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h i g h l i g h t s

� Natural convection of oxide pool in 3-layer configuration during IVR was investigated.
� High Ra was achieved by using mass transfer experiments based on analogy concept.
� Heat ratio to light metal layer was 14% higher for 3-layer configuration than 2-layer one.
� Heat transfer to heavy metal layer was poor and hence heat load to side wall increased.
� Angular heat loads to side wall showed strengthened heat focusing at uppermost location.
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a b s t r a c t

We investigated the natural convection of the oxide layer in a three-layer configuration of core melts in a
severe accident. In order to achieve high modified Rayleigh numbers of 1012–1013, mass transfer exper-
iments were performed using a copper sulfate electroplating system based upon the analogy between
heat and mass transfer. Four different cooling conditions of the top and the bottom plates were tested.
The upward heat ratios were 14% higher for three-layer than for two-layer due to the reduced heights
and the downward heat ratios were lower the same amount. The local Nusselt numbers for the top
and the bottom plates were measured and compared with the two layer configuration. To explore the
heat load to the reactor vessel, the angle-dependent heat fluxes at the side wall, were measured and com-
pared with the two-layer configuration. Heat load to the side wall and peak heat at the uppermost loca-
tion were intensified for the three-layer configuration.

� 2017 Elsevier B.V. All rights reserved.

1. Introduction

Fuels may melt and relocate to the lower vessel plenum in a
severe accident, releasing the decay heat continuously. The IVR-
ERVC (In-Vessel Retention-External Reactor Vessel Cooling) is an
effective strategy for maintaining the reactor vessel integrity dur-
ing a severe accident. The IVR strategy has been verified for small
and medium sized plants such as AP600, AP1000 and Loviisa
nuclear power plants, whose surface-to-volume ratios are large.
Meanwhile, the EPR of 1800 MWe gave up the strategy and
adopted the core catcher. The IVR strategy for APR-1400 are to
be further verified whose power level is in between.

The molten fuels could be stratified into two-layer (upper light
metal layer and lower oxide layer) or three-layer (upper light
metal layer, middle oxide layer and lower heavy metal layer) by

the density differences. Most studies have been performed for
the two-layer configuration. Natural convective flows inside the
oxide pool of two-layer and three-layer configurations are different
due to the geometrical differences. Especially, the light metal layer
of the three-layer configuration, becomes thinner than that of the
two-layer system, resulting in the intensification of heat focusing
to the reactor vessel. The oxide pool governs the entire heat trans-
fer of the IVR as it supplies the decay heat to other metal layers
with high heat conductivities. Thus, the phenomenological study
is needed to explore the internal flow and heat transfer of the
three-layer oxide pool, which imposes larger heat load to the reac-
tor vessel. Especially, it is important to know the heat ratios of
upward, side and downward.

We performed the natural convection experiments of the oxide
layer in three-layer configuration. We employed the mass transfer
experiments using a copper sulfate–sulfuric acid (CuSO4–H2SO4)
electroplating system based on the heat and mass transfer analogy
concept. By performing mass transfer experiments, we could
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achieve high buoyancies with small facilities. The test facility is
semi-circular with chopped bottom, simulating the oxide pool
above the heavy metal layer in a three-layer configuration
(MassTER-OP2-HML: Mass Transfer Experimental Rig for a 2-D
Oxide Pool above Heavy Metal Layer). The Ra0H ranged from 1012

to 1013. We measured the heats at the top plate, the side wall
and the bottom plate, and compared these results with those for
a two-layer configuration.

2. Theoretical background

2.1. Phenomena

In a severe accident, the molten core relocates to the lower ves-
sel plenum. Generally, it is assumed that the metallic materials,
such as Fe and Zr, and the oxidic materials, such as UO2 and
ZrO2, are stratified into two-layer by the density difference, as
shown in Fig. 1(a). However, MASCA experiment (Barrachin and
Defoort, 2004) reported that when Zr is not oxidized sufficiently,
the U migrates to the metal layer, increasing the density of metal
layer. Then, it leads to the layer inversion and an additional heavy

metal layer is formed at the bottom, resulting in three-layer config-
uration as shown in Fig. 1(b). The top layer contains Fe and Zr. The
middle oxide layer consists of UO2, ZrO2 and most of the fission
products. The bottom heavy metal layer contains U, Fe and Zr with
some metallic fission products. The thickness of the light metal
layer decreases due to the formation of heavy metal layer, which
would then enhance the heat focusing to reactor vessel in the
metal layer.

In a three-layer configuration, the geometry of oxide layer
becomes the chopped hemi-sphere as shown in Fig. 2. The decay
heat is transferred to the top plate, the side vessel and the bottom
plate.

Fig. 3(a) indicates the flow patterns of oxide layer in two-layer
configuration (Bonnet and Seiler, 1999). The external cooling forms
the natural convective flows which run down along the curved sur-
face and merge at the bottom. Then, these flows move upward and
disperse towards the edge at the top plate. There are also natural
convective flows underneath the top cooling plate. As there was
no detailed explanation for three-layer configuration in the exist-
ing studies, we expect the three-layer flows are similar with the
two-layer flows as shown in Fig. 3(b).

Nomenclature

A Area [m2]
C Molar concentration [kmole/m3]
Dm Mass diffusivity [m2/s]
Da Damköhler number (q00 0H2/kDT)
F Faraday constant [96,485 Coulomb/mole]
g Gravitational acceleration [9.8m/s2]
GrH Grashof number (gbDTH3/m2)
hh Heat transfer coefficient [W/m2 K]
hm Mass transfer coefficient [m/s]
H Height [m]
I Current density [A/m2]
I000 Current per volume [A/m3]
Ilim Limiting current density [A/m2]
k Thermal conductivity [W/m K]
n Number of electrons in charge transfer reaction
Nu Nusselt number (hhH/k)
Pr Prandtl number (m/a)
Q Heat quantity [W]
q Heat generation rate [W]
q00 0 Volumetric heat generation rate [W/m3]
R Radius corresponding to pool [m]
RaH Rayleigh number (GrPr)
Ra’H Modified Rayleigh number (RaHDa)
Sc Schmidt number (m/Dm)

Sh Sherwood number (hmH/Dm)
T Temperature [K]
tCu
2+ Transference number of Cu2+

Ux Uncertainty of x

Greek symbols
a Thermal diffusivity [m2/s]
b Volume expansion coefficient [1/K]
c Dispersion coefficient
l Viscosity [kg/m s]
m Kinematic viscosity [m2/s]
q Density [kg/m3]

Subscripts
b Bulk
bottom Bottom plate
dn Downward
h Heat transfer system
m Mass transfer system
side Side wall
T Thermal
up Upward

Fig. 1. Stratified molten pool configuration.
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