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Abstract

This work presents a numerical study on the influence of localized electromagnetic braking (EMBr) in thin-slab
continuous casting. A coupled model of molten steel flow and electromagnetic fields was developed using ANSYS
Fluent with its magnetohydrodynamics (MHD) module. Magnetic field distributions were generated through
a MATLAB user-defined function and mapped onto the casting mould. A Box-Behnken experimental design was used
to systematically vary five parameters: field intensity, diameter, x- and z-placement, and casting speed, resulting
in 41 simulations. Key flow characteristics were monitored, including meniscus velocity, jet behavior, and wall forces.
Results show that near-inlet EMBr placement leads to reduced jet velocity, downward deflection, and damping of flow
variables. In contrast, fields placed below the jet increase upward flow momentum, meniscus velocity, and steel level.
Larger coil diameters and higher magnetic field intensities generally reduce all flow parameters and promote upward
jet deflection. Regression models reveal strong nonlinear and interaction effects, particularly between vertical
placement, intensity, and diameter. The study demonstrates that EMBr positioning and configuration have significant
but complex effects on flow behavior in continuous casting, providing valuable insights for process control and quality
improvement in steel production.

Keywords: continuous casting, electromagnetic braking, slab casting, computational model

Abstrakt

Tato prdce predstavuje numerickou studii vlivu lokdlniho elektromagnetického brzdéni (EMBr) p¥i kontinudInim
odlévdni tenkych pdsi. Pomoci programu ANSYS Fluent a jeho modulu magnetohydrodynamiky (MHD) byl vyvinut
propojeny model proudéni roztavené oceli a elektromagnetickych poli. RozloZeni magnetického pole bylo generovdno
prostrednictvim uZivatelsky definované funkce v MATLABu a promitnuto na odlévaci formu. Pro systematickou zménu
péti parametrii - intenzity pole, priiméru civky, polohy v osdch x a z a rychlosti odlévani - byl pouZit experimentdIni
design Box-Behnken, coZ vedlo k realizaci 41 simulaci. Sledovdny byly klicové charakteristiky proudéni, vietné
rychlosti menisku, chovdni proudu a sil piisobicich na stény formy. Vysledky ukazuji, Ze umisténi EMBr v blizkosti
vstupu snizuje rychlost proudu, zpiisobuje jeho odklon smérem dolii a tlumi jeho proménné. Naopak pole umisténd
pod proudem zvysuji hybnost proudu smérem nahoru, rychlost menisku a hladinu oceli. Vétsi pruméry civek a vyssi
intenzity magnetické pole obecné snizuji vsechny parametry proudéni a podporuji odklon proudu smérem nahoru.
Regresni modely odhaluji silné nelinedrni a interakéni ucinky, zejména mezi vertikdIinim umisténim, intenzitou
a priimérem civky. Studie ukazuje, Ze umisténi a konfigurace EMBr maji vyznamné a komplexni dopady na chovdni
proudént pri plynulém odlévdni, coZ poskytuje cenné poznatky pro rizeni procesu a zlepseni kvality vyroby oceli.

Klicova slova: plynulé liti, elektromagnetickad brzda, odlévdani bram, vypocetni model
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1. Introduction

Steel is primarily produced via two methods: the blast furnace route and the electric arc furnace process.
Regardless of the chosen production route, both methods typically culminate in a shared final step,
continuous casting. In this stage, molten steel is continuously poured into a water-cooled mould where
it solidifies into semi-finished forms, such as slabs. [3] Since the invention of continuous casting
in the 19th century, a variety of control techniques have been developed, aimed at optimizing process
parameters to prevent severe defects like breakouts.

One such control strategy is local electromagnetic braking (EMBr), which aims to stabilize the flow field
within the mould, thereby indirectly enhancing thermal uniformity and solidification quality.
As described by [5], the local EMBr system typically features circular electromagnetic coils arranged
perpendicular to the mould surface. When connected to a direct current (DC) source, these coils
generate a static magnetic field that penetrates the molten steel within the mould as shown in Fig. 1.
The primary function of the local EMBr is to reduce the velocity of the impinging jet from the submerged
entry nozzle (SEN), promoting a more stable and controlled flow within the mould.

The paper pursues two main objectives:

— To develop a numerical model capable of coupling molten steel flow with electromagnetic fields
within a thin-slab continuous casting mould.

— To utilize this model in conducting a systematic parametric study aimed at characterizing
the influence of local electromagnetic braking on mould flow behaviour.

/
|

@

Fig. 1 An illustration of Local EMBr, according to [5]

Obr. 1 Ilustrace lokalniho EMBr dle [5]

2. Method

To meet the objectives of this study, a numerical model of a thin-slab continuous casting mould was
developed using ANSYS software. The geometry, depicted in Fig. 2(a), was created in ANSYS SpaceClaim
based on typical industrial dimensions for thin-slab caster. To enable a large number of simulations
runs, the model was intentionally simplified to reduce computational cost.

The computational mesh, shown in Fig. 2(b), was generated using ANSYS Meshing, while the flow and
thermal simulations were configured in ANSYS Fluent. The model was further coupled
with electromagnetic fields using Fluent’s Magnetohydrodynamics (MHD) module, specifically through
the induction equation method for simulating field-flow interaction.
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Fig. 2 Model geometry and mesh-grid. A longitudinal cross section aty = 0.055 m [left]. A 3D view of the mesh-grid [right]

Obr. 2 Geometrie modelu a sit. Podélny rez v bodé y = 0,055 m [vlevo]. 3D pohled na sit [vpravo]

Three reference flow cases were simulated with three different casting speeds: 2,4 and 6 m/min,
as illustrated in Fig. 3. The resulting jet trajectories were extracted and imported into MATLAB,
as shown in Fig. 4, to guide the accurate placement of the magnetic field relative to the jet path.
The magnetic field distributions were generated in MATLAB using a user-defined function (UDF) that
allowed control over the field’s intensity, shape, and location. The resulting data was exported as a .mag
file, compatible with ANSYS Fluent, following the procedure outlined in the ANSYS MHD Manual [2].

A range of magnetic field configurations were applied to the fully developed flow fields, and the resulting
jet behavior was monitored to systematically assess the influence of electromagnetic braking.
The simulations were conducted using a transient model with a time step of 0.1 seconds. To account
for the complex flow characteristics within the mould, turbulence was modeled using the standard k-¢
model with standard wall functions, while multiphase flow was captured using the Volume of Fluid
(VOF) method. The model included two phases, air and molten steel, with a surface tension coefficient
of 1.2 N/m.

e — W
[} 1.05

2.1 [m/s]

Fig. 3 Reference flow cases of three different casting speeds. 2 [m/min] [left], 4 [m/min] [middle] and 6 [m/min] [right]

Obr. 3 Referencni pripady priitoku pro tii riizné rychlosti liti: 2 [m/min] [vlevo], 4 [m/min] [uprostied] a 6 [m/min]
[vpravo]
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Fig. 4 Jet trajectory interpolation. The jet in Ansys Fluent [Left]. The jet interpolation in MATLAB [Right]

Obr. 4 Interpolace drahy proudu. Proud v programu Ansys Fluent [vlevo]. Interpolace proudu v programu
MATLAB [vpravo]

To systematically investigate the influence of key parameters on flow behavior, a Box-Behnken factorial
design of experiments (DOE) was employed. Five independent variables were considered: magnetic
field intensity, field diameter, horizontal (x) placement, vertical (z) placement, and casting speed. This
resulted in a total of 41 simulation cases, spanning the parameter ranges summarized in Tab. 1.

Tab. 1 Overview of Field Intensity, Diameter, Distribution, Placement, and Casting Speed Ranges. U, is the jet maximum
velocity across a vertical line, this line is shown in red in Fig. 5

Tab. 1 Piehled rozsahti intenzity pole, priimeéru, rozloZeni, umisténi a rychlosti liti. Umax je maximalni rychlost proudu v prirezu
svislou primkou; tato pfimka je na obr. 5 vyznacena Cervené

DOE setup
Xc placement [m] Zc placement [m] Diameter [m] | Peak intensity [tesla] | Casting speed [m/s]
-0.2 Where |u| = -Upax/2 0.1 0.1 2
0 0 0.3 0.3 4
+0.2 Where |u| = +Upax/2 0.5 0.5 6

Due to the absence of experimental measurement data for the local magnetic field distribution, the
magnetic field was approximated using a two-dimensional Gaussian function. This analytical function
was chosen for its smooth, symmetric profile, which is well-suited for representing localized magnetic
fields. To match the desired field diameter and peak intensity, the Gaussian function was appropriately
stretched and scaled. The general form of the function, along with the scaling operations applied,
is presented in the following set of equations:

Diameter /2
o= (0, &)
A { (x—xcenter)z+(z—zcenter)2}
B, (x,y,z) = e 20? , (2)
y(0y,2) =
With A such that:
By (xcenter' y' Zcenter) = peak—magnitude' (3)
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Where X onter and Zgenier define the spatial location of the local EMBr field center,
and By, (Xcenter: V> Zcenter) Tepresents the magnetic field component with maximum intensity.

Several key flow variables were monitored throughout the simulation runs to evaluate the effects
of different magnetic field configurations. These variables are summarized below:

— Total force exerted on the narrow face of the mould

— Maximum velocity of the lower recirculation vortex

— Maximum molten steel meniscus level

— Maximum velocity magnitude at the meniscus

— Average velocity magnitude at the meniscus

— Average turbulent kinetic energy in the domain

— Maximum jet velocity along a specified line

Fig. 5 provides a detailed view of the locations where these variables were recorded. The molten steel
level, along with both the maximum and average velocities at the meniscus, were evaluated across
the blue surface, which corresponds to the region where the steel volume fraction equals 0.5, indicating
the interface between air and steel. The total force on the narrow face was measured along the green
vertical surface, representing the mould wall. Finally, the jet velocity and its deflection were recorded
at the yellow marker, which also corresponds to the location of the maximum velocity magnitude along
the red reference line.

Fig. 5 Locations for measuring variables / Obr. 5 Mista méfeni proménnych

3. Result

Fig. 6 displays the values of the monitored variables during two key time windows: 15 seconds before
(plotted in green, blue and red for the casting speeds 2,4 and 6 m/min respectively) and 15 seconds
after (plotted in black) the application of the magnetic fields at t = 65 s. A general trend observed
immediately after EMBr activation is a sharp decrease in all monitored variables. However, this
transient response is followed by a stabilization phase, with most variables reaching a new steady state
around t=75s.
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Fig. 6 Time variation of monitored variables: Green, blue, and red show casting speeds of 2, 4, and 6 m/min before
the field is applied; black shows data during 41 magnetic field applications

Obr. 6 Casovy priibéh sledovanych veli¢in: zelena, modra a éervena barva znazoriuji rychlosti lit 2, 4 a 6 m/min pired
zapnutim magnetického pole; cerna barva znazoriiuje data béhem 41 aplikaci magnetického pole

Fig. 7 illustrates the maximum and minimum values achievable through the application of a local
magnetic field, as predicted by the regression model fitted to the data shown in Fig. 6.

The results indicate that all monitored variables can be either increased or decreased relative to their
reference values. The jet deflection ranges approximately #0.10 m upward and 0.04 m downward.
Additionally, the jet velocity can be reduced by approximately 75%, 45%, and 30% for casting speeds
of 2, 4, and 6 m/min, respectively.

The molten steel level (standing wave height) decreases by more than 0.02 m at a casting speed
of 6 m/min, while the force on the narrow side of the mould is reduced by about 100 N and 200 N
at casting speeds of 2 and 6 m/min, respectively. Finally, the velocity of the upper recirculation vortex
at the meniscus can be reversed at 2 m/min casting speed and reduced by approximately 50%
at 6 m/min.

Lower roles: Maxi velocity «10* Force on the narrow side i Level of molten steel at the meniscus

Velocity [m/s]
o
=
Level [m]

Speed 2 m/min Speed 4 m/min  Speed 6 m/min Speed 2 m/min  Speed 4 m/min  Speed 6 m/min Speed 2m/min  Speed 4m/min  Speed 6 m/min

(a) (b) ()
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Fig. 7 This Fig. shows the maximum (red) and minimum (yellow) values of the regression model along
with the percentage increase/decrease of the monitored variables reference value (blue)

Obr. 7 Tento obrazek znazornuje maximalni (Cervena) a minimalni (zlutd) hodnoty regresniho modelu
spolu s procentudlnim nardstem/poklesem referenéni hodnoty sledovanych veli¢in (modra)

Fig. 8 presents a visual comparison between the reference flow field at a casting speed of 4 m/min
and the flow field subjected to a local magnetic field. The application of local EMBr results
in a substantial reduction in flow velocity within the upper recirculation vortex, accompanied
by a noticeable decrease in the lower vortex velocity. Additionally, in panel (b), where a lower-intensity
magnetic field is positioned closer to the submerged entry nozzle compared to panel (c), the jet
demonstrates increased spreading, reduced deflection, and a more pronounced velocity reduction.

Velocity
[m/s]

0.685 1.37

Fig. 8 [Left] Reference casting speed 4 [m/min]. [middle] The field was placed near the inlet and jet center, was 0.3 [tesla]
in peak magnitude and 0.5 [m] in diameter. [Right] The field was placed at the jet middle and center, was 0.5 [tesla] in peak
magnitude and 0.5 [m] in diameter

Obr. 8 [Vlevo] Referen¢ni rychlost liti 4 [m/min]. [Uprostfed] Magnetické pole bylo umisténo v blizkosti vstupu a stfredu
proudu, mélo hodnotu 0,3 [tesla] v piku a primér 0,5 [m]. [Vpravo] Magnetické pole bylo umisténo uprostred proudu, mélo
$ hodnotu 0,5 [tesla] v piku a primér 0,5 [m]

Tab. 2 presents the coefficients of a quadratic regression model (as defined in Equation 4), which
predicts the behavior of the monitored variables as functions of all five input variables. All input
variables are normalized within the range [-1, 1]. Examining the linear terms, naturally casting speed
(x,) is the most dominant factor as it strongly increases nearly all monitored variables, particularly total
force and jet velocity, while slightly reducing jet deflection. This is reflected in the large, positive values
of k_u. The magnetic field's (x,.) position and intensity (xp) both reduce the meniscus average velocity
and jet velocity, with similar magnitudes (k,. =-0.013, kgg =-0.019).
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Field placement near the inlet (higher x,.) also deflects the jet downward. In contrast, positioning the
field below the jet (higher x,.) increases both the meniscus average velocity and jet velocity, while
deflecting the jet upward. Increasing either the field intensity or coil diameter reduces all output
variables and deflects the jet downward, with closly similar impacts. However, these trends based solely
on linear terms do not capture the full system behavior. Interaction and nonlinear (quadratic) effects
are substantial, particularly for x,, xp, and xp . For instance, the impact of vertical field placement (x,)
is amplified when combined with changes in field intensity or coil diameter, as seen in the large
interaction coefficients k,.: B0 and k,.: D.

yr = kxcxxc + kzcxzc + kaD + kBOxBO + kuxu + kxc:zcxxcxzc + kxc:Dxxch
+kxc:BOxxchO + kxc:uxxcxu + kzc:szch + kzc:BOxzchO + kD:uxDxBO (4)

+kpou XgoXy + kxczxxcz + kzczxzcz + szxDz + kBoszoz + kuzxuz + Kk,

Tab. 2 Local EMBr regression model coefficients / Tab. 2 Koeficienty lokalniho regresntho modelu EMBr

Half- | Max. steel Tot. Force (on Meniscus Max. | Meniscus Avg. | Jetdef. |Jet Velocity | Lower role
mould | Level [m] | narrow side) [N] | Velocity [m/s] Velocity [m/s] [m] [m/s] Velocity [m/s]
kg 1.662 10461.041 0.482 0.216 0.02 0.652 0.452
k. -0.001 -2.122 -0.025 -0.013 -0.014 | -0.009 -0.006
k,. 0.002 13.851 0.048 0.017 0.012 0.033 -0.009
kp -0.002 -28.141 -0.075 -0.02 0.009 -0.052 -0.027
kg -0.002 -36.47 -0.085 -0.019 0.018 -0.073 -0.032
ky, 0.014 189.175 0.322 0.139 -0.011 0.369 0.261
Kaycize 0 3.279 -0.012 0.004 -0.003 0.004 0.005
kyep -0.001 -2.207 -0.011 -0.015 -0.015 -0.012 -0.002
Kyc.Bo -0.002 -6.575 -0.049 -0.019 -0.012 -0.025 -0.006
Kycau 0 5.36 0.017 0.001 0.007 0.019 0.004
k,e.p 0.001 15.832 0.037 0.012 0.008 0.031 0.001
K0 0.002 21.375 0.046 0.018 0.018 0.055 -0.014
kyew 0 1.348 -0.015 -0.002 -0.01 -0.014 -0.006
kp.po -0.001 -17.544 -0.041 -0.019 0.015 -0.032 -0.027
kp.a -0.001 -17.177 -0.007 -0.001 -0.01 -0.013 -0.001
kg -0.002 -27.79 -0.034 -0.007 -0.015 -0.046 -0.01
k.2 0 -1.752 0.02 -0.005 -0.005 0.016 0.002
k,. 0.001 15.915 0.035 -0.001 -0.022 0.044 0.011
kp2 0 2.251 0.015 -0.007 -0.004 0.01 -0.001
kg2 0 -1.595 0.014 -0.004 0.004 0.005 -0.003
k2 0.004 61.513 0.018 0.006 0.005 0.024 0.005

63



a STEELSIM 2025 Hutnické listy - Metallurgical Journal

‘l 9.4 SEPTEMBER - TRINEC-C2 Speciélni vydani / Special Issue, roc€. / vol. LXXIX
ISSN Online: 3029-8350

4. Conclusion

A numerical model was developed to couple electromagnetic effects with molten steel flow within
a thin-slab casting mould. The impact of the localized electromagnetic brake (EMBr) is summarized
in the Tab. 3 below.

1. Near Inlet Placement:

— Results in a slight reduction in molten steel level and overall flow damping, as seen
by reductions in force on the narrow face, lower role velocity, meniscus velocity, and jet
velocity.

— Thejetis deflected downward, likely due to flow suppression near the inlet.

2. Below Jet Placement:

— Tends to increase molten steel level, meniscus velocity and force on the narrow side, while
decreasing lower role velocity.

— Meniscus and jet velocities increase, with an upward jet deflection, indicating enhanced
upward flow momentum near the meniscus due to deeper magnetic interaction.

3. Larger Diameter (EMBTr coils):

— Causes slight reductions across most parameters, suggesting a more distributed but weaker
magnetic braking effect.

— Jet deflects upward, possibly due to a broader but less intense magnetic influence.

4. Higher Intensity (Magnetic field):

— Similarly to larger diameter, it shows reductions in flow-related parameters, with upward
jet deflection.

— Indicates stronger suppression of turbulent jet dynamics due to increased magnetic force.

Tab. 3 A summary of local EMBr application effects / Tab. 3 Souhrn G¢inkt lokalni aplikace EMBr

Field Molten Force on the | Lower role Meniscus Jet Jet

parameter steellevel | narrow side velocity average velocity | deflection | velocity

Near inlet Sightly Reduced Reduced Reduced Downward Reduced
placement Reduced

Below jet Slightly Increased Decreased Increased Upward Increased
placement Increased

_Larger Slightly Reduced Reduced Reduced Upward Reduced
diameter Reduced

. nghfgr Slightly Reduced Reduced Reduced Upward Reduced
intensity Reduced
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