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An analytical code for thermo-fluiddynamics of a
molten debris, CAMP, was applied to the analysis of
the ex-vessel and in-vessel debris coolability
experiments performed in ALPHA program. The
analysis on the ex-vessel debris coolability experiments,
where water was added onto a layer of thermite melt,
indicated that the upper surface of the melt was remained
molten during a period when melt eruptions followed
by a mild steam explosion were observed This might
imply that a coarse mixing between the melt and the
overlying water could have been formed if a sufficient
force was generated at the interface between the two
fluids. In the analysis of the in-vessel debris coolability
experiments, where an aluminum oxide (A12O3) melt
was poured into a water-filled lower head experimental
vessel, a temperature increase at the outer surface of the
vessel was qualitatively reproduced when a gap was
assumed to be at the interface between the solidified
A12O3 and the vessel wall.
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1. INTRODUCTION

A molten debris generated in a reactor core relocates to
and penetrates through a lower head of a reactor pressure
vessel (RPV) during a severe accident of a light water
reactor if a sufficient cooling is not maintained. An
interaction of the molten debris with a concrete basemat
of a reactor containment vessel (RCV) could occur
when the RPV lower head is broken, which threaten the
integrity of the RCV due to the generation of thermal
and mechanical loads. In order to mitigate severe
accident consequences, an intentional addition of water
onto the molten debris in the RCV has been proposed as
one of accident management measures. However, there
is a possibility that the water addition may produce an
energetic fuel coolant interaction (referred to as a steam
explosion), resulting in a dynamic load onto the RCV.

A severe damage of the reactor core followed by the
molten debris relocation to the lower head was realized
in the Three Mile Island Unit 2 (TMI-2) accident[l]. It
was identified through activities in the OECD TMI-2
Vessel Investigation Project that approximately 20
tons of debris was accumulated on the lower head[2].
The results obtained from metallurgical examinations
showed that temperature of the lower head was locally

elevated up to approximately 1400 K. It was also
evaluated that the locally heated area was cooled down
with a temperature reduction rate of 10 to 100 K/s.

Ex-vessel and in-vessel debris coolability experiments
were performed at JAERI (Japan Atomic Energy
Research Institute) as part of ALPHA (Assessment of
Loads and Performance of Containment in Hypothetical
Accident) program[3-5]. Main objectives of the ex-
vessel debris coolability experiments are to inquire
whether or not a steam explosion occurs when water is
poured onto a high temperature melt, to characterize the
steam explosion if it happens and to study heat transfer
characteristics between the melt and the overlying water.
The in-vessel debris coolability experiments aimed at
identifying mechanisms of debris cooling encountered
in the TMI-2 accident and evaluating the possibility of
the in-vessel debris retention by internal water of the
RPV. In parallel with the experiments, the
development of CAMP (Coolability Assessment for
Melt Pool) is in progress for a detailed analysis on
thermo-fluiddynamics of the molten debris[6].

In the ex-vessel debris coolability experiments, water
was poured onto a melt produced by a thermite reaction
between aluminum and iron oxides. A mild steam
explosion occurred in an experiment after a stable film
boiling was kept for a while. A consecutive melt
eruption was observed immediately before the mild
steam explosion in case that highly subcooled water
was added onto the melt through a pipe type nozzle. It
was considered an adequate mixing of the melt with the
overlying water was developed by the melt eruption.

An A12O3 melt as a debris simulant was gravitationally
poured in a water filled lower head experimental vessel
in the in-vessel debris coolability experiments. The
experimental results showed the formation of an
interfacial gap between the solidified A12O3 and the
vessel wall. It could be concluded that the interfacial gap
acted as a path for water penetration to cool down the
A12O3 melt and the vessel, which supported a
hypothesis by Henry and Dube[7] for a debris cooling
mechanism in the TMI-2 accident. The formation of an
interfacial gap was also identified in other experimental
programs[8-10].

One of main objectives of the analysis for the ex-vessel
debris coolability experiments is to evaluate a
temperature at the upper surface of the melt when the
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melt eruption occurred The analysis for the in-vessel
debris coolability experiments was performed in order
to assess the influence of the interfacial gap on thermal
responses of the vessel. The present paper summarizes
major findings obtained from the analysis for the both
debris coolability experiments.

2. DESCRIPTION OF EXPERIMENTS

The ex-vessel and in-vessel debris coolability
experiments were performed in the model containment
vessel of the ALPHA facility with an inner volume of
approximately 50 m3. A thermite melt composed of
A12O3 and iron was generated and held in an interaction
vessel fabricated mainly with a magnesium oxide
(MgO) crucible. The structure of interaction vessel is
shown in Fig. 1. The MgO crucible was enclosed in a
carbon steel cover and the gap between them was filled
with an MgO powder as a thermal insulator. Water was
poured onto the center area of the thermite melt through
a pipe nozzle or a spray nozzle at 10 through 15 seconds
after the thermite reaction was completed. Due to a large
density difference between the A12O3 and iron melts, it
was anticipated that a stratified state of the two melt
components was quickly established. The nozzle exit
was located at approximately 0.3 m above the surface of
the thermite melt. In cases that the pipe nozzle was
employed, the initial water velocity at the nozzle exit
was ranged from 0.46 to 0.66 m/s.

MgO powder Carbon steel

(Unith mm)

Fig. 1 Structure of interaction vessel used in ex-
vessel debris coolability experiments

The major experimental parameters of the ex-vessel
debris coolability experiments were an inner diameter of
the interaction vessel, a water temperature (room or
saturation temperatures) and a water pouring mode (pipe
or spray nozzle). Seven experiments were conducted
with small, medium and large diameter interaction
vessels. A depth of the MgO crucible was 500 mm for
the all interaction vessels. An inner diameter and
thicknesses of wall and base of the MgO crucible for the
small diameter interaction vessel were 100 mm, 10 mm
and 15 mm, respectively. They were 200 mm, 17.5 mm

and 20 mm for the medium diameter interaction vessel
and 355 mm, 32.5 mm and 35 mm for the largest one.

As previously described, a mild steam explosion
preceded by a consecutive melt eruption occurred in one
of the experiments. The melt eruption was found after a
stable film boiling was maintained for approximately
10 seconds, during which a 30 mm depth of water was
accumulated on the thermite melt. Melt eruptions were
observed in the all experiments, even if a steam
explosions did not occur, under conditions that water
with a room temperature was poured through the pipe
nozzle.

The experimental apparatus for the in-vessel debris
coolability experiments included a thermite melt
generator, a lower head experimental vessel and water
and nitrogen supply systems. The structure and
dimension of the lower head experimental vessel are
shown in Fig. 2. The vessel was mainly made of carbon
steel and composed of hemispherical and cylindrical
parts with an inner radius of 0.25 m. A stainless steel
liner with a thickness of 2 mm covered the inner surface
of the hemispherical part. A layer of thermal insulator
was provided on the outer surface of the vessel for the
minimization of a heat loss to the atmosphere of the
model containment vessel.

483)

250

Carbon
steel

(Unit in mm)

Sainless steel
liner

Fig. 2 Structure and dimension of lower head
experimental vessel used in-vessel debris
coolability experiments

Only an A12O3 melt produced by the thermite reaction
was employed as a debris simulant, the A12O3 melt was
gravitationally introduced into the lower head
experimental vessel when a desired period of time
(approximately 45 seconds) was elapsed after the
initiation of the thermite reaction for the separation due
to a density difference between the A12O3 melt at the top
and the iron melt at the bottom.

Two experiments were performed with an experimental
parameter of a mass of the A12O3 melt. The model
containment vessel was pressurized to approximately
1.3 MPa during the experiments to suppress the
occurrence of a steam explosion. Temperature and level
of a water layer in the lower head experimental vessel at
the entry of the A12O3 melt were similar in the two
experiments, which were approximately 450 K and 0.3
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m, respectively. An approximately 30 kg of A12O3 melt
in the first experiment and 50 kg in the second were
poured into the vessel.

The results on a thermal transient of the lower head
experimental vessel showed the formation of an
interfacial gap between the solidified A12O3 and the
vessel wall. It was supposed that the interfacial gap
acted as a thermal resistance during an initial phase of
the experiments and subsequently became a path for
water penetration to cool down the A12O3 melt and the
vessel. The formation of the interfacial gap was also
confirmed in a post experiment measurement with an
ultrasonic technique.

3 ANALYTICAL MODELS

The present version of CAMP has a capability of
analyzing laminar and turbulent convection of a single
component fluid with an internal heat generation,
solid-liquid phase change of the fluid and heat
conduction in a vessel wall containing the fluid A
finite volume scheme for the spatial discretization, a
semi-implicit time integration and hybrid analytical
grids composed of triangle and rectangle cross-sectional
cells were employed in CAMP. Since a range of
Rayleigh number, Ra, for the ex-vessel and in-vessel
debris coolability experiments was 106 through 107,
only a laminar convection of the A12O3 melt was
considered.

The analytical configuration for the ex-vessel debris
coolability experiments is illustrated in Fig. 3. The
analysis was carried out for three different scales with
the small, medium and large diameter interaction
vessels. At a time of water addition in the experiments,
it was anticipated that the products of the thermite
reaction formed a stratified geometry with an
approximately 50 mm depth of the A12O3 melt on an
approximately 30 mm depth of the iron melt. Because
CAMP did not have a capability for treating a multi
component fluid, an assumption was made that a 80
mm depth of A12O3 melt was held in the interaction
vessels. The initial temperature of the A12O3 melt, the
overlying water and the MgO crucible were set at 2700
K, 373 K and 373 K, respectively. A heat-up of the
MgO crucible during a period between the initiation of
the thermite reaction and the water addition was ignored,
which was approximately 30 seconds. The initial
temperature of the overlying water was based on the
measurement with thermocouples that the temperature
was increased to the saturation temperature even in case
that water with a room temperature was added on the
melt.

The upper surface of the A12O3 melt was considered as a
boiling boundary. Berenson correlation for film boiling
on a horizontal flat plate was usedfll], taking thermal
radiation heat transfer into account. A depth of the
overlying water layer and the temperature of the inner
surface of the MgO crucible exposing to the water layer
was fixed at 50 mm and the saturation temperature of

water (373 K), respectively. Other surfaces of the MgO
crucible was assumed to be adiabatic.

The analytical configuration of the in-vessel debris
coolability experiments is illustrated in Fig. 4. The
analysis was performed for the experiment with a 50 kg
of A12O3 melt. A depth of the A12O3 melt and the
overlying water layer was 160 mm and 140 mm.
respectively. The initial temperatures for the A12O3

melt, the overlying water and the vessel wall were
chosen as 2500 K, 468 K and 440K, respectively.

Adabdic

Adabetic

Adabalic
(Unit in mm)

Fig. 3 Analytical configuration for ex-vessel
debris coolability experiments
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Fig. 4 Analytical configuration for in-vessel
debris coolability experiments

A boiling heat transfer was assigned for the upper
surface of the A12O3 melt. Kutateladze correlation for a
nucleate boiling regime[12] and Berenson correlation
for a film boiling regimefll] were employed. Critical
and minimum heat fluxes were calculated with Zuber
and Berenson correlations, respectively[ll,13]. Heat
flux in a transition boiling regime was evaluated by
interpolating the critical and minimum heat fluxes.
Temperature at the inner surface of the lower head
experimental vessel contacting with the overlying
water layer was fixed at the saturation temperature of
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water at 1.3 MPa. Other surfaces of the vessel were
assumed to be adiabatic boundaries.

The analysis was performed for both cases that the
A12O3 melt and the vessel wall perfectly came into
contact and the interfacial gap existed between them. A
width of the interfacial gap was assumed to be 1 mm
based on the measured results with the ultrasonic
technique in the experiments. The interfacial gap was
assumed to be filled with the saturated steam. Heat
conduction through the steam and thermal radiation
were considered for heat transfer between the A12O3 melt
and the vessel wall.

The initial temperature of the A12O3 melt for the both
debris coolability experiments was based on a separate
measurement with a pyrometer using a 3 kg of thermite
[14]. Same material properties of A12O3 as those in a
scaling calculation for the in-vessel debris coolability
experiments[5] were used in the present analysis.
Temperature dependences of the material properties
were not taken into account except the steam filled in
the interfacial gap.

4. RESULTS AND DISCUSSIONS

The analytical results on the temperature history at the
upper surface of the A12O3 melt were plotted in Fig. 5
for ex-vessel debris coolability experiments. It was
found that the temperature was initially decreased and
subsequently increased again for the all experiments
with the small, medium and large diameter interaction
vessels. This increase in temperature was resulted from
an upward flow of the A12O3 melt due to the natural
convection. For the experiments with the medium and
large diameter interaction vessels, the analysis showed
that the upper surface temperature was higher than the
melting temperature of A12O3 during a period when the
melt eruptions were observed It should be noted that,
however, the A12O3 melt was possible to be locally
solidified at the impinging area of the water column. A
further detailed analysis on water flow characteristics is
needed to clarify the local phenomena.
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Fig. 5 Analytical results on temperature history
at upper surface of melt for ex-vessel
debris coolability experiments

It was considered that a direct contact of water with the
A12O3 melt was realized due to a local destabilization of
a vapor film to generate a high pressure at the interface
between the two fluids. This phenomenon was not
directly confirmed in the ex-vessel debris coolability
experiments. Theoretical investigations indicated that a
stable vapor film could not be maintained under a
condition that water surrounding a melt was highly
subcooledwater[15,16]. If the propagation of a direct
contact between the A12O3 melt and the overlying water
was sustained at the interface, the melt eruption could
have been realized to result in the formation of an
adequate mixing configuration of the A12O3 melt and the
overlying water. The melt eruption in the ex-vessel
debris coolability experiments was supposed to be
similar with the phenomenon observed in the
experiments by Frost, et al.[17] that a tin/water/vapor
mixture was formed behind a propagated shock wave at
the interface between molten tin and water in a stratified
geometry.

The comparison between the analysis and the ex-vessel
debris coolability experiments for heat flux from the
A12O3 melt to the overlying water is shown in Fig. 6.
The heat flux in the experiments was evaluated by an
energy balance of water poured onto the A12O3 melt after
the water level reached thermocouples for the
temperature measurement of the overlying water.
Although the analytical period (30 seconds) was not
sufficient, extrapolation of the analytical results seemed
to imply that Berenson correlation for film boiling with
the influence of thermal radiation was applicable to a
high surface superheat condition exceeding the melting
temperature of A12O3.
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Fig. 6 Comparison for heat flux from upper
surface of melt to overlying water for ex-
vessel debris coolability experiments

The comparison of the analysis with the results in the
in-vessel debris coolability experiments for the
temperature history at the outer surface of the lower
head experimental vessel is plotted in Fig. 7 in case that
the A12O3 melt and the vessel wall contacted perfectly.
Similar plot is shown in Fig. 8 but the interfacial gap
with a width of 1 mm was assumed. In a case of a perfect
contact of the A12O3 melt with the vessel wall, the
temperature increase rate on the outer surface of the
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vessel was largely overestimated by the present
analysis.

It was found through the comparison between the
analytical and experimental results that the analysis
qualitatively reproduced the increase rate and
distribution of temperature at the vessel outer surface
when the interfacial gap was assumed to exist and heat
conduction and thermal radiation through the gap were
taken into account. However, a slightly lower increase
rate in temperature was obtained through the analysis.
A part of this discrepancy was caused by uncertainties
included in the analysis such as the material properties
and the initial temperature of the A12O3 melt. It was
anticipated that the largest influence was the
assumption made in the analysis that the interfacial gap
with a width of 1 mm was initially formed and the width
was not changed during a whole period of the
experiment. The width of the interfacial gap could have
been enlarged in the experiment due mainly to thermal
expansion of the vessel wall and shrinkage of the A12O3

melt upon solidification.
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It should be noted that water penetration into the
interfacial gap has not been modeled yet in CAMP.
Therefore, CAMP could not reproduce the sharp
temperature decrease of the lower head experimental
vessel observed in the in-vessel debris coolability
experiments. The water penetration into the interfacial
gap is expected to be a key phenomenon for the
evaluation of the in-vessel debris coolability. The
development of an analytical model for the water
penetration is in progress, based on the flooding of a
counter-current two-phase flow.

5. CONCLUSIONS

An analytical code for an analysis of three-dimensional
thermo-fluiddynamics of a molten debris, CAMP, was
applied to the ex-vessel and in-vessel debris coolability
experiments performed in ALPHA program in order to
interpret the findings obtained from the experiments as
well as to assess analytical models. The present version
of CAMP is capable of analyzing laminar and turbulent
convection of a single component fluid with an internal
heat generation, solid-liquid phase change of the fluid
and heat conduction in a vessel wall containing the
fluid.

Water was added onto the A12O3 melt in the ex-vessel
debris coolability experiments. A mild steam explosion
occurred in an experiment, following a consecutive
melt eruption into the overlying water layer. The melt
eruption was observed in all experiments when water
with a room temperature was poured onto the melt
through a pipe type nozzle. The analysis indicated that
the temperature of the melt surface was higher than the
melting temperature of A12O3 in most experiments
during periods while the melt eruption was observed. It
was supposed that, if the collapse of a vapor film and
the propagation of a direct contact of the melt with the
overlying water was sustained at the interface between
the two fluids, the melt eruption could have occurred to
result in the formation of an adequate mixing of the
melt and the overlying water.

In the in-vessel debris coolability experiments, the
A12O3 melt was poured into a water-filled vessel
simulating a lower head of an RPV. The formation of
an interfacial gap between the solidified A12O3 and the
vessel wall was identified in the experiments. The
influence of the interfacial gap on the thermal responses
of the vessel wall was examined. It was found through
the comparison between the analytical and experimental
results that the temperature increase of the vessel wall
was qualitatively reproduced when the interfacial gap
with a width of 1 mm was assumed to exist and heat
conduction through superheated steam filled in the gap
and thermal radiation between the A12O3 melt and the
vessel wall were taken into account. In order to evaluate
the coolability of debris by the internal water of the
RPV, an analytical model for the water penetration into
the interfacial gap based on the flooding of a counter-
current two-phase flow is being developed and
incorporated into CAMP.
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