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a b s t r a c t

We performed 3-D (3-dimensional) IVR (In-Vessel Retention) natural convection experiments simulating
the oxide layer in the three-layer configuration, varying the aspect ratio (H/R). Mass transfer experiment
was conducted based on the analogy to achieve high RaH0s of 1.99 � 1012e6.90 � 1013 with compact
facilities. Comparisons with 2-D (2-dimensional) experiments revealed different local heat transfer
characteristics on upper and lower boundaries of the oxide layer depending on the H/R. For the 3-D
shallow oxide layer, the multi-cell flow patterns appeared and the number of cells was considerably
increased with the H/R decreases, which differs with the 2-D experiments that the number of cells was
independent on H/R. Thus, the enhancement of the downward heat transfer and the mitigation of the
focusing effect were more noticeable in the 3-D experiments.
© 2020 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

In a severe nuclear power plant accident condition, the molten
core relocates at the lower plenum of the reactor, and the decay
heat by the molten core may damage the reactor vessel. As one
strategy of preventing such consequence, the IVR-ERVC (In-Vessel
Retention of molten corium by External Reactor Vessel Cooling)
was proposed. It was first proposed for the AP600 and Loviisa
reactor, and was adopted by the AP1000, APR1400, and so on [1e3].

In the IVR-ERVC strategy, the heat flux to the reactor vessel
imposed by the decay heat should be properly removed by the
cooling from the outer surface of the vessel. Although it was suc-
cessfully applied to AP1000, for a larger power reactor with a
smaller surface to volume ratio, additional experiments are needed
to verify the applicability of the strategy.

The molten corium relocated to the lower head of the reactor
vessel can be stratified into three layers, which was recently
investigated by the MASCA experiment [4]. The three-layer
configuration may intensify the heat focusing at the light metal
layer because the formation of the additional heavy metal layer at
the bottom causes the top metal layer to become thinner than in
the two-layer configuration, manifesting the need for research.
However, there have been only a few studies regarding the three-
by Elsevier Korea LLC. This is an
layer configuration [5,6] and only utilized 2-D (2-dimensional) fa-
cilities. The internal flows in the oxide layer and the resulting heat
load to the reactor vessel in 2-D experiments may not simulate the
phenomena properly. Thus, we performed 3-D (3-dimensional)
experiments, which are closer to the actual oxide layer, and
compared the results with the 2-D experiments.

MassTER-OP3(HML) (Mass Transfer Experimental Rig for a 3-D
Oxide Pool with Heavy Metal Layer) was used, which is the 3-D
version of prior 2-D experiments [7,8]. To compare the results
with 2-D experiments, the aspect ratios (H/R) of this study reflected
those of the MassTER-OP2(HML). The experiments simulated the
completely melted and stratified condition of the oxide layer, as
this is the most conservative final bounding state of IVR strategy
[1]. In addition, crust formation by solidification, which reduces the
thermal load to the reactor vessel by serving as a thermal resis-
tance, were ignored. The experiments deal with late phase of melt
progression where the three-layer configuration is stably formed
with confined geometry focusing only on the oxide layer.

Based on the analogy between the heat and mass transfer sys-
tem, mass transfer experiments were carried out using the copper
sulfate-sulfuric acid (CuSO4-H2SO). With this methodology, we
achieved high Ra0H ranging from 1.99 � 1012 to 6.90 � 1013 even
with small facilities, together with the idealized thermal boundary
condition without heat leakage.
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Nomenclature

A Area [m2]
C Molar concentration [kmole/m3]
Dm Mass diffusivity [m2/s]
DaH Damk}ohler number (q000H2/kDT)
F Faraday constant [94,485 � 103 C/kmol]
g Gravitational acceleration [9.8 m/s2]
GrH Grashof number (gbDTH3/n2)
H Height [m]
hh Heat transfer coefficient [W/m2∙K]
hm Mass transfer coefficient [m/s]
h* Normalized heat transfer coefficient (hh/q000 x)
I Electric current [A]
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
NuH Nusselt number (hhH/k)
Pr Prandtl number (n/a)
Q Heat quantity [W]
Q* Normalized heat quantity [W]
q Heat generation rate [W]
q000 Volumetric heat generation rate [W/m3]
R Radius corresponding to pool [m]
RaH Rayleigh number (gbDTH3/an)
Ra'H Modified Rayleigh number (RaHDaH)

Sc Schmidt number (n/Dm)
ShH Sherwood number (hmH/Dm)
T Temperature [K]
tCu
2þ Transference number of Cu2þ

Ux Uncertainty of x
x Normalization factor

Greek symbols
a Thermal diffusivity [m2/s]
b Volume expansion coefficient [1/K]
g Dispersion coefficient
m Viscosity [kg/m∙s]
n Kinematic viscosity [m2/s]
r Density [kg/m3]

Subscripts
b Bulk
bottom Bottom plate
dn Downward
h Heat transfer system
m Mass transfer system
sd Sideward
side Side wall
top Top plate
tot Total
up Upward
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2. Theoretical backgrounds

2.1. Phenomena on three-layer oxide pool

Molten corium separates into two- or three-layers depending on
various hypothetical severe accident scenarios. The two-layer
configuration consists of the metal layer with Fe and Zr, and the
oxide layer with the UO2, ZrO2 and large amounts of fission prod-
ucts (Fig. 1(a)). When the metal layer contains enough un-oxidized
Zr, they react with the U in the oxide layer and form a heavy alloy
layer resulting in the three-layer configuration as shown in Fig.1(b).
The heavy metal layer contains U, Fe, Zr and a little amount of
metallic fission products. Although both the oxide layer and the
heavymetal layer involve fission products, the oxide layer is treated
as the major heat source since it contains most of the fission
products.

In the oxide layer, the natural convection flow caused by the
decay heat determines the heat load to the reactor vessel. To
Fig. 1. Compositions of stratified molte
consider the volumetric heat generation, the modified Rayleigh
number (Ra'H) is introduced, which is the product of the conven-
tional Rayleigh number (RaH) and the Damk}ohler number (DaH)
[9,10]. By the DaH, the temperature difference (DT) in RaH is
replaced into the volumetric heat generation (q000).

Ra0H ¼RaH � DaH ¼ gbDTH3

an
� q

000
H2

kDT
¼ gbq

000
H5

ank
; (1)

where. DaH ¼ q000H2

kDT :

The natural convection in the oxide layer is similar to the con-
ventional Rayleigh-B�enard convectionwith bottom heating and top
cooling conditions [11,12] but the mechanism of flow formation
differs as the internal volumetric heat source replaces the bottom
heating and both sidewalls are cooled. When heat is generated
internally, the descending plumes originating from separation of
thermal boundary layer on top cooling plate dominate to circulate
the internal flows as the plumes cooled by top surface is narrow and
n corium (Bae and Chung, 2019).
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strong and the bulk fluid heated over a volume is diffuse and weak
[13,14]. For the 3-D cell flow, the descending plumes are in the
center and then ascending plumes are formed at the periphery [15].
It is opposite to the flow direction of the Rayleigh-B�enard convec-
tion dominated by heated ascending plumes.

Side cooling at both walls also induces the driving force for
natural convection. For oxide layers with a large enough H/R, the
downward flow formed at the sidewalls reaches the center of the
bottom plate, merges and rises upward, and disperses toward the
edge of the top plate. This circulation is denoted as themain-flow in
Fig. 2(a) [16]. Meanwhile, for shallow oxide layers with a small H/R,
the downward flowalong the sidewalls does not arrive at the center
of the bottom plate due to weaker driving force. Therefore, a
number of convective cells are formed by the interaction between
upward and downward plumes. This is denoted as the multi-cell
flow in Fig. 2(b) [7,8].

By the natural convective flows, the heat of the oxide layer is
transferred to the light metal layer. Then, it is focused to the reactor
vessel when the cooling by the top metal layer is not sufficient, as
the thermal conductivity of the metal is about one order higher
than that of the oxide layer. This phenomenon is called the focusing
effect, which is the biggest threat to the integrity of the reactor
vessel and is one of the most important factors for the IVR evalu-
ation. The three-layer configuration poses a greater challenge than
the two-layer configuration because it yields a thinner light metal
layer and has more heat focused to the vessel wall as a result. This
effect varies depending on the geometry of the facility as Kim et al.
[17] reported from the comparative study of 2-D and 3-D oxide
pools in the two-layer configuration.

2.2. Previous studies with volumetric heat generation

Early research on natural convection with internal heat sources
focused on cases where the heat source is volumetric. They usually
adopted fluid layers or utilized small scale rectangular enclosures.
After the TMI-2 and the Chernobyle-4 nuclear power plant acci-
dents, experimental studies shifted focus to the melt pool phe-
nomena whilst varying facility geometries, boundary conditions,
simulant materials, etc. However, they were still limited to the two-
layer configuration. Literatures for the three-layer configuration are
rare as its possibility was recently discovered by MASCA experi-
ments [4]. Table 1 summarizes the existing studies on natural con-
vection in the oxide pool of the two- or three-layer configuration.

2.2.1. Fluid layer
Tritton and Zarraga [14] carried out the heat transfer experi-

ments with an internally heated fluid layer. The layer was filled
with zinc sulfate solution as the working fluid. The heat source was
simulated by joule heating and heated fluid was cooled only by the
Fig. 2. Flow patterns according to the aspect ratios (H/R)
upper surface. The Ra'H was about 105. They investigated the for-
mation of hexagonal cell structures with downward flows at the
centers, which was opposite to the Rayleigh-B�enard convection.
Tasaka et al. [13] visualized the shape of the cell by the temperature
field numerically as shown in Fig. 3. They also reported that the
descending flow in a cell occupies a large area and cell size may be
enlarged with increase of the Ra'H.

Kulacki and Goldstein [18] performed heat transfer experiments
on natural convection phenomena in a volumetrically heated fluid
layer. The upper and lower surfaces of the layer were isothermal
and the four sidewalls were insulated. The Ra'Hwas varied from 200
to 107. The heat transfer to the upper surface was twice of that to
the lower surface, and the difference between upper and lower heat
transfers increased with the Ra'H. When the Ra'H was larger than
104, the turbulent mixing effect began to dominate the heat
transfer.

2.2.2. Oxide pool for 2-layer configuration
Kym€al€ainen et al. [19] investigated the influence of natural

convection in the oxide pool on the reactor vessel heating using a 2-
D semi-circular facility (COPO I). The facility was half the scale of
the Loviisa VVER-440. ZnSO4-H2O was used as the working fluid
and internal heat was generated by joule-heating. The Ra'H was
varied from 1.34� 1014 to 1.61� 1016. They reported that the NuH at
the sidewall was the lowest at the bottom and increased towards
the top. The tendency was similar to the test results using a 3-D
hemispherical facility [20], but the rate of increase of NuH is
smaller than that of the 3-D experiment because in 3-D facilities,
the flows from the top edges converge to the bottom and form a
thicker boundary layer.

Bonnet and Seiler [16] conducted an experimental study using
half of a 2-D semi-circular facility (BALI) and examined the ther-
mal hydraulic behavior of molten corium with internal heat gen-
eration. Salt water was used as the simulant material and was
heated uniformly by the joule-heating. They reported that the
oxide pool divided into three regions: an upper unstable zone at
uniform temperature, a lower zone with stratified temperature
and a curved wall boundary layer. Depending on the top boundary
condition, the temperature distributions at the curved wall were
different. In the isothermal condition, the heat flux was approxi-
mately constant up to 60% of the height of facility and then rapidly
decreased, but in the case of insulated condition, the heat flux
decreased steadily. They proposed the correlations for Ra'H
ranging from 1013 to 1017.

Nuup ¼0:383Ra00:233H and (2)

Nudn ¼0:116Ra00:25H : (3)
of three-layer configuration (Bae and Chung, 2019).
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Asfia and Dhir [21] performed natural convection experi-
ments with 3-D hemispherical pools called UCLA. Freon-113 was
used as the working fluid and a microwave oven was used to
simulate internal heat generation. The outer surface of the pool
was cooled by water to simulate external cooling. The thermal
condition of the top surface was either cooled or insulated. The
Ra'H was 4.7 � 1011e8.0 � 1013. The heat flux was the lowest at
the bottom (0�), increased with the angle (q), and was highest at
the 80�e90� section. The top boundary conditions did not affect
the average NuH of the side surface. The correlation was devel-
oped as below:

Nudn ¼0:54Ra00:2H ðH=ReÞ0:25 (4)

Theofanous et al. [22] carried out heat transfer experiments
using an internally heated 3-D hemisphere pool (ACOPO), which
was half the scale of AP600. Freon-113 and water were the
working fluids. The volumetric heat source was simulated by
preheating the fluid. The Ra'H was varied from 1� 1012 to 2� 1016.
The angular heat flux at the curved surface was impaired from the
top surface. They developed the correlations.

Nuup ¼1:95Ra00:18H and (5)

Nudn ¼0:3Ra00:22H : (6)

Kim et al. [6] conducted mass transfer experiments using a
2-D semi-circular facility called MassTER-OP2 (Mass Transfer
Experimental Rig for a 2-D Oxide Pool) and compared the re-
sults with 3-D experiments performed by Park and Chung [23].
They used CuSO4-H2SO4 as the working fluid. The Ra'H was
varied from 4.55 � 1012 to 1.46 � 1015. The Sc corresponding to
Pr was 2014. In the 2-D experiment, the side heat transfer at
angle 80�e90� was not affected by the Ra'H, but in the 3-D
experiment, it was enhanced with the decrease of the Ra'H.
The heat transfer at the lower sidewall of the 2-D experiment
was higher than in the 3-D experiment as the converged flows
from the top edges thicken the boundary layer in the 3-D ex-
periments. They established the following two correlations for
the top and bottom heat transfer.

Nuup ¼1:046Ra00:211H and (7)

Nudn ¼0:27Ra00:209H : (8)

2.2.3. Oxide layer for 3-layer configuration
Sehgal et al. [5] studied the natural convection behavior with a

2-D test section (SIMECO) simulating the three-layer configura-
tion. The oxide, light metal, and heavy metal layers were simu-
lated by water, paraffin oil and chlorobenzene, respectively.
Internal heat generation was simulated by the heater located at
the oxide layer and part of upper layer. The Ra'H was 6.01 � 1012 �
8.7 � 1012. The heat flux at the sidewall increased with the angle
from the bottom of the oxide layer and reached its maximum at
the middle of the oxide layer. The result was not consistent with
other studies, where the highest heat transfer appeared at the
uppermost region of the oxide layer [16,21,22]. Thus, the test re-
sults do not explain the influence of the focusing effect on the
integrity of the reactor.

Kim and Chung [7] and Bae and Chung [8] performed a series of
natural convection experiments with a mass transfer system to
examine the influence of H/R on the heating of the reactor vessel.
They achieved high Ra'H values ranging from 6.70 � 1010 to
4.30 � 1013 even with a small facility called MassTER-OP2(HML),
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Table 2
Corresponding governing parameters of heat and mass transfer systems.

Heat transfer system Mass transfer system

Pr ¼ v

a
Sc ¼ v

Dm

NuH ¼ hhH
k

ShH ¼ hmH
Dm

RaH ¼ gbDTH3

an
RaH ¼ gH3

Dmn

Dr
r

Fig. 3. Hexagonal cell pattern in temperature field (Tasaka et al., 2005).
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where its radius (R) and width (W) were 0.1 m and 0.04 m,
respectively. By varying the height (H) to 0.028m, 0.038m, 0.047m,
0.056 m and 0.078 m, they reported that for large H/Rs, twin-cells
were formed and the upward heat to total heat ratio (Qup/Qtot)
was enhanced with the H/R. However, for H/Rs lower than 0.47, the
Qup/Qtot was almost constant due to the formation of the multi-
cellular flow. This indicates that the multi-cell flow mitigates the
heat focusing at the light metal layer.
Fig. 4. Experimen
The existing studies are limited to 2-D experiments. As the
multi-cellular structures of 2-D and 3-D are different (roll and
hexagonal), three layer experiments for 3-D experiments for the
three-layer configuration are needed.
3. Experiments

3.1. Methodology on analogy concept

The analogy between heat andmass transfer systems enables us
to solve the heat transfer problems using mass transfer experi-
ments, and vice versa [24]: The temperature (T) and heat diffusivity
(a) in heat transfer systems are replaced by mass concentration (C)
and mass diffusivity (Dm) in mass transfer systems, and vice versa.
The dimensionless governing parameters of both systems are
matched as shown in Table 2. The physical properties of the bulk
fluid such as density, viscosity, mass diffusivity, transference
number, and volume expansion coefficient were calculated by the
concentrations of H2SO4 and CuSO4 using several equations pro-
vided by Fenech and Tobias [26].

r
�
kg
.
m3
�
¼
�
0:9978þ0:06406CH2SO4

�0:00167C2
H2SO4

þ0:12755CCuSO4
þ0:01820C2

CuSO4

�
� 103 ; (9)

mðcpÞ¼0:974þ 0:1235CH2SO4
þ 0:0556C2

H2SO4
þ 0:5344CCuSO4

þ 0:5356C2
CuSO4

;

(10)

mDm

�
m2
.
s
�
¼ �0:7633þ0:00511CH2SO4

þ0:02044CCuSO4

�� 10

(11)

tCu2þ ¼ �0:2633�0:1020CH2SO4

�� CCuSO4
; (12)
tal apparatus.



Fig. 5. Schematic diagram for electric circuit.

Table 3
Thermal boundary conditions simulating extreme situation.

Thermal boundary condition

Side Top Bottom

Case 1 Isothermal Isothermal Isothermal
Case 2 Isothermal Isothermal Adiabatic

Case 3 Isothermal Adiabatic Isothermal

Case 4 Isothermal Adiabatic Adiabatic

Table 4
Test matrix for this experimental study.

H/R BC Volumetric heat generation rate (q000) Ra'H Pr (Sc)

0.47 Case 1 1906 A/m3 7.81 � 1012 2014
Case 2 1.807 A/m3 7.41 � 1012

Case 3 501 A/m3 2.06 � 1012

Case 4 669 A/m3 2.74 � 1012

0.56 Case 1 1631 A/m3 1.45 � 1013

Case 2 1494 A/m3 1.32 � 1013

Case 3 501 A/m3 4.44 � 1012

Case 4 500 A/m3 4.43 � 1012

0.78 Case 1 1486 A/m3 6.90 � 1013

Case 2 1458 A/m3 6.77 � 1013

Case 3 468 A/m3 2.17 � 1013

Case 4 522 A/m3 2.42 � 1013
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Dr
�
r¼CCuSO4

�
bCuSO4

� bH2SO4

�
DCH2SO4

�
DCCuSO4

��
; (13)

DCH2SO4

.
DCCuSO4

¼ �0:000215þ 0:113075g1=3 þ 0:85576g2=3

�0:50496g ; (14)

where g¼CCuSO4

� �
CCuSO4

þCH2SO4

�
and (15)

bj ¼1
.
r
�
vr
�
vCj
�
T ;Cksj

: (16)

The experimental technique uses the copper sulfate electro-
plating system as the analogous mass transfer system has been
developed by several researchers [25e28].

When electric potential is applied to the copper electrodes, the
cupric ions produced at the anode are transferred to the cathode by
convection, diffusion, and electrical migration, and then are
reduced. To solve the heat transfer problem with the mass transfer
experiments, the electric migration should be minimized as it does
not exist in heat transfer systems. The electric migration is sup-
pressed by adding supporting electrolyte (H2SO4) which increases
the electric conductivity of the solution [29]. The amount of cupric
ions transferred is substantiated by measuring the electric current.
The reduction of the cupric ions at the cathode results in a large
density drop in the fluid, which in turn induces a large buoyant
force. Thus, the cathode simulates the heated wall.

In order to calculate the mass transfer coefficient (hm), mass flux
(I/nF) and mass concentrations at the surface (Cs) and bulk (Cb)
should be determined. However, instead of directly measuring the
Cs, the limiting-current technique is used. When the applied elec-
tric potential increases, the electric current increases initially but
eventually reaches a plateau called the limiting current, which
occurs because the reduction process of the cupric ions at the
cathode is much faster than their transfer process. Therefore, at the
limiting current condition, the Cs can be considered as 0 and hm can
be calculated with the limiting current density (Ilim) and the Cb only
[29]. The total mass transfer flux is Ilim/nF. Also, since the electric
migration given by tCu2þ Ilim/nF is involved in the total flux, it should
be subtracted. Therefore, hm is described by the mass transfer flux
only composed of convection and diffusion as given in Eq. (17).

hm¼ð1� tCu2þ ÞIlim
nFCb

: (17)

For a mass transfer systemwith an internal heat source, the Ra'H
can be expressed as follows:

Ra
0
H ¼Ra

0
H �DaH ¼

 
gH3Dr
Dmnr

�127:5DC
Dr

!
�
 �

1� tCu2þ

�
I
000
H2

nFDmDC

!



Table 5
Empirical correlations for normalization.

Side wall Top plate Bottom plate

Correlations Nusd ¼ 0:27Ra00:209H (MassTER-OP) Nuup ¼ 1:046Ra0 0:211
H (MassTER-OP) Nudn ¼ 1:389Ra0 0:095

H (Rectangular enclosure)
Normalization factor (x) 0.209 0.211 0.095
Normalized value h=q

000 0:209
h=q

000 0:211
h=q

000 0:095

Fig. 6. Flow motion according to the dimension of test section.

Fig. 7. Normalized downward heat transfer coefficients (h*bottom) according to the
aspect ratios (H/R).
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¼127:5

�
1� tCu2þ

�
gI

000
H5

nFD2
mnr

; (18)

where ; :
Dr

CCu2þ
¼ Dr
DC
e127:5 (19)

In the above equations, the volumetric limiting current (I000),
mass diffusivity (Dm), and copper sulfate concentration difference
(DC) corresponds to the volumetric heat generation rate (q000),
thermal conductivity (k), and temperature difference (DT),
respectively. A more detailed explanation of the experimental
methodology can be found in the paper of Kim et al. [17].

3.2. Experimental apparatus

Fig. 4 presents the 3-D experimental apparatus, MassTER-
OP3(HML), which simulates the oxide layer in the three-layer
configuration. Fig. 4(a)e(c) show that the radius (R) was main-
tained at 0.1m and the heights (H) were varied to 0.047m, 0.056m
and 0.078 m. H was kept constant in the 2-D experiments using
MassTER-OP2(HML) [7,8], where the reference H, 0.056 m was
calculated using the SCDAP/RELAP5 and GEMINI code in the
existing research for APR1400 [30]. In the MassTER-OP2(HML), for
the smallest H, 0.047 m, the multi-cell flow was observed and for
the other H's, the twin-cell flow was observed.

The copper cathodes of the top, bottom and side surfaces
simulate the interfaces of the oxide layer with the light metal layer,
the heavy metal layer and the reactor vessel wall, respectively. As
shown in Fig. 4(d)e(e), each cathode was composed of piecewise
electrodes covering half of the surface area to measure the local
average heat transfers and a single electrode for the other half to
verify the influence of the insulating layers between electrodes. The
copper anode in Fig. 4(f) simulates the internal heat source and was
installed in the center of the apparatus, which had been proved to
minimize the flow disturbance [23]. The facilities were filled with
CuSO4-H2SO4 solution.

Fig. 5 shows the experimental circuit. In the electroplating
system, the cathode should be used to measure the current, as the
anode is improper for measurement due to the deposition of CuSO4
crystal at the surface [31]. Meanwhile, the cathodes simulate the
heated wall and induce the upward flows by the decrease of the
fluid density. Therefore, we conducted experiments with an
inverted arrangement to simulate the downward natural
convective flows as shown in Fig. 5. The same arrangement was
used with the preceding studies [32,33]. The potential was applied
by the power supply (K1205D of VüPower) and the current
measured at each cathode was monitored by the data acquisition
system (DAQ) (34972 A of Agilent, NI-9227 of National Instruments,
respectively) and recorded by the LABVIEW program.
3.3. Test matrix

In order to simulate the oxide layer in various accident sce-
narios, the thermal boundary conditions of oxide layer were varied



Fig. 8. Normalized upward heat transfer coefficients (h*top) according to the aspect
ratios (H/R).

Fig. 9. Normalized heat transfer coefficients (h*side) at side curved wall according to
the aspect ratios (H/R).
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to four different extreme cases as shown in Table 3. The sidewall
was maintained in isothermal condition consistently, which sim-
ulates the cooling by the ERVC system. The top and bottom plates
were either in isothermal or adiabatic condition. The top and bot-
tom adiabatic conditions are hypothetically conservative in that no
heat transfer occurs to the light and heavy metal layers, respec-
tively. The actual conditions in severe accident will lie in between
these extrema.

Table 4 shows the test matrix of this experiment. For all of the H/
R, the boundary condition was varied. The Ra'H was ranged from
1.99 � 1012 to 6.90 � 1013, which belongs to the range of the tur-
bulent flow regime. The Pr corresponding to Sc was 2,014, which
was achieved by the concentrations of CuSO4 (0.05 M) and H2SO4

(1.5 M).
3.4. Uncertainty analysis

The uncertainties of the mass transfer experiments were
analyzed using traditional data reduction equations [34]. As the
mass transfer coefficient (hm) is the final dependent variable, its
uncertainty can be calculated as follows:

hm¼ f ðtCu2þ ; Ilim;CbÞ0hm ¼ ð1� tCu2þÞIlim
nFCb

and

U2
hm

¼
	

vhm
vtCu2þ

UtCu2þ


2

þ
	
vhm
vIlim

UIlim


2

þ
	
vhm
vCb

UCb


2

(20)

The uncertainties of the variables tCu2þ , Ilim, and Cb are further
estimated in the same manner as Eq. (20) until the basic measure-
ment quantities remain such as length, electric current and masses
of CuSO4 and H2SO4.When themeasurement errors of devices were
stipulated in manuals, these values were used; when unknown, the
measurement errors assumed to be the halves of their minimum
scales. Specifically, themeasurementerrors used for electric current,
length and mass were 2.38 � 10�7 A, 2.5 � 10�5 m and 5 � 10�7 kg,
respectively. The fractional uncertainties ofhmon threedifferentH/R
were 0.51% (H/R ¼ 0.47), 0.51% (H/R ¼ 0.56) and 0.47% (H/R ¼ 0.78).
These results show the high accuracy of this experimental
technique.

4. Results and discussion

4.1. Reliability of the measured currents using piecewise electrodes

In order to verify the influence of the thin insulating layers lied
between piecewise electrodes, the electric current measured using
a single-piece electrode in the half surface was compared with the
sum of the electric currents measured using piecewise electrodes in
the other half. The relative errors calculated were within 8.6%,
which meant that the insulating layers had no significant influence
on the current measurement.

4.2. Normalization of volumetric heat flux

In the mass transfer system using the limiting current tech-
nique, the total limiting current (I) measured in all surfaces, which
is analogues to decay heat (q), is not controllable but is determined
by the natural convection phenomena in the test apparatus.
Therefore, the volumetric decay heats (q000) in this system were
varied inevitably depending on the experimental condition
(Table 4). Thus, the test results should be properly normalized to
account for the different volumetric heat generation rates (q000).
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Different q000 causes different buoyant driving force and heat
transfer. Thus in order to keep the phenomenological similarity in
all the test cases, normalization considering q000 was performed
using empirical correlations derived from similar systems as shown
in Table 5. For the top plate and the sidewall, MassTER-OP corre-
lations [17] were used, which were developed for the 3-D oxide
pool in the two-layer configuration. For the bottom plate, the
Steinberner and Reineke's correlation [35] for the rectangular
enclosure with all sides cooled and an internal heat source was
used. All of these are derived in range of Ra'H about 1013 and have
the same flow regime with this experiment. Each correlation in
Table 5 states that Nusselt number is described some power of Ra'H
and the Ra'H includes q000 by definition (gbDTH5 q000/ankDT). Thus the
powers of Ra'H denote the influence of q000 on h and were used as the
normalization factor (x). For each surface, the average heat transfer
coefficients (h) were divided by q000 x; this yields the normalized
heat transfer coefficients (h*) with the same q000.
Fig. 11. Upward heat ratios for top plate varying aspect ratios (H/R).
4.3. Flow patterns depending on aspect ratios

Fig. 6 shows the large-scale circulations formed by the down-
ward flows induced along the sidewall and the central ascending
flows for large H/Rs. A clear difference between the 2-D and 3-D
flows are observed. As shown in Fig. 6(a) for a 3-D geometry, the
natural convective flows run down the curved surface, combine at
the bottom, and move upward; the rising flows disperse under-
neath the top plate to the edges. However, for a 2-D geometry
(Fig. 6(b)), these flows move on a plane. These differences result in
the variation of local Nudn [17].

For smallH/Rs, themulti-cellular flow structure is formed due to
Fig. 10. Envisaged 3-dimensional cell fl
the reduced driving force and the flow becomes complicated. For
the 3-D geometry, hexagonal type multi-cells are formed as shown
in Fig. 3, while for the 2-D geometry, roll type multi-cells are
formed as shown in Fig. 2(b). Obviously, the difference in the flow
pattern causes differences in the local heat transfers of the top
plate, the bottom plate and the sidewalls.
4.3.1. Bottom plate
The influence of the internal flow can be easily observed by the

bottom plate heat transfer. In the bottom plate, the location of the
ow pattern in shallow oxide layer.
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descending plumes shows degraded heat transfer as the tempera-
ture of the descending plume is lower than that of the fluids near
the cooled bottom plate. The location of ascending plumes shows
improved heat transfer as the bulk fluid that flows into this empty
location is hotter than fluids near the bottom plate.

Fig. 7 presents the normalized downward heat transfer co-
efficients (h*bottom) according to the H/R for this 3-D experiment
and for the previous 2-D experiments [7,8]. The abscissa denotes
the radial distance from center to edge.

For H/R ¼ 0.78, the twin-cell patterns appear in both 2-D and 3-
D experiments, where the h*bottom increases linearly along the flow
direction and then show sharp increase near the center due to the
rising flows. For H/R ¼ 0.47, typical multi-cell patterns appear in
both 2-D and 3-D experiments, where the heat transfers fluctuate
due to ascending and descending plumes. However, for H/R ¼ 0.56,
the 3-D experiment shows the multi-cell pattern and the 2-D
experiment the twin-cell pattern. This means that the multi-cell
flow pattern appears at a larger H/R in the 3-D experiment than
in the 2-D case.

Fig. 7(a) for the 3-D experiments shows that the multi-cell flow
pattern enhances the bottom heat transfer. The bottom heat
transfer of the multi-cell flow is better than that of the twin-cell
flow as the multi-cell flow improves the downward heat transfer
from the oxide layer. On the other hand, Fig. 7(b) for the 2-D ex-
periments shows that the improvement of the bottom heat transfer
of H/R¼ 0.47 by themulti-cell is insignificant. In addition, for the 3-
D experiments in the multi-cell flows, the bottom heat transfer
distribution especially near the edge region varies depending on
the H/R. However, according to the Bae and Chung [8], for the 2-D
experiments, the bottom heat transfer distribution was nearly the
same regardless of H/R. This shows the difference between the 2-D
rolls and the 3-D hexagonal multi-cells.

4.3.2. Top plate
Fig. 8 presents the normalized upward heat transfer coefficients

(h*top) according to the H/R. The top plate heat transfers of both 2-D
and 3-D experiments are unaffected by the two extreme bottom
thermal conditions (isothermal or adiabatic), as the top plate shows
much larger heat transfers than the bottom plate.

In Fig. 8(a), for these 3-D experiments, the h*top's for all H/R
show the maximum at the center and sharply decrease along the
edges, whereas in Fig. 8(b), for the previous 2-D experiments, the
h*top's are nearly constant. This is due to the difference in flow
patterns of the 3-D and 2-D flows as shown in Fig. 6. In the 3-D flow,
the downward flows from the sidewall merge at the center and
form a strong upward flow, which disperse radially toward the edge
beneath the top plate as shown in Fig. 6(a).

As described in Fig. 2, the top plate heat transfer is affected by
both the main flows and the secondary flows formed by the natural
convection underneath the top plate. The 2-D curves in Fig. 8(b)
show nearly constant heat transfer showing the stronger influence
of secondary flows, while the 3-D curves in Fig. 8(a) suggest the
stronger influence of main flows. For the 3-D experiments, espe-
cially when the H/R decreases sufficiently to 0.47, the influence of
the multi-cell flow patterns is prominent, showing a fluctuation
distribution that never appeared in the 2-D experiments.

4.3.3. Side wall
Fig. 9 shows the normalized heat transfer coefficients (h*side) at

the side wall according to the H/R for two extreme top boundary
conditions. The heat transfers at the sidewall decrease with the
angle from the top (90�) due to the thickening of the boundary layer
during its development. The side heat transfers of under the top
adiabatic condition are superior than under the isothermal condi-
tion as less cooled fluids transfer more heat to the sidewall. The
overall heat transfer phenomena at the sidewall of this 3-D
experiment are almost the same with that of the previous 2-D
experiments.

4.4. Envisaged cell pattern for shallow oxide layers

Repeated experiments showed an average error of 5.15% for
bottom, top and side local heat transfers, indicating that stable and
periodic flows are formed. By coupling the top and bottom local
heat transfers, we tried to envisage the 3-Dmulti-cell flow patterns
formed in shallow oxide layers with the following assumptions:
First, the flow is in a steady-state condition. Second, the hexagonal
3-D cell flow is formed and is dispersed radially from center to edge
of the oxide layer (Fig. 10(c), (d)). Third, the overall system satisfies
radial symmetry.

Based on the previous discussion, higher local heat transfer
coefficients at the top and bottom plates result from the ascending
plumes and the lower local heat transfers result from the
descending plumes. In addition, the size of the outermost cells
directly next to the sidewall are bigger due to the additional driving
force of the downward flows along the side wall and these outer-
most cells could compress the inner cells [36].

Fig. 10(a), (b) depict the envisaged 3-D multi-cell pattern. The
ascending and descending plumes were denoted by dotted and
solid lines. The contour of the hexagonal cell flows in Fig. 10(c), (d)
was conceived by referring to the numerical analysis result as
shown in Fig. 3 [13]. When the H/R decreases, the total number of
cells considerably increases, which is a tendency not observed in 2-
D experiments.

4.5. Comparison of upward heat flux ratios

Fig. 11 presents the ratios of normalized upward heat to total
heat (Qtop*/Qtot*) according to theH/R for 3-D and 2-D experiments.
3-D and 2-D results are indicated by closed and open symbols,
respectively. For the 2-D experiments, the Qtop*/Qtot* increases with
decrease of H/R for the twin-cell case, but it becomes nearly con-
stant despite of the decrease of H/R due to the formation of multi-
cell flows. For the 3-D experiments, the Qtop*/Qtot* is also nearly
constant regardless of H/R due to the formation of multi-cell flows,
which dissipate the heat evenly and reduces the upward heat
transfer from the oxide layer. In addition, for shallow oxide layers,
Qtop*/Qtot* of 3-D cases is smaller than that of 2-D cases as the
multi-cell effect is enhanced due to the large number of cells in 3-D
oxide layer. Thus, we can conclude that the intensification of the
focusing effect with the decrease of H/R is relieved by the multi-cell
flow, and this phenomenon is prominent only in the experiments
involving the 3-D oxide layer.

4.6. Influence of large Pr

The experimental method adopted in this study allows the
achievement of a large Ra with a relatively small facility, accurate
measurement by electrical means, and nearly ideal thermal
boundary conditions. However, the Sc which corresponds to the Pr
is about 2000. A large Pr induces a thinner thermal boundary layer,
which affects the phenomena.

The whole IVR phenomena including corium pool formations
with crust formation, multi-layer heat transfer, ablation and con-
duction in the vessel wall, are complex. But the IVR phenomena for
completely melted and stratified condition of the oxide layer are
not very complex and its influence is limited. This is backed up by
the previous works by the authors’ group [6,8,17,23,32,33]. Kim and
Chung [32] discussed the influence of a large Pr and concluded that
a thinner thermal boundary layer under the top plate resulted in



Fig. 12. Mean Nu of the current experiments and the existing studies with respect to Ra’H.
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weaker influence by the main flow.
Fig. 12 compares the mean downward and upward Nu's for the

current experiments and the existing studies listed in Table 1. This
clearly shows the high Pr influence of the current experiments:Nudn
for the current experiments are lower than those for the existing
studies and the reverse is observed for Nuup. The figure also shows
that the mean Nu's lie in similar trends, even though the local Nudn
and Nuup varied depending on geometries and stratifications.

5. Conclusions

Anexperimental study for natural convection heat transfer of the
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oxide layer in the three-layer configurationwas conductedwith a 3-
D apparatus called MassTER-OP3(HML). The influences of the H/R
and thermal boundary conditions on the heat transfer phenomena
were examined by measuring the local heat transfer, and were
compared with 2-D experiments of the previous studies (MassTER-
OP2(HML)) of the same research group. Based on the analogy be-
tween heat and mass transfer, mass transfer experiments were
conducted using a copper sulfate electroplating system.We realized
high Ra'H configurations with compact apparatus and idealized
thermal boundary condition without heat leakage to the environ-
ment. The Ra'H was varied from 1.99 � 1012 to 6.90 � 1013 and Sc
corresponding to Pr was 2014.

The bottom plate heat transfer indicates the formation of multi-
cell flows for small H/R. The multi-cell flow pattern appeared at a
higher H/R in the 3-D geometry than in the 2-D counterpart.

For the 3-D geometry, the local heat transfer of the top plate
peaks at the center and decreases steeply to the edges due to the 3-
D main flow. The influence of the main-flow on the top plate heat
transfer was larger for 3-D experiments than 2-D experiments. The
boundary condition of the bottom plate did not affect the top heat
transfer. The heat transfer of the sidewall decreases from top to
bottom.

From the local heat transfer of the bottom and top plate, we
envisaged the 3-D multi-cell flow pattern in shallow 3-D oxide
layers. With the decrease of H/R, the number of cells in 3-D shallow
oxide layers increased considerably, which differs from the 2-D
case.

The ratios of the normalized upward heat to total heat was
analyzed to evaluate the heat focusing to the reactor vessel ac-
cording to the difference in geometry. When the multi-cell was
formed, the Qup*/Qtot* was constant in both of 2-D and 3-D ex-
periments. However, the ratios in the 3-D multi-cell cases were
much lower than those in the 2-D cases, which indicates that the
heat dispersion of the multi-cell flow for the 3-D geometry is larger
than in its 2-D counterpart.

This study concludes that the multi-cellular flow structures of
the 2-D and 3-D experiments are different, and the focusing effect
in the 3-D geometry is less severe than that in the 2-D geometry.
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