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Abstract: The flow field, bubble distribution and solidified shell in slab mold are numerically simu-
lated with large eddy simulation (LES) under different electromagnetic braking (EMBr) conditions,
assisted with high-temperature quantitative velocity measurement. The calculated velocities on the
mold surface are in good agreement with the measured values of the industrial experiment at high
temperature with the rod deflection method under different EMBr conditions and different argon
flow rates, which verifies the correctness of the model. After EMBr is applied, the flow velocity on
the surface of the mold decreases. With EMBr, the velocity on the mold surface first increases and
then decreases with the increase in argon flow rate. When the argon flow rate is 10 L·min−1, the
jets at the side ports of the submerged entry nozzle (SEN) become disordered, and the liquid level
fluctuation near the SEN wall intensifies, which increases the risk of slag entrainment and slag layer
breaking and the risk of argon bubbles being captured. When the argon flow rate is 6 L·min−1, the
velocity and fluctuation on the mold surface can be significantly reduced by use of double-ruler
EMBr; the impact of the jet on the narrow face of the mold is obviously restrained; and the solidified
shell thickness increases.

Keywords: flow field; slab mold; EMBr; solidified shell; high-temperature velocity measurement

1. Introduction

The automobile exposed panel has extremely strict requirements for surface quality,
and reducing the incidence of surface defects is very important for many steelmaking
plants in the world. The production of hot-dip galvanized automobile exposed panel
is a complex long process, including the steelmaking process of hot metal pretreatment,
converter blowing, secondary refining and continuous casting, as well as the post processes,
such as hot rolling, pickling, cold rolling, continuous annealing and hot-dip galvanizing
processes. Most of the surface defects, such as inclusion defect, gas bubble defect and
mold flux entrainment defect, are formed in the continuous casting process, especially in
the mold. Therefore, the surface defects caused in steelmaking process are closely related
to the flow field in the mold. The inappropriate flow field in the mold, such as large
liquid level fluctuation, too fast surface velocity and single-roll flow pattern, tends to lead
to the entrapment of mold flux particles, argon bubbles and inclusions, which may be
captured by the primary solidified shell to form the surface defects on the automobile
exposed panel [1–5]. Therefore, optimizing the mold flow field has become an important
method to improve the quality of the continuous casting slab for producing the automobile
exposed panel.
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The entrapment of mold flux is usually one of the most common defects, which is
closely related to the surface velocity in the mold. An excessively large surface velocity
will seriously fluctuate the interface of the molten steel and mold flux, probably resulting
in the emulsification of the mold flux and entrapment of the mold flux into the molten
steel [6,7]. Zhang et al. [6] indicated that when the chemical reactions at the interface of
steel and slag are not considered, the critical molten steel speed on the mold surface for
slag entrainment is 0.463–0.541 m·s−1. When considering the decrease in slag viscosity
caused by the chemical reactions at the interface of steel and slag, the critical speed for slag
entrainment decreases to 0.29 m·s−1. Adjusting the continuous casting process parameters
can significantly change the velocity on the mold surface. When the casting speed is
increased, the velocity and fluctuation on the mold surface increase significantly, resulting
in the mold flux being more easily entrapped into the molten steel to form mold flux
defects [8]. Chen et al. [9] studied the flow field in the slab mold under different argon
flow rates, showing that with the increase in argon flow rate, the flow pattern in the mold
changes from double-roll flow to single-roll flow. The surface velocity and fluctuation
become great near the submerged entry nozzle (SEN), which is prone to slag entrapment.
Generally, the optimization of the flow field in the mold can be realized with adjusting the
relevant continuous casting process parameters, such as casting speed, argon flow rate,
SEN immersion depth and SEN structure, to some extent.

Although the conventional optimization of continuous casting process parameters can
partially improve the mold flow field, it still cannot meet the increasingly strict requirements
for high surface quality for automobile exposed panel, especially under the condition of
high casting speed. Therefore, electromagnetic braking (EMBr) is employed to control the
mold flow field because of its advantages of non-contact and easy adjustment of process
parameters. At present, slab EMBr devices are mainly divided into three categories: local,
single-ruler and double-ruler EMBr. For local EMBr, the static magnetic field is arranged
near the side port of SEN to reduce the jet velocity of molten steel [10,11]. For single-ruler
EMBr, the static magnetic field is arranged below the SEN, which can reduce the jet velocity
and inhibit the lower circulating flow [12,13]. For double-ruler EMBr, a pair of magnetic
poles is installed near the meniscus on the basis of the single-ruler EMBr. It not only has
the advantage of single-ruler EMBr in reducing the jet velocity, but it can also reduce the
velocity on the surface of the mold and prevent the entrapment of the mold flux into the
molten steel [14,15].

In recent years, for the application of EMBr in slab mold, the influence of continu-
ous casting process parameters on the flow field in the mold has been studied [16–22].
Liu et al. [16] studied the flow pattern of the mold under the condition of single-ruler and
double-ruler EMBr. The results show that under the condition of single-ruler EMBr, the
lower circulation flow in the mold is the piston flow, being significantly inhibited. Under
the condition of double-ruler EMBr, the lower circulating flow is also suppressed, and
the velocity and fluctuation on the mold surface are significantly reduced as well. Sarkar
et al. [17] studied the mold flow field with different argon flow rates under the condition of
EMBr and found that although the fluctuation near the meniscus increases with the increase
in argon flow rate, EMBr can inhibit the fluctuation of the mold surface caused by argon to
some extent. Yin et al. [18] studied the movement of argon bubbles and inclusions in the
mold of double-ruler EMBr and found that EMBr weakens the movement of inclusions in
the mold and reduces the number of inclusions on the surface of the slab, but it increases
the number of inclusions in the slab interior. In addition to the study of continuous casting
process parameters, Yin et al. [23] also studied the slag entrainment mechanism under
EMBr. When there is no argon gas injection, three kinds of slag entrainment mechanisms
are found: shear flow, Von Kármán vortex and liquid level fluctuation. When there is an
argon injection, a new slag entrainment mechanism will appear: bubble interaction, which
is the main slag entrainment mechanism under the conditions of EMBr and argon injection.

Some research works have been conducted on the flow field, temperature field and
particle motion in the slab mold under the condition of EMBr. However, on the one
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hand, no comparison was made between the calculation results and the quantitative high-
temperature measurement results of flow velocity on the surface of the mold. On the other
hand, the influence of solidified shell was rarely considered in the numerical calculation.
In our previous works, the mold surface velocity was measured using the rod deflection
method [24] and was compared with the numerical simulation results. The flow fields in
the slab mold with the narrow width [25], wide width [26] and medium width [27] were
studied with numerical simulation and high-temperature velocity measurement near the
mold surface. The influence of the mold flux and the solidified shell [28] on the mold flow
field in the mold were further investigated.

Therefore, in the present work, the industrial experiments of quantitative measure-
ment of mold surface velocity at high temperature were carried out, and the magnetic
field distribution in the mold was also measured. Then, under the condition of EMBr
and considering the influence of the solidified shell and mold flux, the numerical simula-
tion calculation was carried out through large eddy simulation (LES) + volume of fluid
(VOF) + discrete phase model (DPM), and the calculation results were compared with the
quantitative measurement results to verify the correctness of the model. Furthermore,
the flow field in the slab mold, the fluctuation on the mold surface, the thickness of the
solidified shell and the distribution of argon bubbles were numerically simulated.

2. Mathematical Model
2.1. Assumptions

With regard to the complex transfer phenomenon in the mold, the following reasonable
assumptions are made to simplify the numerical calculation of the flow field:

(1) Liquid steel and mold flux are incompressible Newtonian fluids;
(2) Liquid steel and mold flux in the mold are in the homogeneous phase, and parameters

such as density and viscosity are set to be constants;
(3) The influence of mold oscillation and taper is not considered;
(4) The shape of argon bubbles is spherical, ignoring the breakage and coalescence of

argon bubbles;
(5) The influence of Joule heat generated by electric currents is ignored;
(6) The molten steel in the paste zone obeys Darcy’s law;
(7) The influence of liquid steel flow on the electromagnetic field is ignored.

2.2. Electromagnetic Force Model

The Lorentz force is calculated with the electric potential method [29]. The electric

current
→
J can be obtained with Equation (1), and the conservation of the electric current is

given by Equation (2):

→
J = σ(

→
E +

→
u 1 ×

→
B0) = σ(−∇φ +

→
u 1 ×

→
B0) (1)

∇ ·
→
J = 0 (2)

The electric potential φ is solved as follows:

∇ · (∇φ) = ∇ · (→u 1 ×
→
B0) (3)

The Lorentz force
→
F Lorentz is given by

→
F Lorentz =

→
J ×

→
B0 (4)

where σ is the electrical conductivity,
→
E is electric field intensity,

→
B0 is magnetic flux density,

and
→
u 1 is liquid steel velocity.
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2.3. Discrete Phase Model

The argon bubble is regarded as a discrete phase, and the motion trajectory of the
argon bubble is calculated through the DPM model. The balance equation of force on each
argon bubble is as follows:

ρp
π

6
d3

p
d
→
u p

dt
=
→
F D +

→
F p +

→
F b +

→
F VM +

→
F 1 (5)

The relevant force on the right of the equation refers to the relevant previous work [16].

ρp is argon bubble density, dp is argon bubble diameter,
→
u p is argon bubble velocity,

→
F D

is the drag force,
→
F p is the pressure gradient force,

→
F b is the buoyancy force,

→
F VM is the

virtual mass force and
→
F 1 is the lift force.

The drag force can be given as follows:

→
F D =

π

8
d2

pCDρ1

∣∣∣→u p −
→
u 1

∣∣∣(→u p −
→
u 1

)
(6)

where ρ1 is the density of molten steel, CD is the dimensionless drag coefficient related to
the Reynolds number of argon bubbles, whose specific expression is

CD =
24

Rep

(
1 + 0.15Re0.687

p

)
(7)

where Rep is the Reynolds number of argon bubble, and the specific expression is

Rep = dp

∣∣∣→u p −
→
u 1

∣∣∣/v. v is the viscosity of liquid steel.
The pressure gradient force can be expressed as

→
F p = −π

6
d3

p∇p (8)

The expression of the buoyancy force is

→
F b =

π

6
d3

p
(
ρ1 − ρp

)→
g (9)

The expression of the virtual mass force is

→
F VM =

π

6
d3

pρ1CVM
d
dt

(→
u 1 −

→
u p

)
(10)

where CVM is the virtual mass force coefficient, which is set to be 0.5.
The lift force can be described as

→
F 1 = 1.62d2

p

(
ρ1µe f f

)1/2∣∣∣∇×→u 1

∣∣∣−1/2((→
u 1 −

→
u p

)
×
(
∇×→u 1

))
(11)

2.4. Multiphase Flow Model

The influence of liquid slag layer on the mold flow field is taken into consideration.
The VOF model can simulate two or more fluid phases [30]. At present, it is used to simulate
the interface of steel and slag. By solving the volume fraction of continuity equation, the
interface between the phases can be tracked:

1
ρi

[
∂

∂t
(ρiαi) +∇ ·

(
ρi
→
u αi

)]
= 0 (12)

n

∑
i=1

αi = 1 (13)
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where αi is the volume fraction of the ith phase, and pi is the density of the ith phase.
When using the VOF model, each phase shares the velocity field and solves a sin-

gle momentum equation in the whole calculation domain. The momentum equation is
as follows:

∂

∂t
(ρ
→
u ) +∇ · (ρ→u→u ) = −∇p +∇ ·

[
µ

(
∇→u +∇→u

T
)]

+ ρ
→
g +

→
F bubble +

→
F σ +

→
F Lorentz (14)

where p is the pressure,
→
g is the gravitational acceleration,

→
F bubble is the momentum

transfer term exerted by the discrete bubbles, and
→
F σ is the surface tension at the interface.

Density ρ and viscosity µ are determined by the properties of each phase:

ρ =
n

∑
i=1

ρiαi, µ =
n

∑
i=1

µiαi (15)

2.5. Large Eddy Simulation and Solidification

The turbulence model used in this paper is the WMLES S-Omega model [31]. In the
WMLES S-Omega model, the eddy viscosity vt is calculated as follows:

vt = min
[
(κdw)

2,
(
CSmag∆

)2
]
· |S−Ω| ·

{
1− exp

[
−
(
y+/25

)3
]}

(16)

where dw is the wall distance, S is the strain rate, Ω is the vorticity magnitude, κ = 0.4187,
CSmag = 0.2, y+ is the normal to the wall inner scaling. The LES model is based on a
modified grid scale to account for the grid anisotropies in wall-modeled flows:

∆ = min(max(Cw · dw, Cw · hmax, hwn); hmax) (17)

where hmax is the maximum edge length of the hexahedral grid, hwn is the normal grid
spacing of the wall, and Cw = 0.15.

As mentioned in the basic assumptions above, the solidification of molten steel obeys
Darcy’s law. The molten steel between the solidus and liquidus is regarded as a porous
medium, and the source terms are applied to the fluids. When the temperature of molten
steel changes, the porosity and source term also change. The formula is as follows:

β =


0 T ≤ Tsolidus

T−Tsolidus
Tliquidus−Tsolidus

Tsolidus ≤ T ≤ Tliquidus

1 T ≥ Tliquidus

(18)

S =
(1− β)2

(β3 + ξ)
Amush

(→
u1 −

→
uc

)
(19)

where β is the volume fraction of liquid steel, Tsolidus is the solidus temperature of steel,
Tliquidus is the liquidus temperature of steel, ξ is a very small number to prevent division

by zero, Amush is the mushy zone constant,
→
uc is the casting speed, and details regarding

the solidification calculation can be referred to in our previous work [32].

2.6. Numerical-Simulation-Related Calculation Parameters

Figure 1a is a schematic diagram of the mold grid. The hexahedrally structured grid
is used in the whole calculation domain. In order to improve the simulation accuracy
of the interface of steel and slag and the solidified shell, the grids in the slag layer and
near the wide face and narrow face of the mold are densified, and the total number of
grids is about 1.65 million. Table 1 lists the physical parameters of relevant materials
and relevant continuous casting process parameters. For the size distribution of argon
bubbles, according to the results of our water model experiment and through proportional
conversion, the size of the argon bubbles follows the Rosin–Rammler distribution. The
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diameter range of the argon bubbles is from 2.0 mm to 6.0 mm. In order to investigate the
flow field in the mold and the change in the solidified shell, four reference planes with the
depth from the meniscus within 0.8 m are selected. As shown in Figure 1b, the distances
between the reference planes P1, P2, P3 and P4 and the liquid level of the mold are 0.2, 0.4,
0.6 and 0.8 m, respectively. Figure 1c shows the schematic diagram of a double-ruler EMBr
device, mainly including coil, iron core and mold copper plate.
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planes; (c) double-ruler EMBr device.

Table 1. Continuous casting parameters and material physical parameters.

Parameters Values Parameters Values

Mold width (mm) 1050 Slag thickness (mm) 15
Mold thickness (mm) 230 Slag density (kg·m−3) 2800

Mold length (mm) 800 Slag viscosity (kg·m−1·s−1) 0.18
SEN submergence depth (mm) 170 Liquidus temperature (K) 1807

SEN port angle (◦) 20 Solidus temperature (K) 1796
SEN port size (mm ×mm) 70 × 90 Thermal conductivity (W·m−1·K−1) 34
SEN inner diameter (mm) 78 Steel latent heat (J·kg−1) 270,000
SEN outer diameter (mm) 140 Steel electric conductivity (S·m−1) 580,000
Argon flow rate (L·min−1) 0\6\10 Steel magnetic conductivity (H·m−1) 1.257 × 10−6

Argon density (kg·m−3) 0.4 Steel viscosity (kg·m−1·s−1) 0.0062
Steel density (kg·m−3) 7020 Casting speed (m·min−1) 1.9

The inlet of the SEN is a velocity inlet boundary condition, and the outlet of the mold
is a pressure outlet boundary condition. The mold surface is considered a free slip and fix.
The wide and narrow surfaces are non-slip and stationary. The argon bubbles are injected
from the inlet of SEN and escape from the surface of the mold. The SEN and its wall are
reflection conditions, and the wide and narrow surface of the mold are trap conditions.

In this paper, the ANSYS ICEM 2021 R1 is used to establish the grid, and ANSYS
Fluent 2021 R1 is used for calculation and post-processing. For the calculation of EMBr,
firstly, the ANSYS Maxwell 2021 R1 is used to calculate the relevant EMBr parameters and
export the MAG file. Then, Fluent activates the MagnetoHydroDynamic (MHD) module
and imports the MAG file to calculate the fluid field with EMBr. In the overall calculation
process, the Reynolds-averaged Navier–Stokes (RANS) method is firstly used to calculate
the steady-state flow field, and then, the unsteady conditions are activated. At the same
time, the MHD module, DPM model, LES, energy equation and solidification and melting
model are open. After the calculation is stable, the average data within 10 s are taken as the
time average result.

Three EMBr conditions with argon flow rate of 6 L·min−1 are studied, which are
referred to as Mode 1, Mode 2 and Mode 3. Mode 1 is where the upper and lower coils are
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not powered on, and there is no EMBr; Mode 2 has the upper coil current 0 A and lower
coil current 700 A. In Mode 3, the upper coil current is 300 A, and the lower coil current is
700 A. In addition, the effects of three argon flow rates of 0, 6 and 10 L·min−1 on the mold
flow field with EMBr Mode 3 are also studied.

3. Results and Discussion
3.1. Magnetic Flux Density Distribution and Model Verification

Figure 2 shows the numerical results of the magnetic flux density distribution in the
mold under the conditions of EMBr in Mode 2 and Mode 3. The center of the upper coil
is above the SEN, and the center of the lower coil is below the SEN. As can be seen from
Figure 2a, under the condition of Mode 2, the magnetic flux density distribution is mainly
distributed below the SEN. Due to the magnetic conduction of the iron core, there is a weak
magnetic flux density above the SEN. The magnetic field interaction leads to a region with
zero magnetic flux density below the SEN. According to Figure 2b, under the condition
of Mode 3, the magnetic flux density is mainly distributed in the upper and lower parts
of the SEN. Compared with Mode 2, the magnetic flux density near and above the SEN is
enhanced due to the energization of the upper coil, resulting in the downward shift of the
area with zero magnetic flux density.
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Figure 2. Magnetic flux density distribution under different conditions: (a) Mode 2: upper coil
current 0 A, lower coil current 700 A; (b) Mode 3: upper coil current 300 A, lower coil current 700 A.

In order to verify the correctness of the numerical results of magnetic flux density
distribution in the mold, the numerical results and experimental measurement results of
magnetic flux density distribution in the slab mold of a steelmaking plant are compared.
The magnetic flux density is measured on the central axis of the mold along the longitudinal
direction. Figure 3 gives the comparison between the numerical results and the actual
measurement results of the magnetic flux density distribution at the transverse center of
the mold when the upper coil current is 200 A, and the lower coil current is 200 A. It can be
seen that the calculation results are in good agreement with the experimental results.
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3.2. Comparison between the Calculated and Measured Velocities near the Mold Surface

In our previous works, the method for quantitative measurement of the velocity
near the mold surface at high temperature, named the rod deflection method, was devel-
oped [24,25]. Figure 4 is a schematic diagram of the rod deflection method. The velocity
measuring device is composed of a detecting rod, a deflection bearing, a deflection angle
indicator and a balance block. After the detecting rod is inserted into the liquid steel, the
detecting rod deflects under the impact of the liquid steel flow. After the deflection angle
indicator is stable, the deflection angle is read, and the liquid steel velocity near the mold
surface can be obtained through the relationship between the deflection angle and the
liquid steel velocity. The velocity near the surface of one-quarter width of the mold is
measured with the rod deflection method.
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Figure 5 is the comparison of the calculated and measured velocities of molten steel
near the mold surface under the different argon flow rates in the EMBr Mode 3. The
compared velocities are the values at the one-quarter width position of the thickness center
slice of the mold. Under different argon flow rates, the calculated velocities on the mold
surface are in good agreement with the measured values of the industrial experiment with
the rod deflection method. With the increase in argon flow rate, both of the calculated and
measured velocities first increase and then decrease.
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Figure 5. Comparison of the calculated and measured velocities of molten steel near the mold surface
under the different argon flow rates. (a) Comparison between the calculated and measured velocities;
(b) calculated results.

Figure 6 gives the comparison of the calculated and measured velocities of molten steel
on the mold surface under the different EMBr modes and at the argon flow of 6 L·min−1. As
the EMBr mode changes from Mode 1 to Mode 2 and then to Mode 3, both of the calculated
and measured velocities of liquid steel on the mold surface gradually decrease. However,
the calculated values are slightly lower than the measured ones, which may be due to the
overestimation of the applied magnetic field in the mold by using the vacuum permeability
in the numerical simulation.
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As shown in Figure 5, under the condition of no argon injection and EMBr Mode 3, the
velocity at one-quarter width of the mold is too low, which is not conducive to the melting
of the mold flux. When the argon flow rate is increased to 6 L·min−1, the appropriate
argon flow rate plays a role in activating the surface flow of the mold. The surface velocity
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increases to about 0.20 m·s−1, which can optimize the heat and mass transfer conditions
near the meniscus. When the argon flow rate is further increased to 10 L·min−1, affected
by the upward floating of argon bubbles, the jet velocity and penetration depth of liquid
steel at the side ports of the SEN are significantly reduced; the upward circulating flow is
strongly disturbed by the upward floating of more argon bubbles, thus, the surface velocity
of the mold is reduced. According to the calculation results in Figure 5b, when the argon
flow rates are 6 L·min−1 and 10 L·min−1, the maximum values of the surface velocities of
the mold are near to one-quarter width of the mold. When the argon flow rate is 0 L·min−1,
the maximum value of the surface velocity of the mold shifts to the SEN. The main reason
is that the upper circulating flow is suppressed after argon gas is introduced, so that the
position of the maximum value of the surface velocity shifts to the narrow face of the mold.

As shown in Figure 6, when the argon flow is 6 L·min−1 with the EMBr Mode 1, due to
the absence of EMBr, the surface velocity at one-quarter width of the mold is large, which
may increase the risk of slag entrapment on the mold surface. Under the condition of EMBr
Mode 2, under the action of the applied magnetic field at the lower part of the SEN, EMBr
reduces the jet velocity and penetration depth of liquid steel at the port, so it can reduce
the surface velocity near the meniscus and the surface velocity at one-quarter width of the
mold. Under the condition of EMBr Mode 3, while the applied magnetic field at the lower
part of the SEN is acting, the upper coil is energized to enhance the applied magnetic field
at the upper part. The inhibition effect of the magnetic field braking on the surface velocity
of liquid steel is enhanced, and the surface velocity at the one-quarter width position is
further reduced. As can be seen from Figure 6b, under the different EMBr modes, the
transverse positions of the maximum flow rates on the mold surface hardly change.

3.3. Effects of Argon Flow Rate and EMBr on Mold Flow Field

Figure 7 shows the time average velocity contour and vector diagram of the mold flow
field under EMBr Mode 3 and at different argon flow rates. As shown in Figure 7a, when
the argon flow rate is 0 L·min−1, the area where the jet velocity near the port is greater than
1.44 m·s−1 is larger, and the angle between the jet and the vertical direction is smaller. The
jet from the port is subjected to the EMBr at the lower part of the mold, which reduces jet
velocity. Under the action of the upper magnetic field, the upper circulating flow is further
weakened, resulting in a low velocity on the mold surface. As shown in Figure 7b, when
the argon flow rate is 6 L·min−1, due to the upward floating effect of argon bubbles, the
jet direction of liquid steel from the port rises, which strengthens the upward circulation
flow of liquid steel. Therefore, the surface velocity of the mold increases. As shown in
Figure 7c, when the argon flow rate is further increased to 10 L·min−1, the number of argon
bubbles near the SEN increases too much, resulting in the disorder of the jet. Under the
action of EMBr, the kinetic energy of the jet decreases greatly, resulting in the weakening of
the upper circulating flow, which is not conducive to the control of the flow pattern and
may lead to violent fluctuation near the SEN. By comprehensively comparing the flow field
in the mold under the above three argon flow rates, it is more appropriate that the argon
flow rate be 6 L·min−1.

Figure 8 is the time average velocity contour and vector diagram of the flow field in
the mold under the different EMBr modes when the argon flow rate is 6 L·min−1. Figure 8a
shows that under the condition of EMBr Mode 1, after the liquid steel jet from the port
impacts the narrow face of the mold, it is divided into upper and lower streams. The
flow field mode is a typical double-roll flow. Due to the large impact of upstream and
downstream velocities, it may lead to violent fluctuation and slag entrainment risk. As
shown in Figure 8b, under the condition of EMBr Mode 2, the jet from the port is well
restrained by the strong magnetic field excited by the lower coil current, and the jet speed
decreases. Although the weak magnetic field in the upper part has a weak braking effect
on the upper circulating flow at this time, it still makes the low-speed area larger compared
with that in Figure 8a. As shown in Figure 8c, under the condition of EMBr Mode 3, the
jet from the port is well restrained by the strong magnetic field excited by the lower coil



Metals 2022, 12, 1050 11 of 20

current. While the jet velocity decreases, the current in the upper coil increases the upper
magnetic field, and the upper circulating flow is significantly braked. Therefore, the surface
velocity of the mold is greatly reduced, and the low-speed area in the upper part of the
mold is further increased. At the same time, because argon bubbles float up near the SEN,
it can be clearly seen that some liquid steel moves directly to the surface driven by argon
bubbles.
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3.4. Effects of Argon Flow and EMBr on Argon Bubble Distribution

Figure 9 shows the contour diagram of instantaneous velocity and distribution of argon
bubbles in the mold under EMBr Mode 3 and at different argon flow rates. When argon gas
is not injected, the jet velocity is large, and the angle between the jet and the SEN is small.
When the argon flow rate is 6 L·min−1, the steel liquid near the SEN is affected by the
floating of argon bubbles. With the increase in argon flow rate to 10 L·min−1, the influence
of floating of argon bubbles is gradually significant, and the jet becomes disordered, and jet
velocity decreases significantly due to the concentration of argon bubbles floating up near
the SEN. The number of argon bubbles that can move near the narrow face of the mold is
significantly reduced, and more argon bubbles float near the SEN, which will aggravate the
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fluctuation near the SEN and increase the risk of slag entrapment and slag layer breaking.
At this time, the excessive argon flow rate leads to the instability of the flow field in the
mold, and the risk of defect of argon bubbles increases on the surface of the automobile
exposed panel.
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Figure 10 demonstrates the contour diagram of instantaneous velocity and distribution
of argon bubbles in the mold at argon flow rate of 6 L·min−1 and under different EMBr
modes. Under the condition of EMBr Mode 1, the upper and lower circulating flow
velocities are very large. Some argon bubbles are washed into the deep site of the mold
with the lower circulating flow, following the liquid steel to move near the solidified shell,
which may be captured by the solidified shell, resulting in bubble defects. Under the
condition of Mode 2, due to the inhibition of the lower magnetic field excited by the lower
coil, the velocity of the lower circulation stream decreases significantly. It also inhibits
the penetration of large-size argon bubbles into the mold, but it has little effect on the
small-size argon bubbles, and many small-size argon bubbles can still move deep into the
mold. Under the condition of Mode 3, the magnetic field has an obvious braking effect
on the jet. The number of argon bubbles following the jet to the narrow face of the mold
decreases, and the velocity near the meniscus decreases significantly, which reduces the
risk of slag entrapment.

3.5. Fluctuation on Mold Surface

Figure 11 shows the fluctuation diagram of mold surface under EMBr Mode 3 with
the strongest EMBr action and at different argon flow rates. When the argon flow rate is
0 L·min−1, the upper circulating flow is weak due to the braking effect of the magnetic field,
and the velocity of the mold surface is very low, so the fluctuation is very gentle. When the
argon flow rate is 6 L·min−1, due to the introduction of argon into the SEN, the floating of
argon bubbles has an impact on the liquid fluctuation level of the mold and disturbs the
liquid level, resulting in a slight increase in fluctuation, but the liquid fluctuation level is
still within a reasonable range. However, when the argon flow rate is further increased to
10 L·min−1, a large number of argon bubbles escape near the SEN wall, resulting in a sharp
increase in the fluctuation of the liquid level, with local areas exceeding 10 mm, which
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will significantly increase the risk of slag entrapment and reduce the surface quality of the
automobile exposed panel.
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Figure 12 is the fluctuation diagram of the mold surface at argon flow of 6 L·min−1 and
under different EMBr modes. Under the condition of Mode 1 without EMBr, the fluctuation
of 1050 mm width mold will be very violent under the condition of high casting speed of
1.9 m·min−1, and the fluctuation near the narrow face of the mold and the SEN will even
exceed 10 mm. Under the condition where only the lower coil is with the current in Mode
2, due to the weak upper magnetic field and limited ability to suppress the liquid level
fluctuation, the fluctuation of the mold surface is still large, and the fluctuation near the
narrow face of the mold and the SEN will also exceed 10 mm. Under the condition of Mode
3 where the upper and lower coils are with the current, the upper and lower magnetic fields
jointly inhibit the upper circulating flow and movement of argon bubbles. The fluctuation
range of most areas of the mold surface is no more than 5 mm, and the fluctuation of the
mold surface is within a reasonable range, even at the high casting speed of 1.9 m·min−1.

3.6. Effect of EMBr on Solidified Shell

Figure 13 shows the velocity vector diagram and liquid volume fraction contour
diagram at argon gas flow rate of 6 L·min−1 on different reference planes and under the
different EMBr modes. Compared with the P1 plane, under the condition of Mode 1 without
the restraint of magnetic field, the jet has a great impact on the narrow face of the mold.
Under the condition of Mode 2 and Mode 3, the jet is affected by EMBr, and the impact on
the narrow face is significantly restrained. Compared with P2, P3 and P4 planes, it can be
observed that after the jet impinges on the narrow face, part of the liquid steel will reflux
along the wide face in the SEN direction in the mold. The reflux is very strong under the
condition of Mode 1. It can be seen that the jet impinges on the narrow face greatly, and the
reflux intensity further decreases significantly under the conditions of Mode 2 and Mode 3,
which is conducive to the formation and growth of the solidified shell on the wide face,
narrow face and at the corner.
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Figure 13. Velocity vector diagram and liquid volume fraction contour diagram at argon gas flow
rate of 6 L·min−1 on different reference planes and under the different EMBr modes of: (a) Mode 1;
(b) Mode 2; (c) Mode 3.

Figure 14 is the variation of solidified shell thickness under different EMBr modes
showing the change in shell thickness with depth at the center of the wide and narrow face.
As shown in Figure 14a, under the condition of EMBr Mode 3, the shell thickness at the
center of the wide face is greater than that in Mode 2, and the thickness in Mode 2 is greater
than that in Mode 1. It can be seen from Figure 14b that under the conditions of Mode 1
and Mode 2, there is no EMBr or insufficient braking capacity for the jet, and the jet scours
the narrow face violently, so that the shell thickness decreases in the range above 0.45 m
from the mold surface. In Mode 3, the impact of the jet on the narrow face is well restrained.
In the range above 0.45 m from the mold surface, the shell thickness of the narrow face
shell is significantly greater than those in Mode 1 and Mode 2.
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4. Conclusions

Considering the influence of the solidified shell and the mold flux, the flow field,
distribution of argon bubbles, liquid level fluctuation and solidified shell thickness in the
mold were studied under different argon flow rates and EMBr conditions with numerical
simulation and high-temperature quantitative velocity measurement. The main conclusions
are as follows:

(1) The calculated velocities on the mold surface are in good agreement with the measured
values of the industrial experiment at high temperature with the rod deflection method.
As the argon flow rate is increased from 0 to 6 L·min−1 and 10 L·min−1, both of
the calculated and measured velocities on the mold surface first increase and then
decrease. As the EMBr mode changes from Mode 1 without EMBr to Mode 2 with
upper coil current 0 A and lower coil current 700 A, and then to Mode3 with upper
coil current 300 A and lower coil current 700 A, both of the calculated and measured
velocities on the mold surface gradually decrease.

(2) With EMBr Mode 3 and at the argon flow rate of 0 L·min−1, the velocity on the mold
surface is too low, which is not conducive to the melting of the mold flux. When the
argon flow rate is 6 L·min−1, the jet angle increases, and the velocity on the mold
surface increases, which is conducive to heat and mass transfer near the meniscus.
When the argon flow rate is further increased to 10 L·min−1, the upper circulating
flow is affected by floating up of more argon bubbles; the surface velocity of the mold
decreases, and the liquid level fluctuation near the SEN increases.

(3) When the argon flow rate is 6 L·min−1 and the casting speed is 1.9 m·min−1, with
EMBr Mode 1, the liquid level fluctuation is too large, which may lead to slag entrain-
ment in the mold. With Mode 2, as the lower circulation stream is restrained by the
lower magnitude field, the velocity on the mold surface decreases, but the liquid level
fluctuation is still large. With Mode 3, both of the lower and upper circulation streams
are restrained by the magnetic field, the velocity on the mold surface is reduced, and
the fluctuation is at a relatively reasonable level.

(4) With EMBr Mode 3, when the argon flow rate is 10 L·min−1, due to the strong upward
floating of argon bubbles, the jet at the port becomes disordered, and the liquid level
fluctuation near the SEN wall intensifies, which increases the risk of slag entrainment
and slag layer breaking, as well as the risk of argon bubbles being captured. When the
argon flow rate is 6 L·min−1, the liquid level fluctuation of the mold is in a reasonable
range under the conditions of Mode 3. Therefore, it is reasonable to control the argon
flow rate to be 6 L·min−1.

(5) With Mode 1 and Mode 2, due to no braking or insufficient braking capacity, the jet
scours the narrow face violently, resulting in the decrease in thickness of the solidified
shell in the range above 0.45 m from the mold surface. With Mode 3, as the impact
of the jet on the narrow face is well restrained, the solidified shell thickness of the
narrow surface is significantly greater than those in Modes 1 and 2 in the range above
0.45 m from the mold surface.
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