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Abstract: 17 

 The behavior of the interface between molten Sn and the LiCl–KCl eutectic 18 

melt system was observed directly. We found that the transient behavior of the interface 19 

exhibits considerable temperature dependence through a change in its physical 20 

properties. The "metal film" generated in the upper molten-salt phase significantly 21 

influences the shape of the interface. Although the lifetime of the metal film depends on 22 

the gas flow rate, it is not affected by the buoyancy if the interfacial tension is dominant. 23 

 24 

  25 
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Most extractive metallurgical treatments produce a two-liquid-phase system 1 
consisting of a metal-rich phase and a less-dense slag phase. The main purpose of such 2 
processes is to concentrate the metal phase into a form suitable for further refining and 3 
to efficiently remove the gangue materials as a molten slag. Gaseous phases, which are 4 
introduced into the liquid metal phase or produced there by reactions, pass through the 5 
metal–slag interface. As this happens, the rising gas bubbles might entrain the heavier 6 
liquid metal from the bottom layer into the top layer of the lighter molten slag. This 7 
will be either desirable or detrimental, depending on the application in question. In 8 
steelmaking, the entrainment of iron droplets in the slag can significantly increase mass 9 
transfer between the two immiscible liquids and thus greatly enhance the rate of the 10 
desired chemical reactions such as decarburization, desulphurization, and 11 
dephosphorization [1]. On the other hand, in copper smelting, the dispersed droplets of 12 
the copper-bearing matte are entrapped in the slag and can also cause financial losses, 13 
if the slag containing the copper droplets is discarded without further treatment [2]. 14 

Therefore, metal entrainment in the slag phase is of considerable practical 15 
interest. To quantitatively describe the chemical reactions occurring via the metal 16 
droplets in slag [3–5], the mechanism of droplet formation should be elucidated. 17 
Although several investigations in room-temperature media have been performed [6–18 
11], data from direct observations in high-temperature systems are still rare, owing to 19 
the difficulties encountered in doing so. Chevrier and Cramb [12] observed bubble 20 
separation at the iron–slag interface using X-ray fluoroscopy techniques and confirmed 21 
the emulsification of metal droplets in the slag. Moreover, the phenomenon of bubble 22 
bursting in the gas–slag–iron system was investigated using the X-ray transmission 23 
technique [13–17]. These studies found two mechanisms for droplet formation, namely, 24 
jet entrainment and film entrainment. Nevertheless, in-situ X-ray observations of the 25 
dynamic behavior of the molten metal–slag interface have also proven difficult, owing 26 
to the extremely limited observation domain. That is to say, the behavior of a 27 
three-dimensional bubble cannot be clarified from a two-dimensional image analysis. 28 

To understand the dynamic behavior of a liquid–liquid–gas interface, direct 29 
optical observations of the interfacial flow in a wide domain are necessary. However,  30 
the physical properties of the water (𝜌𝜌 = 997 kg m3⁄ , 𝜎𝜎 = 7.2 × 10−2  N m⁄ ) and oil 31 
(𝜌𝜌 = 935 kg m3⁄ , 𝜎𝜎 = 2.0 × 10−2  N m⁄ ) phases are too different to allow for a 32 
comparison with Fe (𝜌𝜌 ≅ 7000 kg m3⁄ , 𝜎𝜎 ≅ 1.0 N m⁄ ) and slag (𝜌𝜌 ≅ 3000 kg m3⁄ , 33 
𝜎𝜎 ≅ 0.4 N m⁄ ) systems, as the "thin film" shape of a metal depends strongly on the 34 
physical properties of the metal and slag phases. The two immiscible melts of a 35 
low-melting-point metal and molten-salt system are particularly interesting. A molten 36 
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salt is clear and chemically stable, and it is possible to design the values of its physical 1 
properties. In an early study, Poggi et al. [18] investigated entrainment mechanisms 2 
using Pb/molten salt systems. Song et al. [19, 20] proposed an additional rupture 3 
phenomenon, wherein an elongated metal column is formed by two or three bubbles 4 
passing through the interface of an Al–Cu alloy/molten salt system. Here, a metal dome 5 
is first formed at the interface because of a rising gas bubble, with the successive 6 
bubbles reaching this interface before the initial bubble becomes detached, causing the 7 
metal column to extend further into the slag phase.  8 

However, the behaviors of interfaces are difficult to study, even when they are 9 
formed between similar materials. The splitting of a single bubble occurs, owing to the 10 
slight difference in the conditions corresponding to high interfacial tension. The aim of 11 
this study was to elucidate the mechanisms of interfacial flow on the basis of 12 
three-dimensional shape observations. A LiCl–KCl eutectic melt (LiCl/KCl = 59:41 13 
mol%, m.p. = 625 K(352 °C), which is widely used for electrolysis, was employed as 14 
the "slag phase." Molten Sn was used as the “metal phase” because its density is close 15 
to that of liquid Fe and Cu. The advantage of this system is that thermodynamic data on 16 
it is widely available and it exhibits thermal stability over a wide temperature range 17 
650–900 K (377–627 °C). To simulate the various interfacial flow modes, we focused 18 
on the temperature dependence of the physical properties. This was done to clarify the 19 
sensitivity of the interfacial flow to changes in the physical properties (especially 20 
density and surface tension; the changes in the viscosity can be ignored, as discussed 21 
later). Figure 1 shows a schematic diagram of the experimental apparatus used. A 22 
borosilicate glass crucible 100 mm in diameter and 250 mm in height was employed. It 23 
had a barrel-vaulted shape with a flat surface for in-situ observations. The gas injection 24 
nozzle was also made of borosilicate glass; its outer diameter and thickness were 8.0 25 
and 1.5 mm, respectively. Sn shot (1,500 g) with a purity of 99.9 mass% was placed in 26 
the crucible. Approximately 520 g of the eutectic salts (LiCl: >99 mass%, KCl: >99.5 27 
mass%, Wako Chemical Co.) were mixed and placed on the Sn shot. The electric 28 
resistance furnace was designed to allow the phenomena occurring within to be 29 
observed directly. The interface temperature was measured with a K–type 30 
thermocouple with a glass protection tube. The salt was dehydrated in vacuum at a 31 
temperature of 573 K(300 °C) or lower. After being dehydrated overnight, it was 32 
continuously heated to the desired melt temperature in an Ar gas atmosphere. Once the 33 
materials had melted completely, Ar (>99.999%) gas was blown through the glass pipe 34 
into the molten Sn at a desired gas flow rate using a mass flow controller (MQV9500, 35 
Azbil). The changes induced in the interface were recorded at a rate of 500–1000 36 
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frames per second and a resolution of 1024 × 1024 pixels using a high-speed video 1 
camera (Fastcam SA3, Photron Co., Ltd.). For each image captured, the location of the 2 
tip of the liquid–liquid interface was tracked using an image processing software (PFV 3 
Viewer, ver. 338). 4 

First, we discuss the shapes of the interfaces formed because of a single rising 5 
bubble. Figure 2 shows the behavior of the interface between the molten Sn and the 6 
LiCl–KCl eutectic melt as a single Ar gas bubble rose. The interface temperature was 7 
determined from the values displayed on the digital multimeter. At 856 K(583 °C) 8 
(Case 1), a single bubble reached the Sn–salt interface at t = 0.06 s. Then, a “metal 9 
dome” appeared. That is to say, the rising bubble started to modify the shape of the 10 
interface by pulling the Sn phase upward through the interface. At t = 0.12 s, this dome 11 
was ruptured, and the gas bubble started to penetrate the upper salt phase. Once it had 12 
fully penetrated the salt phase, the bubble rose up through the phase. The liquid–liquid 13 
interface was unsteady even after t = 0.30 s. At lower temperatures, the bubble 14 
behaviors were very different from those in Case 1. In Case 2, a single bubble reached 15 
the Sn–salt interface (t = 0.12 s) and started to disperse, penetrating the upper phase. 16 
The reason for this could be that, because of the lack of a buoyancy force, the gas 17 
bubble could not break through the Sn–salt interface after only one impact. At t = 0.18 18 
s, the dome held the bubbles on the metal phase. It then ruptured at t = 0.24 s, after 19 
which the bubbles penetrated the slag phase. The process for Case 2 can be 20 
summarized as follows: first, a bubble was lifted by buoyancy. It sprung back, owing to 21 
the interfacial tension, after striking the interface once. The dome broke subsequently. 22 
On the other hand, in Case 3, the bubble did not penetrate the slag phase even after t = 23 
0.30 s. We performed a number of experiments to confirm this phenomenon. The 24 
dependence of the detention time of the bubble in the Sn phase on the temperature is 25 
shown in Fig. 3. The behavior described above as Case 1 appeared only for T > 825 K 26 
(552 °C). For T < 825 K (552 °C), only Cases 2 and 3 were observed at every 27 
temperature. However, the detention time was longer, in particular, for 710 K(437 °C) < 28 
T < 790 K(517 °C). For 700 K(427 °C) < T < 800 K(527 °C), the fluctuation range was 29 
relatively large. The stability of the Sn film would be attributed primarily to these 30 
fluctuations in the bubble detention time. Based on Grace’s diagram [27], a rising 31 
single bubble in molten Sn is assumed to be in the “wobbling” state. Owing to the 32 
instability of the metal–salt interface, the frequency of the interfacial fluctuations does 33 
not remain constant. Therefore, the error bar for the detention time must be extended 34 
for the conditions where the interfacial tension is dominant. 35 

The shape of the interface formed between two materials varies greatly with 36 
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the physical properties of the materials, which can be expressed as a function of 1 
nondimensional parameters such as the Eötvös number (= 𝑔𝑔∆𝜌𝜌𝑑𝑑𝑏𝑏

2 𝜎𝜎⁄ ), the Morton 2 
number (= 𝑔𝑔∆𝜌𝜌𝜇𝜇4 𝜌𝜌2𝜎𝜎3⁄ ), and the Reynolds number (= 𝑑𝑑𝑏𝑏∆𝜌𝜌𝜌𝜌 𝜇𝜇⁄ ). These parameters 3 
indicate that a slight change in the physical properties (i.e., the density, 𝜌𝜌, viscosity, 𝜇𝜇, 4 
surface tension, 𝜎𝜎 , and bubble diameter, 𝑑𝑑𝑏𝑏 ) would affect the interfacial flow 5 
significantly, even in systems with similar materials. We found that this tendency as 6 
seen in Fig. 3 corresponded well with the surface tension curve for Sn given by Yuan et 7 
al. [21]. The physical properties of molten Sn and the LiCl–KCl eutectic melt are listed 8 
in Table 1 [21–24]. Thus, the focus should be on the dynamic balance between the 9 
surface tension and the buoyancy force, if one wishes to clarify the dome formation 10 
mechanism. Here, the size of a single bubble, 𝑑𝑑𝑏𝑏, is predicted from the equation for 11 
𝑑𝑑𝑏𝑏, which is derived while assuming that bubble formation occurs at the tip of a nozzle 12 
at a low flow rate such that only the outer diameter, 𝑑𝑑𝑜𝑜 , is considered [12]. 13 

 
𝑑𝑑𝑏𝑏 = 3�

6𝑑𝑑𝑜𝑜𝜎𝜎
𝜌𝜌g

 (1)  

where 𝜌𝜌 and 𝜎𝜎 are the density and surface tension of the metal, respectively. From 14 
this equation, the bubble diameter, 𝑑𝑑𝑏𝑏 , in molten Sn was estimated to 6.356 mm at 850 15 
K (577 °C) and 6.350 mm at 683 K (410 °C). The bubble diameter was probably not 16 
strongly affected over the range of temperatures investigated in this study. We 17 
investigated the effects of the viscosity using computational fluid dynamics simulations 18 
and found that the detention time of the bubble was not sensitive to changes in the 19 
viscosity [25, 28]. Thus, as stated above, the dynamic balance between the surface 20 
tension and the buoyancy force is critical for elucidating the dome formation 21 
mechanism. Nevertheless, the change in the surface tension was large in relation to the 22 
change in density. Consequently, we focused on the effects of the surface tension to 23 
clarify the conditions for "thin Sn film" formation. 24 

The bubble detention time can be explained on the basis of a decrease in the Sn 25 
film thickness because of drainage. A simplified schematic diagram of the Sn–salt–Ar 26 
system is shown in Fig. 4. The thickness of the Sn film, 𝑒𝑒, decreases by pouring Sn 27 
 into the lower part. For simplicity, we assumed that this "Sn bubble" was completely 28 
spherical with a constant radius 𝑅𝑅 and that the film thickness, 𝑒𝑒, remained constant. 29 
By using the law describing the pressure difference between two dissimilar fluids 30 
(Laplace’s pressure, 2𝜎𝜎 𝑅𝑅⁄ ), the dynamic balance along the vertical direction of the 31 
film surface can be written as [26] 32 
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4𝜎𝜎
𝑅𝑅
− 𝜌𝜌g𝑒𝑒cos𝜃𝜃 = 𝑝𝑝𝑖𝑖 − 𝑝𝑝𝑒𝑒 (2)  

where 𝑝𝑝𝑖𝑖 is the internal pressure in the film, and 𝑝𝑝𝑒𝑒 is the external pressure. Because 1 
the second term on the left-hand side is sufficiently small, the internal pressure, 𝑝𝑝𝑖𝑖, is 2 
higher than 𝑝𝑝𝑒𝑒 . In fact, the curvature radius, 𝑅𝑅 , has a weak height dependence 3 
(through the angle 𝜃𝜃 in polar coordinates). Thus, the curvature is the smallest at the 4 
top of the Sn film. Figure 5 shows snapshots of the gas–liquid interface obtained 5 
through in–situ observations performed at various times. Although the snapshots are 6 
two-dimensional, they show that a spherical bubble covered in a thin film of molten Sn 7 
rose in the molten salt, ruptured at 0.002 s, became detached at 0.004 s, and burst at the 8 
salt surface at 0.008 s. After the bubble had burst, the thin film of molten Sn became a 9 
spherical droplet. From these snapshots, the average thickness of the Sn film was 10 
estimated to be ≈ 50 𝜇𝜇𝜇𝜇. However, this could represent the ideal condition. The 11 
thickness, 𝑒𝑒, may actually be different at each location. Further, there probably exist 12 
heavier and lighter parts. This thickness gradient would cause a turbulent interfacial 13 
flow, resulting in the formation of an unstable phase boundary [26]. In this situation, 14 
the effect of the viscosity should also be considered if the drainage rate changes 15 
significantly. 16 

Song et al. [19] stated that the gas flow rate is an important factor affecting the 17 
interface shape. Here, our interest was in the temperature dependence of the interface 18 
behavior for a large flow rate. The behavior of the interface between molten Sn and the 19 
LiCl–KCl eutectic melt during the ascent of Ar gas bubbles was observed. 20 
Representative photographs obtained at different temperatures are shown in Fig. 6. At 21 
723 K (450 °C), an Ar gas bubble rose and reached the surface of the molten salt, 22 
during which process the bubble was completely covered with molten Sn. Thus, the 23 
molten Sn reached the molten salt’s free surface. However, at 903 K (630 °C), the 24 
molten Sn did not reach the free surface because the formed thin Sn film ruptured while 25 
it was rising. In this case, the total buoyancy force was large because of the high flow 26 
rate, in contrast to the case for a single bubble, and the arrival height of the molten Sn 27 
increased as a result. The flow-rate dependence of the percentage of Sn film formation 28 
is shown in Fig. 7. Because the size of each bubble changed at a high flow rate, the 29 
interface shape was also affected by these fluctuations. It was assumed that film 30 
formation occurred when 𝜃𝜃 > 𝜋𝜋 2⁄ . On one hand, the film formation ratio decreased 31 
with a decrease in the flow rate at 903 K (630 °C). A film was not formed by a single 32 
bubble; this was in keeping with Case 1 in Fig. 2. On the other hand, at 723 K (450 °C), 33 
the ratio of film formation was almost constant for all gas flow rates. From this result, 34 
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it was concluded that the lifetime of the film is not affected by the buoyancy when the 1 
interfacial tension is dominant.  2 

 3 
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Table and Figures 2 

 3 

Table 1 Temperature–dependent equation for the physical properties of liquid Sn and the 4 

molten LiCl–KCl eutectic melt. 5 

 6 

Fig. 1. Schematic diagram of the experimental setup used. 7 

Fig. 2. Observed behavior of a single Ar gas bubble rising through the liquid Sn–molten 8 

salt interface at various temperatures. The flow rate of Ar gas was controlled at 0.067 9 

ml/s to generate an isometric single bubble. Each snapshot shows the representative 10 

behavior in the corresponding temperature range. 11 

Fig. 3. Temperature dependence of the detention time of a single Ar bubble in liquid Sn. 12 

Fig. 4. Structure of a single Ar bubble covered by a liquid Sn film in the molten salt. 13 

Under this ideal condition, the film thickness, e, depends on θ. 14 

Fig. 5. Snapshots of the interface of the liquid Sn film. The film ruptured starting at 15 

0.002 s, and a single Ar gas bubble rose in the molten salt and burst at the salt surface. 16 

At 0.090 s, a metal drop became detached from the bubble. During this experiment, the 17 

system temperature was 823 K(550 °C), and the flow rate was 8.333 ml/s. 18 

Fig. 6. Comparison of representative experimental photographs showing the behavior of 19 

the liquid Sn interface at each temperature. The flow rate of Ar gas was controlled at 20 

8.333 ml/s. 21 

Fig. 7. Gas flow rate dependence of the ratio of metal film formation at each 22 

temperature. 23 
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