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Abstract

Steady-state and transient experiments were performed for the heat transfer from the
liquid metal pool with overlying Freon (R113) coolant in the process of boiling. The
simulant molten pool material is tin (Sn) with the melting temperature of 232°C. The
metal pool is heatedf rom the bottom surface and the coolant is injected onto the
molten metal pool. Tests were conducted under the condition of the bottom surface
heating in the test section and the forced convection of the R113 coolant being
injected onto the molten metal pool. The bottom heating condition was varied from
8kW to 14kW. The temperature distributions of the metal layer and coolant were
obtained in the steady-state experiment. The boiling mechanism of the R113 coolant
was changed from the nucleate boiling to film boiling in the transient experiment. The
critical heat flux (CHF) phenomenon was observed during the transition from the
nucleate boiling to the film boiling. Also, the Nusselt (Nu) number and the Rayleigh
(Ra) number in the molten metal pool region were obtained as functions of time.
Analysis was done for the relationship between the heat flux and the temperature
difference between the metal layer surface and the boiling coolant. In this experiment,
the heat transfer is achieved with accompanying solidification in the molten metal
pool by the boiling R113 coolant thereabove. The present test results of the natural
convection heat transfer on the molten metal pool are higher than those of the liquid
metal natural convection heat transfer without coolant boiling. It can be interpreted
that the heat transfer rate is enhanced by the overlying boiling coolant having the
high heat removal rate. Analysis of the relationship between the heat flux and the
difference between the metal layer surface temperature and the coolant bulk boiling
temperature revealed that the CHF occurs when the temperature difference reaches
a neighborhood of 50°C. Also, if the temperature difference exceeds 50°C due to
elevation of the metal layer temperature, it is shown that the heat flux tends to
decrease because the overlying coolant boiling mechanism is changed from the
nucleate boiling to the film boiling.
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INTRODUCTION

Molten debris coolability after a reactor severe accident involving core meltdown and
vessel failure remains one of the main research itemsA significant amount of core
material can melt and possibly form stratified fluid layers in the lower plenum of the
reactor vessel during a hypothetical severe accident in nuclear power plants [1].
When two nearly immiscible liquids are brought into intimate contact, the temperature
of one of the liquids may be well above the normal boiling point of the second liquid.
The debris pool is heated internally at decay power levels, and natural convection is
the main heat transfer mechanism from the debris pool to the surroundings in the
molten phase. Also, molten debris pool may be stratified into a metal layer and an
oxide layer on account of their density difference [2-6]. A molten metal layer is
located in the upper region of the molten debris layer and may be cooled by the
overlying coolant, which may undergo boiling. As a result, a crust, which is a
solidified layer of the molten pool, may form at the top [7-10]. Heat transfer is
accomplished by a conjugate mechanism of natural convection of the molten debris
pool, conduction through the solidified layer and convective boiling heat transfer to
the coolant.

The heat transfer and solidification processes in the molten debris pool are of
fundamental importance in predicting severe accident progression. A number of
experimental and theoretical investigations were carried out to understand the
solidification and the change of heat transfer rate of the debris pool, which greatly
affects the accident progression. Recently experiments were conducted with metal
and water coolant to investigate the heat transfer mechanism of the molten debris
cooled by an overlying coolant [11-14]. These studies, however, were concentrated
on the steady-state heat transfer mechanism. Until recently no data have been
reported for the transient heat transfer mechanism from an internally heated molten
debris pool to an overlying pool of boiling coolant. There is thus a strong need to
study the transient heat transfer of the molten metal pool with solidification byt he
boiling coolant.

The experimental study was performed to investigate the crust formation and heat
transfer characteristics of the molten metal pool with overlying coolant with boiling. A
uniform heater power was applied over the lower horizontal surface of the test
section. The upper region of the molten metal pool was cooled by the boiling coolant.
Steady-state and transient experiments were performed for the heat transfer from the
liquid metal pool with overlying Freon (R113) coolant in the process of boiling. Tests
were performed under the condition of the bottom surface heating in the test section
and the forced convection of the coolant being injected onto the molten metal pool.
The temperature distributions in the metal layer and the coolant were obtained in the
steady-state tests. The Nusselt (Nu) number and the Rayleigh (Ra) number were
evaluated and compared to other literature correlation values for the natural
convection heat transfer of the liquid metal. The boiling mechanism of the R113
coolant was changed from the nucleate boiling to film boiling in the transient
experiment. The critical heat flux (CHF) phenomenon was observed during the
transition from nucleate boiling to film boiling. Also, the Nu and Ra numbers in the
molten metal pool region were obtained as functions of time. Analysis was made for
the relationship between the heat flux and the temperature difference between the
metal layer surface and the boiling coolant.
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EXPERIMENTAL SETUP

Tests were performed under the condition of the bottom surface heating in the test
section and the forced convection of the coolant being injected onto the molten metal
pool (see Figure 1). The simulant molten pool material is tin (Sn) with the melting
temperature of 232°C. R113 was used as the working coolant. The constant heater
power condition was adopted for the bottom heating. The test parameter was the
heater input power to the heated bottom surface of the test section. To investigate
heat transfer characteristics of the molten metal pool being solidified by the overlying
boiling coolant, the experimental apparatus was constructed with the test section, the
melting pot, the coolant supply tank, the coolant quenching tank, and the data
measurement and acquisition system, etc.

The inner dimension of the rectangular test section is 25cm in length, 35cm in height,
and 25cm in depth. The test section is made of 10mm thick STS304 stainless steel.
The heights of the molten metal and the coolant layer are 20cm and 15cm,
respectively. A 20kW heater is installed in the bottom horizontal plate of the test
section. The electric power input to this heater is monitored using a wattmeter. The
input power is controlled to maintain uniform value within ± 0.1 kW by utilizing the
heater controller. A 5mm thick STS304 stainless steel and a 4.4mm thick copper
plate are installed between the heater and the inner side of the test section. To
examine the inside of the test section, the viewports are installed using a quartz glass
at the front and at the back of the test section. The viewports are 12.5cm in length,
20cm in height and 1cm thickness. Four sides of the test section are insulated with a
4cm thick Fiberfrax material to minimize heat loss to the environment. Six pipelines,
which are installed at two sides and topo f the test section, are made of STS304
stainless steel. They are used as the coolant inlet, outlet, and drain, the melt inlet and
drain, and the vent line, respectively.

The melting pot is used to melt Sn, the melt simulant, prior to beinginjected to the test
section. The upper cylinder is 21.6cm in diameter, and 30cm in height. The lower
region is made in cone shape. The melting pot is equipped with a 8 kW heater to melt
the metal. The translating tube, which is connected from the melting pot to the test
section, is wrapped so as to prevent solidification of the molten metal using a heating
tape. Also, to control the melt injection amount, the gate valve is connected to the
melting pot.

The coolant supply tank is equipped with a 10kW heater to control the coolant
temperature, and the heater controller is connected to the heater. The coolant supply
tank is made of STS304 stainless steel 60cm in diameter and 100cm in height. The
level gage is installed to measure the coolant level in the tank. A 605 Di/R digital
pump is installed to deliver uniform mass flow of the coolant onto the molten metal
pool in the test section. The direct coolant injection flow rate into the test section is
determined by conversion of the measured digital pump speed. The quenching ank
is of the same size as the supply tank. The tank is connected to the coolant outlet of
the test section. The boiling coolant is condensed in the quenching tank and
recirculated to the supply tank.

The temperature distribution inside the test section is measured using 85
thermocouples of 0.5mm diameter, which are placed in five vertical arrays of
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thermocouple bundles located at the one-fourth, one-half and three-fourth positions
of the length and width of the test section. The thermocouple is ofT -type (copper-
constantan) and the thermocouple bundle is made of STS304 stainless steel.
Seventeen thermocouples are aligned along the vertical direction in a bundle,
respectively. Fifteen of the seventeen thermocouples are immersed in the metal layer,
while the other two thermocouples are located in the coolant layer. Additionally,
seven thermocouples are placed on the test section heater, in the coolant supply
tank, in the melting pot, and at the coolant inlet and outlet lines of the test section.
The data acquisition system consists of an IBM PC using the Visual designer, which
displays and stores all the thermocouple readings. It uses a flow gram, which
consists of the blocks having the specific functions. All lines from the thermocouples
are connected to this computer, which displays and stores all the measured data in
order to investigate the steady-state and transient processes.

The tin has no toxicity and has a negligible corrosion effect on other materials. The
boiling temperature of R113 is 47.5°C with the latent heat of vaporization being only
7% of that of water. Therefore, if the coolant injection rate is low, the coolant layer on
the metal layer is not formed. The minimum quantity of the coolant injection rate is
2.5 liter/min to form the coolant layer in this test, so the tests were performed with the
R113 coolant injection rate of 3.0 liter/min.T he heater input power was varied from
8kWto14kW.

RESULTS AND DISCUSSION

Steady-State Experiment

The measurement parameters of this experiment are the temperature distributions in
the metal layer and the coolant layer, and the crust thickness in the metal layer. The
solidified crust thickness during the experiments is determined by interpolating the
melting temperature (232°C) for pure tin from thermocouple readings. The values are
obtained after a steady state has been accomplished. In this experiment, rapid heat
transfer takes place from the molten metal layer to the coolant through boiling.
Therefore, it is very difficult to maintain the steady state. Especially, it is difficult to
keep the bottom heating surface temperature of the test section constant. In actuality,
the quasi-steady state apparently produces fluctuations in temperature in the metal
layer and the coolant. The solidification of the molten metal pool is initiated after the
coolant injection into the test section. However, the solidified crust layer maintains a
uniform thickness after some period of time has elapsed. The experimental data in
this study are obtained from the averaged values for the duration of measurement
after the quasi-steady state has been reached.

Figure 2 shows the temperature profile in the metal and coolant layers for R113 with
the coolant injection rate of 3.0 liter/min. The input power varies from 8kW to 12kW. If
the heater power is lower than 8kW, the solidified crust layer of the metal layer is
thick. If the heater power is higher than 12kW, the R113 coolant layer is not formed.
In the test the temperature of the coolant ranged from 55°C to 57°C because the test
section was pressurized to 1.3 1.4 bar due to vaporization of R113 at a rate
exceeding that of condensation in the quench tank. The portion below the horizontal
dotted line is the metal layer, and above is the coolant layer. The vertical dotted line
is the melting temperature for tin. The temperature varies linearly in the solidified
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region, and is almost uniform in the molten pool and in the coolant. This is because
the heat transfer is accomplished by pure conduction in the crust region and
developed by natural convection flow in the liquid state region. The crust thickness,
Ra and Nu are 11.4cm, 3.03 106 and 11.7, respectively, in the test with the heater
power of 8kW, and 4.59cm, 3.11 107 and 24.15, respectively, in the test with the
heater power of 12kW.

Table 1 presents the heat transfer rates and crust thickness in the metal layer. In this
case, the Nu number is proportion to the Ra number, and the Nu and Ra numbers
decrease as the crust thickness increases. Figure 3 presents a comparison of the
present experimental results with the literature correlations. Available correlations
include the Globe and Dropkin [15] correlation for mercury, the Rossby [16]
correlation for mercury, and the Park et al. [13] correlation for Wood's metal. The
Globe and Dropkin correlation and the Rossby correlation were developed for the
pure mercury in an enclosure without solidification and coolant cooling. The Park et al.
correlation was developed for Wood1 s metal with solidification by subcooled coolant
cooling mechanism. As shown in Figure 3, the present experimental results for the
natural convection heat transfer rate in molten metal pool are higher than the other
correlations.

Transient Experiment

The transient experiment was conducted by changing the bottom surface heater
power from 8kW to 14kW. The heater power is set to 8kW in the early phase of the
test. If a steady state is achieved, as the solidification thickness of the metal layer no
longer varies, then the heater power is raised to 14kW. After changing theh eater
power from 8kW to 14kW, the temperature distributions are measured over the time
period. During the test, the R113 coolant boiling mechanism is changed from
nucleate boiling to film boiling. Tests were conducted to investigate the solidified
layer behavior and the natural convection heat transfer change of the metal layer with
the coolant boiling mechanism transition.

Figure 4 shows the heat flux transition of the solidified metal layer as time elapses.
As shown, the CHF of about 2.5 105 W/m2 is achieved at 2200 2300seca fter
changing the heater power from 8kW to 14kW. The heat transfer mechanism of R113
is changed from nucleate boiling to film boiling after 2300sec. After this transition of
the boiling mechanism, it is shown that the solidified layer re-melts very rapidly
because the heat transfer from the metal layer to coolant deteriorates. Therefore, it is
supposed that the result after 2300sec is that for the film boiling of R113. The
solidified metal layer re-melts completely after 3000sec after which time the heat flux
could not be measured. Figure 5 shows the heat transfer coefficient transition in the
molten metal layer is in the range of 2000 5000 W/m2K prior to the CHF and
increases to 7000 W/m2K at the CHF condition. The heat transfer coefficient
decreases to 3000 5000 W/m2K after the CHF.

Figures 6 and 7 show the Nu and Ra transition in the molten metal layer. The
transition of Nu shows a similar trend with the heat flux and heat transfer coefficient
in Figures 4 and 5. The Nu number is about 10 15 in the beginning of the test and
increases monotonically. The maximum Nu number increases to about 39 at the CHF
and levels at about 20 30 after the CHF. Figure 7 presents the Ra number transition
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in the molten metal layer. The Ra number increases with time regardless of the CHF
occurrence. It may be explained that the dominant factor for Ra is the liquid height
(molten metal layer) and the solidified metal layer decreases with time regardless of
the CHF occurrence. The Ra number is about 5 106 in the beginning of the test and
is about 1 108 just before complete re-melting of the metal layer. The solidified layer
thickness is 10.4cm at the steady state of 8kW of the heater power. Since the heater
power is elevated to 14kW, the solidified metal layer decreases monotonically as
captured in Figure 8. The metal re-melts completely after 3000sec because the heat
transfer rate from the metal layer to coolant decreases as the nucleate boiling
changes to film boiling after the CHF.

Figure 9 shows the relationship between the boiling coolant temperature and the
interfacial temperature of R113 and the metal layer. If the difference of the interfacial
temperature and the R113 boiling bulk temperature is about 50°C, the CHF is
achieved. If this temperature difference exceeds 50°C, the heat transfer mechanism
of R113 is changed to film boiling. It is shown that the heat flux decreases albeit the
temperature difference increases.

CONCLUSION

Experimental study was performed to investigate the crust formation andh eat
transfer characteristics of the molten metal pool with overlying coolant with boiling.
Steady-state and transient experiments were performed for the heat transfer from the
liquid metal pool with overlying R113 in the process of boiling. The Nu number and
the Ra number of the steady-state experiment were evaluated and compared to other
literature correlations for the natural convection heat transfer of the liquid metal. The
present experimental results for the natural convection heat transfer rate in molten
metal pool are higher than the other correlations.

The heat transfer mechanism of R113 coolant was changed from nucleate boiling to
film boiling in the transient experiment. The CHF was observed during the transition
from nucleate boiling to film boiling. The CHF of about 2.5 105 W/m2 was achieved at
2200 2300sec after changing the heater power from 8kW to 14kW. The heat transfer
coefficient transition in the molten metal layer was about 2000 5000 W/m2K before
the CHF and increased to 7000 W/m2K at the CHF condition. But the heat transfer
coefficient decreased to 3000 5000 W/m2K after the CHF. The maximum value of Nu
number was elevated to about 39 at the CHF condition. The Ra number increased
with time elapse regardless of the CHF occurrence. The heat transfer rate from the
metal layer to the coolant layer decreased due to the heat transfer mechanism
transition from nucleate boiling to film boiling of R113 after the CHF. When the CHF
occurred, the temperature difference of the interfacial surface temperature and the
R113 boiling bulk temperature was about 50°C.
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Table 1. Heat Transfer Rates of the Molten-Metal Pool

Heater Power
(kW)

8
9
10
11
12

Crust Thickness
(cm)
11.4
10.2
8.5
7.0
4.6

Heat Flux
( 104W/m2)

8.87
9.52
11.3
13.1
18.6

Ra Number
( 106)
3.03
4.77
10.2
17.3
31.1

Nu Number

11.7
13.4
13.9
15.3
24.2

Figure 1. Schematic Diagram of the Experimental Facility
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Figure 9. Heat Flux Profile Determined by Temperature Difference between
the Metal Layer Surface and the Boiling Coolant


