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Abstract

Under severe reactor accident conditions, the solidified crust of a relocated corium pool
may undergo contact melting of internal metallic structures. This process, significantly
influenced by complex intermetallic interactions, deviates markedly from conventional
analysis. This study provides the first experimental investigation into the influence of the
eutectic reaction on the horizontal contact melting process between a crusted melt and a
metal plate. Tin is used as a simulant material to replicate intra-reactor mechanisms via
its eutectic reaction with copper. Analysis of temperature response and melting velocity
revealed that the eutectic reaction drastically enhances heat transfer efficiency during
contact conduction, increasing the temperature change rate by up to a factor of 5.36 and
substantially accelerating melting initiation. Furthermore, the three-dimensional heat
conduction effect of the heat source caused an initial increase in melting rate, while melt
relocation subsequently reduced the contact melting speed. Based on experimental data,
this work provides an in-depth analysis of melt migration and relocation during contact
melting, offering a valuable experimental basis for developing severe accident models.

Keywords: contact melting; reactor severe accident; eutectic reaction; simulant materials

1. Introduction

Owing to the complex irradiation conditions and the high-temperature, high-humidity
environment within reactors, the safety performance of internal components has garnered
significant attention in recent years [1]. Core meltdown, as the initiating event and critical
phase of a reactor severe accident [2,3], significantly influences the progression of the severe
accident. Numerous high-temperature experimental studies on in-core melting progression
have been conducted internationally, providing reasonable explanations for fuel failure
mechanisms and phenomena of significance within the core [4]. Related models have been
incorporated into severe accident codes [5]. In addition to studies on high-temperature
prototypic materials, simulant materials have been employed in recent years as analytical
subjects for core fuel assembly melting [6-9], aiming to achieve visualization of experimen-
tal phenomena and to uncover fuel failure mechanisms and molten material relocation
behavior. Current visualization studies have predominantly focused on the early-stage
failure of fuel assemblies and the melting-relocation process of molten materials. However,
as evidenced by the core meltdown progression in the Three Mile Island accident [10],
relocated molten material may solidify to form a molten pool. As this pool expands, the
solid crust on its surface may mechanically interact with internal structures (such as support
plates, core shrouds, baffles, and other supporting components), potentially leading to
contact melting [11]. As a primary source of metal for the lower head molten pool, the
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melting progression of supporting components influences the thickness of the metallic layer.
This metallic layer induces a heat concentration effect on the lower head wall, posing a
threat to the integrity of the reactor pressure vessel [12]. Furthermore, unlike UO, fuel with
its high melting point, dispersion fuel elements have a relatively low melting temperature.
Consequently, a high-temperature solidified crust may undergo contact melting with the
dispersion fuel elements supporting it from below, thereby affecting the severe accident
progression [13]. Currently, there is limited research on this specific type of melting process,
and a lack of relevant experimental data, which introduces significant uncertainty into the
analysis of this phenomenon within severe accident codes.

Contact melting refers to the phenomenon that occurs when a solid phase change
material is subjected to mechanical contact with a heat source whose temperature exceeds
the material’s melting point. It has been widely applied in various fields such as thermal
energy storage, welding, geological exploration, and nuclear technology [14]. Based on the
relative motion mode between the heat source and the solid, research on contact melting
is primarily categorized into two types [15,16]: one where the phase change material
(PCM) moves relative to a stationary heat source, and the other where the heat source
moves relative to stationary PCM. The analytical methods and results differ for these two
categories. Current experimental studies on contact melting mainly focus on the process
driven by PCM motion, which differs from the heat-source-driven contact melting scenario
involving a solidified crust interacting with internal structures or dispersion fuel elements.
Current experimental investigations on heat-source-driven contact melting remain limited,
and most existing studies focus on the melting process of heat sources against semi-infinite
non-metallic materials [17]. During severe reactor accidents, the metallic internal structures
undergo complex intermetallic reactions during the melting process [18]. However, the
influence of such reactions, particularly eutectic interactions, on the contact melting process
has not been addressed in existing experimental studies. Furthermore, the dimensions
of these structures are considerably smaller than those of the molten pool, which differs
significantly from existing experimental studies on contact melting. Therefore, the in-
core contact melting process and melt relocation behavior require further experimental
investigation.

To analyze the contact melting process of a molten pool’s solidified crust against
stainless steel components within a pressurized water reactor core, a Contact Melting
Process Apparatus (CMPA) was developed in this study. The visual image data obtained
from the CMPA experimental system, combined with the temperature data acquired by
the data acquisition system, can be utilized to provide essential support and validation for
theoretical models, numerical simulation codes, and key models used in severe accident
analysis. Referencing the core melting phenomenon observed in the Three Mile Island
accident, where the corium crust exhibited a bowl-shaped structure [19], the crust in the
central region of the core appears relatively flat. Its contact with underlying components
can be approximated as horizontal. Building on our prior theoretical model for this contact
configuration [20], the present study focuses specifically on the horizontal contact melting
process at the core center. Using tin as a suitable simulant phase change material, we
conducted experiments with a horizontal heat source melting against a flat plate. The
experimental results, including temperature response, melt relocation, and melting velocity,
are discussed in detail.

2. Experimental System and Procedure
2.1. CMPA Experimental System and Setup

As shown in Figure la, the CMPA experimental apparatus consists of four main
components: a visualization chamber, an instrument control console, imaging equipment,
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and a data processing terminal. Figure 1b shows an internal view of the visualization
chamber. The chamber is equipped with a removable drawer to facilitate experimental
setup and cleanup. An elevated platform is mounted on the drawer to provide a stable
base for camera recording. Since the heater moves downward along the direction of gravity
during the contact melting process, guide columns and positioning pins are installed on
the platform to ensure stable movement of the heat source and the phase change material
below it.

(a) The CMPA experimental system

Figure 1. The CMPA experimental setup.

The heat source consists of a copper heater block measuring 20 cm x 12 cm x 1.5 cm.
The melting block measures 3 cm x 2 cm x 10 cm, with four temperature measurement
points installed on its side surface at a depth of 1.5 cm to monitor temperatures at mid-
height cross-sections. The plate-shaped melting block, serving as the phase change material,
is fixed on the working platform. The heater block is placed in tight contact with the melting
block, with their centerlines aligned. The geometric relationship between the heater block
(red) and phase change material block (blue), along with the locations of measurement
points, is shown in Figure 2.
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Figure 2. Schematic of the CMO01 experimental installation and measurement points layout. (a) Front
view schematic of the measurement point arrangement. (b) Left view schematic of the measurement
point arrangement.

Five temperature measurement points are arranged on the upper part of the heater
block to monitor temperature variations during the experiment. Due to the large volume
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of data, this study selectively records three thermocouple points adjacent to the contact
area. The arrangement and numbering of these measurement points are shown in Figure 3.
Specifically, point 5 corresponds to the central thermocouple of the heating assembly, point
6 to the right-side thermocouple, and point 7 to the left-side thermocouple.
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Figure 3. Schematic of the heater block showing the arrangement of thermocouple points.

To facilitate heat loss analysis, two patch-type thermocouples are attached to the
surface of the melting platform and the guide column to calculate heat dissipation to the
environment during the melting experiment. The arrangement of measurement points and
their corresponding numbering are shown in Figure 4.

Figure 4. Arrangement of thermocouple points on the working platform.

For clarity in subsequent descriptions, all thermocouples used in the experiment and
their respective locations are summarized in Table 1.

To monitor ambient temperature for heat loss analysis, an infrared camera was em-
ployed. Figure 5 shows the camera in use during an experiment. This technique effectively
maps the temperature distribution of the air inside the experimental chamber throughout
the melting process. Since heat is primarily dissipated via natural convection within the
chamber, the data from the infrared camera, combined with an empirical correlation for
natural convection heat transfer, were used to calculate the heat loss. This calculated value
was subsequently applied to correct the effective heating power.
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Table 1. Thermocouple numbers and corresponding positions.

Numbering of Thermocouple Measurement Points Thermocouple Locations

—_

O 0NN Ul = WIN

at a position 2 cm below the contact interface at the top of the tin
at a position 4 cm below the contact interface at the top of the tin
at a position 6 cm below the contact interface at the top of the tin
at a position 8 cm below the contact interface at the top of the tin
center of the heating assembly
right of the heating assembly
left of the heating assembly
melting workbench surface
guide post

Figure 5. Experimental process images captured by infrared camera.

2.2. Selection of Simulant Materials

Given the high melting point of actual stainless steel, surrogate materials are commonly
employed in experimental studies. To effectively compare the behavior of these surrogates
during contact melting, particular attention must be paid to their thermophysical properties
and transport characteristics. Key thermophysical aspects include the relative importance
of convective heat transfer versus thermal conduction within the liquid film. Regarding
transport behavior, the focus lies on the potential for solidification and relocation of the
liquid film as it drains downward along the wall of the phase change material.

This study selects the Prandtl number (Pr = %) as the key thermophysical param-
eter for comparison, where 1, is the dynamic viscosity of the melt, c,;, is the specific heat
capacity of the molten metal, and A, is its thermal conductivity. It represents the ratio of
momentum diffusivity to thermal diffusivity and serves as a crucial dimensionless number
linking fluid flow and heat transfer.

Furthermore, the Stefan number is selected as the comparative parameter for transport

behavior. It is defined as Ste = %ﬁ_m

, Wwhere Ty, is the initial temperature (melting
point) of the melt, and T, is the external ambient temperature. For the core materials, the
ambient temperature is set to 1473 K, based on the reactor temperature data associated
with core melt pool formation as calculated in reference [21]. For the simulant materials,
the ambient temperature is the experimental environment temperature of 293 K. As the
melt migrates and is cooled by the environment, the Stefan number reflects its tendency to
solidify. A smaller Stefan number signifies greater resistance to solidification.

Table 2 summarizes the comparison of dimensionless parameters for the various

simulant materials, derived from their physical properties [22,23].
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Table 2. Comparison of dimensionless parameters for different materials.

Material Pr Ste
Stainless Steel 0.015 0.55
Tin 0.014 0.83
Wood’s Alloy 0.041 0.25
n-Octadecane 55.93 0.18

Based on the comparative analysis above, it can be concluded that organic compounds
commonly used in contact melting experiments show limited compatibility in key physical
properties with actual reactor core materials, making them inadequate for effectively
simulating the contact melting process under severe accident conditions.

In contrast, metallic tin demonstrates close agreement with stainless steel in terms
of the Prandtl number, which characterizes the heat transfer behavior of the liquid film.
However, when it comes to solidification behavior during melt relocation, all commonly
used simulant materials deviate from stainless steel to some extent. The Stefan number of
tin differs from that of stainless steel by approximately 33%. Although tin has limitations
in simulating relocation behavior—tending to result in higher relocation positions and a
larger solidified fraction compared to actual in-core melt behavior—it still offers valuable
insights for analysis.

During reactor core melting processes, complex intermetallic interactions occur, such
as Zr-UO, dissolution and Fe-Zr reactions, which significantly influence core melting
progression [24,25]. The eutectic reaction, though it does not capture the full complexity
of in-reactor metal dissolution and chemical oxidation, nevertheless serves as a valuable
simplification for reactor core studies [7]. Therefore, metallic tin was selected as the simulant
material for internal structures in this study.

Figure 6 shows the binary phase diagram of the Sn-Cu system [26]. When the tin
content exceeds 60.9 wt%, n-phase and 8-phase solid alloys form upon heating to 459 K.
Upon reaching 500 K, copper and tin react to form a liquid eutectic structure with a tin-
matrix phase and a solid n-phase CugSns alloy. The CugSns phase has a melting point of
913 K and a thermal conductivity of 34 W/(m-K), which is significantly lower than that of
pure copper and tin. Thus, this study utilizes the Sn-Cu eutectic reaction to simulate the
effects of intermetallic interactions on contact melting behavior in reactor scenarios.

Weight Percent Tin

10 20 30 40 50 680 70 B0 90 100
1200 A = o L ] : ! I : e ey

=]
S

1084.

o
b=
a

1000

2005

800

=
=1
=]

600

Temperature °C

500

4004 ] 3

(3 05 g +L

300 7 3
45.5 227°C £ 281.9681°C

0.7 189°C nt0  1ss°c 98.7F

200

; 348 E
| o (sn)—=f
100 E

T T T T T T T T
10 20 30 40 50 80 70 80 80 100

Cu Atomic Percent Tin Sn

Figure 6. Sn-Cu binary phase diagram [26].
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2.3. Experimental Data Acquisition

The spatiotemporal characteristics of melting were primarily recorded through the
downward migration process of the heater block. The melting velocity, as a key physical
parameter requiring focused attention, is crucial for validating theoretical relationships. The
entire melting process was recorded by a camera. To obtain complete visual documentation,
a batch processing program was used to capture images from the experimental video at
1 s intervals. The melting distance was extracted using a self-developed post-processing
program, following these specific steps: First, all captured images underwent standardized
cropping to ensure consistent perspective, establishing a unified benchmark for subsequent
pixel coordinate analysis. Subsequently, targeting the vertex of the heating assembly as
the reference point, its pixel coordinates in each second-by-second image were acquired.
The y-coordinate value of this point represents the pixel-based melting distance (hpixel)
at each time point. Finally, utilizing the known actual thickness (1) of the heater block
and its corresponding pixel distance (l,ixe1) in the images, the conversion ratio (scale
factor) between pixels and physical distance was calculated. This ratio was then applied
to convert the measured pixel distance (hpixe) into the actual melting distance (h). The
complete workflow for obtaining the melting distance is illustrated in Figure 7. To reduce
computational load and optimize measurement accuracy, this study set the acquisition
frequency of melting distance at 10 s intervals. This approach is primarily based on two
considerations: first, the extended experimental duration and large volume of image data
would impose significant computational burden if processed on a per-second basis; second,
the melting process itself progresses relatively slowly, and excessively high sampling
frequencies (such as per-second) may amplify measurement noise and image processing
errors in the data sequence, thereby obscuring the true melting trend.

Screenshot from the
experiment video of the target point real-world distance

—— Normalized Image Cropping — Acquire the pixel coordinates Convert pixel distance to

Figure 7. Flowchart of the melting distance acquisition procedure.

For temperature measurement, thermocouples were fixed using a drill-hole insertion
method. However, during the experiment, thermal expansion of the heater block material
caused an increase in the diameter of the installation holes. As the heater block moved
downward under gravity following the melting of the phase change material, loosening
occurred at the thermocouple insertion points on its upper surface. This was primarily
manifested as a reduction in the insertion depth of the thermocouple measurement points.

To meet the research requirements for investigating transient melting processes, it is
necessary to simultaneously calculate the temperature change rate and the melting velocity.
Temperature data were acquired by a high-frequency data acquisition unit, resulting
in dense data points. Therefore, this study employs the central difference method to
differentiate the original temperature data T(t) to obtain the temperature change rate dT/dt
(see Equation (1)). For boundary points (initial and final points), backward difference
and forward difference schemes are applied, respectively (see Equation (1)). To effectively
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suppress noise and reveal data trends, the Savitzky—Golay filter method was used to
smooth the raw differential data (dT/dt).

L-T s
T TfZ*fl i=1
i et i=23...n-1 (1)
At T1+_1 i—1
n n—1 l =n

tn—tp_q

2.4. Uncertainty Analysis

The directly measured data in the experiment include spatiotemporal characteristics
of melting and temperature variations from thermocouples. All measuring instruments
used in the experiment underwent strict calibration prior to measurement. Table 3 shows
the main measuring instruments employed in the experiment along with their uncertain-
ties. The maximum measurement error originates from manufacturing tolerances, with
uncertainty defined by the formula B = A/+/3, where A represents the maximum error.

Table 3. Experimental measurement uncertainty.

Measured Measuring Maximum

Parameters Instruments Measurement Error Uncertainty
K-Type

Temperature Thermocouple 14K 081K

Position Ruler 0.5 mm 0.3 mm

PDC3515S
(Shenzhen ForeNext o
Power Technology Co., Ltd, 0.2%FS3
Shenzhen, China)
Melting Distance Image Processing 3 pixels 1.73 pixels

The primary data analyzed in this study included both the melting velocity (U) and the
temperature change rate, in addition to direct measurements. The uncertainties associated
with these two derived parameters, as determined by the propagation of uncertainty
formula Byt 4t = V2Bt /dt, were calculated to be 2 x 107° m/s and 0.04 K/s, respectively.

2.5. Experimental Procedure

This study conducted two sets of contact melting experiments involving a flat heater
block and a narrow rectangular block, designated as CM01_1 and CMO01_2, with a heating
power of 300 W for both experiments. After melting commenced and before the heater
block melted down to the uppermost thermocouple, the distance from the top surface
to the base platform was measured using a vernier caliper at that specific moment, and
the topmost thermocouple was removed. After all thermocouples on the melting block
had been removed, the heating power was switched off. The time and vernier caliper
measurement at this moment were recorded, and the measuring equipment was then
shut down.

3. Results and Discussion
3.1. Analysis of Temperature Response

Figure 8 shows the temperature variation plot for Experiment CM01_1. Under constant
power conditions, the temperature of the heater block increased monotonically before phase
change occurred. Temperature measurement points 6 and 7 on the right and left sides of the
heating assembly were significantly higher than the central point 5, with the temperature
difference between them gradually widening. The temperature difference between points 6
and 7 remained within 2 K, while the maximum temperature difference between point 5
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and the side points reached 16.21 K. This is because during the heating phase, the central
contact area of the heater block conducted heat through contact with the tin block, while
other non-contact areas exchanged heat with air. Since heat transfer to air is significantly
less efficient than conduction to the tin block, the central region exhibited noticeably
lower temperatures.

523.15+

473.15

Temperature
(K 423151

373.15

0 500 1000 1500 2000 2500
Time(s)

Figure 8. Variation in temperature during contact melting of the Cu-Sn pair under a heating power of
300 W (Experiment CM01_1).

Due to the extended duration of the experiment and significant temperature increase,
certain details in the overall temperature variation curve are difficult to distinguish. To more
clearly analyze the temperature response characteristics and their physical mechanisms
at different stages, this study divides the temperature variation process into three phases:
Phase A, where all measurement points began to heat up under the heating power and
the temperature change rate gradually decreased due to enhanced convective heat transfer
with the surrounding environment (corresponding to 0-1300 s in Figure 8); Phase B, where
the melting block’s temperature change rate increased significantly while the heater block’s
contact surface exhibited decreased temperature change rate or even negative growth,
with no noticeable downward displacement observed (corresponding to 1300-1700 s); and
Phase C, where the heater block began moving downward steadily and the melting process
stabilized (after 1700 s). This study focuses primarily on analyzing Phases B and C.

Figure 9 shows the temperature variation during Phase B (as detailed in Figure 8).
During the continuous heating process, the temperature at measurement point 5 exhibited
an anomalous decrease at 1563 s, which persisted until 1588 s. The temperature dropped
from 501 K to 500 K. During this period, a significantly increased temperature change rate
can be clearly observed in the melting block in Figure 9, corresponding to the eutectic
reaction between tin and copper.

Figure 10 shows the temperature change rate obtained by differentiating the tem-
perature data from Figure 9 with respect to time, presenting the variation curve of the
temperature change rate during Phase B. As can be observed from Figure 10, the tem-
perature change rate of the thermocouple in the melting block exhibited two significant
increases during this phase.
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Figure 9. Variation in temperature during phase B from 1300 s to 1700 s in experiment CM01_1.
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Figure 10. Variation in temperature change rate during phase B from 1300 s to 1700 s in experiment
CMO01_1.

The first increase occurred from 1350 s to 1456 s, when the temperature at measure-
ment point 1 reached 492.36 K. The temperature change rate increased from 0.059 K/s
to 0.093 K/s, representing a 57% enhancement, before gradually decreasing to 0.06 K/s
at 1530 s. The measurement points below the melting block also showed corresponding
increases, with the magnitude of increase diminishing with increasing distance from the
contact surface. At 1535 s, the temperature change rate of the melting block thermocou-
ple began a second increase, which was more substantial and had a faster response time
compared to the first one. Taking measurement point 1 as an example, the temperature
change rate increased rapidly from 0.06 K/s at 1535 s to 0.382 K/s at 1591 s, representing an
increase by a factor of 5.36. After reaching the peak, the temperature change rate decreased
rapidly to 0.07 at 1690 s. The temperature change rate of the heater block decreased from
1300 s to 1577 s, with a rapid decline occurring between 1535 s and 1577 s, dropping below
zero at 1564 s. After 1577 s, the temperature change rate of the heater block recovered
rapidly between 1577 s and 1611 s, then began to decrease slowly.

The variation in temperature change rates between the heater block and the melting
block is at-tributed to the metallic eutectic reaction between copper and tin. During the
period from 1350 s to 1456 s, the first increase in the temperature change rate of the melting
block originated from the formation of alloys via solid-state diffusion between copper and
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tin at 459 K. These alloys grew at the interface, gradually filling the air gaps between the
contact surfaces, thereby effectively reducing the contact thermal resistance. The decrease
in contact thermal resistance promoted a temperature rise at the contact surface of the
melting block, with the rate of increase correlated to the extent of reduction in contact
thermal resistance. The sudden temperature rise at the contact surface disrupted the
existing thermal equilibrium, leading to an enhancement in the temperature change rate.
As the reduction in contact thermal resistance stabilized, the temperature at the contact
surface no longer changed significantly, and the heat transfer process gradually returned
to being dominated by heat conduction from the upper heat source and convective heat
exchange with the surroundings. Consequently, the temperature change rate decreased to
normal levels.

However, during the solid-state diffusion stage, the rate of atomic diffusion through
crystal lattices is relatively low, and the diffusion distance is short, making it impossible to
form a macroscale alloy layer. At this stage, uneven gaps remained at the heating contact
surface, and the thermal conductivity of the formed n-phase alloy was relatively low. Thus,
the reduction in contact thermal resistance was limited. This resulted in a relatively small
increase in the temperature change rate during the first phase and a longer response time.

When the heating time reached 1535 s and the local temperature at the contact surface
attained 500 K, the eutectic composition tin-copper alloy in localized regions began to
liquefy. The resulting microscopic liquid zones, under the influence of surface tension,
filled the gaps at the contact interface, displacing the low-thermal-conductivity air and
causing a rapid decrease in contact thermal resistance. This led to a swift temperature rise
at the contact surface of the melting block. Once the liquid metal fully occupied the gaps,
the reduction in contact thermal resistance slowed, and the temperature change rate at the
contact surface subsequently decelerated, allowing the heat transfer process to stabilize
again. Consequently, during this stage, the temperature change rate experienced a rapid
increase followed by a gradual decline.

Since the reduction in contact thermal resistance during the second phase was achieved
through the diffusion of liquid molten material, the response speed was significantly faster
than the solid-state diffusion of the first phase, resulting in more pronounced changes in
the temperature change rate. It can be concluded that the temperature variation at the
contact surface during the metallic eutectic process is primarily influenced by the reduction
in contact thermal resistance. As the contact thermal resistance continued to decrease, the
temperature difference between the heating surface and the melting block surface gradually
diminished, eventually allowing the temperature at the contact surface of the melting block
to reach the melting point of tin at 505 K. At this point, large-scale melting of the melting
block commenced, marking the transition of the process into the next phase.

Figure 11 shows the temperature response curve at the onset of melting phase (Phase
C in Figure 8). Starting from 1700 s, the temperature change rate of the melting block
decreased significantly. Combined with the temperature at the contact surface of the
heater assembly at this time, it indicates that the surface temperature of the melting block
had reached the melting point, and melting began to occur. As can be observed from
measurement points 14 in Figure 11a, the overall curvature of the temperature curve of the
melting block remained stable, but fluctuations occurred in localized regions. Comparing
the overall experimental phases, the temperature change rate in Phase C was lower than
that in Phase B but higher than in Phase A. This is because during the melting phase,
the heater block moved downward as melting progressed, bringing the contact surface
closer to the various measurement points. Figure 11b more clearly shows the fluctuations
in the temperature change rate of the melting block. These fluctuations are caused by
the solidification and heat release of the molten material during flow. The amplitude of
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oscillation in the thermocouple at the bottom of the melting block was significantly greater
than that at the top, as solidification of the molten material occurred mostly at the bottom.

523.15 9 ~—=— Measurement point|
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(a) Variation in temperature during phase C (b) Variation in temperature change rate during phase C

Figure 11. Temperature response during phase C after 1700 s in experiment CM01_1.

Experiment CM01_2 was conducted as a replicate of CM01_1. Figure 11 shows the
temperature variation in the thermocouples before melting in the CM01_2 experiment. As
observed in the red box region of Figure 12, eutectic reaction similarly occurred around
1700 s in the CM01_2 experiment, characterized by a temperature decrease at measurement
point 5 of the heater assembly and a sudden rapid temperature increase in the melting

block during this phase.
523.15 - [—®—Measurement pointl
[=®— Measurement point2|
~—— Measurement point3 / ?-‘— P
=¥ Measurement point4| fﬂ’
473.15 { [=#—Measurement points /%(/‘/
423.15 1 "/
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273.15 T T T T T 1
0 500 1000 1500 2000 2500 3000

Time(s)

Figure 12. Variation in temperature for experiment CM01_2 (Repeat of CM01_1).

By differentiating the temperature curve within the red box region of Figure 12,
the localized temperature change rate variation curve shown in Figure 13 was obtained.
Compared with CM01_1, the CM01_2 experiment exhibited only one distinct temperature
change rate increase. In terms of the magnitude of this increase, the temperature change
rate enhancement in CM01_2 was only 52% of that observed in CM01_1. This reduction
is primarily attributed to residual eutectic material remaining on the contact surface after
the first experiment, which was not thoroughly removed. These residues hindered the
lattice diffusion process during the first phase, resulting in reduced eutectic liquefaction
and consequently limiting the decrease in contact thermal resistance.
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Figure 13. Variation in temperature change rate during the eutectic phase for experiment CM01_2
(Repeat of CMO01_1).

In actual reactor scenarios, the solidified crust is typically a porous medium with
an irregular surface, leading to a thermal contact resistance with the underlying support
material that is significantly higher than under the experimental conditions of this study.
Consequently, a greater degree of superheat exists between the heater and the phase change
material. Should eutectic liquefaction occur, the subsequent reduction in contact resistance
would be substantially more pronounced. This would cause the temperature change rate in
the bottom support material to rise by a factor considerably greater than the 5.36 observed
in this work.

Furthermore, a key difference exists in material behavior. The eutectic temperature of
the simulant material used here is only 5 K below its melting point, resulting in an almost
immediate transition to full melting after the eutectic reaction. In contrast, in a real reactor,
the eutectic reaction between stainless steel and zirconium occurs at 1573 K, while the
melting point of stainless steel is as high as 1700 K, representing a much larger temperature
interval.

This discrepancy implies that theoretical models which neglect the drop in contact
resistance due to eutectic liquefaction would predict the onset of contact melting with
significantly greater error. Consequently, this oversight would severely compromise the
accuracy of predictions regarding the progression of core meltdown.

3.2. Melt Migration and Relocation Phenomena

Prior to the initiation of melting, a downward displacement of the heater was observed
in experiment CMO01_1, as shown in Figure 14. The displacement distance d was approx-
imately 4.2 mm. At 1688 s, the temperature at measurement point 5 on the heater was
503 K, which had not yet reached the melting point of tin. Therefore, this phenomenon is
attributed to the occurrence of a eutectic reaction. Since the eutectic reaction produces a lig-
uid eutectic structure with a Sn-matrix phase and solid n-CugSns intermetallic compounds,
the amount of liquid phase generated is less than that during full melting. Consequently, as
can be seen from the figure, although the heater moved downward, no significant outflow
of molten material from the contact interface was observed.
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1650s 1688s

Figure 14. Movement of the heater during the early melting phase in experiment CM01_1.

As shown in Figure 15, a schematic diagram illustrates the melt migration during the
initial melting phase. Neglecting the non-uniformity of thermal resistance at the contact
surface, the development of the liquid film in the early melting stage can be divided into
three phases (Figure 15a).

stepl step2 step3

(a) Mechanism of liquid film development in the initial melting phase

(b) Location of melt leakage during initial melting

Figure 15. Schematic diagram of melt migration during the initial melting phase.

In the first phase, melting initiates preferentially in the central region due to heat
dissipation from the peripheral surfaces of the tin block to the surrounding air. Conse-
quently, the temperature of the heater assembly decreases as heat is absorbed by the melting
process. Since the outer regions of the tin block remain solid and continue to provide sup-
port, the heater maintains its position, and a small molten pool gradually forms at the
contact interface.
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Upon entering the second phase, the heater assembly melts the tin at the contact
surface and begins to move downward. The molten tin accumulates in the molten pool;
however, the weight of the heater assembly is significantly greater than the pressure
exerted by the liquid tin, confining the melt within the contact interface and preventing
immediate leakage. As melting continues, the melt accumulates further, and a liquid film
gradually develops.

The third phase commences with the formation of this liquid film. At this stage, melt
is continuously generated and begins to leak outward through the liquid film. Due to the
faster melting rate in the central region, leakage occurs primarily from the center rather
than as a overall collapse-type flow, as detailed in Figure 15b.

After the onset of melting, the molten material seeped out along the short edge of the
contact surface in the form of candle dripping. Figure 16 shows the formation process of
molten droplets at the beginning of contact melting. As can be observed in the timeline,
the droplets took a relatively long time to form during the initial melting stage. The
development from droplet formation to detachment took 14 s and 17 s, respectively. At
this stage, the contact melting was in the liquid film formation phase, and the gap within
the liquid film at the contact interface was narrow. Due to the high viscosity and surface
tension of the liquid metal, the initial leakage had to overcome both surface tension and
flow resistance, resulting in a prolonged droplet seepage time.

1743s
(b) Experiment CM01_2

Figure 16. Droplet detachment during initial melting in CM01 experiments.

Following the initial formation of the liquid film, the molten material began to rapidly
exude and detach along the short-edge direction. Figure 17 shows continuous candle
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dripping during melting in experiment CMO01, with two instances marked as @ (CM01_1)
and @ (CMO01_2). Comparison with Figure 16 reveals that after liquid film development,
the process from the formation of molten droplets to their detachment was significantly
faster, taking only approximately 2 s. The droplets exhibited smaller dimensions both
laterally and vertically, consistent with the accelerated release mechanism.

1790s

Figure 17. Continuous candle dripping phenomenon of molten material during melting.

After the liquid film between the contact surfaces became fully developed, the
molten material began to flow out of the contact melting zone along the short-edge
direction—following the spreading direction of the liquid film—and moved downward
along the wall of the melting assembly. Part of the melt wetted the surrounding wall
surfaces, while the rest continued to migrate downward. As the temperature decreased
due to heat exchange with the environment, the migrating melt accumulated and solidified
on the wall, forming a solidified layer. Subsequently, newly generated molten material,
upon reaching the mid-lower part of the assembly, partially detached from the wall in
fragment form during solidification, as shown in Figure 18. The figure shows the results
for experiments CMO01_1 (marked ) and CM01_2 (marked ().

1787s 1802s

Figure 18. Process of solidified fragment detachment.

Figure 19 illustrates the process of solidified fragment detachment. In the initial
stage, when the molten material encounters the cooler wall surface at a relatively low flow
rate, it achieves sufficient contact with the upper wall region of the melting assembly. This
promotes solidification and the formation of an adherent solidified layer on the wall surface.
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Figure 19. Schematic diagram of the solidified fragment detachment model.

As melting progresses, molten material continuously flows out of the contact melting
zone and initially comes into contact with the pre-existing solidified layer. Since the
temperature of the solidified layer is higher than that of the melting assembly wall, the
melt flows downward along its surface under gravity with gradually increasing velocity.
Owing to the favorable wettability between the melt and the solidified layer, the migration
primarily manifests as a rivulet flow. During this process, a portion of the molten material
solidifies, thereby thickening the solidified layer.

When the melt flows onto colder wall regions not yet covered by the solidified layer, it
rapidly solidifies and may detach in the form of fragments. The underlying mechanism is
as follows: during solidification, the melt undergoes volumetric contraction. If the bonding
with the wall is weak, the resulting tensile stresses induce void formation, causing the
solidified layer to lose support and detach. This effect is particularly pronounced when
the melt, accelerating downward from the top, reaches the transition zone between the
solidified layer and the cold wall. The high flow velocity and insufficient bonding strength
in this region make fragment detachment more likely.

As melting proceeds, the accumulated solidified material in the upper part of the
melting assembly continues to increase. Once a critical mass is reached, the adhesive force
can no longer support the weight under gravity, leading to spallation as shown in Figure 20.
Based on the above analysis, a fundamental reason for fragment generation is the relatively
low temperature of the wall surface.

1792s

Figure 20. Detachment process of a large solidified fragment.
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After a solidified layer gradually forms and adheres to the wall of the melting assembly,
subsequent molten material migrates over this layer in the form of rivulet flow, as illustrated
in Figure 21. Since the temperature of the solidified layer is higher than that of the melting
assembly wall, most of the molten material remains liquid, flows onto the work platform,
and accumulates there through further migration.

1977s 2057s 2072s

Figure 21. Image of rivulet flow phenomenon during melting.

3.3. Melting Velocity Analysis

Figure 22 presents the variation in melting velocity with time for both CM01 experi-
ments. As shown in the figure, the melting velocity initially increases and then gradually
decreases as melting progresses. During the melting process, the melting velocity exhibits
small-amplitude fluctuations over time, which are associated with data oscillations caused
by errors during data reading. The two experiments demonstrate good reproducibility, and
therefore, the CM01_1 experiment is selected for subsequent analysis.

—=— CMO1_1
1.8x107* —o— (CM01_2

1.6 X 107*

14%107*

Melting 1.2 x1074-
Velocity(m/ S)1.o N—
8.0 x 1075

6.0 X 1075

4.0 X 10754

0 200 400 600 800
Melting time(s)
Figure 22. Variation in melting velocity with time for both CMO01.
The heater block is divided into contact and non-contact zones based on thermal

conduction contact with tin. Neglecting convective heat exchange with air, the temperature
change rate (%F{) in the contact zone during melting is expressed by the following equation:

aT
Pncph =y = V- (AVT) = qu'" /dz +q" @)
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In the equation, V - (AVT) represents the heat transfer from other regions of the heater
block to the contact surface area, and ¢ denotes the volumetric heat flux generated by the
heater itself. g,," is the heat absorbed by melting, expressed as g, = pwLmU, where py, is
the density of the melting block, L, is the latent heat of fusion of the melting block, and U
is the melting velocity. In this study, the heating power, material properties, and geometric
shape of the heater block remain unchanged.

Figure 23a shows the variation in the temperature change rate at measurement point 5
with time after the onset of melting in CM01_1. During the melting process, the temperature
in the contact area fluctuates slightly around zero, indicating that it remains near the melting
point throughout melting. The heat transfer from non-contact regions of the heater block to
the contact area, V - (AVT), can be solved using the heat conduction differential equation
for non-contact regions.

0.04 4

Measurement point § [—— Heating element

0.03 4

0.02
Temperature
change rate 0.01
() (K/s)
0.00 4

=0.01 4

-0.02 4

-0.0020

T
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T T 1 -0.03 T T T 1
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(a) (b)

Figure 23. Temperature response in CM01_1 experiment after melting initiation. (a) Variation in
temperature change rate at measurement point 5 versus time. (b) Variation in temperature change
rate of the heater block versus time.

Neglecting convective heat transfer with air, the heat conduction differential equation
for the non-contact regions of the heater block is given by:

oT
enCpnzy = —IV - (A VT)|[ +4" (©)

Under constant heating power 4", the temperature change rate in the non-contact
regions exhibits a negative correlation with the heat transfer to the contact area. As shown
in Figure 23b, during the first 500 s of melting, the average temperature change rate of the
heater block initially decreases and then stabilizes. This occurs because the temperature
in the non-contact regions is higher than that in the contact region. During melting, heat
is transferred from the non-contact regions to the contact region. As the temperature
difference increases, the heat transfer intensifies until thermal equilibrium is approached.

By combining Equations (2) and (3), it is evident that heat transfer from non-contact
regions to the contact area increases g,” . Consequently, the variation in melting velocity
during the initial 500 s of melting is inversely correlated with the overall temperature
change in the heater block.

At 532 s into the melting process, the temperature change rate of the melting block
exhibited a significant decrease, accompanied by a minor reduction in melting velocity
of approximately 16%. This phenomenon occurred when the heater block reached the
solidified region of accumulated molten material at the bottom (indicated by the red box in
Figure 24). The increased mass of the melting block at this height level resulted in greater
heat absorption required for melting, consequently leading to the observed decrease in
subsequent melting velocity.
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Figure 24. The heater block contacts with the solidified layer of molten material.

4. Conclusions

This study investigated the contact melting process between a heater plate and a flat-
plate component, focusing on the eutectic reaction of tin and copper to simulate metallic
material interactions under reactor severe accident conditions. The temperature response
characteristics and melting velocity variations during contact melting were systemati-
cally examined, and underlying mechanisms were analyzed. The main conclusions are
as follows:

1. This study provides the first experimental evidence of the impact of eutectic
liquefaction on the contact melting process. Due to intermetallic interactions, the heat
transfer rate from the heater block to the melting block during the contact conduction
phase undergoes two distinct enhancements. Eutectic liquefaction rapidly reduces contact
thermal resistance, resulting in a maximum temperature change rate increase of 5.36 times
in the experiments, significantly accelerating the initiation of melting.

2. During the stable melting phase, the temperature in the contact region fluctuates
slightly near the melting point of the phase change material, indicating a quasi-steady
state. Driven by temperature differences, the non-contact region compensates for heat loss
in the contact zone, causing the melting velocity to increase continuously until reaching
equilibrium. This phenomenon reflects the three-dimensional heat conduction effects of the
heater block with finite-sized phase change materials. Without considering molten material
relocation, the melting velocity is inversely proportional to the average temperature change
in the heater block.

3. The molten material primarily flows out of the contact zone along the short-edge
direction in the form of droplet seepage, fragment detachment, and rapid rivulet flow. Its
migration and relocation behavior depend on the wall temperature, ambient temperature,
and contact surface temperature. Melt migration and relocation influence the melting rate,
which in this experiment decreased by 16% primarily due to the effect of melt relocation.
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