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Abstract

In the hypothetical case of a nuclear reactor severe accident, the reactor core could melt and form a mixture, called corium, of
highly refractory oxides (UO2, ZrO2) and metallic or oxidized steel, that could eventually flow out of the vessel and mix with the
basemat decomposition products (generally oxides such as SiO2, Al2O3, CaO, Fe2O3, . . . ). For some years, the French Atomic
Energy Commission (CEA) has launched an R&D program which aimed at providing the tools for improving the mastering of
severe accidents.

Within this program, the VULCANO experimental facility is operated to perform experiments with prototypic corium (corium
of realistic chemical composition including depleted UO2). This is coupled with the use of specific high-temperature instrumen-
tation requiring in situ cross calibration. This paper is devoted to the “spreading experiments” performed in the VULCANO
facility, in which the effects of flow and solidification are studied.

Due to the complex behavior of corium in the solidification range, an interdisciplinary approach has been used combining ther-
modynamics of multicomponent mixtures, rheological models of silicic semisolid materials, heat transfer at high temperatures,
free-surface flow of a fluid with temperature-dependant properties.

Twelve high-temperature spreading tests have been performed and analyzed. The main experimental results are the good
spreadability of corium–concrete mixtures having large solidification ranges even with viscous silicic melts, the change of
microstructure due to cooling rates, the occurrence of a large thermal contact resistance at the corium–substrate interface, the
presence of a steep viscosity gradient at the surface, the transient concrete ablation. Furthermore, the experiments showed the
presence of the gaseous inclusions in the melt even without concrete substrate. This gas release is linked to the local oxygen
content in the melt which is function of the nature of the atmosphere, of the phases (FeOx, UOy, . . . ) and of the substrate. These
tests with prototypic material have improved our knowledge on corium and contributed to validate spreading models and codes
which are used for the assessment of corium mastering concepts.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Nuclear fission energy provides about 80% of the
electricity supply in France and 33% in the European
Union. It has several important strategic benefits:
independence from fossil fuels, long-term security
of primary energy supply and zero emission of
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greenhouse-effect gases. These advantages make, cer-
tainly, nuclear energy the best choice for electricity
production in the future. However, according to the
consequences of a severe accident, even if it has a very
low probability, it is always needed to increase the
safety levels. Consequently, this implies the improve-
ment of knowledge with the view to simultaneously
increasing safety and maintaining competitiveness.

Since the Three Miles Island accident in 1979 (e.g.
Broughton et al., 1989) and especially since the Cher-
nobyl accident in 1986 (e.g.Pazukhin, 1994), it is clear
that one of the key points to increase safety is that any
reasonably credible accident must be controlled within
the reactor containment with no off-site consequences.
In this context, for some years now, the CEA has un-
dertaken a large program on severe accidents (Cognet
et al., 1997) which aims at providing the tools for their
mastering in both existing and future power plants.

For the European pressurized water reactor (EPR)
project, core melt accident is one of the severe acci-
dents to be mastered under the new safety approach
for the reactor design. Therefore, a dedicated area of
about 175 m2 (Weisshäupl, 1999) has been devoted to
the spreading of the molten mixture calledcorium,
essentially composed of uranium, zirconium and sili-
con dioxides and of more or less oxidized steel, that
would result from the hypothetical melting down of
the core, melting through the reactor vessel and mix-
ing with a sacrificial concrete in the reactor pit. The
role of spreading is to reduce the surface thermal load
due to the radioactive decay heat.

To study corium spreading, a series of experiments
have been performed. The first reported experiments,
at Brookhaven National Laboratory (Greene et al.,
1988) were conducted with lead as simulant. The
CORINE facility (Vetau et al., 1996) has been built
for low temperature analytic experiments with aque-
ous or metallic simulants. Low temperature simulant
spreading experiments have also been performed for
volcanological applications (Fink and Griffiths, 1990).
The Scaled Simulant Spreading Experiments (S3E)
enabled spreading experiments to be performed at
temperatures up to 1100◦C (Dinh et al., 2000). In the
SPREAD (Suzuki et al., 1993) and KATS facilities
(Fieg et al., 1996) alumina above 1700◦C was used
as a simulant.

Spreading experiments using prototypic corium, i.e.
melt containing depleted uranium dioxide with the

composition of a hypothetic severe accident scenario,
have been performed in the CARLA (Sappok and
Steinwarz, 1999), FARO (Tromm et al., 2000) and
VULCANO (Cognet et al., 1999) facilities. Due to the
specific properties of uranium dioxide (material prop-
erties, oxidation states, existence of volatile uranium
oxides at normal pressure and relatively low tempera-
tures,. . . ) the use of prototypic corium compositions
is absolutely necessary to validate works done with
simulants (Piluso et al., 2001).

This paper presents the VULCANO facility and the
main results from the spreading tests that have been
conducted there. They have been obtained through an
interdisciplinary approach linking heat transfer, fluid
mechanics, physico-chemistry, materials science and
thermodynamics. Rather than focusing on specific ex-
periments or techniques, this paper synthesizes the
various data and results obtained in this test series.

2. The VULCANO facility

The VULCANO facility (Cognet et al., 1999) is
mainly composed of a furnace (Jégou et al., 1998)
and a test section, which is thoroughly instrumented.
Post-test analyses, which are a necessary part of pro-
totypic corium tests, will also be described. An inter-
disciplinary experimental team operates this facility
within the PLINIUS experimental platform at CEA
Cadarache. This prototypic corium platform is cur-
rently unique in the European Union.

2.1. The furnace

To achieve experiments with prototypic material,
the furnace has the following characteristics:

• Capability to melt oxidic mixtures of various com-
positions (UO2, ZrO2, SiO2, FeOx) with the possi-
ble addition of metals.

• Liquidus temperature of the load between 1700 and
2900◦C.

• Capacity to melt and to pour 100 kg.
• Continuous low pouring rates (0.1–1 l/s).

A study of the candidate technologies with respect
of these requirements lead to the choice of a trans-
ferred plasma-arc furnace. Two plasma torches are
ignited by an electrical short circuit. The main arc



C. Journeau et al. / Nuclear Engineering and Design 223 (2003) 75–102 77

Fig. 1. The VULCANO furnace.

is then created and transferred between these two
torches having opposite polarity (seeFig. 1). The elec-
trode tips are made of graphite. The plasmagenic gas
is composed of argon and/or nitrogen plus, in some
cases, corium fumes. The maximum available power
is around 600 kW (1000 A and 600 V). For our prac-
tical operating condition, the maximum arc voltage is
of 300 V, i.e. an effective maximum power of 300 kW.

The mixtures to melt are introduced under the form
of powders in a cylindrical rotating cavity (400 mm
diameter and 500 mm long). In order to protect the
furnace steel walls, a self-crucible of zirconia is re-
alized in the furnace by the centrifugation (between
150 and 300 rpm) and heating of partially stabilized
zirconia powder. The furnace external surfaces are
water-cooled while the inner surface of the load is
subject to the radiation from the plasma arc (tempera-
tures between 10,000 and 20,000◦C). Radiation heats
the surface, then, convection and mainly conduction
transfer the heat to the inner layers. In the zirconia
self crucible, there are then three distinctive layers
(from center to periphery): molten material, sintered
zone and cold powder. The corium powder is then
loaded and molten. Two successive phases of loading

and melting are used in order to increase the furnace
effective capacity by compensating for the powder
low density compared to that of a molten material.

The heating process is controlled by optical pyrom-
etry and in-board embedded thermocouples. When a
sufficient quantity of corium has been molten, the arc
power is reduced and the cathode is withdrawn. The
furnace is then tilted so that the melt pours out in the
test section. The plasma arc is kept operating during
the pouring operation, in order to maintain the melt
temperature.

2.2. Test sections

Up to now, two major configurations have been used
for the VULCANO experiments. In the VULCANO-E
configuration, which is mainly devoted to the study of
corium spreading, the test section consists of a spread-
ing plane. It can be made of refractory bricks (e.g. zir-
conia or magnesia), of a steel plate or concrete. Two
geometries have, up to now, been used: spreading in
an open square or in a 19◦ angular sector (Fig. 2). The
spreading section limits are materialized by refractory
magnesia bricks.
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Fig. 2. Total 19◦ angular sector test section with pyrometer
locations.

In a second configuration (VULCANO-P) devoted
to the physico-chemistry and its influence on corium
long-term behavior (Journeau et al., 1999a, 2001a), the
melt is poured in a cylindrical crucible made of refrac-
tory material with a possible lining of sacrificial mate-
rial. Induction heating is used to simulate the corium
radiological decay heat (Jégou et al., 2001) which is
necessary for these long duration experiments whereas
it was not useful for spreading tests which deal with
transient flows (of less than 1 min). This paper is de-
voted to the spreading configuration (VULCANO-E).

2.3. Instrumentation

The test section is mounted on a weighing scale in
order to measure the pouring flow rate.

Temperature measurements are performed by ther-
mocouples (K, N, S and B or C—tungsten–rhenium—

Fig. 3. Checkerboard used to calibrate the “fish-eye” camera before test VE-U1.

types), bichromatic pyrometers and infrared thermog-
raphy (Cognet et al., 1995).

Spreading progression and front velocity are mea-
sured with geometrically calibrated cameras (Journeau
et al., 1998) and compared with the temperature rise
of surface thermocouples. The geometrical calibration
(seeFig. 3) is obtained by positioning a checkerboard
on the spreading section and correlating the pixel po-
sition with the vertices co-ordinates.

The infrared camera is in situ cross-calibrated
(Cognet et al., 1995) with a bichromatic pyrometer,
the aiming point of which is positioned on the ther-
mographic images. The least square fitted correlation
is then used to convert the thermographic images in
temperature maps. This calibration takes into account
simultaneously the intrinsic calibration of the device
and the corium surface emissivity in the considered
infrared bandwidth (Fig. 4).

2.4. Post-mortem analyses

After the test, the cooled and solidified corium is
examined. Its shape is measured (e.g.Fig. 5) and sam-
ples are taken for chemical and material post-mortem
analyses (e.g.Journeau et al., 2001a,b).

Chemical analyses are made on crushed samples
using an X-ray fluorescence (XRF) analyzer. X-ray
diffraction (XRD) analyses are performed for phase
identification. Resin-wrapped samples are observed
using optical microscopes and a scanning electron mi-
croscope (SEM). Local composition is estimated with
an energy dispersive spectrometry (EDS) microanaly-
sis probe. For the spreading experiments, the element
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Fig. 4. Cross-calibration of infrared thermography and bichromatic pyrometry. Isothermal units are arbitrary units proportional to the
luminance of the observed object.

composition is relatively constant over the spread vol-
ume, but there are important variations against height
in terms of compositions and microstructures.

The chemical results are compared with thermody-
namic computations which have been carried out using
THERMODATA’s GEMINI2 software and the TD-
BCR databases (Chevalier et al., 1997). The main find-
ings of these analyses will be reported inSection 4.3.

3. The spreading tests

Due to the practical and regulatory constraints
linked to the use of depleted uranium dioxide, some
tests have been performed with non-radioactive high-
temperature corium simulants in order to prepare the
tests with prototypic corium. These tests are generally
interesting as a reference to assess uranium-related
material effects. A first series of tests have been made
with zirconia–alumina mixtures in order to reach the
desired temperature range. In a second series of sim-
ulant material tests, hafnia (HfO2) simulated urania
(UO2). It has been chosen because of its high density,
high melting point and its physico-chemical close-
ness to urania. Nevertheless, the urania–zirconia and
hafnia–zirconia pseudo-binary are not totally equiv-
alent (Fig. 6): there is an azeotropic point between

liquid urania and zirconia (Cohen and Schaner, 1963)
whereas there is no azeotrope for hafnia and zirconia
(Ruh et al., 1968).

After these high-temperature simulant material
tests, five spreading tests with prototypic corium have
been performed and will be described inSections 3.4–
3.8 (and synthesized inTable 3).

3.1. High-temperature simulant tests on 2D sections

Two tests have been performed with zirconia–
alumina melts that were spread on a square test
section with an inlet smaller than the square sec-
tion side. During test VR-18, which was the first
high-temperature melt spreading at the VULCANO
facility on 23 May 1996, 6.5 kg of 55 wt.% zirconia,
45 wt.% alumina spread over a 450 mm× 525 mm
spreading section.Fig. 7shows the dissymmetric final
shape of the spread.

During the next test, VR-19, 23 kg of a zirconia–
31 wt.% alumina mixture totally filled the 0.24 m2

spreading area. Due to the spurious presence of thick
fumes, it had not been possible to visualize flow
progression, but spreading velocities between 15 and
30 cm/s had been measured by surface thermocou-
ples. These tests showed for binary mixtures a good
spreadability leading to a small final melt thickness.
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Fig. 5. Left: View of the VE-U3 corium spread (after dismounting the spreading section walls). Right: Measured shape (481 surveying points).
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Fig. 6. Liquidus and solidus temperatures for the HfO2–ZrO2 (Ruh et al., 1968) and UO2–ZrO2 (Cohen and Schaner, 1963) pseudobinaries.

3.2. High-temperature simulant tests on
19◦ angular sector

Five tests have been performed with simulant ma-
terials on a 19◦ angular sector, in order to model, with
limited masses, axisymmetric spreading. In this ge-
ometry, the inlet covers the totality of the test sec-
tion smaller side (seeFig. 2). The simulant melts
represented corium–concrete mixtures by replacing
mole-wise uranium by hafnium. In these tests, the melt
presented only a few surface cracks and very little
porosity; post-mortem, the final porosity corresponded
only to shrinkage (the density difference between liq-

Fig. 7. Post-mortem view of the VR-18 spread (unbounded 2D spreading).

uid and solid states). The main characteristics of these
tests are reported inTable 1.

3.3. High-temperature simulant test with
metal/oxide melt

An experiment (test VE-06) has been performed
in which metallic iron has been added to the oxidic
melt. The spread composition was, in mass percent-
ages, around 52% HfO2, 14% ZrO2, 27% Fe2SiO4,
2% CaO, 5% Fe, simulating the mixture of 71% of a
mixed metal/oxide corium with 29% of ferrosiliceous
concrete.
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Table 1
Physical and chemical characteristics of simulant spreading tests onθ = 19◦ angular sector

Test Composition (wt.%) Mass
(kg)

Flow rate (l/s) Pouring
temperature (◦C)

Liquidus–
solidus (◦C)

Main results

VE-01 50% HfO2, 10% ZrO2, 34%
Al6Si2O13, 6% Al2CaSi2O8

12 0.1 discontinuous 1800 2130–1350 Small spreading: 22 cm,
thickness 40 mm

VE-02 58% HfO2, 10% ZrO2, 31%
Al6Si2O13, 1% CaO

21 0.1 discontinuous 2000 2230–1530 Accumulation, thickness
40–100 mm

VE-03 40% HfO2, 5% ZrO2 39%
Fe2SiO4, 16% Fe3O4

15 0.1 discontinuous 1800 1830–1070 Spreading length 30 cm,
thickness at front 20 mm

VE-04 61% HfO2, 11% ZrO2, 21%
Fe2SiO4, 4% Al2O3, 3% CaO

12 0.7 discontinuous 2000 2130–1050 Accumulation, no
spreading

VE-07 33% HfO2, 22% ZrO2, 22%
SiO2, 22% FeO, 1% CaO

17 0.5 discontinuous 1975 2100–1000 Spreading length 55 cm,
high compactness
homogeneous structure

Uncertainties are around±70◦C for the temperatures and around±20% for pouring rates.

A total of 34 kg of melt were spread over a final
length of 45 cm. The molten iron remained in droplets
which formed sort of an emulsion with the oxidic liq-
uid and did not sediment although the temperature re-
mained above the iron melting point for 3 min and the
oxides were significantly less dense than iron.Fig. 8
presents a cut view of the spread: iron droplets are vis-
ible which are covered by a thin oxidation layer. So
there were no macrosegregation during this spreading
test. It is expected that spreading and sedimentation
will occur subsequently in the reactor case, at least if
the fraction of metal is low. (In the reactor case, decay
heat will delay the oxidic phase solidification, allow-
ing sedimentation in a latter stage.)

3.4. VE-U1

The first spreading experiment with prototypical
material, VE-U1, was performed in the VULCANO

Fig. 8. VE-06: Cut of the melt front.

facility on 2 December 1997. The corium composi-
tion (in mass percentages: 44% UO2, 23% ZrO2, 21%
SiO2, 12% FeOx) was prototypic of corium discharge
from the EPR reactor pit after ablation of sacrificial
ferrosiliceous concrete. The solidification range of this
mixture is of about 900◦C with a liquidus temperature

Fig. 9. Front view of the VE-U1 spread during the experiment
(taken with the camera calibrated inFig. 3).
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Fig. 10. Progression of corium length as measured from the video images, compared to the values calculated by THEMA spreading code
(seeSection 4.2). The measurment has been interrupted after 15 s when part of the spread was out of the video image field.

of 1975◦C, 38.8 kg of corium, at an initial temperature
of 1820± 100◦C, spread over 1.2 m.Fig. 9 shows a
view of the spread, taken when the front was at 0.9 m
from inlet. The flow length evolution (Fig. 10) has
been obtained from the analysis of video images and
is consistent with the time of passage recorded on sur-
face thermocouples. It gives a maximum front velocity

Fig. 11. VE-U1 surface temperature measurements at the inlet surface and at the front (seeFig. 2 for pyrometer locations). The mirror
used for front temperature measurements was reached by corium flow att = 15 s.

of 0.2 m/s. The corium surface temperature has been
measured by pyrometers (Fig. 11). Substrate tempera-
ture has also been monitored by thermocouples at the
interface and 10 mm deep.

Thermograms for two axial positions (20 and
133 mm downstream of inlet) are shown onFig. 12.
The a priori puzzling fact that the upstream sensor
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Fig. 12. VE-U1: Evolution of the brick temperature.

raises later than the downstream one and to a lower
temperature is attributed to the presence of a small
early splash of corium right above this thermocouple
(as confirmed by the video) which had cooled down
before being covered by the spread and acted as a
thermal shield.

Post-mortem observations showed the presence of
large macroporosities in the spread, estimated at about
30 vol.% There has been little interaction between
corium and the sintered-zirconia bricks.

3.5. VE-U3

The VE-U3 test used a mixture with a smaller con-
crete content, having the following composition, in

Fig. 13. Evolution of corium melt temperature during test VE-U3 from pyrometer and in-corium type-C thermocouple.

mass percentage: 63% UO2, 22% ZrO2, 8% SiO2,
7% FeO, i.e. being richer in UO2—and thus having
a 150◦C higher liquidus temperature—than VE-U1
corium. A total of 15.6 kg of corium, poured at an
initial temperature of 2130± 60◦C, which is below
the liquidus temperature (∼2375◦C according to a
GEMINI2 calculation using TDBCR991) with a flow
rate of 0.3 l/s, have spread over 33 cm with an av-
erage height of 32 mm.Fig. 5 presents a view of
the spread after the test and its shape as measured
post-mortem. The corium temperature has been moni-
tored by three pyrometers (see positions inFig. 2) and
a type-C tungsten–rhenium thermocouple; the temper-
ature evolution is shown inFig. 13. The delay between
pyrometer and thermocouple readings is due to the
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Fig. 14. Infrared thermography view of the corium first flow in test VE-U5.

necessary time to heat the sensor and the corium crust
that formed at contact (Journeau et al., 1999b).

In this test, the observed porosity was small, corre-
sponding to shrinkage.

The main conclusion of this test is that although
pouring conditions (initial melt temperature 250◦C
below liquidus and low flow rate) were unfavorable,
such a corium mixture effectively spread, certainly
because of its large solidus–liquidus temperature range
of 1200◦C.

3.6. VE-U5

In this test, two successive spreading phases were
realized with a corium of the following initial com-
position: 46 wt.% UO2, 10 wt.% ZrO2, 24 wt.% FeO,
20 wt.% SiO2. A first part of the corium flow was
poured on the steel spreading section (see thermo-
graphic view inFig. 14) while a second part was main-
tained temporarily in a crucible, where an exothermic
reaction with metallic zirconium provided chemical
heating. When the crucible steel-door melted, a second
flow occurred which mixed with the already-stopped
first spread and induced a subsequent flow underneath
the first immobilized corium surface and a rupture of
the first front (visible in bright onFig. 15). In total,
36 kg were spread at a mass flow rate of 2 kg/s (0.5 l/s)
with an initial temperature around 1830◦C.

Fig. 16 presents the temperature measured at
the iron spreading plane surface. It never exceeded
850◦C. It also clearly shows the effect of the subse-
quent spreading which did not increase the temper-
ature of the plate already covered by the melt and
induced a relatively weak increase of temperature of
the newly covered part of the iron plate.

Fig. 15. VE-U5 corium spread over a steel plate (the molten
metallic gate of the crucible is visible as a bright spot in the
upstream of the flow).
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Fig. 16. Left: Temperature evolution at the iron plate surface. Right: Thermocouple location in the iron spreading plate.
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This test showed the ability of corium–concrete
mixtures with large solidification ranges (here
1100–1940◦C) to progress even when a second load
is poured after the initial progression had stopped.

3.7. VE-U7

VULCANO experiment VE-U7 has been dedicated
to the study of spreading over ceramic and concrete
substrates. The concrete has been made of CEM I
32.5 R concrete mixed with silica granulates, corre-
sponding to a composition that had been previously
studied on KAJET test KJ04 (Steinwarz et al., 2002).
The reference channel was made of dense inert bricks
of fused zirconia.

The corium had the following average composi-
tion, in mass percentage, 61 wt.% UO2, 30 wt.% ZrO2,
3 wt.% FeO, 2 wt.% Fe, 2 wt.% SiO2, 2 wt.% CaSiO3,
0.6 wt.% CaO, 0.4 wt.% Al2O3, which is close to a
corium composition that had been computed byNie
(2000) for the oxidic part of the corium flowing out
of the EPR gate.

About 50 kg of corium have been poured, 40 kg of
which reached the spreading section with a flow rate of
3 kg/s. The initial temperature at the spreading section
entrance was 2175± 75◦C for a liquidus temperature
of 2375◦C and a solidus of 1000◦C.

Fig. 18. Post-mortem measurement of the spread profile for VE-U7 two channels.

Fig. 17. Front and top view of the VE-U7 corium spreading.
Concrete is on the right hand side, ceramic on the left.

The section has been designed and aligned so that
the hydrodynamic flow was equally distributed be-
tween the two channels. A total of 12 kg flowed to the
channel on concrete, 14 kg on the ceramic, the remain-
der staying in the distribution pool at the upstream of
the test section (seeFig. 17). The flow over concrete
stopped at a slightly smaller distance and its front is
much steeper than on ceramic (seeFig. 18). Some hot
spots and splashes have been observed on the con-
crete side. These eruptions lasted for 20 s after the stop
of corium progression. The temperature evolution has
been monitored in both substrates (Figs. 19 and 20).

Numerous fumes have been produced both over
concrete and ceramic, even though the only external
source of gas was the concrete free and bounded wa-
ter. High porosities were observed in the two spreads
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Fig. 19. VE-U7: Concrete temperature at 12 cm from origin and at depths of 2, 7 and 12 mm.

(seeFig. 21), which had, post-mortem, the same spe-
cific mass within measurement uncertainties: 5000±
200 kg/m3.

The concrete substrate was slightly attacked on a
few millimeters. Mortar has been more attacked than
surrounding silica aggregates.

3.8. VE-U8

In test VE-U8, in-vessel corium (theoretical com-
position: 80 wt.% UO2–20 wt.% ZrO2) has been

Fig. 20. VE-U7: Ceramic temperature at 12 cm from origin and at depths of 7 and 12 mm.

spread at∼2660◦C onto a 20 wt.% lime–80 wt.%
silica concrete for about 40 cm. For this configura-
tion the liquidus–solidus range is small—less than
50◦C according toCohen and Schaner (1963)—and
lies between 2600 and 2700◦C. In other words, the
uncertainty on temperature measurements is of the
order of magnitude of the solidification range.

Fig. 22 presents the shape of the 30 kg spread.
Cracks formation has been surveyed during the cool-
ing phase and the effect of the gaseous products of
the corium–concrete interaction has been observed.
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Fig. 21. Cut views of VE-U7 spread over dense zirconia (left) and siliceous concrete (right).

Fig. 22. Post-mortem view of the VE-U8 UO2–ZrO2 in-vessel
corium over a silica—20 wt.% limestone concrete substrate.

Fig. 23. Silica: 20 wt.% limestone concrete ablated by UO2–ZrO2 corium during test VE-U8. The maximum ablation depth is of 2 cm.

With this composition, and contrary to what has been
observed in previous tests with corium–concrete mix-
tures, a solid crust is rapidly formed at the upper
surface during spreading which can be broken by
sparging gas pressure. Although the flow rate was
higher (1 l/s) than for previous tests, the final spread-
ing length was not specially large.

Even though there were no sustained heating, up
to 2 cm of concrete have been ablated (seeFig. 23).
Fig. 24 presents the evolution of concrete tempera-
ture during the interaction. The concrete is heated to
much higher temperatures than during test VE-U7
and at a much steeper rate. Thermodynamic compu-
tations with TDBCR001 indicate that this concrete
reaches 50 vol.% of liquid at a temperature around
1300–1400◦C. At this measurement point (12 cm
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Fig. 24. VE-U8: Temperature evolution inside the concrete substrate.

Table 2
Estimation of gas superficial velocity during test VE-U8

Free H2O Bound H2O CO2

Temperature (◦C) 100 ∼500 ∼800
Progression of isotherm (mm/s; from TC readings) 0.37 0.24 0.2
Quantity in concrete (mol/m3) 3600 3600 2200
Molar flow rate (mol/m2/s) 1.34 0.86 0.47
Superficial velocity at 1400◦C (m/s; 1 mol= 127 l) 0.17 0.11 0.05

The total gas superficial velocity is of 0.33 m/s.

Table 3
Physical and chemical characteristics of prototypic corium spreading tests

Test Composition (wt.%) Mass
(kg)

Flow rate (l/s) Pouring
temperature (◦C)

Liquidus–
solidus (◦C)

Main results

VE-U1 44% UO2, 23% ZrO2, 21%
SiO2, 12% FeOx

38.8 0.6 1820 1975–1030 Spreading over 1.2 m,
several tongues, large voids

VE-U3 63% UO2, 22% ZrO2, 8%
SiO2, 7% FeO

15.6 0.3 2130 2375–1050 Spreading over 33 cm, small
porosity

VE-U5 46% UO2, 10 wt.% ZrO2,
24 wt.% FeO, 20% SiO2
+ zirconium metal

36 0.5 1830 1940–1100 Successive spreads

VE-U7 61 wt.% UO2, 30 wt.%
ZrO2, 3 wt.% FeO, 2 wt.%
Fe, 2 wt.% SiO2, 2 wt.%
CaSiO3, 0.6 wt.% CaO,
0.4 wt.% Al2O3

26 0.7 l/s divided in
two channels

2175 2375–1000 Parallel flows on ceramic
and siliceous concrete,
similar length (36/45 cm) and
porosity for both substrates

VE-U8 80% UO2, 20% ZrO2 30 1 l/s 2660 2650–2610 40 cm length, solid crusts on
surface 2 cm ablation of
80% silica–20% limestone
concrete

Uncertainties are around±70 K for the temperatures and around±20% for pouring rates.
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downstream of the origin), the concrete reached tem-
peratures over 1300◦C on 12 mm. The solidus front
velocity was of about 0.2 mm/s. From the progres-
sion of the isotherms, it is also possible to estimate
the gas superficial velocities from the progression of
the 100◦C (free water), 500◦C (bound water) and
800◦C (carbon dioxide) isotherms, assuming that
corresponding volumes of gases are liberated when
these temperature are reached. The total gas superfi-
cial velocity is estimated at about 0.3 m/s (Table 2).
Further analysis of this test is in progress.

3.9. Summary table of prototypic corium tests

Table 3 summarizes the five spreading tests per-
formed with prototypic corium in the VULCANO fa-
cility. The initial corium temperatures range from 1700
to 2700◦C. It must be noted that although the maxi-
mum mass on the spreading section was of 39 kg, up
to 65 kg of corium have been poured out of the fur-
nace, the remainder being lost in the devices dedicated
to flow stabilization.

4. Major results

These tests have shown that spreading of corium–
concrete mixtures is quite efficient, even at low flow
rates, with inlet temperatures below the liquidus and
with composition containing up to 22 wt.% of sil-
ica (i.e. viscous liquids). It must be stressed that the
absence of sustained heating in these tests is conser-
vative since decay heat will (slightly) delay the solid-
ification process. They also enabled us to validate and
improve our modeling of the rapid cooling processes
taking place during the spreading transient.

4.1. Spreading behavior

Two different phenomena have been observed de-
pending on the presence of concrete decomposition
products in the spread mixture.

For in-vessel corium (VE-U8), as in FARO spread-
ing tests (Tromm et al., 2000), the corium surface
formed rigid solid crusts. These crust were seen raft-
ing over the liquid and broke at several occurrences,
leading to a stop and go progression. The corium sur-
face was quite rough.

For corium–concrete mixtures, there is rather a
smooth viscous skin on the corium surface. This sur-
face skin is generally folded (e.g.Figs. 5 and 9) as in
ropy pahoehoe lavas (Cas and Wright, 1988). It has
been shown (Journeau et al., 1999a, 2001a) that these
folds are due to instabilities caused by the rapid vari-
ations of viscosity with depth at the upper boundary
layer. The progression at the front is similar to that
of half-track motion, the upper surface drifting at a
velocity higher than the front velocity.

The major effect of concrete decomposition prod-
ucts is that it enlarges substantially the solidus–liquidus
interval from 50 to 100◦C for (U, Zr)O2 mixtures
(such as in VE-U8 test) to more than 1000◦C (as in
VE-U7). The amount of heat to extract before the crust
is fully solid is more than twice for corium–concrete
mixtures than for urania–zirconia corium. Thus,
during spreading of corium–concrete mixtures, the
surface remains viscoplastic while it is completely so-
lidified for (U, Zr)O2 mixtures. It is believed that the
good spreadability of corium–concrete mixtures, even
if the initial temperature was largely below liquidus,
is due to the existence of a large solidification range.

4.2. Validation of spreading models and codes

One of the major objectives of this series of tests
was to validate spreading models and codes for severe
accident management.

4.2.1. Dinh et al. (2000)simplified model
Dinh et al. (2000)have proposed a simplified model

based on a scaling approach. They assume that corium
flows as an isothermal viscid hydrodynamic fluid for
the time needed to cool its front down to an immobi-
lization temperature. A characteristic spreading veloc-
ity U can be estimated withHuppert (1982)model for
axisymmetric gravity-viscous spreading with constant
volume flow rate and viscosity:

U =
(

gG3

3ν

)1/8

t1/2

whereG is the volume flow rate,ν the kinematic vis-
cosity andt a characteristic time of corium discharge.

The characteristic time for solidification is esti-
mated as the time necessary to reach the temperature
of an effective solidificationTsold considering heat
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Table 4
Front surface temperature at immobilization for the tests were this information was recorded

Test

VE-04 VE-07 VE-U1a VE-U3 VE-U7 VE-U8

Stopping temperature (◦C) 1700–1850 1450–1600 <1400–1550 1400–1550 1500–1650 2300–2400
Solid volume fraction (vol.%) 60–75 60–70 >60–70 70–80 65–75 100

a VE-U1 measurement was interrupted when moving corium covered the mirror.

losses by radiation (at the inlet temperature) and con-
vection (with theNu = 0.0023Pe correlation (Dinh
et al., 1997) for heat transfer over a rough crust).
Physically, it corresponds to the time at which a char-
acteristic element of the front is immobilized, assum-
ing that it will effectively stop the corium progression
and determine its length.

The front temperature at immobilization has been
measured on several tests using a pyrometer aim-
ing horizontally thanks to a mirror. These front im-
mobilization temperatures (Table 4) correspond in
most cases to solid fractions of about 70 vol.% for
corium–concrete mixtures and to values below solidus
in case of in-vessel corium. It must be noted that these
temperatures are measured at the front surface while
there are steep gradients in the thermal boundary
layer (Journeau et al., 1999a, 2001a). Actually, the
characteristic front element is at an average tempera-
ture higher than the front surface. In the absence of
more precise data, the immovability temperature has
been set arbitrarily as the temperature corresponding
to the average of the enthalpy at the liquidus and
solidus temperature. This approach explains the good
spreadability of corium–concrete mixtures since, for
instance, 1.5 times more enthalpy must be removed
from VE-U1 ex-vessel composition to reach this im-
movability criterion than for VE-U8 in-vessel corium
composition.

For Dinh et al. (2000)model, the final average
height order of magnitudeδs is given, for 1D spread-
ing by the following expression:

δs = max

[
δcap,

V
3/4
tot [qrad + qconv − qvδcap]1/2

G7/16(g/3ν)1/16ρ
1/2
m (H(Tm)−H(Tsold))1/2

]

in whichδcap is the capillary limit;Vtot the total spread
volume;qrad, qconv andqv, respectively the radiated,
convected and volumic heats;ρm the melt density;H
the enthalpy; andTm is the melt initial temperature.

This approximate method gives, for the VULCANO-
E test, the order of magnitude of the final corium
height (values between 0.5 and 2 times the exper-
imental value). For example,Fig. 25 presents the
calculated spreading length for various values of ini-
tial corium temperature and flow rate corresponding
to VE-U1 configuration. This scaling law approach is
consistent with the experimental results.

4.2.2. THEMA code
Eberlé (1997)has developed the THEMA software

that integrates the conservation of mass, energy and
momentum over verticals of the flow (Spindler et al.,
2000). The melt is either homogeneous or composed of
two possible stratified components (mixture of metals
and mixture of oxides).

A single momentum equation is considered under
the shallow water assumption, whereas two energy
equations are used, one for the metallic and one for
the oxidic component. Furthermore, several mass bal-
ance equations are used, one for each material of the
two metallic and oxidic components. The melt model
is based on 2D balance equations as a result of the
integration over the melt thickness of the 3D equa-
tions. As a consequence, specific constitutive laws in
terms of depth averaged variables (velocity, temper-
ature) are needed: wall shear stress for the momen-
tum equation, heat transfer coefficients for the energy
equation.

Crust formation at the bottom and at the surface of
the melt are taken into account with specific models.

These models are based on energy balance across the
crust and at the melt-crust interface.

For non-congruently melting materials, the melt
mean temperature may have a value between the
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Fig. 25. Effect of corium initial temperature and flow rate on the computed spread lengthDinh et al. (1997)model: VE-U1 data.

solidus and liquidus temperatures. Viscosity models
are included in the code, giving a sharp increase of
the viscosity when the temperature decreases, and as a
consequence the stopping of the spreading. The other
mechanisms of front stopping are the surface ten-
sion and the crust formation itself, reducing the melt
mass.

The numerical integration of the finite difference
set of equations uses a semi-implicit method with a
Newton–Raphson iteration procedure. A second order
discretization in space is used to get a better accuracy
of the melt front progression. The temperature field in
the solid substrate is solved apart from the melt equa-
tions, with a 3D meshing using the alternate direction
method for solving the conduction equation in a solid,
including ablation.

As far as wall shear stress is concerned, a classical
law is used, based on a Reynolds number with the hy-
draulic diameter equal to four times the melt height.
Correlations for heat transfer coefficients, valid either
for Prandtl numberPr of order of magnitude 1 or small
Prandtl numbers (Duchatelle and Vautrey, 1964), are

used to compute heat transfer between the melt and
the crust, or if no crust, between the melt and the up-
per surface and between the melt and the substrate.
The heat transfer between the upper surface and the
surroundings corresponds to radiation, with the emis-
sivity of the spreading surface and the emissivity of
the surroundings given in data.

This code has been satisfactorily validated against
VULCANO spreading experiments. For example,
Fig. 10 presents the spreading-length evolution com-
puted for VE-U1 considering two hypotheses for the
evolution of inlet flow (which is indirectly known
since the mass in the inlet is not distinguished from
that on the spreading section). Currently, the main
obstacle to a precise validation is due to the large
uncertainties still present on the corium physical
properties. They can lead to computed final spread-
ing lengths between 0.6 and 2 m for VE-U1—for an
experimental average value of 1.13 m.

An uncertainty analysis made on 255 different data
sets within the uncertainty range for VE-U1 spread-
ing test pointed out (seeFig. 26) that the prevailing
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Fig. 26. Correlation coefficients between the spreading lengths calculated for the VE-U1 test with THEMA V2.3mod6 and the following
parameters: thermal resistivity;η0 and A in the exponential fit for viscosity (η = η0 exp[A(Tliquidus − T)]); inlet temperature; flow rate;
solidification temperature; melt emissivity; upper crust transport (i.e. crust velocity to melt velocity); melt thermal conductivity; substrate
thermal conductivity; melt heat capacity.

parameters for the spreading lengths are the liquidus
temperature, the exponential parameterA describ-
ing the viscosity temperature law (the viscosity,
estimated as described later inSection 4.4, is fit,
for computational simplicity by an exponential law
η = η0 exp[A(Tliquidus − T)]), the initial melt temper-
ature, the melt flow rate and the melt conductivity.
The less influent parameters are the surrounding tem-
perature, the corium emissivity and the substratum
conductivity.

Concerning the substrate temperature, the substrate
surface temperature evolution depends mainly on the
thermal resistance, the melt conductivity, the initial
melt temperature while the temperature evolution,
1 cm under the surface, mainly depends on the melt
and substratum conductivities, the thermal resistance
(mainly at the end of the spreading process), the melt
flow rate (mainly at the beginning of the spreading
process) and the initial melt temperature.

A 2D horizontal mesh was used to calculate the
VE-U7 test. Here also, there are large uncertainty
bars on the inputs. The following set of input pa-
rameters gives a satisfactory fit between experiment
and calculations: inlet temperature 2227◦C; vis-

cosity law η = 0.0260 e−0.0300(T−Tliquidus)
Pa s; ther-

mal contact resistances of 1.2 × 10−3 and 5.4 ×
10−3 K m2/W, respectively, for concrete and ceramic
substrate.

In parallel to prototypic corium tests, the code has
been validated with low temperature simulants, the
properties of which are well known (Spindler et al.,
2000). Therefore, there are now sufficient experimen-
tal validations of this code.

4.2.3. Other spreading codes
The 1D LAVA code has also been successfully

used to calculate the VE-U1 spreading area expansion
(Allelein et al., 2000).
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More refined codes modeling the behaviour of the
flow with meshing of the vertical dimension in the flow
have also been developed. The 2D CROCO (Michel
et al., 2000) and CORFLOW (Wittmaack, 1997) codes
have been also satisfactorily validated against the
VE-U1 spreading experiment. The CROCO calcula-
tion shows a significant influence of the melt surface
emissivity, controlling the upper crust thickness, on
the stop of the spreading.

A benchmark exercise of spreading codes on VE-U7
is underway.

4.3. Microstructure and thermodynamic modeling

The chemical analyses of the spread melts indi-
cate that there is no sign of heterogeneity within the
flow, which has a somehow constant elemental com-
position. Furthermore, solidification does not occur in
the form of a dendritic mushy zone growing from the
cold region, but rather as a suspension of solids in
the remaining liquid. This configuration is thus similar
to that of semisolid alloys (Flemmings, 1991). It has
been shown in experiments with transparent simulants
(Jeulain et al., 2001) that this is due to the effects of
shear on crystallization.

Notwithstanding the chemical element uniform
repartition, the microstructure and the phases in pres-
ence vary greatly depending on the vertical position,
as shown inFig. 27. These effects (Journeau et al.,
1999a, 2001a) have been explained by the varia-
tions in cooling rate, and for very thin surface layers
(<100�m), the oxidation by air. In the spread lower-
most layer (less than 1 mm thick in our cases), which,
as it will be developed inSection 4.5, was thermally
insulated by a large thermal contact resistance, the
solidification was close to thermodynamic equilib-
rium. A tracer of thermodynamic equilibrium below
1600◦C is the formation of silicates of hafnium, zir-
conium, and/or uranium, including, at least in VE-U1,
a compound close to chernobylite (Pazukhin, 1994),
the zirconium–uranium silicate observed in Chernobyl
“lavas.”

In the bulk of the spread, solidification is quicker
(>10 K/s) and diffusion in the solid phase had not
enough time to occur. In some cases (e.g. VE-07), the
upper interface is characterized by dendritic particles.
The threshold between dendritic and equiaxed parti-
cles (visible inFig. 27a and b, respectively) has been

related to the ratio between temperature gradient in
the melt and particle growth rate (Jeulain, 2001) ac-
cording toTiller et al. (1953)theory.

The post-mortem analyses of these tests made with
mixtures of a large number of constituents (at least
five major chemical elements) have also contributed to
the validation of the European corium thermodynamic
databases (De Bremaecker et al., 2002).

4.4. Physical properties

As shown by the spreading-code sensitivity-analysis,
physical properties can greatly affect the spreading of
corium. But, there are a lot of uncertainties in estimat-
ing the properties of a mixture of a multicomponent
melt and solid particles at high temperatures.

Thermodynamic computations provide, for each
temperature (and solidification path) the estimated
repartition of phases in corium and the composition of
each phase (Journeau et al., 1999a, 2001a). Due to the
rapid cooling, there is no macrosegregation between
the phases during spreading, as shown in the post-test
analyses. The physical properties of a suspension of
the calculated phases must thus be estimated.

For the estimation of specific mass, we assume, fol-
lowing Nelson and Carmichael (1979), that the par-
tial molar volume of all the constituent of the liquid
phase have no compositional dependence. The molar
volume of the liquid or solid phases is thus estimated
as the weighed average of the constituent molar vol-
umes. The same procedure is then used for the mixture
of the phases in presence.

The evolution of the suspension rheology during
solidification can be estimated using the methodol-
ogy proposed byRamacciotti et al. (2001). The liquid
phase viscosity is estimated in the absence of silica us-
ing the approach ofSudreau and Cognet (1997), or us-
ing Urbain (1987)model in the presence of silica (sil-
ica molecules form networks that affect significantly
the melt viscosity). The presence of solid particles is
then taken into account by the relationships proposed
by Ramacciotti et al. (2001):

ηrel = exp(2.5Cφ)

where ηrel is the relative viscosity, i.e. the ratio of
the liquid–solid suspension viscosity to the viscosity
of the remaining liquid;φ the solid volume fraction;
C a constant which has been experimentally found
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Fig. 27. Evolution of VE-07 microstructure vs. height.

between 3.5 and 8; andJeulain et al. (2001)proposed
to take into account non-Newtonian effects with the
following law:

C = 1 +
(
γ̇c

γ̇

)n

where γ̇ is the shear rate;̇γc is a critical shear rate
(found at 325 s−1 for Roche (1993)corium viscosity
data—Run 34);n is an experimentally fitted exponent
(n = 0.31 for Roche (1993), Run 34).

It must be noted that heat transfer and fluid flow af-
fect the solidification path and the solid particle shape.
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They will thus affect the physical properties of the
mixture.

According to the isothermal viscous-gravity model
of Huppert (1982), the shear rate at the abscissaz of
a flow of heighth traveling at the average velocity
u is: γ̇ = 3(u/h2)z. Thus, for the typical front ve-
locities (0.2 m/s) and height (60 mm) encountered in
VULCANO tests, the maximum shear rate is of the
order of 10 s−1. In the reactor case, the characteris-
tic velocities and height are of the order of 6 m/s and
50 cm, respectively (Wittmaack, 1997), so the max-
imum shear rate is expected to be in the order of
30 s−1.

In the THEMA calculation, the constantC is one
of the main parameters that are optimized to fit the
experimental spreading front evolution. The values of
C = 6.1 and 6.3 have been found for tests VE-U1
and VE-U7, respectively. Unfortunately, the uncer-
tainties on physical properties and initial conditions
in the VULCANO test did not allow to precise the
non-Newtonian nature of solidifying corium, contrary
to the more analytic works ofRoche (1993).

4.5. Spreading over concrete

During test VE-U7, the hydrodynamic initial condi-
tions and corium properties were similar for the flows
over refractory ceramic and siliceous concrete. The
spreading kinetics were equivalent (seeFig. 28) for
the two substrates until the flow over concrete stopped.

Fig. 28. Evolution of corium front over the two substrates for VE-U7.

The overall spreading lengths are of the same mag-
nitude (36 cm versus 45 cm). This result is consistent
with the results of S3E 3MDC-Ox1/3MDS-Ox1 tests
(Dinh et al., 2000) and COMAS EU 2b (Steinwarz
et al., 1999) test.Dinh et al. (2000)attributed the sim-
ilarity of spreading lengths, although there are violent
gas outburst over the concrete channels, to the fact that
“the termination of the spreading process is largely
governed by solidification at the leading edge rather
than on the processes occurring behind the spread-
ing edge.” Nevertheless, in the KATS 12 and 13 tests
(Engel et al., 2000) the spreading distance was consid-
erably less on concrete (7.5 m) than on ceramic (12 m).
It must be noted that in this test the inlet temperature
was 100◦C above liquidus contrary to the VULCANO
test configurations. Anyhow the difference is below a
factor of 2.

Concerning concrete ablation during the two VUL-
CANO tests onto concrete without sustained heating,
the following observations were made:

• A preferential penetration of corium in the mortar
between the concrete large aggregates.

• Cracking of silica aggregates, probably by thermal
stresses, into which corium penetrated.

• Release of carbon oxide from limestone aggregates,
forming very light porous stones.

• The sparging gas caused a few “eruptions” on the
corium upper surface rather than an homogeneous
distribution of gas escape routes.
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Fig. 29. Comparison of radiated heat flux and reconstructed conduction flux at the substrate upper surface for the two channels of
VE-U7.

4.6. Corium–substrate interface

During the spreading tests on refractory or metallic
substrates, corium has only very locally attacked the
substrate (mainly at the inlet of the spreading plane).
Post-test analyses show mainly a penetration of corium
in the brick pores with little chemical reaction. The
outcome would be different in longer term experiments
for which decay heat is simulated. Indeed in this last
type of experiment, partial dissolution of the crucible
has been observed at VULCANO (Journeau et al.,
2001b).

The heat flux at the corium–substrate interface can
be estimated using an inverse conduction technique
(Raynaud and Bransier, 1986) from temperature mea-
sured at various depths inside the substrate. For in-
stance, during the VE-U1 flow, the downward heat
flux entering the zirconia bricks was estimated around
200 kW/m2, whereas the radiated flux at the free sur-
face was around 900 kW/m2. These values must be
compared to the heat flux that is expected in case of
perfect contact between two large conducting bodies:

φ = bsub√
πt

(
bcorTcor + bsubTsub

bcor + bsub
− Tsub

)

whereb is the effusivity (square root of the product
conductivity by specific mass by specific heat),t is the

time, T is the temperature and cor and sub subscripts
refer to corium and substrate, respectively.

In the case of VE-U1, the flux would have been of
500 kW/m2 after 5 s of contact. This means that a large
thermal contact resistance must have been present. It
is estimated around 3×10−3 to 6×10−3 K m2/W and
is attributed to the shrinkage at solidification of the
lower crust as observed in metallic casting (Loulou
et al., 1999).

For VE-U7, we observed that the heat fluxes trans-
mitted to both substrates (Fig. 29) are of the same or-
der of magnitude (300–400 kW/m2) and much lower
than the values for perfect contact, so the thermal
contact resistance seems to be more controlled by the
corium than the substrate. It has also be noted that
the radiated heat flux is significantly higher than the
heat flux transmitted to the substrate. THEMA calcu-
lations indicates that with a thermal contact resistance
of the order of 1× 10−3 and 5× 10−3 K m2/W,
respectively for concrete and ceramic substrate
yield to satisfactory fits of the substrate temperature
evolution.

4.7. Gases

One of the main differences observed in these
tests between simulant and prototypic materials is the
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Fig. 30. View of the VE-U5 corium spreads showing holes at the
surface.

presence of large porosities in the VE-U1, VE-U5 and
VE-U7 spreads. It must be noted that for simulant test
VE-07, very close in composition and operating con-
ditions to test VE-U1 (actually it was the rehearsal of
VE-U1 with hafnia instead of zirconia), only a small
porosity was observed.

The tests over concrete showed that porosity is
slightly affected by the presence or absence of an ex-
ternal gas source. This could mean that void fraction
is almost independent of gas flow rate.

The porosities over refractory bricks cannot be only
attributed to air flowing out of the substrate pores un-
der the effect of thermal expansion, since it also oc-
curred when the substrate was made of steel (VE-U5)
or dense zirconia (VE-U7).Fig. 30 shows a view of
VE-U5 spread over a steel plate. Part of the crust have
been destroyed by a gas pressure below it. Under the
portion of crust that remained intact, a powder mainly
made of U3O8 and SiO2 have been observed. The in-
ner side of the crust had a structure reminding con-
vection cells.

Several evidences are consistent with an hypothe-
sis of oxygen exchange processes during the experi-
ment leading to the local formation of volatile UO3
and SiO. Further analyses are underway to investigate
this hypothesis and assess its consequence on corium
physical properties and behavior.

An associated difference between prototypic and
simulant melts is that many of the simulant melt dis-

played uncracked surfaces whereas in our prototypic
material tests, the corium surface was always cracked.
This features would be favorable for corium cooling
by top-flooding.

4.8. Consequences for reactor case

The spreading tests conducted in the VULCANO
facility, but also in the CARLA and FARO facil-
ities lead to a validation of spreading models and
codes with prototypic material with a large variability
of corium composition and of initial and boundary
conditions.

Konovalikhin et al. (2000)applied the scaling sim-
plified model to some EPR reference cases (300–350 t
of corium poured in 30–90 s) and showed that the
corium final thickness should be of the order of 30 cm,
i.e. spreading covering the hole chamber surface
(within a factor of 2 uncertainty).

Application to reactor case of the THEMA code
(Steinwarz et al., 2002) showed that “even for very
conservative conditions, [dry] spreading is not a
problem” for the EPR core catcher concept in which
corium is mixed with sacrificial concrete in the reactor
pit before spreading. This is in total agreement with
the experimental observations that a high-temperature
mixture presenting a large solidification range has a
good spreadability.

Uncertainties on the ability of corium to spread in
the reactor cases remains only in the following cases:
spreading of large masses of an UO2–ZrO2 mixture
with a small solidification range and hence, for which
less enthalpy has to be removed before immovability
and the spreading under water where rapid quench-
ing can lead to a debris bed through which the melt
flows (Tribble, 1991). In both configuration the crust
strength is an important parameter for which there is
little data and very large scale experiments are needed
to enable crust breaches.

One other important outcome of these tests is that
for ceramic core catchers, as, e.g. the core catcher in-
stalled at Tian Wan (Asmolov et al., 2002), even in
the absence of extraneous gas sources (as above con-
crete), there is a production of gas inside the corium
or due to exchanges between corium melt and at-
mosphere. This gas flow creates a significant poros-
ity and will modify natural convection inside melt
pools.
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5. Conclusions

Twelve spreading tests have been performed at the
VULCANO facility, including five with prototypic
corium containing up to 80 wt.% of UO2 which are
representative of either in-vessel corium or of the
products of a corium–concrete interaction in the re-
actor pit. They have shown with real materials the
promises of spreading concepts for corium manage-
ment in the hypothetical case of a nuclear reactor
severe accident. Spreading to thin corium thickness
has been obtained with corium–concrete mixtures. It
has been experimentally verified that corium spread-
ing and concrete ablation are temporally disconnected
and that the emulsion of a small fraction of metal in
oxidic corium does not sediment during the small time
of spreading, therefore disconnecting the phenomena.

Spreading codes and models have been validated
to the extent permitted by the large uncertainties on
corium physical properties in the solidification range.
Having better physical property data is one of the ma-
jor current R&D need in order to validate precisely
corium codes and models.

Important differences have been observed between
prototypic and simulant materials especially for the
physico-chemistry with respect to oxygen exchange
processes.

For the complete validation of the spreading con-
cepts, further experiments are needed to study the
effects of spreading under water and to analyze the
long-term effects, for which the slowly diminishing
internal heat generation must be simulated. Neverthe-
less, applications of the validated spreading codes and
models to reactor scale clearly show the spreading
concept potentialities.
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