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ABSTRACT

The paper presents the results of the energetic event triggered in FARO test L-33,
which was the last test of the FARO series dedicated to large-scale experimental in-
vestigation of FCI in light water reactors.

In FARO L-33, 100 kg of UO2-ZrO2 corium at 3000 K were released via a 50 mm ori-
fice to a pool of sub-cooled water 1.6 m in height and 0.71 m in diameter at 0.4 MPa
system pressure. A self-sustained propagating event triggered by an explosive
charge occurred when the melt leading edge reached the pool bottom and about 22
kg of melt had entered the water. The maximum pressure measured at the inner ves-
sel wall located at a radial distance of 350 mm form the centre of the test section was
10 MPa. The maximum impulse was 20 kPa.s and the mechanical energy release
about 110 kJ (i.e., two orders of magnitude higher than the trigger energy), giving a
maximum efficiency of the order of 0.2 %.

The energetic event caused the inner test vessel to deform plastically and lift inside
the housing pressure vessel FAT, which moved 2.5 mm upward and downward but
was not damaged. After the event, the rest of the melt discharged undisturbed into
the water and quenched as in the previous FARO tests.

1. INTRODUCTION

The general scope of the FARO programme was to provide reference data to assess
the plant response to core melt relocation, and to verify design solutions and accident
management strategies for core melt cooling and retention in the containment.

The FARO tests were designed to study the integral corium melt jet/water mixing and
quenching behaviour by using 150-kg-scale of UO2-based melt in prototypical condi-
tions. Basically, the penetration of molten corium into the water of the lower plenum
or cavity during a hypothetical core melt down accident and its subsequent settling
on the lower head or cavity floor were simulated. The melt quantity used in FARO
was about one order of magnitude higher than in previous work. Thus, the data rep-
resent a major contribution to FCI risk assessment and verification of computer
codes extrapolation capabilities to large-scale and 3-D situations.
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The influence of melt quantity, melt composition, water depth, water subcooling and
initial pressure on quenching was assessed on the basis of eleven tests performed in
various conditions. The results have been reported in a number of articles, e.g., [1, 2,
3]. Tests involved UO2-based melt quantities in the range 18-177 kg at a temperature
of approximately 3000 K. No external trigger was applied in any of these tests and no
steam explosion occurred spontaneously.

The purpose of test L-33 was to assess the system response to a trigger event oc-
curring during corium melt slumping into water in the cavity (ex-vessel conditions).

2. EXPERIMENT DESCRIPTION

2.1. Test Arrangement

The test arrangement is shown in Figure 1. It is similar to former FARO tests, and in
particular to L-29 and L-31 [4]. The test vessel FAT (designed for 8 MPa, 573K) is
connected to the UO2-ZrO2 melting furnace via the release channel. The water is
contained in an inner cylinder of diameter 0.71 m. There is a gap of 0.18 m between
the top of the internal cylinder vertical wall and the FAT vessel upper flange, so the
internal cylinder communicates freely with the rest of the FAT volume. The annular
space between the test vessel and the internal cylinder is not filled with water and,
thus, is part of the free-board volume (-3.5 m3 of argon in total).

After being produced in the FARO furnace, the melt is delivered to the release ves-
sel, and the intersection valve SO1 and isolation valve SO2 are closed. The explo-
sive slide valve SO5 (opening time 40 ms) allows the melt to be released to the water
by gravity. A lateral opening of diameter 100 mm in the release vessel prevents pres-
sure differences between the release vessel and FAT during the melt release. After
mixing with the water, the corium is collected in a debris catcher.

2.2. Instrumentation

The principal quantities measured in the test vessel during the corium quenching are
pressures and temperatures both in the freeboard volume and in the water, and tem-
peratures in the debris catcher bottom plate. For rapid transient records, seven pres-
sure transducers (capacitive, range 0-100 MPa, frequency response over 140 kHz)
were installed on the inner vessel wall in the water region at six different levels. Sac-
rificial thermocouples on the centreline both in freeboard and in water are used to
determine the downward progression history of the melt leading edge. The other
thermocouples in the freeboard volume are shielded from thermal radiation of the
melt jet. The level swell is measured by means of two continuous level-meters based
on the time domain reflectrometry method developed at JRC-lspra [5]. Ultrasonic
temperature sensors made of tungsten [5] are mounted in the release vessel for
measuring the temperature of the melt. In total, about 250 signals are registered to 6
different recorders of the data acquisition system.

In L-33, all the view ports were closed for safety. A video camera was installed inside
the FAT vessel under the upper flange. The camera filmed the jet during the free fall
in the gas space. Its housing window was about 0.45 m from the jet axis and the
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camera could view a jet length of about 0.6 m including the release vessel nozzle. A
second camera was installed in the facility room to film any displacement of the FAT
vessel consequent to an energetic event. For this purpose, the camera framed a ref-
erence ruler with 5 mm thick black and white stripes attached to the FAT vessel and
an identical ruler fixed to a support anchored to the floor and independent from the
facility.
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Figure 1. FARO L-33 arrangement
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2.3. Test conditions

Table 1 summarises the experimental conditions of the test.

Melt
Composition, w%
Mass, kg
Temperature, K
Delivery nozzle diameter, m
Ap delivery
Free fall in gas, m

80 UO2+ 20 ZrO2

100
3070 (*)

0.05
Gravity

0.77
Water

Mass, kg
Depth, m
Temperature (average), K
Subcooling, K
Fuel to coolant mass ratio

531
1.62
294
122
0.19

Gas Phase
Composition, w%
Volume, m3
Average initial temperature (K)
Pressure, MPa

100Ar
3.496
298
0.41

3. RESULTS

3.1. Visualisation of the jet entry conditions

Figure 2 reports pictures of the jet during the free fall through gas and its entry into
water taken by the video camera installed inside the FAT vessel. The angle of the jet
in the pictures is due to the position of the camera. In reality, the jet was perfectly
centred. The camera could view a jet length of about 0.60 m. The release nozzle is
seen at the top of the pictures. The lower border of the pictures corresponds to a
distance of about 0.20 m above the initial water level. As can be seen, the jet was
perfectly coherent. The last picture corresponds to about 40 ms before the trigger
operated.

3.2. Triggering

Two triggers, characterised in pure water before the test, were installed in the inner
cylinder (test section). The first was located at the bottom, on the centreline, 5 mm
above the bottom plate. It was made of a charge of 0.5 g of pentrite and was set to
be activated 775 ms after the start of melt release. At this time the jet leading edge is
estimated to be near to the bottom plate. A second dual trigger, composed of two
charges of 0.17 g pentrite each and located 180° apart from each other, was installed
on the inner cylinder lateral wall about 1 m above the bottom plate. This trigger was
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set to be activated 2000 ms after the first trigger in order to act upon the jet column in
case the first trigger did not induced an explosion.

Time 1040 ms Time 1080 ms

Figure 2. Images of the jet from the SONY camera located inside FAT
vessel

Actually, the first trigger operated 1124 ms after the start of the melt release (identi-
fied by the rupture of a trigger wire), i.e., 114 ms after the melt had impacted the
bottom plate (identified by the rupture of a thermocouple) and about 40 kg of melt
had been released. This trigger induced a propagating event that temporarily stopped
the release of the rest of the melt (60 kg). The pressure curve of Figure 3 indicates
that the melt release continued after the event, and the timing shows that the second
trigger set to operate 2000 ms after the first one could have still acted upon the jet
column. However, probably due to disturbances induced by the first event, the sec-
ond trigger operated at time 6720 ms and had no effect.
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Figure 3. Vessel pressure



3.3. Energetic event

An average void fraction of 5% at the time of the trigger was obtained form the con-
tinuous level-metre signals.

Figure 4 reports the readings of the fast KISTLER® pressure transducers (acquired at
50 kHz) installed in the water on the inner cylinder wall at 6 different levels (from 490
mm to 1615 mm from the bottom plate). The maximum pressure was 10.6 MPa at
elevation 1390 mm. From these curves, a upward wave propagation velocity of 370
m/s is deduced.

The energetic event induced a vertical move of the FAT vessel. Figure 5 reports the
displacement of the FAT vessel deduced from the external video camera records.
The vessel first moved downward approximately 2.5 mm and then upward up to ap-
proximately the same amount. The FAT vessel was not damaged but the inner ves-
sel was deformed plastically as shown in Figure 6.

Calculating the mechanical energy yield of the interaction as the work done on the
FAT vessel cover gas by assuming isentropic compression to the maximum pressure
during the short time scale of the interaction one finds 110 kJ kJ (i.e., two orders of
magnitude higher than the trigger energy). This gives an efficiency of 0.17% refers to
the melt mass under water at the time of the trigger (estimated to 22 kg, i.e., 66 MJ).
In this estimate, the energies involved in downward displacement of the vessel and in
deforming the internals have been disregarded.

The total amount of debris delivered to the test section was 100 kg. Of this, 97 kg
were found in the debris catcher while 1.5 kg were found on the test section internal
structures and 1.5 kg were found in the annular space outside the inner cylinder. At
the time this paper is written, the debris has not been yet removed from the catcher
and, thus, no information is available on its morphology. A Photograph of the debris
is shown in Figure 7. Very fine particles are deposited at the top.

propagation velocity 370 m/s
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Time (s)
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Figure 4. Upward propagation of the energetic event (pt xxx = pressure
transducer in water located on the wall of the test vessel at xxx mm from

bottom; pressure scale = 2.5 MPa by division).
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Figure 5. FAT vessel displace-
ment caused by the energetic

event
Figure 6. Plastic deforma-
tion of the inner cylinder

Figure 7. Photograph of the debris

4. CONCLUSIONS

The test confirmed at large scale the KROTOS finding that steam explosion effi-
ciency with corium is low.

On the other hand, the test demonstrated that a propagating event with corium was
not difficult to trigger externally in a 3-D configuration.

However a definite conclusion cannot be drawn on one test only and a few additional
experiments would be required in different 3-D arrangements and different melt com-
positions.
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