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Abstract 

In a severe accident scenario, the prediction of vessel failure is related to the pre
diction of the behaviour of solid and liquid debris which have fallen into the lower 
plenum. One of the difficulties is to define the initial debris bed conditions. They will 
depend on the presence of water or not in the lower plenum. They will also depend on 
the rate and composition of the falling debris. In this context, IPSN performs calcu
lations using the ICARE2 code in order to predict the core degradation in a scenario 
similar to TMI-2, and to estimate the so-called initial conditions of the debris bed, i.e. 
the history of the debris falling into the lower plenum and the evolution of this debris 
bed. 
The latest version of ICARE2 (V3modO) which deals with molten pools and debris 
bed allows to follow the materials from their early melting in the core region to their 
later relocation into the lower plenum. 
A description of the modeling of the debris bed and molten pool formation is provided 
in this paper. The debris bed modeling is based on a porous medium approach. 
Mass and energy conservation equations for each of the three phases and momentum 
conservation equations for the liquid and ga.<; phases are solved. Up to now, due 
to the lack of knowledge, no model has been developed to estimate the debris size 
distribution. It is chosen by the user at the beginning of the calculation. As the 
temperature increases in the debris bed, a molten pool appears and starts to grow. 
Thermal effects of the natural convection movements in the pool are taken into account 
using classical correlations. 
The present study corresponds to a first application of the new capabilities of ICARE2. 
However it shows the interest of such an approach for a problem where the behaviour 
in the vessel is closely related to the previous events that occurred in the core region. 
Improvements are foreseen, especially for the natural convection, crust formation and 
interaction with water. 
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Introduction 

In most of the accident scenarios considered up to now, the behaviour of debris in the 
lower plenum 'of a PWR and the prediction of their coolability are related to the history 
of debris arrival into the lower plenum. The mass and composition of the debris falling 
into the lower plenum may vary, according to the accident scenario. The radiative heat 
transfer from the lower debris to the core structure can lead to an additional collapse of 
metallic debris into the lower plenum. 

The need to quantify such phenomena points out the interest of predicting simultaneously 
the behaviour of materials in the core region and in the lower plenum. In that respect, 
the ICARE2 code, developed by IPSN, has been designed to simulate debris formation 
inside the core, as well as later relocation down to the lower plenum, and heat and mass 
transfers between those two regions. From the core to the lower plenum, the coupling 
comes essentially from the collapse of debris (solid or liquid). The coupling from the lower 
plenum to the core region is either a radiative exchange when there is no water, or a steam 
flow when there is water in the lower plenum. In order to simulate all these phenomena, 
models have been developed to calculate debris behaviour, with a special emphasis on melt 
relocation and radiative exchanges through large cavities. The presence of liquid water will 
be taken into account in a future version of the code. 

One of the advantages of our approach is the use of the same models for the thermal 
behaviour and relocation of the debris in all parts of the vessel. These models are briefly 
described in the paper. A PWR accident scenario is simulated and the most significant 
results are presented. These results have been obtained with a version of ICARE2 which is 
still under development. Thus they should be considered as a first application of the new 
capabilities of the code. 

Physical modeling 

ICARE2 describes a set of components representing either the vessel structures (fuel and 
control rods, barrel, vessel, etc.) or the solid debris, or the melt, or the gas. The vessel vol- , 
ume is discretized on a two-dimensional cylindrical meshing. Each component is described 
by its volume fraction in the mesh, its composition and its temperature. The solid compo
nents also have a specific geometry: rods are represented as cylinders, debris particles,as 
a set of spheres, etc ... The physical analysis of late phase degradation is based on a porous 
medium description. The previous work of Dosanjh and coworkers ([IJ , [2]) has proved 
the ability of such models to describe melt propagation and relocation and Mayr et al. [3J 
have successfully used a porous medium approach to model the dry-out of a debris bed. 
After the strong oxidation of the claddings, some parts have been removed by melting and 
it is likely that the fuel rods cannot keep a cylindrical geometry. The resulting geometry 
of the fuel pellets is assumed to form a porous medium, usually called "debris bed". The 
solid particles can collapse, according to some user criteria. In the present modeling, a 
full set of conservation equations is used. This includes mass conservation for each phase, 
momentum conservation for the liquid and gas phases, and energy conservation for each 
phase. The assumption of thermal equilibrium between the three phases is not made here. 
The momentum equation for the gas is either one-dimensional (separate channels) or two
dimensional. It is not coupled to the liquid momentum equation but this last assumption 
is not really restrictive. The variables chosen to describe the volume fraction of each phase 
are the porosity € and the liquid saturation 5l . All the details about the modeling can be 
found in the reference manual of ICARE2 code [4]. 
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Material relocation 

The relocation of molten material is calculated from momentum conservation equations 
for the liquid phase, except in the molten pool region, where natural convection flow is 
not modelled. All the materials are supposed to move at the same velocity. The possible 
stratification or relative diffusion of species in the corium are not modelled. The relocation 
is treated according to two different processes : either the flow of liquid mixture along the 
rods (one-dimensional) or the flow through a porous debris bed (two-dimensional). For the 
liquid flow, the classical Darcy'S law (see for example Scheidegger [5]) is used. The mass 
and momentum conservation equations can be written as : 
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where rh Jus is the mass rate of fusion of the solid debris. In the debris bed regions,· 
the liquid pressure is deduced from the gas pressure with the capillary pressure relation. 
In the regions where the porosity is very close to one (no porous medium effect), the 
liquid pressure is calculated differently : the liquid is assumed to be static, and a simple 
hydrostatic pressure is calculated. 

Thermal behaviour 

The liquid and solid phases thermal behaviour in the debris bed are governed by two energy 
conservation equations (one for each phase), as can be found for example in Kaviany [6]. 
For the solid phase : 

For the liquid phase : 

where Hs and HI are respectively the mass enthalpy of the solid and liquid phases and 
As and Al are the effective thermal conductivities; hsl is the interstitial convection heat 
transfer coefficient, and Asl is the contact· area of the solid matrix with the liquid; qs 
and ql are respectively the volumetric heat release rates in the solid and liquid phases. 
Dispersion effects are included in the effective conductivities. The assumption of thermal 
equilibrium between liquid and solid phases is not made, which makes this model very 
general, and allows to deal with any solid-liquid configuration. An oxidation model of 
Zr solid particles may be activated by the user. In this case, a chemical reaction heat 
source term Qchem is added to the solid phase equation. Diffusion terms include the effects 
of conduction in the solid, liquid and gas phases, as well as radiation between the solid 
particles. They also include dispersion effects. The overall heat flux is usually expressed as 
a classical diffusion flux, with an effective diffusivity coefficient AeJJ. Among the numerous 
correlations established for this diffusivity, the relation from Imura-Vagi [7] was used in 
the present calculation .. The radiative effects were included by the addition of the Luikov 
model [8]. When cavities (empty regions) form in the computation domain, a procedure 
has been developped to identify the surfaces bounding the cavities and to calculate the 
radiative heat transfer between them. This procedure estimates the view factors between 

155 



elementary surfaces of the cavity and the total exchanges area between surfaces. It is called 

at each time step, because the cavity geometry changes. This procedure is not restricted 

to a single cavity but is also able to calculate the heat transfers in a set of cavities, for 

examples in the core and in the lower head. 

Molten pool 

As the solid debris melt and molten materials move through the bed, regions of pure liquid 

magma may appear (for example above the lower crust). A similar configuration can also 

be found if the magma happens to fall into the lower head of the reactor vessel. When the 

magma forms such a molten pool, natural convection takes place within the pool. This 

movement cannot be calculated without considerably increasing the computation time. For 

this reason, it was chosen not to calculate the 2-dimensional velocity field for the liquid 

phase in the molten pool. Only the thermal effects of the natural convection movements 

in the pool are taken into account. This is done according to some classical correlations 

(for instance Mayinger et al. [9]). 

Crust formation 

The penetration of the liquid magma into cooler regions, or the contact with a cold wall 

may lead the magma to solidify. This stops the movement of the magma, and a crust forms. 

A difficulty arises from the fact that a fraction of solidified magma may exist, even though 

the average magma temperature in the mesh cell is higher than the liquidus temperature. 

It is necessary to try to estimate the localization of the solidification front inside the 

mesh. Otherwise, the accuracy on the position of this front depends on the meshing (size 

and discretization), and the resulting heat fluxes at the boundaries of this mesh cell are 

miscalculated. This problem becomes especially critical when a hot corium is in contact 

with a cold structure (for example the lower head, which can be cooled externally). In 

this case, a very sharp temperature gradient between the wall and the corium exists, and 

a crust may form on the wall. The thickness of this crust is generally lower than the size 

of the mesh, and a model is required to estimate the crust characteristics, which cannot 

be found directly from the local magma properties. A similar difficulty appears when one 

tries to estimate the radiative heat flux from the top of the molten pool. It is necessary to 

know the surface temperature, which can be significantly lower than the pool temperature. 

For both cases, a model allows to modify the heat flux by calculating the temperature at 

the surface of the pool. 

Results 

Meshing and boundary conditions 

The core region is divided into 6 rings (l-D channels), the by-pass is represented by one 

ring, and the downcomer by one ring. There is a total of 43 axial meshes, 30 being located 

in the core region. The size of the rings decreases from 0.81 m for the inner one to 0.13 m 

for the external one. The maximum time step is 50 s. The calculation starts at the 

beginning of the core uncovery. It is assumed that all the core region is quickly uncovered. 

A residual steam flow is prescribed in input data, as well as the power evolution. 
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Debris formation and relocation to the lower plenum 

Rods temperature increases rapidly due to residual power. Heat is removed from the 
rods either by convection with the steam flow or by radiation with the neighbouring rods. 
Because of the low values of the view factors between rod rings, the temperature in the 
center of the core becomes much higher than in the external part. The axial temperature 
profile is a result of the power distribution, but the heat transport by the steam flow shifts 
the high temperature region towards the top of the core. When the temperature exceeds 
1000 K, zircaloy oxidation becomes significant, with an escalation after 1850 K. The energy 
supplied by this reaction is very important and accelerates the core heat-up. Oxidation 
of the claddings produces also a large hydrogen release. For high cladding temperatures, 
molten zircaloy is present between the fuel pellets and the external zirconia (oxide) layer. 
If tbe zirconia thickness is smaller than 300 Mm, cladding rupture occurs and the liquid 
mixture starts flowing down (candling). If there is no rupture, the liquid zircaloy is held 
in place and dissolves the fuel pellets. When the mixture flowing along the rods reaches 
the water, it freezes rapidly. The accumulation of frozen material forms a crust around the 
rods, above the water level. When a channel is blocked because of this crust, the vapor 
flow is set to zero. in the corresponding channel and distributed to the other open channels. 
When claddings disappear, fuel pellets are transformed into debris. The resulting debris 
bed, and its evolution can be seen on figure 1, where the fuel rods are replaced by a uniform 
cell with a color representing the amount of material in the mesh. One can observe the 
accumulation of materials in the bottom part of the core, at 4000 s. This corresponds to a 
mixture of solid and liquid debris, above a crust which has formed in the cold part of the 
core. Due to the initial power profile, the power released in the bottom part is rather low. 
For this reason, the liquid front moves toward the external part of the core, rather than 
downwards, and eventually reaches the external baffle, which melts. At this point, the 
liquid mixture can flow down to the lower plenum, through th~ by-pass. This event occurs 
around 4500 s in our simulation. After that, the debris relocate continuously toward the 
lower plenum, as can be seen on figures 1 and 3. Around 6500s, the center of the lower 
plate melts, as a result of conductive heating from the debris located above and radiative 
heating from the debris in the lower plenum. This causes the remaining liquid in the core 
region to be drained into the lower plenum. One can notice that there are some debris and 
rod remnants above the melted plate. This will be improved in a future version where rod 
remnants will be allowed to collapse. The composition of the debris in the lower plenum 
(represented on figure 4) changes during the accident sequence. After the first relocation, 
there is about 65 % of U02 and 5 % steel, 20 % Zr and 10 % Zr02. Later, the melting of . 
large steel structures such as the baffle, barrel and lower plate increases significantly the 
amount of steel in the lower plenum, up to 25 %. The fraction of U02 decreases to 40 % 
whereas the other materials keep the same relative fraction. At the end of the calculation, 
there is the same amount of debris in the core region and in the lower plenum (fig. 3). 
Another interesting result is the evolution of the debris temperature in the lower plenum. 
This can be seen on figure 2. After the first relocation, the debris arrive at a temperature 
around 2200 K. At 8000 s, the maximum temperature reaches 2700 K in the center of the 
pool, whereas the top and the external parts are colder. 

Conclusion 

Models have been developed to simulate the thermal and mechanical evolution in a PWR 
vessel during the late degradation phase of a severe accident. It is assumed that severely 
degraded core materials can be represented as a mixture of solid particles and liquid corium, 
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forming a partially saturated porous medium. The configuration can range from a dry 

debris bed to a molten pool. Most of the models are based on porous media studies 

or existing models for molten pool heat transfers. Particular attention was paid to the 

formation of debris after cladding oxidation, the relocation of debris, and the radiative 

heat exchanges through large cavities. 

A numerical simulation of a PWR accident scenario was presented. Obviously, the modeling 

is still uncomplete, especially in the lower plenum, where the presence of liquid water is 

not taken into account. Some improvements are also necessary for the calculation of liquid 

and solid debris relocation in specific configurations (by-pass, grid). However, the present 

modelling shows that it is possible to predict the evolution of the mass, temperature 

and composition of debris arriving into the lower plenum. The continuous relocation of 

debris, and the radiative heat exchanges between the lower plenum debris and the lower 

plate indicates a comprehensive modeling such as the one presented in this paper may be 

necessary for some accident scenarios. 

As a general conclusion, when dealing with in-vessel debris retention and coolability, one 

should bear in mind that debris are not entirely located in the lower plenum. Our calcula

tion shows that a significant part of the debris can remain in the core region, even after a 

massive relocation into the lower plenum. Such knowledge is important for accident man

agement. In case of a late water injection for instance, the pressure increase will depend 

on the temperature of materials in all parts of the vessel. The ICARE2 approach allows 

to predict the evolution of debris everywhere in the vessel. For example, it is possible 

to predict the history of the arrival of debris into the lower plenum (mass, temperature, 

composition, as a function of time). 

At present, many physical phenomena are not modelled yet. And it is likely that limiting 

assumptions will be made in some models. Hence, the use of dedicated codes will still 

be necessary, for detailed studies, such as the quenching of the debris or the accurate 

prediction of vessel deformations or complex 3-D phenomena. But the approach chosen 

in ICARE2 is very useful for predicting the repartition of materials inside the vessel and 

their thermal behaviour under different boundary conditions. 
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