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Abstract: Electroslag remelting (ESR) is an effective method for removing nonmetallic inclusions
from steels or alloys. The main stage of inclusion removal during ESR is the aggregation of liquid
metal film (LMF) to form droplets at the consumable electrode tip. In this study, a lab-level ESR
experiment was carried out. The number and size of inclusions at the characteristic position of the
electrode were quantitatively counted. The number of inclusions in the center position of LMF were
larger than that in other regions. To elucidate these phenomena, a two-dimensional mathematical
model was established to study the migration of inclusions in LMF. The results indicate that due to
the large velocity gradient in LMF, the Saffman force is strong enough to offset the buoyant force and
drag the inclusions toward the slag/LMF interface (SFI), where the inclusions will be dissolved in the
SFI region by the molten slag. This study demonstrates that the Saffman force plays a key role in the
removal of nonmetallic inclusions in LMF during the ESR process.
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1. Introduction

Electroslag remelting (ESR) processes have been widely employed to produce high-quality alloys
and steels because they can improve the purity and structural quality of ingots [1–6]. The number,
size, and distribution of nonmetallic inclusions are significant indicators of the purity of steels and
alloys. To meet the higher demands for cleaner and higher-quality steels and alloys, the ESR process
has become an essential technology to remove impurities and nonmetallic inclusions.

It is well known that the inclusions will be driven to the interface of the liquid slag and liquid melt
for the dynamic forces first, and then absorbed by the liquid slag for the chemical reaction. Li et al. [7,8]
reported three stages of inclusion removal in the ESR process: aggregation of the LMF to form droplets
at the electrode tip as the first stage; droplets falling through the slag as the second stage; and the
interaction between the liquid slag and the molten steel as the third stage. They experimented with
radioisotopes in the ESR process and came to the conclusion that the main stage of inclusion removal
is the aggregation of LMF to form droplets at the consumable electrode tip. The removal rate of this
first stage can reach 53%. Many studies [9,10] indicate that, for the last two stages, the inclusions will
be affected by seven forces: gravity force, buoyancy force, drag force, added mass force, Saffman force,
electromagnetic pressure force, and rebound force. However, for the first stage, the physical dynamic
mechanism is still unclear, particularly which forces dominate this process and how the inclusions
migrate to the LMF, and need to be further investigated.
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Li [11] concluded that the inclusion that moved to the slag/LMF interface (SFI) was mainly
attributed to the diffusion process assisted by a mathematical model. However, for a solid particle,
diffusion theory is illogical. Afterward, Fu et al. [12] proposed that the surface update caused by
liquid flow in LMF is the main reason for the inclusion migrating to the SFI. This reminds us that melt
flow is of benefit to the removal of nonmetallic inclusions in the liquid metal film (LMF). Only the
driving forces need to be further studied. Wang et al. [9] established a transient three-dimensional (3D)
comprehensive mathematical model which studied the movement of the inclusion in a formed droplet
at the tip of the electrode. However, force analysis of inclusions in LMF has been neglected. Obviously,
all the above studies ignored that the dynamic mechanism of nonmetallic inclusions moved to the SFI
before the formation of liquid droplet/droplets in the LMF. At the end of the electrode, the interface
update takes place mainly in the LMF due to its small size and high velocity of melt flow. For an
aggregated liquid droplet, the situation is right contrary. Thus, inclusion removal mainly happens in
the LMF, rather than liquid droplets. Therefore, the present paper mainly focused on the first stage of
inclusion removal during the ESR process.

A schematic diagram of the forces on the inclusions is shown in Figure 1. An inclusion in a flow
field with a melt velocity gradient will be subjected to a drag force (FD), which is parallel to the direction
of the fluid flow. The Saffman force (FS), defined by P.G. Saffman [13], which is perpendicular to the
flow direction, causes the inclusion to move toward the region with a larger melt velocity. The main
principle is that in a melt velocity gradient flow field, the higher the flow melt velocity, the lower the
pressure. In contrast, when the flow melt velocity is low, the pressure will be high. The Saffman force is
generated by this type of pressure difference and moves the inclusions perpendicular to the flow field
direction. As a result, the Saffman force is opposite to the buoyancy force and leads to the downward
movement of inclusions in the LMF during the ESR process.
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In previous studies, Lei et al. [14] focused on inclusion collision growth in a continuous caster.
A mathematical model and the related source code were developed to trace inclusion movement and
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collision growth in an inclusion cloud. The results showed that the Saffman lift force can be ignored
because it is two orders less than the other forces. Enif Gutiérrez et al. [15] studied the effects of inertial,
gravitational, buoyant, pressure gradient, and Saffman forces on deposited inclusion trajectories in a
typical adhesion zone inside an upper tundish nozzle (UTN) during the continuous casting of steel.
The results indicated that the Saffman force had an important effect on the deposited inclusions in
the highest deposition zone. Huang et al. [10] numerically tracked inclusions with different sizes and
densities during the ESR process, and the inclusions distributed in the melt were acted upon by a
number of forces including the Saffman force. The above studies indicate that the Saffman force should
be considered when a large velocity gradient exists in the melt.

The present work studied the migration behavior of the nonmetallic inclusions in the LMF at the
electrode tip during the ESR process. An ESR experiment was carried out to investigate the number
and size of the inclusions in the LMF. Moreover, the present work built a transient 2D numerical model
to investigate the influence of the Saffman force on the migration behavior of the nonmetallic inclusion,
which can benefit the understanding of the mechanism of inclusion removal in a LMF during the
ESR process.

2. Experimental Details

An ESR experiment was performed under an open-air atmosphere. The inner diameter and
height were 100 mm and 200 mm, respectively. The consumable electrode was GCr15 steel with
a diameter of 60 mm. A 60%CaF2–20%CaO–20%Al2O3 mixture was chosen as the protecting slag.
Single-phase alternating currents (50 Hz) were used in the ESR process. The melting current was
1500 A. At the end of the ESR, the consumable electrode was quickly lifted from the slag pool and
then air cooled from approximately 1500 ◦C to room temperature. A sample 100 mm in length was
cut from the tip of the consumable electrode using a wire-electrode cutter (New Spark Machine Tool
Inc., Suzhou, China), then, it was cut equally into two parts along the longitudinal centerline of
the electrode. Finally, the sample was ground, polished, and finally etched at 75 ◦C in a picric acid
solution for metallographic observation using a Keyence VW-9000 optical microscopy (KEYENCE Inc.,
Osaka, Japan).

The number and size of the inclusions in the electrode were examined using an automatic scanning
electron microscope (FEI Aspex Explorer)(FEI Company, Hillsboro, OR, USA). Twenty-one squares
were chosen at a certain area in the consumable electrode. The square size and the distance between
two adjacent squares are shown in Figure 2. In Figure 2a, every seven squares equaled one set
such as A-1, A-2, A-3 A-4, A-5, A-6, and A-7 belonged to Set-A. The inclusions examined in A-5~7,
B-5~7, and C-5~7 were considered the same as those in the mother consumable electrode. A-1, B-1,
and C-1 were considered as in the LMF. A-2, A-3, A-4, B-2, B-3, B-4, C-2, C-3, and C-4 were the mushy
zones. The minimum examined area of ASPEX was 0.4 mm × 0.4 mm. Figure 2b shows the minimum
examined area at the interface of the mushy zone and LMF.

Figure 3a shows the principle of non-aqueous electrolysis. Figure 3b indicates the device of
non-aqueous solution electrolysis and extraction in the experiment. The cathode and anode poles
were placed in two plastic beakers that were connected with rubber tubes, thus the electrolysis
process could proceed normally. It could also separate the cathode product and the anode product
(non-metallic inclusions). The electrolytic solution used in the experiment was 2% TEA [1% (m/V)
tetramethylammonium chloride + 2% (V/V) triethanolamine + methanol], and the cathode and anode
were connected to the copper plate and steel sample, respectively. The value of the DC current for
electrolysis was 0.02 A. After electrolysis, the anode electrolysis products were collected. Then, the pure
non-metallic inclusion powder was obtained using the extraction device on a filter paper. The pure
non-metallic inclusion powder was ultimately collected in the sample tank, as shown in Figure 3c.
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diagram of non-aqueous solution electrolysis; (b) non-aqueous solution electrolysis device and extraction
device; (c) powder samples obtained after electrolytic extraction.

3. Mathematical Model

3.1. Basic Assumptions

To investigate the influence of the Saffman force on the migration behavior of nonmetallic
inclusions in the LMF, a mathematical model was described based on the following assumptions:

(1) The ESR process reaches a stable state, and the terminal of the consumable electrode is planar.
Thus, the top metal/LMF interface (MLI) is an unmelted planar electrode wall, and the SFI is a
planar interface. The thickness of the LMF was approximately 300 µm [16,17].

(2) The melt in the LMF is an incompressible Newtonian fluid. The physical properties of the material
used in the simulations were all isotropic and remained constant.

(3) The melt velocity gradient remained stable in the LMF, and the migration of inclusion had no
effect on the flow field.

(4) From the experiment, the morphology of the inclusions obtained was mostly spherical oxide with
high-melting. Therefore, the inclusions were simplified to be rigid spheres in the simulation.
The forces acting on the inclusions were the drag force, the buoyancy force, and the Saffman force;
other forces were ignored.
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3.2. Geometric Model

The geometric model was established according to the real tip of a GCr15 steel electrode, which is
shown in Figure 4. In Figure 4a, there are three regions at the tip of the electrode: the unmelted tip of
the consumable electrode, the mushy zone and the LMF. The enlarged microstructure at the interface
of the LMF and mushy zone is shown in Figure 4b. The thickness of the LMF can also be seen in this
figure. A liquid region 12 mm in length and 300 µm in thickness in the LMF was used as a geometric
model in Figure 4c. In the marked LMF, the liquid metal usually flows from the right side to the left
side and gathers to form a liquid bulge. Thus, the initial release position of the inclusion was set in the
top right corner of the liquid region.
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3.3. Fluid Flow

Continuity and time-averaged Navier–Stokes equations are used to describe the motion of the
liquid metal:

∂ρ

∂τ
+∇·
(
ρ
→
v
)
= 0 (1)

∂
(
ρ
→
v
)

∂τ
+∇·
(
ρ
→
v ×

→
v
)
= −∇p +∇·

[
µe f f

(
∇
→
v +∇

→
v

T)]
+ ρ

→
g (2)

where ρ is the density of the fluid;
→
v is the velocity vector; ∇p is the pressure difference; µe f f is the

effective viscosity of the fluid; and
→
g is the gravitational acceleration.

The Reynold number of the fluid in the LMF is calculated as:

Re =
ρ
→
v L
µ

(3)

where L is the characteristic size in the flow, and µ denotes the dynamic viscosity. Based on previous
research [18], the density of the LMF was set at 6850 kg/m3. The melt velocity of the SFI was assumed to
be 0.1 m/s. The thickness of the LMF, which was 300 µm, was set as a characteristic size. The dynamic
viscosity of the fluid in the LMF was 0.0061 Pa·s. Thus, based on Equation (3), the Reynold number was
calculated to be approximately 33.69. This indicates that the flow field in the LMF is a laminar flow.

The main boundary conditions for calculating the fluid flow field in the LMF are listed as follows:

(1) It is a no-slip boundary condition at the MLI.
(2) The flow melt velocity directs to the left side at the SFI.
(3) The left wall of the LMF is a zero-pressure exit boundary condition.
(4) The right wall of the LMF is an inlet boundary condition.
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The left wall of the LMF is a zero-pressure exit boundary condition. The center point of the
inclusion is captured by the left wall when it collides and is fixed on the boundary.

p0 = 0 (4)

where p0 is the pressure of the left wall.
The right wall of the LMF is an inlet boundary condition. The left wall is an outlet boundary

condition. Therefore, the horizontal melt velocity of the SFI is set as VSFI m/s from right to left. As the
top wall is a consumable electrode, the melt velocity of this region is zero. This indicates that there is a
melt velocity gradient from the SFI to the MLI in the LMF and decreases from VSFI m/s to zero.

G = VSFI/h0 (5)

v f = G(h0 − y) (6)

where VSFI is the horizontal melt velocity of the SFI; G is the melt velocity gradient of the LMF; h0 is
the thickness of the LMF; and v f is the melt velocity of the fluid.

3.4. Forces Acting on a Particle

As the electrode is remelted layer by layer, the inclusions enter into the LMF and are affected by
various forces including the Saffman force, buoyancy force, pressure gradient force, Magnus force,
added mass force, drag force, and so on [13,19–26]. The typical values/levels of these forces are listed in
Table 1. The pressure gradient force, Magnus force, and added mass force can be ignored in comparison
with the Saffman force and buoyancy force. Moreover, A. Kharicha et al. [27] reported that the melt
velocity of the interface between the metal film and the slag could reach 0.24 m/s. Considering that the
thickness of the LMF ranges within a hundred microns, the gradation of velocity is sufficiently large.
The Saffman force is thus the main factor dominating the migration behavior of inclusions.

Table 1. Typical forces acting on inclusions (dp = 5 µm) [13,19–26].

Force Formula Parameter Setting Typical Value (N)

Saffman force Fs = 1.615d2
p
√
ρµ
(
v f ,x − vp,x

)√
G v f ,x = 0.10 (m/s) 10−11

Buoyancy force FB = (ρ − ρp)gV ρ− ρp = 2950 (kg/m3) 10−11

Drag force FD = 18µmp
(
v f − vp

)
/ρpd2

p v f = 0.10 (m/s) 10−11

Pressure gradient force Fd = −πd3
p∂p/6∂l ∂p

∂l = 1000 10−13

Magnus force Fm = πρd3
pω
(
v f − vp

)
/8 ω = 100 (rad/s) 10−14

Added mass force Fm = πd3
pαp
(
2ρp + ρ

)
/12 αp = 100 (m/s2) 10−13

Notes: dp denotes the diameter; G represents the melt velocity gradient of the LMF; ρp is the density of the inclusion;
ρ is the density of the fluid; ∂p/∂l is the pressure gradient in the direction of flow; v f represents the melt velocity
of the fluid; vp is the velocity of the inclusion; ω is the angular velocity of the inclusion; and αp represents the
fluid acceleration.

The movement of the inclusion is affected by three types of forces: the drag force produced by the
flowing LMF, the buoyancy force induced by the density difference, and the Saffman force caused by
the melt velocity gradient in the LMF, which can be seen in Figure 1.

The buoyancy force is represented by:

FB = (ρ − ρp)gV (7)

where ρp is the density of the inclusion.
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The drag force [28,29] is expressed as:

FD =
18µ

ρpd2
p

mp
(
v f − vp

)
(8)

where FD is the drag force, dp is the diameter, mp is the mass of inclusion, and vp is the velocity of
the inclusion.

The Saffman force [13,30] acting on the inclusion is written as:

Fs = 1.615d2
p
√
ρµ
(
v f ,x − vp,x

)√
G (9)

where Fs is the Saffman force caused by the melt velocity gradient; v f ,x is the melt velocity of the fluid
in the horizontal direction; and vp,x represents the velocity of the inclusion in the horizontal direction.

The magnitude of the Saffman force increases with increasing particle diameter because the
Saffman force is proportional to the particle diameter squared. The initial melt velocity of the inclusion
was set as zero. When the central point of the inclusion collides with the boundary of the LMF,
the inclusion will be captured by the liquid slag pool.

3.5. Solution Procedure

The commercial software COMSOL Multiphysics 5.3 (COMSOL Inc., Stockholm, Sweden) was
employed to perform the numerical simulation. The calculation steps of the numerical model are
listed as follows: first, LMF with a constant G was established in a solution domain; second, inclusions
with different sizes were released at the top right corner of the solution domain; finally, the drag
force, the buoyancy force, and the Saffman force were exerted on the inclusion in the LMF to calculate
the trajectories of the inclusions. The SIMPLE algorithm was used to calculate the Navier–Stokes
equation [31]. All equations were discretized by a second-order upwind scheme for higher accuracy.
Before advancing, the iterative procedure continued until all normalized unscaled residuals were less
than 10−6. The physical domain was discretized with a triangle mesh. The mesh independence was
thoroughly tested. Due to the complexity of the coupling calculation, the time step was kept small to
ensure that the above convergence criteria were fulfilled.

The physical parameters used in the numerical simulation are listed in Table 2 [31–36].

Table 2. Physical properties, geometry, and operating conditions used in the numerical simulation.

Physical Parameter of the LMF Value

Density of the LMF (kg/m3) 6850
Dynamic viscosity of the LMF (Pa s) 0.0061

Density of inclusion (kg/m3) 3900
Particle diameter (µm) 1/2/3/5/10/20

Thickness of the LMF (µm) 300
Length of the LMF (mm) 12

Melt velocity at the SFI (m/s) 0.01/0.05/0.1/0.2

4. Results and Discussion

4.1. Experimental Result and Its Analysis

The number of inclusions in the LMF and mushy zone (detected region in Figure 2) is shown in
Figure 5a. It is easy to see that ‘Set-C’ had the most inclusions among these three sets. The average
number of inclusions in A-5~7, B-5~7, and C-5~7 were 22, 24, and 21 (0.4 mm × 0.4 mm area),
respectively, which belong to the mother electrode region and have almost the same number of
inclusions, as shown in Figure 5b.
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Moreover, the distribution of the sizes of the inclusions in the LMF and mushy zones (detected
region in Figure 2) is shown in Figure 6. It was found that 90.6 percent of the inclusions in the LMF
were between 0 to 10 µm, only 9.4 percent were larger than 10 µm. The number of inclusions with a
size of 0–10 µm in the center region of the LMF was significantly greater than that in the other two
regions. From the statistical results in Figure 6, the number and size of the inclusions in ‘C-2, 3, 4’
were not much different from ‘A-2, 3, 4’ and ‘B-2, 3, 4’. However, in ‘C-1’, the number and size of
the inclusions were much higher than that in ‘A-1’ and ‘B-1’. It can be deduced that the inclusions in
the LMF would migrate from the outer region to the central region, which was also proved by the
following simulation results below.
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The morphologies of representative inclusions in LMF are shown in Figure 7. The inclusions
were spherical, cube, and polygon shape. Furthermore, 80% of the inclusions were spherical oxide
with a high-melting point and 20% were irregular in shape. Regarding the inclusions with irregular
morphology, the dimensions were replaced by their equivalent spherical diameters (ds =

√
s/π,

ds denotes the diameter of irregular morphology; s represents the surface area of irregular morphology).
Under this approximation, the sizes of the inclusions were 3 µm, 5 µm, and 20 µm, which was also
helpful to the setting of the simulation parameters. Therefore, one of the basic assumptions was that
the inclusions were simplified as rigid spheres in simulation.

In order to describe these phenomenon better, more details are discussed in the simulation
results below.
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4.2. Flow Field

Figure 8 presents the flow pattern in a 300 µm LMF. The horizontal melt velocity of the SFI was
set as 0.01 m/s. As the top wall was a consumable electrode, the melt velocity of this region was zero.
This indicates that there was a melt velocity gradient from the SFI to the MLI in the LMF that decreased
from 0.01 m/s to zero.
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4.3. Migration Behavior of Inclusion

Figures 9 and 10 show the results of the migration behavior of inclusions with different sizes when
VSFI was 0.01 m/s, 0.05 m/s, 0.10 m/s, and 0.20 m/s. It can be seen that the inclusions in LMF converged
toward the center region, which also proved the previous experimental results.

The migration behaviors of inclusions with different sizes are shown in Figure 9a when the melt
velocity of SFI (VSFI) was set as 0.01 m/s. The inclusions with sizes from 1 µm to 20 µm stayed at their
initial location. The Saffman force generated by the velocity gradient was not enough to overcome the
buoyancy of the inclusions themselves. The result is that the inclusions were attached to the tip of the
consumable electrode and will stay at their initial location. The ‘Time’ shown in Figure 9a is the time
for the inclusion to be captured by the calculation boundary defined in this study.
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Furthermore, when the VSFI value increased to 0.05 m/s, it can be seen that the inclusion with a
diameter of 1 µm moved from the initial position to the left wall (Figure 9b). The trajectory is basically
a horizontal line. This indicates that the Saffman force acting on the inclusion is nearly balanced by its
buoyancy force. With the increase in inclusion size, the inclusion moved easily to the bottom. It was
found that the inclusion with a diameter of 10 µm was driven from the initial position to the SFI in
0.49 s (Figure 9(b5)), indicating that the size of the inclusion affects its migration behavior.

Additionally, VSFI was set as 0.10 m/s (Figure 10a). With the increasing size of the inclusion from
1 µm to 3 µm, the inclusions moved gradually to the SFI from their initial position to the left wall in
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the LMF. Moreover, when the size of the inclusion was larger than 5 µm, it was engulfed easily by the
liquid slag pool.

Finally, when VSFI was 0.20 m/s (Figure 10b), it was found that the inclusions with different sizes
migrated to the left wall or to the liquid slag pool in a shorter time than when VSFI was 0.20 m/s.
Although the diameter of inclusion was 3 µm, it could still be driven to the liquid slag pool in 0.25 s.
This demonstrates that the faster the melt velocity of the horizontal flow at the SFI, the larger the melt
velocity gradient in the LMF. Therefore, the inclusion could move into the liquid slag pool easily. From
the above analyses, the velocity gradient in the LMF will generate a Saffman force (big enough), so that
the inclusions can overcome the buoyancy and migrate downward to the slag pool (Figures 9 and 10).
This is one of the main reasons why the inclusions can overcome the upward buoyancy force and move
(downward) to the slag/LMF interface.

4.4. Statistical Analysis of Numerical Simulation Results

Table 3 displays the migration results of the inclusions with different sizes under different velocities
of the SFI. According to Equation (9), the faster the melt velocity of the horizontal flow at the SFI,
the larger the melt velocity gradient in the LMF. The Saffman force increases with increasing melt
velocity gradient and the size of the inclusions. Under such conditions, the inclusion moves easily to
the SFI and is then engulfed by the liquid slag pool. In addition, when the melt velocity gradient in
the LMF becomes larger, the size effect is another important factor for inclusion removal, as shown
in Figure 9. It is worth noting that the inclusion removal efficiency depends on the thickness of the
LMF. If the melt velocity at the SFI remains stable, the smaller the thickness of the LMF, the larger the
melt velocity gradient that will be achieved. The Saffman force can significantly reduce the number of
inclusions with large sizes in the LMF and improve the quality of metallurgical products. From the
above analyses, it was found that with the size of inclusions in the LMF increasing, the distance and
time required for the inclusions to move to the slag/LMF interface were shorter, which indicated that
inclusions with a larger size were easier to remove by ESR. This inference was also confirmed by
previous studies such as Wang et al. [9] and Du et al. [37]. The larger the size of the inclusion, the easier
it is to migrate to the liquid slag pool. In addition, the theoretical mechanism of the Saffman force in
removing inclusions in the LMF during the ESR process provides a reliable theoretical reference for the
development of ESR technology.

Table 3. Migration behaviors of inclusions with different sizes under different velocities of the slag/LMF
interface (SFI).

VSFI (m/s)
Diameter of the Inclusions (µm)

1 2 3 5 10 20

0.01 ↑ ↑ ↑ ↑ ↑ ↑

0.05 ↑ ↑ ↑ ↑ 0.49s 0.20s
0.10 ← ← ← 0.39s 0.16s 0.07s
0.20 ← ← 0.25s 0.14s 0.06s 0.03s

Notes: ↑means floating;← indicates that the inclusions migrate to the left wall in the LMF. The values are the times
required for the inclusions to be engulfed.

5. Conclusions

The experiments and numerical simulation results show that the migration behavior of inclusions
with different sizes in the LMF at the electrode tip is greatly influenced by the Saffman force. The main
conclusions in this study can be summarized as follows:

(1) In the experiment, the number and size of the inclusions in center region in LMF were larger
than that in the other regions, which was the effect of aggregation. It was also found that 90.6 percent
of the inclusions in the LMF were between 0 to 10 µm, and only 9.4 percent were larger than 10 µm.
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The results of the experiment and simulation both proved that the inclusions would converge to the
center region in the LMF.

(2) The buoyancy of the inclusions in the LMF is greater than its own gravity. Under normal
circumstances, the inclusions will float up to the bottom of the consumable electrode (electrode/LMF
interface). From the simulation results, the velocity gradient in the LMF will generate a Saffman
force (big enough), so that the inclusions can overcome the buoyancy and migrate downward to the
slag pool.

(3) In the simulation, it was found that with the increase in the size of the inclusions in the LMF,
the distance and time required for the inclusions to move to the slag/LMF interface were shorter.
The result demonstrates that the inclusion with a larger size is easier to remove, which is consistent
with previous studies.
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