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Abstract

In future Light Water Reactors special devices (core catchers) might be required to
prevent containment failure by basement erosion after reactor pressure vessel
meltthrough during a core meltdown accident. In the planned European Pressurized
Reactor (EPR) the core melt is retained in the reactor cavity for ~ 1 h to pick up late
melts after the failure of the reactor pressure vessel. The reactor cavity is protected
by a layer of sacrificial concrete and closed by a melt gate at the bottom towards the
spreading compartment. After erosion of the sacrificial concrete and meltthrough of
the gate the core melt should be distributed homogeneously into the spreading
compartment. There the melt is cooled by flooding with water.
The knowledge of the sacrificial concrete erosion phase in the reactor cavity is
essential for the severe accident assessment. Several KAPOOL experiments have
been performed to investigate the erosion of two possible compositions of sacrificial
concretes using alumina-iron thermite melts as a simulant for the core melt. Erosion
rates as a function of the melt temperature and the inhomogeneity of the melt front
are presented in this paper.

Introduction

To exclude significant release of radioactivity to the environment even in the case of
a core meltdown accident, next generation LWR's shall incorporate the ability to
retain the core melt within the containment. In the European Pressurized Reactor
EPR this shall be accomplished by spreading the core melt on a large area (about
170 m2) and cooling the spread melt by flooding with water [1], Figure 1. After
penetration of the lower head of the reactor pressure vessel, the melt will firstly be
collected in the reactor cavity and will interact with sacrificial materials. The corium
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masses have to be collected and kept inside this cavity for a certain time (about 1 h)
to ensure that most of the core material is gathered before the onset of spreading
onto the core catcher. During this period the original corium composition is changed
due to mixing with the sacrificial concrete. After this conditioning the corium
composition should not be much dependent on the former progress of the accident
sequence. At the end of the melt-concrete interaction (MCCI) a melt gate at the
bottom will be eroded and the corium melt is released to spread on a prepared area
where it will be flooded by water to extract the decay heat and to solidify. The
knowledge of the erosion behaviour of the sacrificial concrete inside the cavity is
important for an optimum engineering design and is investigated in the KAPOOL
tests.
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Figure 1: Concept of the EPR core catcher

Extensive MCCI tests have been performed in the past using realistic corium melts
(ACE [2], MACE [3], SURC [4], TURC [5]) and simulant melts like iron melts [6].
These tests studied the erosion of typical basement concrete in existing LWR's.
In contrary, the KAPOOL experiments investigate the erosion of sacrificial concrete in
the reactor cavity of the EPR with compositions which are suitable to condition the
corium melt for further spreading. The exothermic thermite reaction is used to
generate iron and alumina melts as simulation material for the core melt. Two
different types of concrete were studied, one based on boron-silicate glass and one
based on Fe2Os/SiO2. The content of ironoxides in the last one is suitable to oxidize
metallic zirconium in the corium melt without hydrogen production. Erosion rates of
both types of concrete have been investigated as a function of the temperature of the
melt. The results of these melt/concrete interaction tests are used for verification of
computer codes (WECHSL [7], COSACO [8]) which will be applied to EPR
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assessment. In addition to the average erosion rate as a function of the melt
temperature, also the knowledge of local inhomogeneities of concrete erosion is
essential: the bottom gate erosion process shall be initiated across a large area to
ascertain large melt pouring rates onto the spreading surface. This implies a rather
homogeneous concrete erosion front.

Objectives of the test series

The corium melt is composed of a metallic (steel, zirconium) and oxidic (UO2, ZrO2,
FeO) phase. In the KAPOOL experiments these two phases are simulated by an
alumina and iron melt which are produced by the thermite reaction. The thermite
reaction (2 Al + Fe2O3 -» AI2O3 + 2 Fe) produces about 50 wt% iron and 50 wt%
oxidic melt. The reaction is strongly exothermic, the maximum temperature of the
melt is close to 2500 °C. This reaction is performed inside the KAPOOL container
using 150 kg of thermite powder. Due to the different densities (iron melt at 6530
kg/m3, oxide melt close to 3000 kg/m3) the iron melt segregates at the bottom and
therefore is in contact with the sacrificial concrete layer.
These tests are strongly transient because there is no additional heating. The
temperature of the melt decreases during the test period due to heat losses to the
lateral wall, radiation at the top surface and interaction with the sacrificial concrete.
To obtain all necessary data for a temperature dependent erosion rate in the
concrete, the melt temperature has to be recorded periodically with high-temperature
thermocouples (W-Re) which are immersed into the melt one after the other. For the
detection of the erosion front K-type thermocouples have been embedded in the
concrete layer at different heights. To quantify the amount of inhomogeneity of the
erosion front across the test surface these thermocouples are installed at several
lateral locations in the concrete.
The erosion rate, its amount of inhomogeneity and the temperature of the melt are
recorded as a function of time. From these data therefore a correlation between
erosion rate and melt temperature can be deducted.

Sacrificial Concrete

The composition and size distributions of the two sacrificial concretes are shown in
Table 1. The grain size of the ironoxide and silica of the VM281Q concrete was < 1
mm, rather small compared to the size distribution of the boron-silicate glass
concrete. Ironoxide is chosen as an oxidant for metallic zirconium. The water content
of the concrete should be kept at a minimum to reduce the production of hydrogen.
Samples of concrete have been made together with the concrete layer in the
KAPOOL container and underwent the same history from production until the day of
the test. The weight of these samples has been controlled steadily. No mechanical
properties like tensile strength have been investigated because this concrete serves
only as a sacrificial layer. The container together with the samples were kept at room
temperature at dry conditions for two days. The water content decreased from 10
wt% to about 7 wt%. Afterwards the containers have been heated up to 200 °C for 24
hours. The final water content at the day of the test was 2 - 3 wt%.
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Table 1: Composition and size distributions of the two sacrificial concretes

Chemical compound of
aggregates

Fe2O3

SiO2

B2O3

AI2O3
LiO2

Na2O
CaO
MgO
TiO2

Portland cement
Water

Grain size (mm)

0-1
1-8

Composition in wt%

Borosilicate glass concrete

-
45.6
13.4
2.3
2.7
5.4
4.0
1.7
0.9

15.0
9.0

VM281Q concrete

44.5
39.1

-
-
-
-
-
-
-

6.4
10.0

Distribution (%)

Borosilicate glass concrete

30
70

VM281Q concrete

100
0

KAPOOL containers

All KAPOOL tests have been performed in steel containers with a high temperature
ceramic insulation for the lateral walls. The container bottom was covered with
sacrificial concrete. For the tests KAPOOL 2 and 3 a rectangular geometry (base
400*400 mm, height 450 mm) has been chosen. In this case the container walls were
insulated with 40 mm cordierite plates (AI2O3 37 wt%, SiO2 52 wt%, MgO 6,5 wt%).
The containers for the tests KAPOOL 5, 6, 7 and 8 were conically shaped with an
angle of 5 degrees, the base and rim inner diameters of the steel container are 475
mm and 600 mm, Figure 2, the height of the container is 710 mm. A 44 mm thick
layer of high temperature ceramics insulates the side steel wall against the melt. The
composition of this ceramic material (Plicast Petrolite 39) is made mainly of AI2O3.
The heat conductivity is reduced substantially by the presence of hollow alumina
spheres.
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Figure 2: Setup of the KAPOOL containers of the tests KAPOOL 5-8

Instrumentation

K-type thermocouples (cromel-alumel) have been used to record the erosion front in
the concrete layer. They are of the sheathed type with a 1 mm outer diameter
stainless steel cylinder. All thermocouples are inserted from below through small
holes in the steel bottom plate, fed through and fixed by tapping at the bottom of the
steel plate. During concrete pouring they had to be carefully positioned to the desired
locations. The thermocouples in the concrete are positioned laterally and vertically at
different positions.
Immersion type W-Re thermocouples [Fa. Hereaus-Electro-Nite] have been applied
to record the iron melt temperature. The junction is positioned inside a small U-
shaped tube of quartzglass which is necessary to shield the junction against early
chemical reactions. A 0.1 mm thin sheath of steel surrounds this tube to shield
against mechanical shocks during handling. In some cases a thin crust of oxide may
exist at the top of the melt in the crucible, also for this case the thin steel sheath
shields against damage. For iron melts, the response time of this thermocouple is
about 3 s.

Tests and Results

Table 2 lists all relevant data of the concrete erosion experiments. Three tests
KAPOOL 2, 3 and 5 have been run with the glass-concrete and three, KAPOOL 6-8,
with the ironoxide/silicate concrete. In the last two tests, zircaloy has been added to
the thermite. 5 kg of zircaloy in the form of 50 mm long thin tubes have been
deposited on top of the concrete layer in KAPOOL 7, in KAPOOL 8 this amount has
been increased to10 kg zircaloy. The intention of this additive was to prolong a high
melt temperature due to oxidation of zirconium in contact with the components of the
concrete. In KAPOOL 8 the zircaloy has been covered with a sacrificial concrete
layer of 10 mm to assure that the thermite reaction is over before the melt comes into
contact with zircaloy and to exclude eventual chemical interaction of melt and
zircaloy before onset of concrete erosion.
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Table 2: Experimental matrix of the melt/concrete erosion tests

KAPOOL #

2
3
5
6
7
8

Sacrificial concrete

Borosilicate
(C

If

Ironoxide/silicate
i t

i t

Thermite
(kg)

150
a

i t

it

it

u

Zircaloy
additives

0
0
0
0

5 kg
10 kg

Initial melt
temperature

(°C)
2100
2350
2450
2300
2200
2150

Iron melt temperatures
Figure 3 shows the transient temperatures of the metallic melt during the
melt/concrete interaction in all six tests, as measured with the immersion W-Re
thermocouples at different times.

50 100 150 200 250

Time [s]
300 350 400

Figure 3: Transient iron pool temperature for all six tests

Time dependent erosion front
The K-type thermocouples recorded the transient time dependent erosion front in the
sacrificial concrete. Figure 4 shows as an example the result for test KAPOOL 6.
Thirty thermocouples are positioned in the concrete layer, there are five vertical
positions at 5, 20, 35, 50, and 65 millimeters measured from the top concrete surface
at five different lateral positions. In the center an additional thermocouple 5 mm
above the concrete surface detects the arrival of the thermite reaction front.
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Figure 4: Erosion front in the sacrificial concrete of KAPOOL 6

The thermocouple positioning in the other tests are similar: there are individual
groups at five different lateral positions, one group was located at the center and four
groups were located at a radius of 113 mm in each quarter. Figure 5 shows
temperature recordings of four K-type thermocouples at different depths in the
sacrificial concrete in the experiment KAPOOL 6.
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Figure 5: Transient temperature recordings of K-type thermocouples at different
positions in the concrete in test KAPOOL 6
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There is a fast temperature transient five millimeters below the concrete surface,
destroying the junction around 1300 °C at very early times. At positions deeper in the
concrete the temperature stays for a certain time at 100 °C, the boiling point of the
water from the concrete, the time intervals increase with increasing depth.

Temperature dependent erosion front
From the recorded time dependent erosion fronts and the measured iron melt
temperatures the temperature dependent erosion rate in the sacrificial concrete can
be deduced. This procedure is shown here with test KAPOOL 6 as an example. First
of all the time dependent erosion fronts must be averaged over the five lateral
positions, Figure 4. The resulting data points are analytically fitted, then differentiated
analytically to provide the erosion rate, Figure 6.
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Figure 6: Erosion front with fitted analytical curve and erosion rate for KAPOOL 6

In the same way the measured iron melt temperatures are fitted by an analytical
curve, Figure 7. Finally, the erosion rate is plotted as a function of the corresponding
pool temperature, Figure 8.
This procedure has been applied for the last three tests KAPOOL 6, 7 and 8. As to
KAPOOL 2, 3 and 5 the temperature dependent erosion rates have been calculated
without analytical fitting. The results for all six tests are shown in Figure 8. A rather
large difference between the two different sacrificial concretes is found, the erosion
rate of the ironoxide/silicate concrete is about twice as high than for the glass
concrete.
Two reasons for this different behaviour have been taken into account: 1. the
different grain size distributions and 2. different material properties, here especially
the decomposition enthalpies and the corresponding temperatures. A comparison of
the heat transfer coefficients a can reveal the physical reason for the different
behaviour. Should a be about the same for both types of concrete, the differences in
erosion rates can be explained by material property differences.
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sacrificial concrete VM281Q (KAPOOL 6/7/8) as a function of the iron melt
temperature

To deduce heat transfer coefficients a from temperature dependent erosion rates, the
decomposition enthalpy and the corresponding decomposition temperature of the
concrete must be known. These data are available for the glass concrete [9]:
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decomposition enthalpy is 2 MJ/kg, the corresponding temperature is 1300 °C. The
heat transfer coefficient increases from 1.5 to 3 kW/rr»2K in the temperature range
1600 °C to 2350 °C, Figure 9.
Corresponding data for decomposition temperature and enthalpy for the second
concrete have not been investigated, further consideration to use this special
concrete has been abandoned after these KAPOOL erosion tests. Yet, further
investigations [10] with sacrificial concretes including Fe2O3 show that the addition of
Fe2O3 not only reduces the decomposition enthalpy (1.5 to 1.8 MJ/kg), but also the
decomposition temperature considerably (1150 °C). These data have been applied
for the VM281Q concrete to compare the heat transfer coefficients, in Figure 9. The
systematic deviation of the two curves (~ 20 %) can be explained by errors in the
measurements (± 10-15 %) and uncertainties in material data (decomposition
enthalpies and temperatures ±15 %). From this comparison one can assume that the
differences in erosion rates are due to different enthalpies and temperatures of
concrete decomposition. Different grain size distributions are supposed to have a
minor effect onto concrete erosion than differences in these material properties.
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Figure 9: Heat transfer coefficients a of the two types of concrete as a function of the
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Inhomogeneity of the erosion front
The inhomogeneity of the erosion front is about 5 mm starting from the very
beginning due to the inhomogeneous reaction processes inside the thermite powder.
These inhomogeneities increased up to about ±10 mm towards the end of melt-
concrete interaction. Post-test examination of the residual concrete surface shows a
wavy structure with height differences between valleys and tops of about ±10 mm.
This feature of erosion inhomogeneity is present in all test done so far, it may be due
to the nonhomogeneous nature of the concrete structure. Furthermore, due to Taylor
instabilities, gas bubbles from the concrete grow and leave the interaction zone at
locations having a distance from each other which is controlled by the Laplace
constant [7]. This also leads to a certain inhomogeneity of the erosion process.
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Influence of zircaloy on the melt temperature
To examine the influence of adding zircaloy to the melt the test KAPOOL 6 without
zircaloy is compared with KAPOOL 7 with 5 kg and KAPOOL 8 with 10 kg of zircaloy.
An enthalpy balance has been done to estimate the effect of zircaloy oxidation on the
melt temperature.
In KAPOOL 6 the temperature of the iron melt 14 s after ignition (first contact with the
concrete surface) is about 2500 °C. This value is from extrapolation of the analytical
temperature curve, Figure 7. The first temperature measurement was done 10.3 s
after contact with the concrete with a value of 2321 ± 70 °C. In KAPOOL 7 the first
temperature measurement is 7 s after contact of the iron melt with the concrete. The
temperature is about 2200 °C, which is about 100 °C lower than in KAPOOL 6. This
lower temperature is due to heating up and melting of the zircaloy. In KAPOOL 8 a
layer of 10 mm of sacrificial concrete had to be eroded first before getting the melt
into contact with zircaloy. From KAPOOL 6, for 10 mm erosion depth, a temperature
drop of 160 °C is calculated for a melt temperature between 2400 and 2500 °C. In
addition the heating up and melting phase of 10 kg zircaloy reduced the melt
temperature by another 200 °C. Taking these two factors into account, the initial
temperature of the melt is calculated to be 2140 °C when it came into contact with
the sacrificial concrete layer below the zircaloy. In reality the fitted curve for the
temperature shows a value of about 2155 °C, in good agreement with the estimated
value.
Therefore these estimations show that the zircaloy reduces the initial temperature of
the melt. Later in time the zircaloy has a further effect on the melt temperature. When
the zircaloy is heated up and melted, the temperature of the melt in KAPOOL 7 and 8
drops more slowly with increasing amount of zircaloy due to the oxidation of zircaloy
by the components of the sacrificial concrete during the concrete erosion phase.

Summary

Two types of sacrificial concrete have been investigated in the KAPOOL tests
described in this paper. For these concretes the temperature dependent erosion
rates have been evaluated and compared with each other. The results differ by a
factor of two: the Fe2O3/SiO2 concrete erosion rate is higher than for the glass
concrete and can be associated to differences in material properties describing
concrete erosion (decomposition enthalpy and temperature). The maximum
inhomogeneity of the concrete erosion is about ± 10 mm. The addition of zircaloy to
the melt reduces the initial melt temperature due to melting of the zircaloy. After the
zircaloy is melted, the temperature of the melt drops more slowly as in the
experiments without zircaloy due to oxidation of zircaloy by the components of the
sacrificial concrete.
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