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1. Introduction

The reactor fuels are relocated at the lower plenum
when a severe accident occurs. Then, the metal
components and oxide fuels are separated by the
density difference as metal layer and oxide pool,
respectively. At this point, the integrity of reactor vessel
may be threatened by the heat generation at the oxide
pool and to the natural convection heat transfer to the
reactor vessel by those two layers. Therefore, External
Reactor Vessel Cooling (ERVC) is performed in order
to secure the integrity of the reactor vessel. Whether the
IVR(In-Vessel Retention) Strategy can be applicable to
a larger reactor is the technical concern, which
nourished the research interest for the natural
convection heat transfer of metal and oxide pool and
ERVC performance.

Especially, it is hard to simulate oxide pool by
experimentally due to the high level of buoyancy.
Moreover, the volumetrically exothermic working fluid
should be adopted to simulate the behavior of the core
melts. Therefore, the volumetric heat sources that
immersed in the working fluid have been adopted to
simulate oxide pool by experiment. We investigated
oxide pool with two different designs of the volumetric
heat sources that adopted previous experiments. The
investigation was performed by mass transfer
experiment using analogy between heat and mass

transfers. The results were compared to previous studies.

2. Theoretical background

The volumetric heat sources have been introduced to
simulate oxide pool by experiment in previous studies.
Thus, the Ra'y substituted to Ran to apply volumetric
heating phenomenon as below:
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The different Ra'y ranges and local heat transfer
coefficient at the lower plenum were showed in the
earlier studies.

Bonnet and Seiler [1] investigated the natural
convection heat transfer of the oxide pool by
experiment. They used 2D semicircular pool (BALI) as
oxide pool and lattice shaped volumetric heat source
with Ra'y of 105 — 10'. The heat flux increased
gradually along the curvature from the bottom and they
developed heat transfer correlations for Nu of the top
(Nuyp) and the curvature (Nugn) as below:

Nuyp = 0.383 Ra'v®?3 and 4)
Nugn = 0.116 Ra'w°%. 5)

Sehgal et al. [2] investigated the natural convection
heat transfer of the oxide pool using 2D semicircular
pool (SIMECO). Two horizontal wires were adopted as
volumetric heat source to achieve Ra'y’s of 1.51%10'3

to 3.14X10', The heat transfer increased as the pool
angle increased op to about 80 degrees from the bottom.
Then, the heat transfer dropped at the angle of 90
degrees.

Lee et al. [3] investigated the natural convection
heat transfer of oxide pool using two-dimensional
semicircular pool (SIGMA CP). The bent wire
electrode as S shape was used for volumetric heat
source. The range of Ra'w’s were 5.71X10° to

7.04x10'". The Nu’s at the curvature increased as the
angle of the pool increased. Meanwhile, the Nu’s at the
upper plate were varied with respect to positions. They
also developed heat transfer correlations as below:

Nugp = 0.31(Ra'uPr036)°245 and ©6)
Nugn = 0.219(Ra'yPr021%)023, e

Suh et al. [4] used three-dimensional hemispherical
pool (SIGMA 3D) to investigate the natural convection
heat transfer of the oxide pool. The SIGMA 3D facility
employed same design of the volumetric heat source as
SIGMA CP. Range of Ra'y from 4.46X10° to 3.5%10!"
was established for experiments. The Nu’s at the upper
plate showed similar trends with SIGMA CP
experiment. However, the Nu’s at the curvature
increased and dropped at the angle of 90 degrees as in
the case of Sehgal et al. [2] which was not showed in
the case of SIGMA CP experiment [3].

Palagin and Kretzschmar [5] investigated the natural
convection heat transfer of oxide pool using 3D
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hemispherical pool (LIVE). The wires of ring array
were employed as volumetric heat source and the Ra'y
was 1.2X10". The heat transfer at the curvature
increased as the pool angle increased. However, the
heat transfer of curvature over 77 degrees were not
measured due to the low level of working fluid in the
pool.

3. Experiments

3.1 Test matrix

Table 1. Test matrix for experiments.

_ 0t i ®)

Table 2. Dimensionless numbers for the analogous

Volumetric heat source Pool top Ra'y
S-bend (SIGMA 3D) | Lsothermal
Adiabatic 310
. Isothermal
Ring (LIVE) Adiabatic

Table 1 is the test matrix of this experiment. Ra'y is
fixed value in order to compare two different
volumetric heat sources. Two different shape of
volumetric heat sources were adopted previous heat
transfer studies [4-5]. The isothermal and adiabatic
boundary conditions were established alternately. The
lower plenum was kept isothermally in the all cases.

3.2 Methodology

The analogy between heat and mass transfers was
applied for experimental methodology. Agar [6] figured
out that correlations of mass transfer are similar to those
of heat transfer under the same conditions. Since, the
mathematical modeling of those transfer systems is
same [7], the mass transfer results are able to substitute
the heat transfer results. The analogy of dimensionless
number is established also. Nu and Pr of heat transfer
have analogy with Sh and Sc of mass transfer,
respectively as listed in Table 2.

The electroplating system was attempted firstly by
Levich [8] for the purpose of performing the mass
transfer experiment. Moreover, Selman et al. [9]
developed theory of applying electroplating system
under different conditions. The study applied cupric
acid copper sulfate (H>SOs,~CuSOs4) electroplating
system and limiting current technique for experimental
performance was used. The current between electrodes
is increases as the potential is increases, until the
plateau region reaches where the current is stagnant in
spite of the potential increase. The plateau section is
termed as the limiting current. The cupper ion
concentration on the cathode surface is regarded nearly
zero. Therefore, mass transfer coefficient (hm) could be
calculated as below:
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The isothermally cooled boundary conditions have to
establish in order to investigate oxide pool by
experiment. However, the cathode in terms of the mass
transfer experiment has analogy with isothermally
heated wall in terms of the heat transfer. Moreover, the
limiting current technique is not able to apply for the
anode [10]. Thus, the experimental facility of the mass
transfer was overturned against the gravity direction for
the purpose of establishing isothermally cooled wall by
using limiting current technique. At this point, the
originality of this research is that the isothermally
cooled condition was established primally by mass
transfer experiment.

3.3 Experimental facility

(a) S-bend heat source

(c) Lower head (d) Top late
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(e)Test rig

(f) Experimental circuit
Fig. 1. Experimental facility.

Figure 1 shows experimental facility. The test rig
composed of lower head and top plate. The segments of
copper electrodes are placed on the inner surface of the
lower head and the top plate. In order to gain local
current values, the electrodes are composed of segments
each half.

The lower head was filled with solution and capped
by the top plate, which is combined with the anode as
volumetric heat source. The multi-meters were
connected with cathodes in parallel.

4. Results and discussion

4.1 Validation of piecewise value

Table 3. Current error of piecewise electrodes.

Top cooled Top insulated
S-bend Ring S-bend | Ring
Hemisphere -3.2% 1.51% | -1.21% | -7.05%
Top 7.72% | 10.25% - -

Table 3 shows the current measurement error
between half-bulk and segments of electrodes. The
maximum error was about 10%. In this respect, the
measurement in segment electrodes had validation.

4.2 Comparisons with previous studies
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Fig. 2 Comparisons of Nu with respect to Ra'n.

Figure 2 shows average Nu’s of this study and
proceding. The all wall boundary conditions were
isothermal cooling state. The Nug, of mass transfer
result was in concordance with the proceding without
slightly lower than that. The Nuy, of S-bend heat source
was higher than that of ring heat source and was closer
to proceding’s. However, the S-bend heat source was
located in the vicinity of the top plate, while ring heat
source was not. The more delicate analyses for that
reason will be realized in following part with respect to
results of local Nuyp’s.

i Ring heat source, Insulated top
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Fig. 3 A comparison of heat transfer coefficient ratio
between mass transfer and LIVE experiment with
respect to curvature angle.

Figure 3 is a comparison of heat transfer coefficient
ratio of the lower plenum between this study and LIVE
experiment [5]. The configurations of volumetric heat
sources were identical and Ra'y was order of 10! both.
The top plates kept in insulate condition. The heat
transfer ratios of two results increased as curvature
angle was increased. The slope of ratio decreased
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slightly in the vicinity of 60 degrees and increased
steeply nearby 80 degrees in the case of mass transfer
result. The thin boundary layer at high position was the
main factor for the increase. Without high position
results of LIVE experiment that was not measured, the
two experiment results had similar heat transfer
coefficient ratios.
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Fig. 4 A comparison of heat transfer coefficient ratio
between mass transfer and SIGMA 3D experiment with
respect to curvature angle.

Figure 4 is a comparison of heat transfer coefficient
ratio of the lower plenum between this study and
SIGMA 3D experiment [4]. The configurations of
volumetric heat sources were identical and the all inner
wall kept isothermal condition. The Ra'y of experiment
was over 10,000 times higher than SIGMA 3D
experiment. The heat transfer coefficient ratios of two
results increased as curvature angle was increased. The
slopes of two results were similar under 60 degrees.
However, the result of SIGME 3D was higher at 60 to
80 degrees and decreased steeply in the vicinity of the
top plate. Sudden decrease of heat transfer at around 90
degrees is not expected as other phenomena are not
involved. Thus this seems to be caused by the heat
leakage of the SIGMA 3-D experiments at around 90
degrees. Therefore, the top plate of the SIGMA 3D
experiment, which had thicker thermal boundary layer
affects heat transfer of high position at the lower
plenum.
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Fig. 5 A comparison of heat transfer coefficient ratio
between mass transfer and SIGMA 3D experiment with
respect to top position.

Figure 5 is a comparison of heat transfer coefficient
ratio of the top plate between this study and SIGMA 3D
experiment [4]. The ratio of S-bend heat source
experiment increased as the far from the center with the
range of 0.87 to 1.32. The scattered heat transfer
coefficient ratios showed at the SIGMA 3D experiment.
The variation ranges of the heat transfer coefficient
ratios were similar between two S-bend and SIGMA 3D
experiments. However, the ratio in the case of the ring
heat source showed consistency regardless of the
position. In this respect, the distance from volumetric
heat source to the top plate affects the heat transfer of
the top plate. The S-bend shaped heat source, which
located much close to the top plate affects the
convective flow in the vicinity of the top plate. Thus,
flow disturbance caused the inconsistency result of S-
bend and SIGMA 3D experiment.

5. Conclusion

We simulated the natural convection heat transfer of
the oxide pool by mass transfer experiment. The
isothermally cooled condition was established by
limiting current technique firstly. The results were
compared to previous studies under identical design of
the volumetric heat sources. The average Nu’s of the
curvature and the top plate were close to the previous
studies. The local Nu at the curvature increased as the
angle of the curvature increased. The range of Ra'y will
be varied in the further study and these 3D test rig
results will compare to the results of 2D test rig in
prospect.
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