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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 melt-
through during a core meltdown accident. Quick freezing of the molten core masses
is desirable to reduce release of radioactivity. Several concepts of core catcher de-
vices have been proposed based on the spreading of corium melt onto flat surfaces
with subsequent cooling by flooding with water.
Therefore a series of experiments to investigate high temperature melt spreading on
flat surfaces has been carried out using alumina-iron thermite melts as a simulant.
The oxidic thermite melt is conditioned by adding other oxides to simulate a realistic
corium melt as close as possible. Spreading of oxidic and metallic melts have been
performed in one- and two-dimensional geometry. Substrates were chemically inert
ceramic layers, dry concrete and concrete with a shallow water layer on top.

Introduction

To exclude significant release of radioactivity to the environment even in the case of
a core melt accident, future Light Water Reactors shall incorporate the ability to retain
the core melt within the containment. This is required in the 1994 German Article Law
for future reactors, for existing reactors this law will not be applied. In the planned
European EPR Reactor [1] this shall be accomplished by spreading the core melt on
a large area (core catcher) and cooling the spread melt by flooding with water, Figure
1. After failure of the reactor pressure vessel (RPV) the released corium is gathered
inside the reactor pit for about one hour in order to gather further loads of corium,
which could be released from the RPV at later times during the accident sequence.
The pit is lined with a sacrificial concrete of low water content to minimize hydrogen
production. The concrete's composition is chosen in a way to condition the oxidic
melt during molten corium-concrete interaction (MCCI) to result into favourable
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spreading characteristics (lowering of the liquidus temperature, large solidus-liquidus

range, low viscosity). Further-
more, metallic zirconium will be
transferred into oxide without
the production of hydrogen in
large amounts. During MCCI
the density of the oxidic corium
decreases due to mixing with
concrete. A flipover of the two
metallic and oxidic corium
phases may happen already
inside the reactor pit. After
MCCI the corium melt has to
erode a melt gate, which is lo-
cated between the reactor pit
and the core catcher compart-
ment, before spreading takes
place. The spreading area in
the EPR is about 170 m2. In the
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Figure 1: Schematics of the external core catcher
layout in the EPR

case of a homogeneous spreading over the total area, the melt height amounts to
about 0.3 m. There again, the corium interacts with a layer of sacrificial concrete be-
fore cooling and quenching of the melt is triggered by water flooding. Melt spreading
and subsequent flooding with water is a generic issue. There exist several models to
describe melt spreading under different conditions. The number of spreading tests
with real corium for code verification is limited due to extensive costs and time con-
suming test preparations and conduct, therefore additional tests using simulant melts
are necessary. Investigations to study high temperature melt phenomena have been
underway for a fairly long time. Corium spreading onto dry and wet surfaces is de-
scribed by Moody [2] and the MELTSPREAD code [3]. The code CORFLOW from
Siemens/KWU has been developed especially to analyze spreading phenomena for
the EPR [4] [5]. Independent from the above mentioned codes, in France two codes
have also been developed for EPR investigations: CROCO [6] and THEMA [7]. Seh-
gal et al. [8] proposed a scaling analysis model for one- and two-dimensional corium
spreading, which has been applied extensively on existing results of a variety of
spreading tests. The same group of investigators published results of experimental
investigations of spreading simulant oxide melts [9] [10] in one- and two-dimensional
geometry. Spreading tests with real corium melts of different compositions are re-
ported for the French VULCANO tests [11], the EU-JRC tests FARO [12] and the
COMAS tests [13] at Siempelkamp. At the Karlsruhe Research Center the KATS
spreading tests using high temperature metal and oxide melts up to 2400 °C have
been performed [14] [15] [16] [17] [18], especially for validation of codes which are
used to analyze corium spreading in the EPR case. Therefore a good knowledge of
material properties (esp. viscosities, solidus and liquidus temperatures) is of highest
priority, which has been achieved for the oxides melts used in KATS by several inde-
pendent investigations [18]. Spreading in one- and two-dimensional geometry onto
inert ceramic and wet and dry concrete substrates have been performed. Pouring
rates and superheat of the melts were varied to study their influence onto the
spreading performance.
So far, it is not yet clear if a flipover of the two metallic and oxidic corium phases al-
ready occurs inside the reactor pit. Either the oxide melt or the metal melt may
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spread first into the core catcher compartment. This is why in the KATS tests the
metal and oxide melts have been separated from each other to investigate their
spreading independently.

Experimental Setup of the KATS Tests

Figures 2 and 3 show schematically the setup of the test. In a conical reaction cruci-
ble about 300 kg of thermite powder are ignited. The average vertical reaction veloc-
ity of the thermite charge is 25-30 mm/s. After a reaction time of about 30 s and an
additional grace time of about 20 seconds for final separation of the metallic and oxi-
dic phases (oxide density 2800 kg/m3, iron melt 6800 kg/m3) and outgasing, the melt

is released through a nozzle at the
bottom of the crucible. The addi-
tional time delay before release is
accomplished by a 200 mm high
thermite charge above the nozzle

Reaction
crucible

Orifice

Melt container
Melt window

Oxide spreading

Iron spreading

Figure 2: Experimental setup for high pouring rates

having a reaction velocity of only
10 mm/s. First the iron melt is dis-
charged, followed by the oxide
melt. Spreading tests have been
performed with different pouring
rates of the melts onto the sub-
strates. This is achieved by ap-
plying two different methods for
the tests: for high pouring rates
the melts are gathered in a special

melt container situated under the reaction crucible, Figure 2. After separation of the
two phases the oxide melt is released through a window situated above the
iron/oxide interface in the spreading channel respectively on the spreading area.
Then a mixture of metallic and oxidic melt is released through a second window just
below the interface layer. Finally the iron melt is released for spreading through a
window at the very bottom of this
container. The pouring rates of the
melts onto the spreading surfaces
are defined by the window size and
the melt height in the container. To
achieve low pouring rates the di-
ameter of the nozzle has been cho-
sen to control the rates, for this case
it has been reduced from originally
40 mm to 25 mm. Here, the melts
are not gathered in a second con-
tainer as before, but spreading ŝpreading ow*spreading
takes place immediately through an . , ± t , .
open window, Figure 3, starting with F | 9 u r e 3 : Experimental setup for low pour.ng rates

the iron melt. The separation of the phases is done by redirecting the melt jet at a
certain time with a pneumatically driven funnel. After exhaustion of the iron melt the
funnel redirects the oxide melt jet. The one-dimensional spreading channels and two-
dimensional spreading surfaces were instrumented with type K and type C (W-Re)
thermocouples to detect local melt arrival times, partly at different levels above the

Movable funnel

Open window
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Figure 4: Spreading
channel for the oxide melt
in KATS 12 shortly after
immobilization

surface, and to measure the temperature of the melt.
Figures 4 and 5 show photos of examples of a one-
and two-dimensional spreading test. Several video
cameras are installed around the KATS facility to rec-
ord critical and important locations like the melt release
from the crucible,
spreading of the melts,
melt/water interactions
in the case of wet
spreading etc. The ox-
ide melt spreading
surface is recorded
with an infrared camera
and a two-colour py-
rometer to measure the
surface temperatures
during spreading. In
the case of wet
spreading (shallow
water layer on top of
the spreading surface)
fast reacting pressure
transducers are in-
stalled around the

if

spreading surface to
record possible pres-
sure peaks.

Figure 5: Spreading areas
for two-dimensional melt
spreading

Characterization of the Simulated Core Melt

The metallic (iron) and oxide (alumina) melts of the simulated core melt are produced
by the exothermic thermite reaction 2 Al + Fe2O3 -»• AI2O3 + 2 Fe, yielding about 50
wt% iron and oxide, temperatures up to 2400 °C are reached. The solidus tempera-
ture of the iron melt is about 1536 °C. Due to the specific composition of the com-
mercial thermite powder, the non-complete thermite reaction and erosion of the reac-
tion crucible wall, the alumina contains small amounts of other oxides (iron oxide,
MgO, SiO2). The solidus-liquidus range of a realistic corium melt at the time of
spreading is relatively large. To simulate as close as possible this characteristic
property, 8 wt% of SiO2 has been added to the alumina melt. For a characteristic oxi-
dic KATS melt composition (83 wt% AI2O3, 8.5 wt% SiO2, 6.0 wt% FeO, 1.5 wt%
MgO, 1.0 wt% MnO) the solidus-liquidus range has been analyzed using the GEMINI
code [19]. The solidus temperature of the oxidic melt is 1575 °C and the liquidus
temperature 1925 °C. Experience shows that at 50% solid fraction the viscosity of the
melt is rapidly increasing, which means, that in terms of melt spreading the melt be-
haves practically as a solid. The 50% solid fraction for the oxidic melt is reached at
1777 °C. The viscosity is the dominant material property concerning spreading be-
haviour. For the KATS experiments, which are used to verify codes like CORFLOW,
the knowledge of the viscosity above and below liquidus is of highest requirement. At
FZK experimental data of Elyutin et al. [20] have been used to cover the range above
the liquidus temperature. These experiments have been performed with only two of
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the components of the oxidic melt: AI2O3 and SiO2. The small amount of SiO2 in-
creases the viscosity only by about 20 % compared to the viscosity of pure alumina.
To verify these data of Elyutin et al., additional viscosity measurements for the oxidic
KATS melt have been performed at the University of Bayreuth with the temperature
range from below to slightly above liquidus. The viscosity below liquidus down to the
50 % solidus fraction point has been modeled using the Stedman correlation [21] as-
suming the viscosity to become infi-
nite at the 50 % solid point:

0,75* / V

1-
J max

with:
r}0 = viscosity at liquidus

/max = 5 0 % s o l i d fraction
/ = variable solid fraction

• ELYUTIN etal.
Stedman correlation
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Figure 6: Viscosity of the oxidic KATS melt

Figure 6 shows the temperature dependent viscosity for the oxidic KATS melt. There
is a reasonable agreement between the experimental data of Elyutin and the Univer-
sity of Bayreuth data, the liquidus temperatures agree within ± 25 K.

Results

Five one-dimensional and four two-dimensional spreading tests have been per-
formed, in each one iron and oxide melts separately. The dimensions of the spread-
ing channels or spreading areas for both iron and oxide melts are listed in Table 1.

Table 1: Dimensions
Test#

KATS 10+14
KATS 11-13

KATS 8 - 1 7

of the spreading surfaces for iron and oxide melts
Iron melt Channel [m] Oxide

1-dimensional tests (width x length)
0,15x12
0,15x15

2-dimensional tests (width x length)
1,8x2,8

melt channel [m]

0,25x12
0,25x12

1,8x2,8

One-dimensional iron spreading
First the iron spreading tests are presented, their test matrix is shown in Table 2. In
all cases the iron melt was highly superheated. In KATS 12 and 14 cordierite was
chosen as substratum, they differ in the superheat and pouring rates.
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Table 2: Test matrix of one-dimensional spreading of the iron melt

Test#

KATS-12
KATS-14

KATS-10

KATS-11

KATS-13

Substratum

Ceramics *)
Ceramics*)
Concrete

1mm Water
(Epoxy)

Concrete
Dry (Epoxy)

Concrete
Dry

Iron Mass
in Channel

(kg)
135
154

131

132

134

Tempera-
ture Melt

(°C)
1897
2167

1947

1947

1947

Pouring Rate (l/s) /
Length in Time(s)

6.7 ->• 0 l/s in 6 s
1 -> 1.5 l/s in 20 s

6.7 -> 0 l/s in 6s

6.7 -»• 0 l/s in 6s

6.7 -> 0 l/s in 6s

Spreading
Length (m)

11.35
9.4

>12 first front
7.5 m main front

>15 first front
8.5 m main front

8.5

*) Cordierite (AI2O3 37 wt%, SiO2 52 wt%, MgO 6,5 wt%)

As can be seen, the pouring rate influ-
ences the final spreading length, Figure
7, the high superheat in test KATS 14
does not compensate for the low pouring
rate. Three spreading tests, KATS 10, 11
and 13 have been performed with silic-
ious concrete as substratum. Test KATS
12 represents the reference experiment
on a ceramic substratum for these tests
with concrete. The melt temperatures
were all between 1900-1950 °C and the
pouring rates were also identical. Dry
concrete (KATS 13), dry epoxy-coated

_KATS-10
_concrete, epoxy-coated_

1mm of water

-KATS-11 i-
_ concrete, epoxy<fflated

dry |

Channel length [m]

Figure 8: Spreading of iron melt onto ep-
oxy coated concrete with and without a
water layer
the same way as onto a dry concrete
surface. The second melt front, which
carries along the main iron mass (less
than 10 wt% of the iron is found in the
first front), reaches 7.5 m and 8.5 m for
KATS 10 and 11, respectively. The
iron spreads until its height reaches 9-
10 mm. At this melt height gravitational
forces and surface tension forces are
in balance with each other, inertia
forces are negligible at those times

Figure 7: Dry spreading of iron melt onto
ceramics at low and high pouring rates

concrete (KATS 11) and epoxy-coated
concrete with a water layer of 1 mm
(KATS 10) have been investigated. The
epoxy layers in KATS 10 and 11 are
working like a gas cushion for the very first
front of the spreading melt, in both tests
this first front reaches the end of the
spreading channel at 12 and 15 m, Figure
8. Once the epoxy coating is evaporated,
the following second melt front spreads

6 8 10
Channel length [m]

Figure 9: Final melt distribution in dry tests of
iron melt onto ceramics and concrete



close to immobilization, Figure 9. No energetic melt/water reactions have been de-
tected in the presence of a thin water layer, e.g. a thin layer of water does not influ-
ence the spreading behaviour.

One-dimensional oxide spreading
Table 3 shows the experimental matrix for the one-dimensional oxide spreading
tests.

Table 3: Test matrix of one-dimensional spreading of the oxide melt

Test#

KATS-12
KATS-14

KATS-10

KATS-11

KATS-13

Substratum

Ceramics*)
Ceramics*)
Concrete

1mm Water
(Epoxy)

Concrete
Dry (Epoxy)
Concrete

Dry

Mass in
channel

(kg)
186
176

179

183

185

Tempera-
ture Melt

(°C)
2027
1967

2037

2062

2052

Pouring rate (l/s)
/ Length in

Time(s)
12.7-0 l/s in 10 s
2-* 1.2 l/s in 37 s

12.4^0 l/s in 10s

12.7 ->0 l/s in 10s

12.7->0 l/s in 10s

Spreading length
(m)

11.7
7.2

>12 first front
6.5 m main front

9.5 m first Front
6.8 m main front

7.5

*) Cordierite (AI2O3 37 wt%, SiO2 52 wt%, MgO 6,5 wt%)

•KATS-11
concrete, epoxy-coated
dry |

-KATS-13
-uncoated concrete-
_dry i

-KATS-12-
_ ceramic, dry_

Channel length [m]
10 12

Figure 10: Final melt distribution in dry tests of
oxide melt onto ceramics and concrete

As in the case of iron spreading,
three different tests with silicious
concrete as substratum have been
conducted, and again, KATS 12 with
a ceramic substrate represents also
here a reference test. Dry concrete
(KATS 13), dry epoxy-coated con-
crete (KATS 11) and epoxy-coated
concrete with a water layer of 1 mm
(KATS 10) have been investigated.
There is a distinct difference in
spreading length comparing spread-
ing onto dry ceramics and concrete,
Figure 10. After evaporation of the epoxy coating the rest of the melt (more than 90
wt%) spreads as onto dry concrete. The reference experiment KATS 12, with a ce-
ramic substrate shows a distinctively higher spreading length than those of the con-

crete tests. Intense outgasing of
the water in the concrete during
spreading and mixing with the ox-
ide melt increases the effective
viscosity, leading to a reduced
spreading length. As for the iron
melt, also here the epoxy layers in
KATS 10 and 11 are working like
a gas cushion for the very first
front of the spreading melt. In the
test Kats 10 this first front reaches

100
75

E" 50
£ 25
.§,100
£ 75
% 50
S 25

_ KATS-10
concrete, epoxy-coatec

~ 1mm of water

-KATS-11
_ concrete, epoxy-coatec

dry I

Channel length [m]

Figure 11: Spreading of oxide melt onto epoxy
coated concrete with and without a water layer



the end of the spreading channel at 12 m. In KATS 11 the first front reaches only 9.5
m, Figure 11. The second melt front reaches in both tests about 7 m. Also here with
an oxide melt no energetic melt/water reaction has been detected during spreading.

Two-dimensional iron spreading
Table 4 lists the experimental parameters of the two-dimensional iron spreading
tests. Of the four tests two have been performed with a ceramic as substratum and
two with silicious concrete. The melt superheating was in all cases above 550 K.

Table 4: Test matrix of two-dimensional spreading of the iron melt

Test#

KATS-8

KATS-15

KATS-16

KATS-17

Substrate

Ceramic

Ceramic

Concrete, dry

Concrete
Epoxy coated

1 mm water layer

Spread
Mass (kg)

155

145

141

147

Temp.
(°C)

2097

2197

2147

2197

Pouring rate

6.7 - 0 l/s in 7 s

1 - 2 l/s in 17 s

1 -1.6 l/s in 21 s

1 - 2 l/s in 15 s

Spreading
area

2.6 m2

2.3 m2

-2.3 m2

~3m2

As for the one-dimensional spreading results, it is the surface tension which defines
the final spreading surface, the pouring rate has not much influence. Figure 12 shows
results of all four two-dimensional iron melt spreading tests. In all tests a certain
amount of oxide melt flowed through the window after the iron melt was exhausted.
The spreading of the iron melt was always first in time, so the following oxide melt did
not influence the iron spreading. Despite the fact that the final spreading surfaces are
similar in all cases, a distinctively different behaviour can be seen between spreading
on ceramic and concrete: on a ceramic surface the iron melt propagates to the oppo-
site wall of the spreading surface and there continues to spread into lateral direction
until the melt height reaches 9-10 mm and immobilizes due to surface tension forces.
The melt stays in the liquid state for a while. During the cooling down phase it re-
tracts due to increasing surface tension, free areas are formed which have been oc-
cupied by iron melt during the spreading phase. In contrary, on concrete, the
spreading propagates more slowly due to outgasing of concrete (increase of effective
viscosity), the melt does not reach the opposite wall, but the final spreading surface,
also being controlled by surface tension effects, is close to the former tests with a
ceramic substrate.

Two-dimensional oxide spreading
Table 5 lists the experimental parameters of the two-dimensional oxide spreading
tests. Two of the four tests have been performed with a ceramic as the substrate and
two with dry silicious concrete. Figure 13 shows results of all four two-dimensional
oxide melt spreading tests. KATS 8 was the only one in this series of two-
dimensional tests without a silica additive to the oxide melt, therefore the liquidus
temperature was higher, about 2025 °C - 2050 °C. So the superheat of the oxide
melt in KATS 8 was only about 50 K, the large final spreading area onto the ceramic
substrate is guaranteed due to the high pouring rate.



Table 5: Test matrix of two-dimensional spreading of the oxide melt

Test#

KATS-8

KATS-15

KATS-16

KATS-17

Substrate

Ceramic

Ceramic

Concrete, dry

Concrete, dry

Spread Mass (kg)

158

144

129

121

Temp. (°C)

2097

2027

1947

2147

Pouring rate

7.5-0 I/sin 16 s

~2 l/s in 26 s

-1.4 I/sin 31 s

-3 l/s in 15 s

Spreading
area

3.9 m2

2.5 m2

1 m2

3.1 m2

In KATS 15 the superheat is distinctively higher, 100 K (oxide with SiO2 additive), yet,
due to a smaller pouring rate, the finally covered spreading surface is smaller. In
KATS 16 the superheat has been very minor, only about 25 K, the pouring rate was
also very small. Therefore the result is a
very poor spreading performance. Early in
time a dam has been built up, Figure 14,
accumulating a pool of liquid oxide behind.
The dam broke eventually towards the side
and the accumulated melt spread further
into lateral direction. The average height of
the oxide crust in this test was appreciably
higher compared to the other tests. Test
KATS 17 had the highest superheat and a
moderate pouring rate. Due to the high
superheat the spreading surface was
rather large on concrete.

Summary

Figure 14: Photo of spread oxide in
KATS 16 test after immobilization

Dry Spreading
Metallic melts are commonly highly superheated, immobilization is controlled by sur-
face tension effects of the still hot liquid melt. As to oxidic melts, spreading can be
critical if the temperature is below liquidus where the viscosity is increasing strongly
with decreasing temperatures. If a high pouring rate of the oxide melt is ensured, the
negative effect of a low superheat can be compensated. The KATS tests have shown
that spreading of oxide melts onto concrete surfaces is smaller than on ceramic ma-
terial. This is due to the intense outgasing of concrete which increases the effective
viscosity of the melt.
Wet spreading
The spreading tests described in this paper with water layers of 1 mm and former
KATS tests with water layers up to 10 mm show no large influence onto the global
spreading of melts, only minor melt/water interaction have been observed locally, yet
the further spreading was not obstructed.

The results of these KATS spreading tests have been and still are currently used by
different research groups in France and Germany which are involved in the analysis
and engineering layout of the EPR core catcher.
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KATS-8

155 kg

6.

2.6 m
iron + 12 kg

2100°C
7 - 0 1/s in 7

ceramics

oxide

s

KATS-15 2.3 m2

145 kg iron + 15 kg oxide
2200°C

1-2 1/s in 17 s
ceramics

KATS-16
141kg iron +40

1 -
2150°C

1.51/sin
concrete

kg

20

2.3 m2

oxide

s

KATS-17
147 kg iron + 80

1 -
epoxy

water

2200°C
2 1/s in

m2

kg oxide

16s
coated concrete
layer ~ 1 mm

Figure: 12: 2-dim spreading of an iron melt

KATS-8

7.5

158 kg
2100°C

- 0 1/s in
ceramics

3.9 m2

16 s

KATS-15 2.5 m2

144 kg
2030°C

~2 1/s in 26 s
ceramics

KATS-16 lm 2

129 kg
1950°C

-1.4 1/s in 31 s
concrete

KATS-17
121kg

2150°C
~3 1/s in 15

concrete

3.1m2

s

Figure 13: 2-dim spreading of an oxide melt
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