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Abstract: Electromagnetic braking (EMBr) technology, as one of the most effective technologies in the
continuous casting process, provides an effective tool for improving the internal and external defects
of steel products. Specifically, the EMBr technology takes the benefit of the generation of Lorentz
force to decrease flow instability, mold powder entrapment, and surface defects, if applied properly.
For this purpose, to gain a clear understanding of the effect of EMBr technology on the continuous
casting process, a commonly used EMBr technology, namely ruler EMBr technology, is applied in
the current work to investigate the dynamic behaviors of molten steel flow and steel-slag interface
fluctuation inside a slab mold. Furthermore, to obtain a desirable braking effect of the ruler EMBr
technology, operational parameters including the magnetic flux density, submerged entry nozzle
(SEN) depth, and magnetic pole location are numerically investigated. The results demonstrate that
the braking effect exerted by the ruler EMBr device is favorable for suppressing the impact of upward
stream on the steel-slag interface with the magnetic flux density exceeding 0.3 T. For the influence of
the SEN depth and magnetic pole location on the effect of ruler EMBr mold, the results show that
a steady jet flow pattern can be obtained through the adjustment of a location between the ruler
EMBr device and the SEN depth. For instance, when the ruler EMBr device installation position of
225 mm corresponds to the SEN depth of 150 mm, the upward deflection of jet stream is suppressed
and a stable interface fluctuation profile is formed. With this adjustment, the possibility of mold flux
entrapment is decreased.

Keywords: electromagnetic braking; continuous casting; molten steel flow; steel-slag interface fluctuation;
mold

1. Introduction

During continuous casting, the flow pattern of the melt in a mold is directly related to
the quality of the slab [1-4]. Especially in a high-speed casting, a jet flow discharged from
the submerged entry nozzle (SEN) rapidly impinges upon the mold narrow wall and splits
into two violent backflows. The violent upward backflow moves upward along a casting
direction and tends to form unstable fluctuations in the meniscus region. Such instability
and fluctuation can induce entrapment of mold powder in an internal flow and irregular
growth of an initial solidified shell on the slab mold wall [5]. Unlike the flow characteristics
of upward backflow, the intensified downward backflow entrains nonmetallic inclusions
and penetrates deeply into the mold. Such deep penetration can increase the difficulty of
flotation separation of nonmetallic inclusions, resulting in deepening of vibration marks
and the formation of transverse cracks [6—8]. Therefore, the problems induced by the
disturbance behavior of molten steel inside the mold have a great impact on the surface
and internal quality of the slab [9].
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For a given slab caster, if the flow behavior of molten steel cannot be controlled
within an optimal range, the disturbed flow of molten steel inside the mold will exist for
a long time [5]. Hence, to obtain a stable continuous casting process, it is indispensable
to optimize parameters related to the molten steel flow in the mold [10]. There have been
many efforts to control the flow behavior of molten steel through optimizing of processing
parameters, such as nozzle geometry, nozzle inclination angle, immersion nozzle depth,
and continuous casting speed [11-13]. Another effective way, namely electromagnetic
brake (EMBr) technology, has the potential to control the irregular flow behavior of molten
steel within the mold as well if applied correctly [14]. The principle of EMBr technology
is that a static magnetic field excited by a direct current restricts the flow of molten steel
through certain regions of the mold. Within the certain regions, electromagnetic forces
generated by the interaction between the electromagnetic field and the molten steel can
be naturally adjusted according to flow variations, which makes it possible to obtain a
reasonable flow control of the molten steel within the mold [5]. The studies of the effects of
EMBr on the fluctuation behavior of steel-slag interface in the mold have confirmed this
point as well [3,6,9].

Based on the principle of EMBr technique and the basic idea of controlling the flow of
molten steel within the mold, there are two types of EMBr techniques commonly used in an
industrial slab caster at present, namely ruler EMBr [15,16] and double ruler EMBr [17,18].
The distinguishing feature of the ruler EMBr is that a pair of horizontal magnetic poles
located below the SEN ports completely cover the wide wall of the mold, aiming to restrict
the impact of jet stream discharged from the SEN on the mold’s narrow wall. However,
due to the limitation of the horizontal magnetic pole location, the braking effect exerted
by the ruler EMBr cannot be sufficient to restrain upward streams and stabilize surface
fluctuations within the mold [19]. Hence, to strengthen the braking effect therein, the
double ruler EMBr adds one more pair of magnetic poles horizontally arranged close to
the top surface of the mold based on the ruler EMBr. In the same way, the horizontal
magnetic poles of the double ruler EMBr extend to align with the entire wide wall of the
mold. However, due to the existence of an additional pair of horizontal magnetic poles, the
configuration of the double ruler EMBr is complicated and huge. In addition, if the double
ruler EMBr is improperly applied, an excessive electromagnetic field will be produced near
the top of the mold and, correspondingly, the flow of molten steel near the meniscus region
will be excessively controlled. This can easily result in the formation of low temperature
melt and the freezing of mold powder [20].

According to the above description, it is clear that the braking effect of EMBr technol-
ogy has beneficial effects on the continuous casting process if applied correctly. In general,
the braking effect exerted by the EMBr technology is greatly influenced by the processing
and electromagnetic parameters [21]. By that, to achieve a desirable braking effect of the
EMBr technology, the electromagnetic parameters should be matched with the variation
of the processing parameters. This is because improper design of processing and electro-
magnetic parameters will result in the perturbed flow of molten steel not being effectively
controlled and homogenized. Therefore, more extensive studies should be required to
optimize the relevant parameters of the commonly used EMBr technology for molten steel
flow under electromagnetic effect.

In this article, to optimize the dynamic behaviors of the molten steel flow and steel—-
slag two—phase interface fluctuation inside a slab mold, the braking effect of commonly
used ruler EMBr technology under various electromagnetic and processing parameters, in-
cluding the magnetic flux density, immersion nozzle depth, and magnetic pole location are
numerically investigated in detail. The structural arrangement of this article is considered
as follows. Section 2 provides the mathematical formulations and presents the details of
the used numerical method. Section 3 presents the physical model of the ruler EMBr. The
computational model is validated in Section 4 and the simulations results are discussed in
Section 5. Eventually, the main conclusions are made in Section 6.
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2. Mathematical Formulations and Conditions

To investigate the two—phase flow behavior of molten steel and mold flux within
the mold, a three-dimensional (3-D) unsteady multi-field coupling mathematical model is
established. During that numerical simulation process, to better monitor the two—phase
interface fluctuation behavior of steel-slag within the mold, the assumptions are made
as follows. The mold flux is considered to be liquid, and the influence of slag layers in
other states is ignored. The molten steel and mold flux are regarded as homogeneous
incompressible Newtonian fluid with constant physical properties. The effects of the
oscillation of mold and negative taper on the molten steel flow state are not taken into
account. In addition, the heat transfer, solidification and related thermal behaviors in the
mold are neglected. On this basis, mathematical formulations in this paper can be described
as below.

2.1. Mathematical Formulations
Two-Phase Flow Equation

The volume of fluid (VOF) method is adopted to establish a two—phase turbulent
transient flow model, which can track the deformation of the steel-slag two—phase interface
in a slab casting mold [14]. In the VOF method, the function of fluid volume in a space
lattice can be defined through a moving steel-slag interface. The volume fraction of the
molten steel in the mold can be obtained by the following equation.

%—? + Vo, =0 1)
where, @ equal to 1 represents the molten steel, @ equal to 0 represents the mold flux, and
@ between 0 and 1 represents the two—phase interface.

In the research, because the molecules of the molten steel and mold flux attract each
other in the mold, the interfacial tension can be formed at the steel-slag two—phase interface.
In this study, the interfacial tension is solved by the continuum surface force (CSF) model
proposed by Brackbill et al. [22]. Moreover, a volume force as a source term is added to the
momentum equation to consider the interfacial tension effect. The expression is as follows.
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SST k-w turbulence model equation

In the research, to improve the reliability of calculation, the Reynolds-averaged Navier—
Stokes (RANS) SST k-w model is performed to investigate the flow characteristics between
the molten steel and mold flux within the mold [14]. In comparison with the other two-
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equation turbulence models, the most remarkable feature of the SST k-w model is that it
considers a mixing function to better reflect the effect of the Reynolds stress on the flow
behavior of molten steel in the near-wall region [23,24]. In this region, an automatic wall
function can be freely converted between high and low Reynolds numbers, so that the
molten steel flow pattern under the engineering situation can be better obtained. The
expressions of two-equation turbulence model are expressed as follows.

Kkl (G| M
2(p) H],a(apxc;f) _ ;’%Kﬁg)gz Gy~ Y+ Dy (10)
where, 1
Ok = Fi/og1+(1—F)/oks -
O ! (12)
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C ) 9v; \ 2 9v; 2 dv;  0y; 2 13
k= Mt <axl> + BTC] + aTc]—i_aTcl (13)

Electromagnetic field model
To investigate the electromagnetic field characteristics in the mold, the magnetic
induction method derived from Ohm’s law and Maxwell’s equation is employed [25].
In computational procedure, the generation of electromagnetic force is induced by the
interaction of flowing molten steel with externally applied magnetic field. Based on the
externally applied magnetic field By;, the induced magnetic field b; is obtained by the
following equation.
ob;

1
T (0;-V)b; = ﬁvzbi + [(Bo,i + bi)-V]v; — (v;-V) By (14)

The induced current density J; is given by as follows.
1 1
Ji = ;V X Bj = ﬁv X (Bo,i + bi) (15)

The electromagnetic force Fy, ; as additional force in the momentum equation is ob-
tained by the following equation.

Fyi=Ji x B = Ji x (By; + b;) (16)

2.2. Computational Conditions

The inlet is positioned at the top of the SEN, which is defined as a velocity inlet bound-
ary condition. Moreover, the inlet velocity is calculated based on a specific casting speed
to preserve the flow equilibrium. The top surface of the mold defined as a symmetrical
boundary condition is a free surface, where the normal gradients of velocity component and
other variables perpendicular to the free surface are set to a value of zero [14]. The central
plane of mold width is a symmetrical plane with the same boundary condition as the free
surface [21]. The mold wall is defined as the boundary condition of the non-slip insulation
wall, in which the normal component of induced current and the normal gradients of other
variables are set to a value of zero [23]. Moreover, an automatic near wall treatment is
performed by the SST k-w turbulence model. The bottom of the computational domain is
set as a mold exit, which is defined as an outflow condition with fully developed flow. At
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the bottom of the computational domain, the normal gradients of all variables are set to a
value of zero [14].
The boundary condition for the induced magnetic field b; is given by [14]:

b= {by, by b}’ (17)

where the subscripts represent the normal and tangential components of the field.

During continuous casting, the mold flux with non-conductive properties sometimes
penetrates into the channel between the mold wall and the solidified shell to reduce with-
drawal forces. Hence, the mold wall can be regarded as an insulating wall. Correspondingly,
an electrically insulating boundary condition is employed in the calculation of the electro-
magnetic field. For this purpose, by and by, which are tangential components of the field,
should satisfy the following conditions.

by =bp =0 (18)

3. Geometric Configurations
3.1. Ruler EMByr Configuration

The ruler EMBr configuration installed in the mold is shown in Figure 1. The cross
section of the mold is 1450 mm x 230 mm, and the height of the mold is 800 mm. As can be
seen, the ruler EMBr configuration consists of a pair of horizontal magnetic poles, which
cover the whole wide faces of the mold. In detail, the horizontal magnetic poles with two
sets of electrified coils are installed below the SEN to suppress the excessive penetration of
jet flow discharged from the SEN into the molten pool.

Figure 1. Schematic diagram of ruler EMBr device: (a) schematic of ruler EMBr device and (b) plane
view of ruler EMBr device.

3.2. Computational Domain and Parameters

The schematic of the computational domain is shown in Figure 2. Due to the geometric
symmetry, a one-half volume of the mold is considered (see Figure 2a). To ensure the grid
quality of mold, a hexahedral structured meshing method is performed. To improve the
computing accuracy, a local mesh refinement method is employed in the region close
to the mold wall and the steel-slag two—phase interface (see Figure 2b). Moreover, the
computational domain is extended to 3500 mm to ensure the full development of the flow
of molten steel in the mold. The operating and physical parameters related to the present
calculation are shown in Table 1.
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Figure 2. Schematic diagram of mold computational domain: (a) geometry of mold and (b) mesh

of mold.

Table 1. Parameters of continuous casting slab mold used in numerical simulation.

Parameter Value

Mold size 1450 mm x 230 mm

Effective mold length 800 mm

Computational domain 1450 mm x 230 mm x 3500 mm
Depth of SEN 130, 150, and 170 mm

Outlet section of SEN 65 mm X 80 mm

Angle port of SEN —15°

Casting speed 1.6 m-min~!

Molten steel density 7020 kg-m~3

Molten steel viscosity 0.0056 Pa-s

Molten steel electric conductivity
Molten steel magnetic permeability
Mold flux density

Mold flux viscosity

Liquid mold flux height

Interface tension coefficient
Magnetic flux density

Magnetic pole position

7.14 x 10°S-m™!

126 x 107 H-m™!
3500 kg-m 3 [3]

0.2664 Pa-s [3]

35 mm

12N-m~!
0,0.1,0.2,0.3,and 05T
225,255, and 285 mm

4. Model Validation

In the current research, to validate the accuracy of the coupling calculation between the
flow field and electromagnetic field, a simple 3D example performed by Cho et al. [26] and
a description of available experimental data provided by Moreau [27] are employed. The
simulation parameters of 3D plate are shown in Table 2. The velocity profiles of numerical
simulation and experimental measurements are illustrated in Figure 3. As can be seen, the
velocity distribution curves all present an “M-shaped” profile. That is to say, with the use
of identical geometry and parameters, the numerical results solved by the author are in
good agreement with those provided by other researchers [26,27]. In this article, the same
numerical method is used to solve the coupling of the flow field and electromagnetic field.
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Therefore, we conjecture that the current simulation research method on the coupling of
the flow field and electromagnetic field has a relatively reasonable accuracy.

Table 2. Parameters of 3D plate used in numerical simulation.

Parameter Value Parameter Value
Computational domain length 704 mm Liquid viscosity 0.00155825 Pa-s
Computational domain height 40 mm Liquid electric conductivity 1.05 x 106 S-m~!
Computational domain thickness 2 mm Liquid inlet velocity 1.16141 m-s~!
EMBr central region length 304 mm Inlet turbulent kinetic energy ~ 5.99 x 10° m?.s 2
Magnetic flux density 1.3482 T Turbulent dissipation rate 7.529 x 10° m?.s~3
Liquid density 13,550 kg~m_3 Static pressure at exit 0

Figure 3. Velocity profiles along a vertical line at the horizontal center of MHD computational domain.

5. Results and Discussion
5.1. Electromagnetic Characteristics in Mold with Ruler EMBr

Distribution of electromagnetic performances in the mold with a magnetic flux density
of 0.3 T is shown in Figure 4. As shown in Figure 4a, with ruler EMBr, the maximum
magnetic flux density reaches 0.26 T in the jet impingement region, while the respective
value at the mold exit is only 0.02 T. As shown in Figure 4b, the current density is mainly
induced in the jet impingement region, and the vortices of induced current are formed at the
region where the jet stream is divided into an upward backflow and a downward backflow.
As shown in Figure 4c, the electromagnetic force produces a braking effect directly on the
jet flow discharged from the SEN. Hence, the traditional ruler EMBr technology shows the
potential to suppress the impact strength of the jet stream on the molten pool.

5.2. Molten Steel Flow Characteristics in Mold with the Variation of Magnetic Flux Density

To evaluate the braking effect of ruler EMBE, in the following we numerically analyze
the dynamic behaviors of the molten steel flow and steel-slag two—phase interface fluctua-
tion in the mold. In this section, all other parameters remain the same except for the change
in magnetic flux density. The following constant parameters are assumed: a casting speed
(V) of 1.6 m/min, a SEN depth (Dsgn) of 150 mm, and an installation position (H) of the
ruler EMBr device at a distance of 255 mm from the top of the mold.
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Figure 4. Electromagnetic characteristics in the mold with the magnetic flux density of 0.3 T: (a) mag-
netic flux density, (b) induced current density, and (c) electromagnetic force.

Figure 5 presents the flow field of molten steel in the centre of the mold wide face
with various magnetic flux densities. As shown in Figure 5a, with no EMBr, the jet flow
discharged from the SEN rapidly impinges on the mold narrow face, and then splits into
two high-speed backflows, i.e., an upward backflow and a downward backflow. As shown
in Figure 5b,c, with a magnetic flux density of 0.1 and 0.2 T, the braking effect exerted
by the ruler EMBr is not significant. A violent upward backflow is formed in the upper
recirculation region of the mold. However, as shown in Figure 5d,e, with an increase in
the magnetic flux density, the braking effect of the ruler EMBr on the jet flow is obviously
enhanced. Especially for a magnetic flux density of 0.5 T, the fluidity of the additional vortex
and the tilt upward characteristic of the jet flow are obviously increased. As can be seen,
the jet flow in the action region of magnetic pole is pushed away by the electromagnetic
force. Afterwards, the core of the vortex moves upward in the upper recirculation region
of the mold. In the lower recirculation region of the mold, in turn, an additional vortex
is formed.

Figure 5. Distribution of the molten steel flow field in the central plane of the mold thickness with
various magnetic flux densities: (a) Bmax =0T, (b) Bmax =0.1 T, (¢) Bmax = 0.2 T, (d) Bmax = 0.3 T and
() Bmax=0.5T.
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Figure 6 illustrates the 3D steel-slag two—phase interface profiles in the mold with
different magnetic flux densities. In detail, the steel-slag two—phase interface is represented
by the volume fraction of mold flux @ = 0.5. With the application of ruler EMBr, increasing
the magnetic flux density to 0.2 T cannot significantly control the fluctuation of the steel-
slag two—phase interface. On the contrary, when the magnetic flux density increases to 0.3 T,
the deformation of the steel-slag two—phase interface tends to be stable. Particularly for
the magnetic flux density increases to 0.5 T, the steel-slag interface fluctuation is effectively
controlled, and the maximum meniscus fluctuation height is decreased to 9.4 mm.

Figure 6. Steel-slag two—phase interface fluctuation profiles in the mold with various magnetic flux
densities: (a) Bmax =0T, (b) Bmax =0.1 T, (¢) Bmax = 0.2 T, (d) Bmax = 0.3 T and (e) Bpax =05 T.

To quantitatively analysis the effect of the magnetic flux density on the molten steel
velocity within the mold, the profiles of the molten steel velocity at the steel-slag two—
phase interface (Y = 0 m, Z = —0.035 m) and molten steel vertical velocity close to the mold
narrow face (X = 0.695 m, Y = 0 m) are shown in Figure 7. As can be seen, the maximum
amplitude of the surface velocity increases from 0.18 to 0.20 m/s as the magnetic flux
density increases from 0 to 0.2 T (see Figure 7a). Correspondingly, the maximum amplitude
of vertical velocity increases from 0.24 to 0.25 m/s in the upper recirculation region of
the mold (see Figure 7b). Such results imply that the braking effect exerted by the ruler
EMBr is insufficient to suppress the flow of molten steel in the upper recirculation region
of the mold, with the magnetic flux density increasing to 0.2 T. In comparison, when the
magnetic flux density increases from 0.3 to 0.5 T, the braking effect exerted by the ruler
EMBr on the upward backflow is meaningful. The maximum amplitude of the surface
velocity and vertical velocity of molten steel in the upper recirculation region of the mold
are significantly decreased to 0.12 and 0.11 m/s, respectively.
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Figure 7. Velocity profiles in the mold with various magnetic flux densities: (a) steel-slag interface
velocity (Y =0m, Z = —0.035 m) and (b) vertical velocity along mold height direction (X = 0.695 m,
Y =0m).

Figure 8 shows the influence of the magnetic flux density on the distribution of
turbulent kinetic energy close to the mold narrow face (X = 0.695 m). As can be seen, with
no EMBr, the maximum turbulent kinetic energy is concentrated in the jet impingement
region. Similar findings can also be found in the application of ruler EMBr. As the ruler
EMBr is applied, increasing the magnetic flux density from 0.1 to 0.3 T can enhance the
braking effect in the molten steel flow. Correspondingly, a reduced turbulent kinetic energy
is obtained in the jet impingement region. However, when the magnetic flux density
continues to increase to 0.5 T, the braking effect exerted by the ruler EMBr can induce an
upward tilting jet flow to frequently impact the narrow surface of mold. This finding can
be found in the braking effect of ruler EMBr on the upward backflow in the mold, see
Figure 5e. By that, with the support of 0.5 T, a slight increase in turbulent kinetic energy is
formed in the jet impingement region. Even so, a noticeable reduction in turbulent kinetic
energy occurs near the meniscus region when compared to the cases of 0.2 and 0.3 T. The
results indicate that the ruler EMBr shows the beneficial effects of restraining the meniscus
surface flow as the magnetic flux density increases to 0.5 T.

Figure 8. Turbulent kinetic energy distribution close to the mold narrow face with various magnetic
flux densities: (a) Bmax =0 T, (b) Bmax = 0.1 T, (¢) Bmax = 0.2 T, (d) Bmax = 0.3 T and (e) Bmax = 0.5 T.
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5.3. Molten Steel Flow Characteristics in Mold with the Variation of SEN Depth

In the traditional ruler EMBr technology, operational parameters, including the SEN
port angle, SEN depth, and casting speed, etc., are crucial in affecting the molten steel flow
within the mold. In this section, we tend to investigate the influence of dynamic behaviors
of the molten steel flow and steel-slag tow—phase interface fluctuation within the mold
with the variation of SEN depth. The standard process parameters are performed with a
casting speed of 1.6 m/min, a magnetic flux density of 0.3 T, and an installation position of
the ruler EMBr device at a distance of 255 mm from the top of the mold.

In the previous section, we find that the braking effect exerted by the ruler EMBr
effectively restrains the impact of the impinging jet flow to the molten pool when the
magnetic flux density exceeds 0.3 T. Correspondingly, two backflows, i.e., an upward
backflow and a downward backflow within the mold are well controlled and, hence, are
not considered for further analysis in the follow-up research work. Figure 9 shows the
influence of SEN depth on the flow of molten steel within the mold with a fixed magnetic
flux density of 0.3 T. Among these graphs, each of the subgraphs located above the black
horizontal dividing line indicates the contours of the molten steel velocity magnitude at
the steel-slag tow—phase interface. Conversely, below the black horizontal dividing line,
each of the subgraphs represents the predicted flow fields in the central plane of the mold.
As can be seen, with an increase in the depth of SEN, the horizontal poles action region
can well cover the main jet stream discharged from the nozzle—exit. This considerably
contributes to the formation of a downward deflection of jet stream. Hence, in the case of
the SEN depth of 170 mm, the distance of the upward backflow to the steel-slag interface is
prolonged. According to the law of mass conservation, the kinetic energy consumed by the
upward backflow increases. Correspondingly, a reduced molten steel flow velocity appears
at the steel-slag tow—phase interface, which contributes to stabilize the interface fluctuation
in this case.

Figure 9. Molten steel flow characteristics in the mold with ruler EMBr under different SEN depths:
(a) Dggn = 130 mm, (b) Dggn = 150 mm, and (¢) Dsgn = 170 mm.

Figure 10 shows the influence of the SEN depth on the steel-slag tow—phase interface
fluctuations within the mold with a fixed position of the ruler EMBr device. As discussed
before, we find that with the increase of the SEN depth, the distance between the lower
surface of the SEN and the upper surface of the horizontal magnetic poles decreases. As
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a result, the main jet stream is concentrated in a high magnetic field region. That is, the
braking effect is increased therein, and the molten steel flow velocity at the steel-slag
tow—phase interface is correspondingly decreased. In our simulation, for a given fixed
position of the ruler EMBr device, when the distance between the upper surface of the
ruler EMBr device and the top of the mold is 255 mm, a stable interface fluctuation within
the mold is obtained in the case of the SEN depth of 170 mm. As can be seen, as the SEN
depth increases from 130 to 170 mm, the maximum amplitude of the steel-slag tow—phase
interface fluctuation decreases from 14.7 to 12.8 mm, which decreases by 12.9 pct.

Figure 10. Steel-slag two—phase interface fluctuation profiles in the mold with ruler EMBr under
different SEN depths: (a) Dsgn = 130 mm, (b) Dggn = 150 mm, and (¢) Dsgyn = 170 mm.

In the electromagnetic continuous casting process, the molten steel flow pattern within
the mold is susceptible to the variation of the SEN depth, especially in the application of
the traditional ruler EMBr technology. For this purpose, it is essential to quantitatively
investigate the influence of the SEN depth on the molten steel flow within the mold under
the condition of a fixed installation position of the ruler EMBr device. Figure 11 shows
the profiles of the velocity and turbulent kinetic energy of molten steel near the narrow
face of the mold (X = 0.695 m, Y = 0 m) with various SEN depths. As can be seen, for the
ruler EMBr device with a distance of 255 mm below the top of the mold, as the SEN depth
increases from 130 to 170 mm, the maximum vertical velocity in the upper recirculation
region of the mold decreases from 0.25 to 0.18 m/s, and the maximum turbulent kinetic
energy in the impingement region obviously decreases from 0.02 to 0.01 m?/s?. Such
results imply that the ruler EMBr device with a SEN depth of 170 mm can achieve the best
performance in suppressing the upward backflow compared to the SEN depths of 130 and
150 mm.

5.4. Molten Steel Flow Characteristics in Mold with the Variation of Ruler EMBr Position

In our simulation, when the magnetic flux density exceeds 0.3 T, we find that the
application of ruler EMBr can restrain the upward stream and reduce the surface molten
steel flow, subsequently affecting the meniscus fluctuation in the mold. In the following
part, to further explore the metallurgical effect of ruler EMBr with the variation of magnetic
pole position, we continue to conduct numerical analysis on the dynamic behaviors of
the molten steel flow and steel-slag interface fluctuation within the mold. During the
numerical calculation process, only the following constant parameters are considered: a
casting speed of 1.6 m/min, a SEN depth of 150 mm, and a magnetic flux density of 0.3 T.

Figure 12 shows the influence of ruler EMBr position on the flow of molten steel within
the mold. As can be seen from the subgraphs below the horizontal dividing line, with the
variation of the position of horizontal magnetic poles, the flow pattern of the molten steel
in the mid-plane of the mold is similar. Breaking away from the constraint of nozzle—exit,
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the jet flow propagates into the mold, forming a typical double-roll flow. However, the
distortion of jet flow changes significantly. With the horizontal poles moving down, the jet
flow deforms and deflects upward. Correspondingly, an inherently unstable flow is formed
at the steel-slag two—phase interface. This is due to the fact that the braking effect exerted
by the ruler EMBr is far away from the jet flow discharged from the nozzle—exit. Hence, the
suppression of jet flow is weakened, and then the impact of upward backflow on the top of
the mold is increased. As can be seen from the subgraphs above the horizontal dividing
line, when the horizontal poles move down to a distance of 285 mm from the top of the
mold, the maximum amplitude of steel-slag interface velocity increases to 0.18 m/s.

Figure 11. Velocity and turbulent kinetic energy profiles along mold height direction (X = 0.695 m,
Y = 0 m) with ruler EMBr under different SEN depths: (a) vertical velocity and (b) turbulent ki-
netic energy.

Figure 12. Molten steel flow characteristics in the mold with different positions of the ruler
EMBr: (a) H =225 mm, (b) Hy = 255 mm, and (c) H3 = 285 mm.
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Through the adjustment of a location between the ruler EMBr device and the SEN depth,
a relatively steady steel-slag interface profile can be obtained, as expected. Figure 13 shows
the effect of the ruler EMBr position on the steel-slag two-phase interface fluctuations within
the mold with a fixed SEN depth of 150 mm. As mentioned above, the braking effect of ruler
EMBr on the jet stream discharged from the nozzle—exit is weakened with the horizontal
magnetic poles moving down. Hence, the upward backflow accelerates to move to the top of
the mold, and correspondingly forms a relatively active steel-slag interface profile. As can be
seen, with the support of 0.3 T, the maximum amplitude of the steel-slag two—phase interface
fluctuation is 13.5, 13.8, and 14.8 mm in turn when the distance between the upper surface of
the ruler EMBr device and the top of the mold is fixed to 225, 255, and 285 mm, respectively.
To summarize, the numerical results indicate that a higher braking effect exerted by the ruler
EMBr exists when the upper surface of the ruler EMBr device is positioned in a distance of
225 mm below the top of the mold.

Figure 13. Steel-slag two—phase interface fluctuation profiles in the mold with various positions of
the ruler EMBr: (a) H1 = 225 mm, (b) H, = 255 mm, and (c) H3 = 285 mm.

To quantitatively analyse the influence of the installation position of the ruler EMBr
device on the flow of molten steel in the mold with a fixed depth of SEN, the profiles
of the velocity and turbulent kinetic energy of molten steel near the narrow face of the
mold (X = 0.695 m, Y = 0 m) are illustrated in Figure 14. As can be seen, in the case of
the ruler EMBr device position of H; = 225 mm, the amplitude of molten steel velocity in
the upper recirculation region of the mold is reduced, resulting in a decreased turbulent
kinetic energy therein. This showed that the braking effect of the ruler EMBr in the case
of Hy = 225 mm is more effective than that in the case of H, = 255 mm and H3 = 285 mm.
This is due to the fact that the distance between the SEN depth and the ruler EMBr device
position is relatively appropriate. Therefore, the main jet stream can concentrate within
the horizontal poles action region. By that, the braking effect exerted by the ruler EMBr is
correspondingly strengthened.
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Figure 14. Velocity and turbulent kinetic energy profiles along mold height direction (X = 0.695 m,
Y = 0 m) with different positions of the ruler EMBr: (a) vertical velocity and (b) turbulent kinetic energy.

6. Conclusions

In this article, a systematic numerical simulation was performed to investigate the
braking effect of the traditional ruler EMBr technology under different operating parame-
ters, including the magnetic flux density, SEN depth, and ruler EMBr device installation
position. The main conclusions are summarized as follows.

1. With the application of the ruler EMBr in the mold, a steady magnetic field is concen-
trated in the jet impingement region and, correspondingly, a strong electromagnetic
force is generated therein. As a result, the jet flow discharged from the nozzle-exit is
directly suppressed by the electromagnetic force applied by the ruler EMBr device.

2. When the magnetic flux density exceeds 0.3 T, a favorable prognostic factor of the ruler
EMBr device is that the braking effect can restrain the impact of upward backflow
on the free surface of the mold. This benefit can contribute to stabilize the interface
fluctuation and prevent the mold flux entrapment. For instance, with a magnetic flux
density of 0.5 T, the maximum amplitude of steel-slag interface fluctuation decreases
by 33.3 pct when compared to the case of no EMBr.

3. When the ruler EMBr device location remains fixed, the impact strength of the jet
flow decreases with an increase of SEN depth. Specifically, for a fixed ruler EMBr
device position of 255 mm, a desirable braking effect can be obtained at a SEN depth
of 170 mm. With this adjustment, the maximum amplitude of the vertical velocity in
the upper recirculation region of the mold decreases by 28 pct compared to a SEN
depth of 130 mm.

4.  An increased distance between the ruler EMBr device location and the top of the
mold results in a reduced braking effect on the jet stream at a constant SEN depth.
Correspondingly, a relatively active steel-slag interface profile is formed. In detail, for
a given SEN depth of 150 mm, when the ruler EMBr device is located at 285 mm, the
maximum amplitude of the steel-slag two-phase interface fluctuation increases by
9.6 pct compared to the ruler EMBr device located at 225 mm.
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acquisition, L.X. All authors have read and agreed to the published version of the manuscript.
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Nomenclature

p pressure, [Pa]

v; steel velocity, [m-s~1]

gi gravitational acceleration, [m2-s71]
Fyoli interaction force, [N-m~3]

Fm,i electromagnetic force, [N-m 3]

Ji eddy current density, [A-m~?2]

b; induced magnetic field, [T]

Bo,i applied magnetic field, [T]

Gx generation of turbulence kinetic energy
Gw generation of specific dissipation rate
Yy dissipation of turbulent kinetic energy
Yo dissipation of specific dissipation rate
Dy cross diffusion

Fq blending function

Greek symbols

0 density, [kg-m 3]

Ost steel density, [kg-m*3]

Osl mold flux density, [kgAm_3 ]

Heff effective viscosity, [kg~m‘1 s

1 laminar viscosity, [kg-m~!-s71]

Ut turbulent viscosity, [kg-m~!-s71]

st steel laminar viscosity, [kg-m~1-s71]
Hsl mold flux laminar viscosity, [kg-m~1-s71]
) volume fraction of steel

K mean surface curvature

Ok turbulent Prandtl number

Ow turbulent Prandtl number

k turbulent kinetic energy, [m?-s 2]

w turbulent dissipation rate, [s71]

. . e 71
gubscripts steel electrical conductivity, [S-m™"]
eff effective
M magnetic
Vol volume
1 laminar
t turbulent
st steel
sl slag
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