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Executive Summary

The aim of the LPP project is to quantify fission product and core materials released from molten corium. This work has examined the kinetics of release of the key fission products, lanthanides and actinides (as simulants), and also allowed the importance of key phenomena (e.g. sparging, slag formation, two-phase systems) to be examined. A series of experiments to aid with understanding the chemistry of species released during the late phase of an accident has also been carried out, together with experiments aimed at examining the long-term behaviour of a solidified core immersed in a water pool. The results from these experiments have been used to test and develop code models for the relevant phenomena. The models and experimental results have also been considered in plant calculations for Eastern European and advanced reactor designs. The results of the project will aid in the development of severe accident management strategies and provide data on fission product behaviour in the late phase of an accident. Such data are also important in the interpretation of results from the Phebus FP programme. The objectives of the project were as follows:

(i) to provide an experimental database on the kinetics of release of fission products and core materials released from molten pools, with emphasis on sparging, slag formation, two-phase pools, the oxygen potential of the atmosphere and melt composition;

(ii) to conduct experiments on the release behaviour of lanthanides and actinides simulants;

(iii) to provide data on the identity and physico-chemical form of fission products released in the late phase of an accident;

(iv) to provide experimental data on the long-term behaviour of fission products leached from a solidified core immersed in a water pool, with consideration of the entrainment of leached fission products;

(v) to conduct experimental assessments, model development and code testing using experimental data;

(vi) to conduct sensitivity studies to address long-term coolability and impacts on radiological source term in the context of plant calculations for existing and future reactors.

Experiments were conducted to study the processes affecting fission product and core materials released from molten pools. These studied the effects of temperature, oxygen potential, sparging, slag formation, two-phase pools and melt composition on the release. The behaviour of simulant lanthanides and actinides was also studied. In addition to the parameters for the metallic melt experiments, releases from oxide pool and crust effects were studied in the ceramic melt tests. Experiments were conducted on the transport and aerosol behaviour of ruthenium released in the late-phase. These studies examined the species formed under accident conditions. In addition, experiments were conducted on the leaching behaviour of solidified core debris. This was immersed in water at ~100(C for different periods of time. An assessment of the experimental conditions was made, in order that they were as representative as possible.

The experimental and modelling studies were integrated with plant assessments. These examined the consequences of an accident in terms of the plant behaviour (radiological source term and coolability of the molten pool). These will aid with the development of severe accident management strategies (e.g. immersed core). Operational Eastern European plants, and advanced reactors were studied.

A.
Objectives and Scope

Release of fission products during the late phase of a severe reactor accident could occur at a point where the integrity of the containment vessel is threatened and result in risk-dominant discharges of radioactivity to the environment. The importance of such late-phase releases has been identified in a number of probabilistic safety assessments and other sensitivity studies. However, whilst a reasonable database exists on the releases of the more volatile fission products from intact fuel, the data available on the nature of the releases of the less volatile fission products and core materials from a degraded state are limited, particularly in the case of release from a molten pool. Such releases could impact at two stages of a severe accident:

(i) at the in-vessel stage, when the molten fuel and core materials is predicted to be retained within the reactor pressure vessel for a relatively short period or for the conditions of long term retention in-vessel for some specific designs (AP-600 -1000 VVER-440 -640);

(ii) at the ex-vessel stage when the degraded core may be maintained in a molten state above the concrete basemat or, for the case of advanced designs, core-catcher etc. The fission product release is associated with the long-term coolability of such a degraded fuel configuration.

The molten pool in the both stages has stratified structure with an oxide or metallic surface layer, depending on the accident consequences and conditions. Thus the experimental part of the project includes both metallic and ceramic melt experiments.

Previous experiments have partially improved the database in this area, for the behaviour of metallic and ceramic pools etc. However, additional data are required on the influence on fission product release for sparging, slag and crust formation, two-phase pools, atmospheric oxygen potential and melt composition. There is also a need for information on the chemistry of fission products such as ruthenium in the late phase. The behaviour of corium immersed in a water pool is very important for the development of long-term accident and post accident management procedures. The processes by which radioactive material is leached from the solidified porous melt into the surrounding water pool could result in entrainment to the containment atmosphere and release to the environment.

B. WORK PROGRAMME
B.1
Work Package 1: Metallic Melt Experiments
Metallic melt experiments conducted to provide a detailed understanding of the important processes affecting fission product and core materials release from molten pools at temperatures of up to 2000(C, addressing the effects of temperature, oxygen potential, sparging, slag formation, two-phase pools and melt composition.

B.2
Work Package 2: Ceramic Melt Experiments
Ceramic melt experiments conducted with non-active fission product simulants and core materials to examine their release from molten corium. The objective is to provide release data under conditions that are close to those in a reactor, and optimise its use in model development and testing.

B.3
Work Package 3: Chemistry Experiments
Separate-effects experiments conducted on the transport and aerosol behaviour of fission products released during the late-phase of a severe accident, with particular emphasis on the behaviour of ruthenium.

B.4
Work Package 4: Immersed Core Experiments

The objective is to determine leaching rates and resuspension rates for solidified melts immersed in water pools under accident-relevant conditions. Experiments were conducted that utilise solidified prototypic (UO2, ZrO2 + other oxides) core material.

B.5
Work Package 5: Experiment Assessment and Model Development
The experimental studies were integrated with the development of generic models. In particular, the unique data generated on releases from molten pools (i.e. WP1 and 2) allowed the status of models on late-phase release to be developed further.

B.6
Work Package 6: Plant Calculations

The experimental and modelling studies were integrated with plant assessments. These concentrated on examining the consequences of a severe accident in terms of radiological source term and coolability of the molten pool, and using experimental new data.

C.
Work Performed and Results
C.1
Metallic Melt Experiments (WP1)

A series of 5 metallic melt tests was conducted to provide a data set of information to verify code treatments of fission product release from molten pools of reactor materials. These tests have scoped the effects of combinations of phenomena that have an impact on release. This has included:

(i) stagnant and gas sparged melts;

(ii) increased oxidation of melt components from unoxidised zirconium through to equal mass ratio of Zr to ZrO2;

(iii) the presence of steam compared with inert gas conditions.

The results indicate that vaporisation dominates release under stagnant conditions. Sparging of the melt reduces the importance of pure vaporisation and leads to broadly similar release fractions for the fission products. This probably indicates the increased importance of a physical rather than a chemically-sensitive release mechanism, with sparging of the melt. The presence of steam (at low concentration) had no significant impact on release. Increased oxide content of the melt resulted in a significant increase in the release of semi-volatile fission products. The results of this work are described in detail in reference [1].

C.2
Ceramic Melt Experiments (WP2)

The experimental program with oxidic melts focused on determining the sensitivity of fission product release to the melt temperature, composition and oxygen potential under conditions that are close to those of a reactor accident.

The matrix of experiments with ceramic melts included tests on the release of uranium oxides, fission product simulants (strontium, barium, cerium, etc.) and boron oxide from:

(i) UO2 /ZrO2 melt under steady temperature and different carrier gas flow rates (WP2-1) in air.

(ii) UO2/ZrO2 melt under varied corium temperatures and steady carrier gas flow rate determined by WP2-1 (WP2-2), in inert atmosphere.

(iii) UO2 /ZrO2/SiO2/FeOx melt at different corium temperatures in air.

During the course of the project, the original matrix was developed and extended in order to produce more representative data. The main conclusions of the work are listed below.

(i) The results of the completed work confirm the hypothesis that the return of aerosols and droplets to the melt takes place in the crucible, which has multiple cool surfaces above the pool surface, and which occurs because to the deposit/crust peels off and drops into the melt. It was found that after modification of the furnace design and experimental methodology, the release rates increased by between 1.4 and 6 times. These updated release rates are recommended for model development and testing.

(ii) The methodology has been put forward for using the mass balance and fission product-chemical composition data for evaluating the input of volatilisation and droplet transport into the total release. The methodology does not take into account the selective condensation of high- and low-volatile oxidic species. Therefore, estimates do not have a high degree of accuracy. In order to improve this, it is recommended that a more detailed and comprehensive analysis of crusts and aerosol deposits should be performed.

(iii) The scale of the experimental set-up that is currently used can influence the data for the melt volatilisation and aerosol characteristics. In order to evaluate this effect, it is recommended that a series of experiments should be performed on a larger scale, using a facility such as PSTA at the Alexandrov RIT, and is capable handling approximately 100 kg of molten corium.

The results of this work are described in detail in reference [2].

C.3
Chemistry Experiments (WP3)

C.3.1
State-of-the-Art Review

The main emphasis of the review was on the behaviour of fission products that will be important during the late phase of an accident. This included tellurium, ruthenium, barium and strontium and other compounds that form low-volatile species. Consideration was also given to work conducted in the MP project (conducted in the 4th Framework Programme) and the associated state-of-the-art review. The results of this work are described in detail in references [3].

C.3.2
Ruthenium Transport and Speciation Experiments

A series of separate-effects tests was conducted to determine whether transport of ruthenium can be adequately described using thermodynamics to predict its chemical nature and phases. This is an important factor, because ruthenium can exist as RuO4, which is volatile at low temperature, or refractory phases such as RuO2. According to thermodynamic calculations, RuO4 should decompose on cooling. However, if this does not occur, Ru could remain as a persistent vapour species, and this could have significant safety implications. The main conclusions are listed below.

(i) Thermal decomposition of RuO4 was found to occur, but was not complete and relatively slow in rate.

(ii) Decomposition on hot structural surfaces was found to be likely to be the main route for formation of RuO2 via thermal decomposition. This may be less significant under plant conditions.

(iii) Gas-phase decomposition was also observed and generated high number concentrations of sub-micron spherical particles.

(iv) Aerosol particle size was found to be insensitive to residence time. This may indicate that particle growth is not via RuO4 auto-catalytic decomposition on the particle surface.

(v) Hydrogen was not found to aid the decomposition of cooled RuO4 significantly. However, reaction rates increased rapidly with temperature and were much faster than equivalent thermal decomposition rates in the presence of excess hydrogen.

The results of this work are described in detail in references [4] and [5].

C.4
Immersed Core Experiments (WP4)

C.4.1
State-of-the-Art Review

A state-of-the-art review was performed in order to identify key phenomena that could be addressed in the subsequent long- and short-term leaching experiments. The parameters considered in the review included pH, temperature, pressure, porosity. The full review is contained in reference [6].

C.4.2
Long-term Leaching Experiments

The leaching of fission products from immersed corium has been studied experimentally for the first time. Data on such leaching studies were only previously available in the area of final disposal of wastes. The fission products Sr, Ba, Y, La and Ce were selected for the leaching study based on their relevance with respect to dose rate and influence on the source term. The corium for the leaching tests was prepared by melting the oxidic components, including the fission products discussed above, in an induction furnace. Twelve leaching tests were performed, with corium samples immersed in boric acid solutions containing 1000 ppm B, and leaching times of up to 150 days. Samples from the solutions were taken during this period, and the fission product leaching was measured as function of time. Temperatures between 60 and 150°C were applied in the experiments.

The leaching behaviour of Ba, Sr and Ca was generally very similar, as would be expected from their similar chemistries. There is a rapid initial release into the water, which slows down and apparently approaches a saturation limit. Up to about 5 mass% related to the initial inventory of the samples was leached into solution. The leaching of La and Ce is lower by at least one order of magnitude. The leaching of Y was, in most tests, below the detection limit. The so-called normalised leached mass combines that of a given fission product with its initial weight fraction within the corium and the surface area available for leaching. This quantity was used to study the effects of selected experimental conditions on leaching.

The most influential parameter is the temperature, where an increase accelerates leaching. The pH is also an important parameter, and the increase from 5 to 8 has a similar effect as an increase in temperature of approximately 10°C. Other potential parameters turned out to be of less or no significance. No effect could be observed for mass transfer. Neither stirring nor boiling had a significant effect on leaching. No effect from the ratio surface/volume was identified. The addition of H2O2 to simulate irradiated conditions may have had an effect on the Ba leaching in one of three tests, the results for leaching of Sr and Ca do not confirm this. The open porosity was varied only by a factor of about 5 at the most, but no effect was observed. The normalised leached masses were also analysed using a simplified, exponential model, allowing conclusions regarding the leaching mechanism to be made.

The results of this work are described in detail in reference [7].

C.4.3
Short-term Leaching Experiments

The dissolution/leach rates of fission products from simulant degraded fuel were measured as a function of fuel morphology, time, temperature and pressure. Experiments were conducted to assess the leach rates during early interaction with water after core degradation, as opposed to long-term leaching at later stages of an accident.

Broadly, the fission products could be divided into two groups based on degree of leaching:

(i) readily leached, mainly Group I and II metals;

(ii) more resistant nuclides, transition metals and lanthanides.

This categorisation broadly agrees with the solubility of the two groups oxides. The rate of dissolution for the fission products appears to be linked to the leach rate of the bulk urania. This indicates that the bulk fuels morphology and ease of dissolution are key parameters in determining the rate of dissolution of other nuclides held within its structure. The results of this work are described in detail in reference [7].

C.5
Experiment Assessment and Model Development (WP5)
C.5.1
Model Development
Late-phase issues for which models are inadequate, and where theoretical understanding needs to be provided or enhanced have been considered and include the following:

(i) releases of less volatile fission products and core materials from an in- or ex-vessel molten pool;

(ii) releases of fission products induced by bursting of bubbles at the surface of a melt pool;

(iii) the influence on release of the atmosphere above a melt pool;

(iv) the influence of a molten slag layer or solidified crust on top of the melt;

(v) leaching from resolidified melts;

(vi) mixing and demixing phenomena of two-phase melts.

A model for the release of fission-product and structural-element vapours from molten pools has been developed in the ELSA v2.1 module of the ASTEC-V1 code. Central to the modelling was the calculation of the vapour pressures of the elements in the molten pool. The RESUS code, the validation of which is based on experiments with water as liquid phase, has been applied on zirconium melts to consider physical droplet release. Sensitivity calculations have been performed in order to identify important parameters. Thermochemical equilibrium calculations using the RELOS code have been performed to assess the influence of the atmosphere on the fission product release from melts. Based on typical accident conditions, the most important parameter was identified to be the melt temperature. Work on the influence of a slag layer has focussed on transport processes in the oxidic phase to account for species which move from the metallic melt phase to the atmosphere or those transported in the opposite direction.

The results of this work are described in detail in reference [8].

C.5.2
Experiment Analysis
Some of late-phase issues for which data are inadequate and where understanding needs to be enhanced include the following:

(i) the transport behaviour of ruthenium at high temperature in an air environment;

(ii) in- or ex-vessel molten pool release of less volatile fission products and core materials;

(iii) longer term release of fission products from immersed corium.

A fairly significant body of data is available on the release of ruthenium from fuel in oxidising environments, but with very little data on ruthenium transport. Additional data are also required on the impact on fission product release of sparging, slag and crust formation, two-phase pools, atmospheric oxygen potential and melt composition. Data on the processes by which radioactive material is leached from solidified, porous corium are also scarce.

The addition of boron oxide (representative of control rod material) in the metallic melt tests (WP1) resulted in two parallel release mechanisms. These were evaporation and, droplet formation due to bubble bursting. RELOS calculations showed that the reported data for evaporation could be reproduced, except for yttrium and strontium. The chemistry of these two elements requires review. The picture with the ELSA analyses was less conclusive. Its purely evaporation-based modelling reproduces some of the releases, and much of the disagreement between the experimental and modelling results may be explained by inadequacies in the initial inventory, and the effects of dissolution rate. This is not true for releases of zirconium and tellurium, and the their chemistry needs to be reviewed.

The transport of ruthenium was found not to be simple. The persistence of a gaseous fraction at low temperature in an air environment was not reproduced in Sophaeros analyses. This shows that results of analyses with state-of-the-art tools such as Sophaeros, despite extensive modelling of thermochemistry, cannot be taken at face value, where chemistry can become rate-limited in the RCS. The persistence of gas-phase ruthenium is a major safety concern that requires further investigation.

The results of this work are described in detail in reference [9].

C.6
Plant Calculations (WP6)
The plant assessment was performed based on an advanced Western reactor design (EPR) and Russian plant design (VVER-1000) for Eastern Europe. Whilst the former activity focussed on the impact of the experimental and theoretical results of Work Packages 1 to 5 on the source term, the latter, was more concerned with the capability of existing codes to describe the fission product release from molten pools. The experimental and modelling studies of Work Packages 1 to 5 were integrated with plant assessment calculations. These concentrated on:

(i) examination of the impact of the late-phase fission product release from the core melt on the radiological source term from the plant;

(ii) the impact of flooding of the corium with water on the fission product release from the melt, and on the corium penetration rate through the cavity concrete;

(iii) assessment of the potential for existing integral codes to simulate the late phase fission product release.

The first task has been performed mainly by carrying out EPR containment analyses with COCOSYS. Sensitivity studies were performed by including the fission products released from the ex-vessel melt, with and without melt concrete interaction. The assessment work leads to the conclusion that the ex-vessel releases from the melt into the containment atmosphere are very low compared to the in-vessel releases. The source term sensitivity study finally demonstrated that, in the case of an intact containment, ex-vessel fission product releases has very little influence on the radiological consequences of a severe accident.

The second task has been investigated by conducting the VVER-1000 containment analyses with MELCOR. The influence of widening of the melt pool and the ex-vessel corium water cooling on the rate of concrete ablation and the ex-vessel fission product releases was studied. A sensitivity study dealing with the effect of the time of flooding of the ex-vessel melt with water was also performed. The results showed that these accident management measures only slightly influence the ex-vessel fission product releases from the melt pool, and consequently, the source term to the environment.

For the third task, the analyses have again been performed for the VVER-1000 plant. In-vessel fission product releases were calculated with the MELCOR code and compared with the RELOS results. These activities led to the conclusion that the differences between the individual MELCOR (CORSOR) models are large, and that the uncertainties in the in-vessel release calculated by MELCOR are high (in some cases by one order of magnitude).

The results of this work are described in detail in reference [10].

Conclusions

A series of integrated Work Packages have been performed to address the phenomena associated with the late phase of a severe reactor accident. These included experiments, code analyses and plant calculations that were integrated to ensure that the results were as relevant as possible to plant conditions.

Experiments were conducted to study the processes affecting fission product and core materials released from molten pools. These studied the effects of temperature, oxygen potential, sparging, slag formation, two-phase pools and melt composition on the release. The behaviour of simulant lanthanides and actinides was also studied. In addition to the parameters for the metallic melt experiments, releases from oxide pool and crust effects were studied in the ceramic melt tests. Experiments were conducted on the transport and aerosol behaviour of ruthenium released in the late-phase. These studies examined the species formed under accident conditions. In addition, experiments were conducted that utilised solidified simulant core material. This was immersed in water at ~100(C for different periods of time. An assessment of the experimental conditions was made, in order that they were as representative as possible.

The experimental and modelling studies were integrated with plant assessments. These examined the consequences of an accident in terms of the plant behaviour (radiological source term and coolability of the molten pool). These will aid with the development of severe accident management strategies (e.g. immersed core). Operational Eastern European plants, and advanced reactors were studied.
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