MG in the U-O-Zr 

phase diagram in agreement with the experimental data of [22] on U-O-Zr. The NUCLEA 

modelling of the U-O-Zr phase diagram is built on this assumption. The high solubility of 

oxygen in the uranium-zirconium alloys determined in CORPHAD tests (Table IV) indicates 

on the contrary that the miscibility gap is rather small and in particular does not cross the 

UO2–Zr composition line in contradiction with the UO2–Zr vertical section proposed by 

Juenke and White in [25]. The high oxygen solubility measured in the “metallic liquid” could 

be due to a partial redistribution of species during the quenching process. This internal 

disagreement between the different CORPHAD results (large solubility of oxygen in ternary 

phase diagram and small oxygen solubility in the binary U-O phase diagram) remains to be 

solved. The above mentioned differences in experimental data along with the lack of clear 

understanding of their physical reasons provide the motivation for study continuation in 

PRECOS project, which is expected to optimize the NUCLEA predictions for this system. 

 
Composition of metallic liquid, at% Composition of oxidic liquid, at% 

Experiment Calculation Experiment Calculation Composition, 
atomic fraction/ 
temperature, K U Zr O U Zr O U Zr O U Zr O 

U0.325Zr0.292O0.383/ 
2643 

40.8 32.2 27.0 44.0 41.5 14.5 25.1 26.7 48.2 24.8 21.1 54.1 

U0.405Zr0.270O0.325/ 
2753 

53.1 29.3 17.6 49.8 36.8 13.4 27.6 23.2 49.2 30.3 16.2 53.5 

 
Table IV. Experimental data and thermodynamic calcu lation (GEMINI2+NUCLEA06) of 

coexisting liquid compositions in the U–Zr–O system  
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5.1.3.4.5. Fe–O–Zr system 

 
Composition of metallic liquid, at% Composition of oxidic liquid, at% 
Experiment Calculation Experiment Calculation 

Composition, atomic 
fraction/ 

temperature, K Zr Fe O Zr Fe O Zr Fe O Zr Fe O 

Zr0.505Fe0.198O0.297/2693 53.5 23.1 23.3 51.8 31.3 16.9 No data 48.5 2.7 48.8 

Zr0.464Fe0.253O0.283/2773 48.7 26.1 25.2 47.2 40.2 12.7 44.8 6.4 48.8 45.3 1.7 53.0 

Table V. Experimental data and (GEMINI2+NUCLEA06) t hermodynamic modelling of 
coexisting liquid compositions in the Fe–O–Zr syste m 

There are practically no published data on phase equilibria in the high-temperature domain of 

the Fe–O–Zr system at low oxygen concentrations. Several experiments have been 

conducted in CORPHAD and for two of them liquid immiscibility was observed. Table V gives 

the comparison of compositions provided by experiments and corresponding thermodynamic 

calculations using GEMINI2– NUCLEA. This comparison is only indicative, considering the 

fact that the modeling of Fe–O–Zr system at low oxygen concentrations is hypothetical since 

no experimental data up to now had been produced. The CORPHAD experiments in this 

system showed a larger solubility of oxygen with less iron in the metallic, but more iron in the 

oxidic liquid compared to calculations. To be implemented in the NUCLEA database, these 

experimental results, in particular the absence of species redistribution between the different 

phases during the quenching process has to be checked. 

 

5.1.3.4.6. Fe–O–U–(Zr) system 

 

Only one composition in the MG of the Fe–O–U system was studied within the CORPHAD 

project. It should be mentioned that in accordance with the posttest analysis the metallic 

uranium used for producing the melt in this experiment was found to have a low Zr content. It 

means that these experimental results deal with the Fe–O–U–Zr system in the region of small 

Zr concentration. It is known that molten steel has a very low solubility in liquid UO2. In this 

experiment it was slightly higher, which is likely to be due to zirconium's influence.  

Table VI gives the comparison of experimental and calculated data on the composition of 

liquids in the MG. In contrast to the calculations, experimental data showed a larger solubility 

of oxygen in the metallic liquid and iron in the oxidic liquid. This is consistent with the results 

of the Fe–O–Zr system. 

Composition of liquids, at% 

Experiment Calculation 
Composition,  

atomic fraction/ 
temperature, K 

Element 

Oxidic Metallic Oxidic Metallic 

U 41.0 64.0 40.0 65.6 
Fe 2.0 23.5 0.0 27.5 
Zr 2.3 3.9 1.3 4.8 

U0.600Fe0.216Zr0.400O0.144 
2873 

O 54.8 8.5 58.7 2.0 
Table VI: Experimental data and thermodynamic model ling of coexisting liquid 

compositions in the Fe–O–U–Zr system 
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5.1.3.5. Molten pool release tests at CEA and NITI 
 

NUCLEA is applicable for modeling of fission product (FP) release from molten corium. 

Therefore experimental information of such tests could be potentially used for optimization of 

the database. 

 
   

W - crucible   

UO 2  pellets   

Powder mixture  
including ZrO2 

 
Figure 12: Initial COLIMA CA-U3 load in the crucibl e 

 

The COLIMA CA-U3 test [28] has been performed within the PLINIUS project. A molten pool, 

representative of a VVER severe accident was produced in a hot tungsten crucible with 

induction coils around it.  The gas chosen for the test is Helium with 2% Hydrogen at a gauge 

pressure of 3 bar.   

The COLIMA CA-U3 corium load (Figure 12) is made of about 2 kg depleted uranium dioxide 

pellets and powders for the other oxides (to represent oxidized cladding, steel and fission 

products) 

The test sequence can basically be divided into three different phases: a heating-up phase, a 

heating plateau phase and a fission product release phase.  After the heating-up phase, a 

long high temperature plateau is maintained in order to get aerosol sampling.  A corium melt 

temperature of 2760°C is reached and kept for more th an 50 minutes.  The test ends with 

melt through of the crucible wall and a large flow of the liquid corium outside the crucible.   

Even if the test terminated due to a crucible melt through, the corium that stayed in the 

crucible was analyzed.  First of all, it is estimated that the equivalent of 25 pellets did not 

melt.  The EDS (Energy Dispersion Spectrometry) analysis shows two distinct phases in the 

melted corium: one main phase, 95% in volume, enriched in uranium, and, one minor phase, 

5% in volume, depleted in uranium. The aerosols collected in a thermal gradient tube, filters 

and impactors have also been analyzed. 
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CA-U3 Effect of gas flow on calculation at 3033 K
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Figure 13: GEMINI2 posttest calculations of COLIMA CA-U3 

 

A thermodynamic modeling of the release has been made with GEMINI2 with the NUCLEA 

database (version 2005). Post test calculations are reported in Figure 13 for two cases 

considering that the pool was in contact with 5% of the gas flow (fraction estimated by CFD 

calculations before the test) or with all the gas flow, for equilibrium calculations at 3033 K. 

Most of the strontium has been released from the melt (contrary to the assessement value of 

10% [29]). This release must have occurred during the last phase of the test. Very small 

aerosols (geometric diameter around 0.3µm) have been collected in the impactor. The 

discrepancy between this high release rate and the lower rate observed during FPT1 [30] 

suggests the role of molybdates (Mo was absent of CA-U3 in order to avoid interaction with 

tungsten) in stabilizing strontium oxides. Except for strontium, all the tendencies for the 

elements in the database (Ag represents Te, La represents all the lanthanides) are 

satisfactorily fitted. The effect of pool temperature uncertainties has been verified that it does 

not modify the calculation results qualitatively.  For steel components (Fe, Cr), the high 

release rates seem to indicate that, assuming correct modelling, most of the gas flow was in 

thermodynamic equilibrium with the corium pool.  

Tests on low volatile FP release from molten corium pool having different oxidation indexes 

were recently carried out in NITI in the frames of EVAN ISTC project. In [31], GEMINI2 and 

NUCLEA (version 2007) were applied both for modeling of final melt composition and FP 

volatilization.  

In respect to the final oxidized composition, modeling results indicate a single liquid in the 

pool at the temperatures above liquidus (Figure 14-left); while the dense metallic inclusion 

contained 88.8 mass.% of Ru; 11.0 % of Mo, 0.2 % of Zr together with the shape and the 

location of this inclusion (Figure 14-right) give evidence of liquid immiscibility. 
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Figure 14: Temperature evolution of phases detemine d by thermodynamic modelling of 

EVAN-FP1 final composition (left) and macrostructur e of corium ingot (right) 
 

As to volatilization modeling, the most complicated point for calculation of FP release with a 

thermodynamic code is determination of the gas volume, which could be considered in local 

thermodynamic equilibrium with the melt. Detailed calculation of gas flows above the melt 

could be used for this. In [31], the volume was assessed using the data obtained during the 

melt oxidation stages of the test. It the stages Ar/O2 mixture was blown through the furnace 

with the same flow rate as Ar during FP evaporation stages. It was assumed that oxygen was 

completely absorbed from that part of the gas, which was in equilibrium with the melt (40 % 

from the whole volume). 

Modeling results of the 1st regime (evaporation of C-70 corium melt in neutral atmosphere, 

2595 °C) of EVAN-FP1 test are compared with experimen tal data in Fig. 15. Се and Мо were 

excluded from calculations due to their absence in the used database. Figure 15 shows that: 

• the release of uranium, zirconium and barium during melt evaporation is modeled by the 

Gemini code correctly; 

• the calculated values of lanthanum evaporation in an inert atmosphere are noticeably 

overestimated; 

• the releases of strontium and ruthenium are significantly underestimated. 

As for the CA-U3 test (in reducing atmosphere), the release of strontium is found to be 

significantly underestimated.  
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Fig. 15: Comparison of data on aerosol release ther modynamic modeling with experimental 
results of the 1st test regime 

 

The reasons of the listed differences for Sr and Ru, which are important for calculation of 

radiological consequences, are likely to be associated with complicated chemistry of these 

elements and problem of their modeling. Forthcoming experiments of EVAN project 2nd 

phase will provide more information on the specific element evaporation rates for NUCLEA 

database optimization. 

 
5.1.4. Improvements of the Database 

 

Among the different “perfectible” phase diagrams, the systems including iron oxide had to be 

improved taking into account their impact on the thermodynamic properties of in-vessel and 

ex-vessel corium.  

The modelling of the “FeO”-ZrO2 pseudo-binary system has been improved by taking into 

account new experimental results obtained during the ISTC CORPHAD Project. Up to now, 

this system was not investigated in the whole composition range in the open literature. The 

first experimental results were obtained by Fischer and Hoffmann [32] in the FeO rich 

domain, and the eutectic composition estimated from an extrapolation method. The eutectic 

temperature was determined as 1603 K and the composition extrapolated as 1.7 mol% ZrO2. 

More recently new liquidus determinations (crust and thermocouple method) were performed 

through the CIT (“Corium Interactions and Thermochemistry”) European project, by Hellmann 

and Nie [33], but not selected in the assessment work due to the lack of documentation. New 

measurements of liquidus temperatures over the whole composition domain and the accurate 

determination of the eutectic temperature have been performed in the CORPHAD project 

(see section C.4). The eutectic point has been found to correspond to a ZrO2 concentration 

of 10.3 ± 0.6 mol% at 1602 ± 5 K. These results have allowed the refinement of the 

thermodynamic modelling, in both the FeO-rich domain, and also in the unknown high 

temperature, ZrO2-rich domain. The new experimental data related to liquidus temperatures 
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globally confirms the validity of the previous modelling. The most apparent evolution is the 

modelling of a limited solubility of iron oxide in the cubic ZrO2-rich solid solution which might 

be important in calculations of multicomponent systems including the Fe-O-Zr ternary system. 

The FeO-UO2 pseudo-binary system has been also re-assessed by taking into account the 

experimental results obtained in the framework of the ISTC CORPHAD Project. This system 

was, up to now, not available in the open literature. Experimental data were only obtained by 

Hellmann and Nie [33], that gave an approximate eutectic temperature and composition. The 

new liquidus values and the determination of the eutectic temperature and composition 

obtained in the CORPHAD project have confirmed the phase diagram shape in the FeO-rich 

domain. The eutectic point corresponds to a temperature of 1608 ± 5 K and a UO2 

concentration of 4.0 ± 0.1 mol.%. The new experimental data has been also used to refine 

the liquidus in the UO2-rich domain (Figure 7). A significant modification is finally the 

modelling of a limited solubility of iron oxide in the UO2 solid solution.   

The U-O phase diagram has been recently investigated at high temperature in the 

hyperstoichmoetric region. Up to now, the only existing experimental data at high 

temperature (> 2500 K) were solidus and liquidus temperatures over the composition range 

UO2 to UO2.23 measured by Latta and Fryxell [34]. These results were suspected of crucible 

contamination by the authors themselves. The uncertainty on the real liquidus shape in the 

hyper-stoichiometric field led to obtain various temperatures in the literature for the invariant 

reaction  L <=> G +  UO2+x for 1 atm total pressure : 3077 K (Chevalier et al.[35]) ; 2700 K 

(Guéneau et al.[36]), 2873 K (Levinskii [37]). For this reason the melting of stoichiometric and 

hyper-stoichiometric uranium dioxide was recently thoroughly investigated by means of 

advanced techniques by Manara et al. (see [7] and section 5.1.3.1). These new results allow 

the modelling of the O-U phase diagram in the hyper-stoichiometric field to be re-visited 

(Figure 15) [11]. The monotectic reaction L <=> G + UO2+x is now calculated at 2694 K, 

instead of 3077 K previously.  

  
Figure 15: Calculated phase diagram (fixed conditio n of Ptot = 1 atm) of the O-U binary 

system with new optimized parameters in the hyper-s toichiometric field UO 2+x  
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5.1.5. Round robin Exercise 
 

Corium is a complex material containing heavy (U) and light elements (Ca, Si as well as O), 

so that its chemical analysis is complex. As few laboratories are able to work on prototypic 

corium (containing depleted or natural uranium) and reliable results are needed to validate 

the thermodynamic database, it was decided to perform a round robin [38] between three 

different European laboratories (CEA Cadarache, ITU Karlsruhe, UACH Řež) for SEM - EDS 

analysis of a sample (Figure 16) from the VULCANO VB U6 Molten Core Concrete 

Interaction test [13]. The purpose of the round robin is not to compare intrinsic performances 

of the different apparatus but rather to assess the reliability of the experimental chemical 

compositions and to give confidence bounds to the users of the data.  

During the round robin, window average compositions were determined as well as local 

measurement of the compositions of the various observed phases. In all the measured 

windows, the compositions lay on the line connecting the initial corium melt composition to 

the concrete average composition, showing the absence of chemical segregation during the 

interaction process. Nevertheless, distinct zones with different concentrations in corium have 

been found. In terms of microstructures, two major phases have been found, corium-rich 

nodules within a concrete-rich matrix. There relative properties differ within the zones. 

The round robin exercise confirmed that SEM and EDS analysis can be used confidently to 

perform fast and good quality corium analyses and provide quantitative compositions in the 

metallic elements of corium with an uncertainty of 1/10th of the measured value (see for 

example the plot of the concentration of uranium (tracer of the corium) against that of silicon 

(tracer of the concrete) in Figure 17 above). Concerning the oxygen content (Figure 17 

below), CEA and ITU results were well aligned while UACH values were 1/4th lower. In the 

absence of further analyses, we can only conclude that the uncertainty is clearly not random 

but is rather similar to a bias, and so the EDS analyses can provide reliable information on 

the relative amounts of oxygen between two phases or areas. This result supports the quality 

and the acceptable uncertainty range that deserve the subsystems that are awarded high 

quality criteria in the NUCLEA database. 

Nevertheless, as all the analyses are currently made without calibration with respect to a 

“corium” standard, further works will involve the synthesis and characterization of (U,Zr)O2 

standards. 
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Figure 16: Macrograph of the round-robin sample, pr esenting two characteristic zones 

 

 

 

 
Figure 17: Window composition correlations obtained  from the three participating 

laboratories: (above) U vs. Si – (below) U vs.  O 
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5.1.6. Conclusions 
 

Thanks to the works and efforts of the SARNET partners and of related ISTC projects, a large 

number of new data relative to the corium phase diagrams has been acquired. They concern 

the main subsystems of the NUCLEA database (subsystems of the U-Zr-Fe-Si-O quinary 

system) as well as validations on more global experiments dealing with corium-concrete 

interaction or molten pool fission product releases. The results of the corium SEM-EDS 

analyses have shown, thanks to a round robin exercise on a corium sample, their quality and 

reliability. These results have served to the continuing improvement of the European 

reference thermodynamic database for LWR severe accidents, NUCLEA. Further 

improvements are still necessary, in particular regarding phase diagrams of U-Zr-Fe-O 

system at low oxygen potential (including more simple subsystems, like Zr-Fe-O and U-Fe-

O), the modelling of FP evaporation (first of all of strontium) and the modelling of the corium-

concrete interactions (including phase diagrams of subsystems of ex-vessel corium). This 

shall be pursued within the proposed SARNET2 project, as well as in ISTC projects in the 

coming years. 
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5.2. Meetings 
Annual meetings of the corium topic have been organized: 

• A kick-off meeting in Aix en Provence (France) in April 2004 

• The first annual review meeting, held in Köln, Germany in February 2005.  

• The second annual review meeting, held in Villingen, Switzerland, in January 2006. 

• The third annual review meeting, held in Garsching, germany, in January 2007 

• The fourth annual review meeting held in Bled, Slovenia in January 2008. 

About 50 researchers participated on average to the annual review meetings which lasted for 

1 ½ to 2 days, and were organized the same week that the meetings of the Source term and 

containment domains, in order to foster cross-cutting discussions and to optimize travels. 

During these annual workshops, the works on the corium tasks were presented and 

discussed as well as the plans for the coming programs of activities.  

In addition, to these meetings concerning the whole corium domain, more than 25 specialized 

meetings have been held between SARNET corium partners, in order to prepare and discuss 

the joint activities presented in this report. 
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5.3 Links with other international projects 

 

Besides the works reported in this report, several SARNET partners participate to the Contact 

Expert Group on Severe Accident Management. This group is advising the EC on ISTC 

project funded in Russia and CIS countries. There is an agreement between the CEG-SAM 

and SARNET so that the topical and task co-ordinator concerned by a given project are 

consulted and information on the CEG-SAM projects relative to Corium issues are presented 

to the Corium topic partners. They include: 

• 1648 - VVER-QUENCH, lead by RIIAR Dimitrovgrad, is devoted to the study of the 

quenchjing of fresh and irradiated VVER fuel rods. It also comprises the performance of a 

QUENCH test at FZK with VVER simulant material rods (see § 2.2.5). 

• 3194 – PARAMETER, lead by LUCH in Podolsk, is devoted to thestudy of core bundle 

top flooding (see § 2.2.10);  

• 2936 - Reactor Core Melting, at IBRAE, Moscow, is a projected devoted to the modelling 

of in-vessel phenomena 

• K1256 – INVECOR at the National Nuclear Centre of the Republic of Kazakhstan 

(Kurchatov) studies with prototypic materials the behaviour of a corium pool in a vessel 

lower head mock-up. 

• 2916 – CHESS was a lmead by Kurchatov Institute (Moscow) on Nuclear Fuel Behaviour 

during Chernobyl Accident, including a summary of the database and modelling of corium 

spreading and interaction with concrete. 

• 833 – METCOR, lead by NITI, Sosnovy Bor studies experimentally the Interaction of in-

vessel corium with Reactor Vessel Steel; 

• 1950 – CORPHAD, also lead by NITI Sosnovy Bor, is devoted to Phase diagrams for 

Corium Multiconstituent Systems. It is now continuating as the PRECOS Project (see 

§5.1). 

There is also a clear coupling with the MCCI-OECD project (Corium Concrete Interaction 

tests at Argonne National Laboratory (see §4.3.3.1). All the European partners to this OECD 

project are members of SARNET. 
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6. Conclusions 
 

The collaborative Research and Development efforts on corium issues lead to several 

significant achievementsi, among which we can list: 
 

• The understanding of the oxidation phenomena in steam and in air has progressed 

and oxidation correlations have been validated. The importance of material 

composition has been demonstrated. Further research is required on new cladding 

materials, especially in relation to the hydrogen and fission product source term 

issues.  

• Data on B4C oxidation have been collected, thanks to experiments at FZK and IRSN, 

which allows a common interpretation of the integral test PHEBUS FPT3.  

• The launching of the late-in-vessel LIVE experiments has started a new series of 

modelling and analytical work on in-vessel melt pool behaviour.  

• The different models of vessel failure by creep rupture have been compared and a 

common understanding of the OECD OLHF-1 test has been achieved. Modelling of 

the crack evolution is in progress.  

• 2D debris bed coolability analyses for inhomogeneous bed structures showed an 

increased coolability compared to earlier 1D particle beds. This launches a new 

interest in this issue both experimentally and numerically including a pursuit of the 

debris bed formation and its characteristics of coolability importance.  

• Likewise, the recent 2D MCCI test gave unexpected results with a marked ablation 

anisotropy for silica-rich materials. Interpretation and modelling of this behaviour must 

be pursued.  

• Core catcher concepts based on spreading (EPR) and bottom flooding (COMET, 

down-comers) are being studied and progress has been achieved in their modelling.  

• The validation of the chemical thermodynamics database NUCLEA has been 

extended thanks to the analysis of EC-funded experiments and a round-robin exercise 

has qualified the uncertainties of energy dispersive X-ray spectrometry (EDX) 

analyses.  

 

Additionally from these scientific and technical outputs, participants to the SARNET joint 

activities on corium issues reported that they had valuable consequences in terms of better 

understanding between partners and development of a collaborative spirit., The benchmarks 

also proved to be valuable for a number of participants to become acquainted with the 

physical problems and with the application of large severe accident codes. For the transfer of 

knowledge and experience to younger scientists and engineers, this is an important issue to 

maintain the standard of nuclear safety. 

 

The severe accident research priorities rankingi, based on safety relevance and lack of 

knowledge, performed at the end of the SARNET project, lead to the following conclusions for 

SARNET issues: 

                                                 
i C. Journeau et al., European Research on teh corium issues within the SARNET Network of Excellence, ICAPP 08, 
Anaheim, California, June 2008. 
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• The issues on external core-catchers and corium-ceramic interaction could also be 

closed; 

• The issues of corium coolability in a core catcher and corium release following vessel 

rupture were assessed to have a low priority; 

• The issue of corium coolability in the lower head and of the integrity of reactor vessel 

with external vessel cooling have be retained with a medium priority; 

• The issues of core coolability during reflood and debris coolability as well as Molten 

Corre Concrete Interaction have been assessed to have the highest priority. 

Therefore it has been decided to launch significant joint experimental research in these 

domains of high priority within the proposed SARNET2 programmeii:   
 

As regards Corium and Debris Coolability , the major motivation is to reduce or possibly 

solve the remaining uncertainties on the possibility of cooling structures and materials during 

severe accidents, either in the core or the vessel bottom head or in the reactor cavity, so as 

to limit the progression of the accident. This could be achieved either by ensuring corium 

retention within the vessel or at least a slow corium progression and small flow rates of 

corium release into the cavity. These issues are to be covered within the scope of accident 

management for current reactors, and also within the scope of the design and safety 

evaluation of future reactors. Increased understanding was reached with the help of computer 

codes such as the ASTEC code, nevertheless, the required status of validation and partly 

modelling are not yet fully achieved and the analytical tools still show very large uncertainties 

in the results of the reflooding phase.  

The different actions of the “Corium and Debris Coolability” work package have to improve 

our understanding of the phenomena associated with reflooding and allow the integration of 

validated models applicable to reactor conditions into the severe accident codes, in particular 

the ASTEC integral code, with the final aim of reducing the uncertainties on the evaluation of 

in- or ex-vessel coolability, during the different phases of the severe accident. Three key 

situations and processes are considered for coolability and retention, leading to the four tasks 

mentioned below (including a general one on application to reactor):  

• Reflooding and Coolability of a degraded core (RefCool)  

• Remelting of debris, Melt Pool Formation and coolability (MPF)  

• EX-vessel debris formation and COOLability (EXCOOL)  

• Bringing research results into Reactor Application (COOL-RA)  

During the key situations of porous media formation and their coolability, two main aspects 

are important to investigate:  

• the geometrical characteristics of the “porous media” like damaged rods with molten 

materials or debris bed in the core, debris bed in the lower head or in the cavity (ex-

vessel),  

• the thermal-hydraulic phenomena in these porous media.  

                                                                                                                                                                  
i B. Schwinges, Ranking of Severe Accidnet Research Priorities, ERMSAR 08, Third European Review Meeting on 
Severe Accident Research, Nessebar, Bulgaria, September 2008. 
ii T. Albiol, J.P. Van Dorsselaere, W. Tromm, C. Journeau, Ivo Kljenak, T. Haste, B.R. Sehgal, D. Beraha, Presentation 
of SARNET2, ERMSAR 08, Third European Meeting on Severe Accident Research, Nessebar, Bulgaria, September 
2008. 
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Due to the similarity of the processes, the proposed experiments and related modelling tasks 

will be useful for any kind of porous media and will have a strong link to the activities covered 

by the work package 6, especially the investigations on the efficiency of late water cooling. All 

partners will be engaged in joint work to conclude from the experiments and calculations on 

improved, validated modelling and to propose models for ASTEC based on the elaborated 

major processes and evaluation results.  

Further research on Molten Core Concrete Interaction  is aimed to provide new data and to 

understand corium-concrete interaction, by using innovative approaches to address more 

prototypical phenomena with the view of closing the issue in 2013 or, at least that significant 

progress toward this issue closure will be reached. It has been designed to ensure 

complementarity with the ongoing MCCI project of the OECD-NEA.  

It is planned to study the effect of the concrete nature on 2D ablation profiles (limestone-rich 

concretes is ablated isotropically while silica-rich concretes interacting with oxidic corium are 

more ablated on the sides than downwards); the role of the metallic layer on the MCCI (for 

instance, MEDICIS calculations of the same reactor configuration lead to melt through times 

between 23 hours and 9 days depending on the calculation hypotheses); the efficiency of 

water cooling to terminate the ablation of concrete and, finally to transfer the R&D results to 

the reactor scale.  

The proposed research will regroup experiments both with simulant and prototypic materials 

(mainly at CEA, FZK and VTT) to determine which phenomena are causing the observed 

effect of concrete composition on the ablation shape and to assess their influence at reactor 

scale. The use of simulant material enables precise measurements while prototypic materials 

allow taking better into account the various phenomena occurring in the reactor case. In 

particular, it is planned to use specially designed artificial concretes to assess which property 

of the siliceous and limestone concretes control the observed differences in ablation 

behaviours. Finally, data must be acquired (at ITU and UJV) on the phase diagrams between 

corium and concrete.  

 

Besides, it is expected that the links that were build between the European teams working on 

the other corium issues will lead to further collaborations in a self-sustainable way in view of 

continuously improving the safety of nuclear power plant with respect to severe accident 

scenari. 


