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(e experimental facility VULCAN was setup to study the fuel-coolant interaction (FCI) phenomena in a postulated severe
accident of light water reactors.(e heating system is important for the facility to preparemoltenmaterial in a crucible.(is article
is concerned with the design of the heating system, which applies electromagnetic induction heating method. (e COMSOL code
was employed to simulate the induction heating characteristics of a graphite crucible under different current and frequency of the
work coil (inductor). Given a frequency, the relationship between the crucible’s average temperature and the inductor’s current is
obtained, which is instrumental to select the power supply of the induction heating system.Meanwhile, the skin effect of induction
heating is analyzed to guide the choice of frequency and inductor of the heating system. According to the simulation results, the
induction heating system of frequency 47 kHz is suitable for the experiment, with a good agreement in temperature between the
measured and the predicted.

1. Introduction

During a hypothetical severe accident in light water re-
actors (LWR), molten fuel (corium) may get contact with
coolant (water), resulting in fuel-coolant interactions
(FCI). Under certain conditions, the heat transfer area
between the melt and coolant will increase rapidly, and the
time scale of heat transfer becomes much smaller than the
time scale of decompression, which may lead to the gen-
eration of shock wave. (is violent phase-change phe-
nomenon is called steam explosion [1]. During a severe
accident of a nuclear power plant, the steam explosion may
cause a strong shock wave that affects the availability of
equipment in the containment and even destroy the in-
tegrity of the pressure vessel and containment [2]. (e
steam explosions were extensively investigated by many
research projects, including the OECD/NEA projects
SERENA Phase I and Phase II launched in 2002 and 2008,
respectively [3, 4], and both experiment and simulation

were directed to reduce the uncertainty caused by material
properties and experimental conditions for steam explo-
sions. Yet, steam explosion is still an unresolved issue for
severe accident research, as indicated by the high-level
ranking of research priorities in severe accident concluded
from the EU project SARNET (Severe Accident Research
NETwork of Excellence) in 2014 [5].

Experiments related to FCI can be divided into two
categories, decoupled and coupled experiments, in terms of
physical phenomena. (e decoupled experiments are
separate-effect tests performed to address the physical
phenomena involved in FCI, such as the breakup of a melt
jet and collapse of the vapor film. Vapor film collapse
experiments usually use solid balls or heating tubes instead
of melt to study the criteria of vapor film collapse [6, 7]. (e
vapor film behavior under different experimental condi-
tions was also widely studied, including the difference of
the vapor film behavior between a moving ball and a
stationary ball [8, 9], the influence of shock wave on vapor
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film [10], and the influence of different solutions on vapor
film [11–14]. (e experiments of jet breakup are usually
performed in an isothermal system to study the influence of
hydrodynamics on the behavior of jet in FCI [15–17]. More
attention was paid to the influence of experimental con-
ditions, such as jet material and coolant material on jet
breakup [18, 19]. Coupled experiments were the integral
tests performed to investigate the multiple physical
mechanisms of FCI, in large scale of 10∼1000 kg [20–25]
and medium/small scale of 1 g∼10 kg [26–30] of melt mass.
Large-scale experiments are intended to obtain the general
picture of FCI process, while small- and medium-scale
experiments are focused on the understanding of physical
mechanisms in FCI.

(e present study is concerned with the development of
a small-scale test facility, named the VULCAN (Violent
interaction of molten fUeL with CoolANt) facility, which is
conceived to perform fundamental experiment of high-
temperature single droplet falling into a water pool under
well-controlled conditions, with the objective to investigate
the physical mechanisms of fuel-coolant interactions. In
particular, the focus is the design of the heating system
employed in the VULCAN facility.

(e preparation and release of the molten droplet are
important to the success of such a very high-temperature
experiment. (e heating methods are different in the pre-
vious studies according to the characteristics of the melt
materials employed in experiment. (e electrode heating
method of the FARO experiment [20–23] is characterized by
long service life and simple operation. It requires electrical
conduction of melt material to create an arc between the
electrodes. (e KROTOS experiment [24] heats the ex-
perimental material by radiation of tungsten element that
heated by resistive heating. (is method has no additional
requirement for material, but the radiation heat transfer
makes the heating rate slow. (e TRIO experiment [25]
adopted a cold crucible with direct induction heating of melt
material in a solidified shell of the melt itself. (e method
greatly reduces the requirements of crucible material, and it
is applicable to prototypical material of corium. However,
the cold crucible has complexity in operation and difficulty
in energy balance between induction power and heat dis-
sipation, which may cause instability of the cold crucible
wall. (e DEFOR [28, 29] and MISTEE [30] experiments
adopt the induction heating of a crucible, which heats the
melt material, i.e., so-called “hot-crucible” method, which is
simple to operate and easy to implement.

Given the small scale of the VULCAN facility and the
medium range of operational temperature, the similar “hot-
crucible” method with induction heating is chosen in the
design due to its advantages mentioned above. During the
preparation period of a melt droplet, the droplet is prevented
by an Aerodynamic Levitation System (ALS) from falling out
of the crucible. To design the heating system, the COMSOL
code is applied to simulate the induction heating charac-
teristics of a graphite crucible under different current and
frequency of the work coil (inductor). Based on the simu-
lation results, the induction heating system has been setup. A
test of the heating system is also performed, and the

measured temperature has a good agreement with the
predicted under the same frequency and current of the
inductor, indicating a reasonable design of the heating
system in the VULCAN facility.

2. Experimental Setup

Figure 1 shows a schematic of the experimental apparatus,
which includes induction heating system, interaction zone,
external trigger system, data acquisition system, inert gas
levitation and protection system, and high-speed photog-
raphy system.

Induction heating system is mainly composed of a
furnace, an induction heater (host and controller), and an
industrial chiller.

Figure 2 shows the structure of furnace, which includes a
furnace shell, an insulated pipe, and a crucible. (e furnace
shell is stainless steel cylinder and its outer diameter, inner
diameter, and height are 180mm, 170mm, and 135mm,
respectively. (e crucible is supported by a tube, which can
adjust the crucible to the specified position, and an obser-
vation window is placed at the top of the furnace for
watching and photographing the heating state in the cru-
cible. Argon is filled from the bottom of furnace at a flow rate
range of 1∼10×10−5 kg/m3 to provide the levitation force
and protective atmosphere.

(e heating element is an induction coil, which is buried
in MgO thermal insulation powders between furnace shell
and insulated pipe. As shown in Figure 3, the spiral coil is
made of 5 turns spiral copper pipe. (e inside diameter,
outside diameter, and height for the spiral coil are 66mm,
82mm, and 60mm, respectively. (e inner diameter and
outer diameter of copper pipe are 6mm and 8mm.

(e crucible has a double-layer structure that has two
advantages:

(i) (e inner and outer crucible can be made of different
materials. Materials with good induction heating
effect can be adopted for the outer crucible, whereas
materials that do not react with experimental ma-
terials can be selected for the inner crucible to ensure
the intact droplet. In this work, both the inner
crucible and the outer crucible are made of graphite.

(ii) (e inner crucible can be taken out freely for re-
placement, whereas the thermocouple can be fixed in
the positioning hole of the outer crucible to measure
the temperature of the crucible.

Figures 4 and 5 show the dimensions of the inner
crucible and the outer crucible in the single-drop furnace.

(e coil is power supplied by a medium-frequency
power (GYM25AB). (e nominal output electrical power
and frequency are 25 kW and 47 kHz, respectively, deter-
mined by simulation and experiment. (e current in the coil
is adjustable for different heating temperature requirements.

A 5 HP industrial chiller is equipped to cool the in-
duction heaters and the coils. (e cooling capacity of the
chiller is 13350W, and the target outlet temperature can be
set to specified value.
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3. COMSOL Model of Simulation

3.1. COMSOL Multiphysics. (e preparation of the melt is
an important process of FCI experiment. In order to guide
the design of crucible and coil, COMSOL Multiphysics®
(referred as COMSOL) was used to simulate electromagnetic

induction and solid heat transfer phenomenon to obtain the
melt condition under different operating parameters and
provide a reference for experimental operation. COMSOL is
an advanced numerical simulation software designed with
finite element analysis method. It has the advantages of wide
application range, easy operation, and multiphysical field
coupling analysis [31].
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3.2. Geometric Model. (e geometric models and dimen-
sions of inner and outer crucible are shown in Figures 4 and
5.(e positioning hole of thermocouple in the outer crucible
was ignored in this simulation.

For COMSOL, two methods can be used to build the coil
area geometric model. One is to build the spiral coil
structure directly, as shown in Figure 6(a). (e other is to
simplify the coil into a cylindrical structure with the setting
of the coil parameters, which is only applicable for regular
coils, as shown in Figure 6(b). (e first method can be used
to obtain the real current distribution in the coil wire and the
real magnetic field distribution.(e secondmethod can only
obtain the real magnetic field distribution, while the sim-
ulation speed is significant improved. In this article, we did
not focus on the current distribution in the wire of the coil,
and thus, the second method is selected for modeling.

3.3.Mesh. (e numerical simulations were carried out on a
block-structured mesh, which is obtained by rotation of the
cross section. In addition, a mesh-sensitivity analysis was
conducted by considering the meshes numbers that ranged
from 8,104 to 785,993, under the coil current of 100A and
the frequency of 47 kHz. (e average temperature and
maximum temperature in the crucible were taken as ver-
ification criteria. Figure 7 shows the variation of the
number of criteria with the number of grids. When the
number of grids reaches 41,508, the differences of simu-
lation results is small enough. (erefore, the grid with total
number of 75,152 shown in Figure 8 were used for sub-
sequent calculations, and the mesh quality is shown in
Figure 9.

3.4. Physical Model. Magnetic insulation boundary where
the magnetic field disappears is necessary to be defined in
electromagnetic simulation calculation. In this work, the
maximum boundary diameter of the coil is 82mm.
(erefore, the sphere boundary with a diameter of 200mm is
enough to define as magnetic insulation boundary. Solid
coupling model was selected to describe the close contact of
double-layered crucibles. Forced convection heat model was
selected as the thermal boundary condition of the inner
crucible cooling by argon.

According to the results from He and Xiao [32], the
convective heat transfer coefficient was about 100W/
(m2·K). (e outer boundary of the outer crucible applies
natural convection, and the heat transfer coefficient is
35W/(m2·K) [32]. (e water loop inside copper tube the
coil was set as isothermal boundary condition with a
temperature of 30°C.

(e physical properties of materials used in the model
are shown in Table 1. (e range of coil current is 20–500A,
and the range of frequency is 10–200 kHz in simulation.
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Figure 4: Dimensions ((a), unit: mm) and schematic (b) of the inner crucible.
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Figure 5: Dimensions ((a), unit: mm) and schematic (b) of the
outer crucible.
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4. Results and Discussion

4.1. Skin Effect. (e skin effect of high-frequency electro-
magnetic induction has an important effect on the distri-
bution of magnetic field. In order to study the skin effect,
induction-heating simulation with different coil current
frequencies was carried out.

(e magnetic flux density distribution under the coil
current of 100 A and frequency of frequency 10 kHz(a),
47 kHz(b), or 200 kHz(c) are shown in Figure 10. All of
results show that the magnetic flux density is obviously
concentrated on the outer surface of the crucible, and for
the higher current frequency, the skin effect is more sig-
nificant. (e effects of frequencies on the magnetic flux
density of cross section at the height of 25mm are shown in
Figure 11, and the skin depth (1/e) standard line is shown
by the dashed line in this figure. It can be learnt that when
the frequencies is 10 kHz or 20 kHz, the magnetic flux
density distribution in the crucible is smoother, which
means the thickness of the crucible wall does not reach the
skin depth.

Focus on the distribution of flux density varies with
depth at a certain frequency, taking the flux density dis-
tribution under the frequency of 200 kHz and the current of
100A as an example. (e exponential function is used for
fitting, and the results are as follows:

ln
B

Bmax
􏼠 􏼡 � −0.2519x − 0.0184, (1)

where B is the magnetic flux density, Bmax is the maximum of
the magnetic flux density, x is the depth from the surface of
the crucible, and correlation coefficient is 0.9943.

(e curve of skin depth with frequency is shown in
Figure 12, which was obtained from Figure 10. (e theo-
retical curve is calculated from the skin depth formula [37]:

δ �

����
2

μwσ

􏽳

, (2)

where μ is the magnetic permeability in [H/m], w is the
angular frequency in [rad/s], σ is the conductivity in [S/m],
and δ is the skin depth in [mm].

Under the frequency of 47 kHz, the theoretical value of
skin depth is 7.34mm, the simulated value is 8.15mm, and
the difference is 11%. Under the frequency of 100 kHz, the
theoretical value of skin depth is 3.56mm, the simulated
value is 3.60mm, and the difference is 1%. It can be seen
from Figure 12 that the simulated calculation results are
roughly consistent with the theoretical values, and the
simulation deviation may be caused by the uneven distri-
bution of the magnetic flux density on the Z coordinate since
the length of the coil is finite and the shape of crucible is
irregular.

Figure 13 shows the distribution of the current density at
different frequency and same current of 100A. Compared
with Figures 10 and 13, it can be seen that the distribution of
current density in the crucible is gentler than the distribution
of magnetic flux density, which follows the skin depth of
equation (1). (erefore, the skin depth of the current is
deeper and the penetration ability is stronger, as shown in
Figures 14 and 15.

(e temperature distribution of the crucible cross section at
the height of 25mm under the coil current of 100A and the
frequency of 47 kHz is shown in the Figure 16. A high-tem-
perature zone forms in the middle outboard part of the cru-
cible. Conversely, a cold zone forms in the inner bottom part of
the crucible.(is temperature differencemay be due to the skin
effect of induced current, which caused the outboard Joule heat
higher than inboard part, and the argon forced convection
cooling inside the crucible. (e maximum temperature dif-
ference between two zones mentioned above is about 1%.

(e crucible is heated by the Joule heat of the eddy
current, while the distribution of temperature in the crucible
is flatter than the distribution of current. Because the
thermal conductivity of graphite crucible is good, the
temperature difference in the crucible is small, although the
distribution of internal heat source caused by the skin effect
of current is obviously uneven. (erefore, it is reasonable to
measure the temperature at mounting position shown in
Figure 5 as the crucible temperature.

4.2. Effect of Inductor’s Current and Frequency. (e mag-
nitude and the frequency of the coil current are important
factors of induction heating. As shown in Figures 17 and 18,
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Table 1: (e physical properties of materials.

Material Argon Graphite Copper Water
Relative permittivity 1 10a 1 Default
Electrical conductivity (S/
m) 0.01 1e5b 5.88e7d 5.5e−6c

Relative permeability 1 1 1 Default
Specific heat capacity [J/
(kg·K)] Default 707.7c 385.0d Default

Density [kg/m3] Default Default Default Default
(ermal conductivity [W/
(m·K)] Default 24.0c 385.0d Default

aData from reference [33], bdata from reference [34], cdata from reference
[35], and ddata from reference [36].
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when the coil current is maintained at 100A, the average
magnetic flux density and the average induced current
density in the crucible increased with the increase in fre-
quency; besides, the average magnetic flux density and the
average induced current density increased more rapidly at
low frequency. When the current frequency is 47 kHz, the
average magnetic flux density has reached 98% of it at the
frequency of 200 kHz and the average current density has
reached 80% of it at the frequency of 200 kHz.

Figures 19 and 20 show the mean temperature and the
distribution of temperature under different frequency, re-
spectively. With the consideration of the skin depth in
magnetic field, cost performance, and uniformity of tem-
perature distribution, the calculated frequency of 50 kHz was
selected for experiment bench design, and the actual
manufactured frequency was 47 kHz. Figure 21 shows the
average temperature of crucible under different coil currents
and frequency. With the increase of coil current, the average

temperature of the crucible increases exponentially. (is
correspondence could be expressed as follows:

ln Tmean( 􏼁 � 5.64 + 0.00702∗ I(f � 47 kHz), (3)

where the correlation coefficient is 0.9928.

ln Tmean( 􏼁 � 5.55 + 0.00553∗ I(f � 20 kHz), (4)

where the correlation coefficient is 0.9974, Tmean is the
average temperature of the crucible, I is the magnitude of
coil current, and f is the frequency of coil current. It should
be noted that the melting model was not considered in the
simulation calculation model, and the calculated tempera-
ture may reach more than the melting point of graphite.

As shown in Figure 22, the temperature inhomogeneity
of the crucible increases as the coil current increases. (e
temperature inhomogeneity is about 4% and 10% under the
coil current of 300A and 500A, respectively. When the
current below 100A, the temperature inhomogeneity can be
almost ignored.
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Figure 10: Distribution of magnetic flux density at different frequency and same current of 100A.
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(e crucible can be heated to more than the heating
requirement of 2500K by the adjusted coil output current
within 300A under the frequency of 47 kHz, and the tem-
perature difference in the crucible is less than 4% under this
condition.

5. Testing of the Heating System

A test is conducted with the induction heating system whose
current ranges from 40A to 250A under the frequency of
47 kHz, given the furnace and crucible as described in the
preceding section. A C-type thermocouple and an infrared
thermometer are used to measure the crucible’s temperature
below 1500K and above 1500K, respectively.
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Table 2: Comparison of measured and simulated temperatures.

Current of
inductor
(A)

Measured
(K)

Simulated
(K)

Absolute
deviation

(K)

Relative
deviation

40.3 343.9 338.6 −5.3 −1.5%
59.8 402.1 395.5 −6.6 −1.6%
81.1 497.4 475.1 −22.3 −4.5%
99.7 612.7 577.4 −35.3 −5.8%
200.0 1509.8 1431.4 −78.4 −5.2%
251.3a 2364.1a —
a(e experiment of 300A was not carried out because the predicted
temperature under this condition is close to the melting point of graphite.
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(e crucible’s temperatures measured in the test and
predicted in the simulation are shown in Table 2. (e
maximum difference between the measured and predicted
temperatures is 5.8%, which indicates the reasonable design
of the induction heating system.

6. Conclusions

Motivated by the development of the test facility VULCAN
to investigate melt-coolant interaction, the induction
heating of a graphite crucible was simulated by the COM-
SOL code and studied, with the objective to design the
heating system for the facility. Based on the simulation
results and a verified test on the facility, the following
conclusions can be drawn:

(i) (e skin effect of induction heating is reproduced by
the COMSOL simulation, with the magnetic flux
density concentrated on the outer surface of the
crucible and decreasing exponentially with the
depth from the outer surface.

(ii) (e heating power increases with the increase of the
inductor’s frequency and current. (e average
temperature of the crucible increases exponentially
with the increase of the inductor’s current. (e
temperature difference in the crucible is negligible,
i.e., insensitive to the skin effect. Hence, it is rea-
sonable to measure the temperature of the outer
crucible as the average temperature of the crucible.

(iii) In the verified test performed on the facility, the
maximum difference between the measured and
predicted temperatures of the crucible is 5.8%, in-
dicating the capability of COMSOL for such sim-
ulation and the reasonable design of the heating
system.
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