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1. Introduction 

The recent demand for steel by most of the 

automotive industry has increased the competition of 

quality steel production. Amongst various research on a 

different scale, improvement of the quality of steel slab 

has remained the most important task of steelmakers. 

The mold of the continuous casting process plays an 

important role to enhance the purity of steel along with 

avoiding structural defects. Since the last three decades, 

magnetohydrodynamics (MHD) study has been carried 

out to modify the flow structure and remove inclusion 

particles. The melt flow control and alteration can be 

done in various ways. The imposition of the 

electromagnetic field is one of the ways to control and 

modify the melt flow characteristics. The application of 

electromagnetic field induces restrictive forces against 

the melt motion, and it is widely referred to as 

Electromagnetic Braking (EMBr). 

Recently, many authors have investigated the effect 

of electromagnetic field on mold flow
1–16

. Singh, Thomas, 

and Vanka carried out transient numerical investigations 

to analyze the effect of magnetic field on conducting melt 

flow pattern in continuous casting molds. The 

mathematical model included the large-eddy simulations 

implemented on a graphics processing unit. It was also 

reported that rule magnetic brake caused a complex 

upper recirculation region when used without EMBr 
13

. 

In another work, a numerical code (CUFlow) based on 

multi-GPU and coupled with LES was developed to 

investigate the transient turbulent flow in a continuous 

casting mold. It was perceived that top surface velocity 

and vortices were suppressed with the use of EMBr. 

However, holding the meniscus level at the middle of the 

top ruler of the EMBr can greatly reduce the top surface 

velocity subsequently it could lead to meniscus freezing 

and slag entrapment 
10

. Further, S.-M. Cho, Thomas, and 

Kim 
9

 carried out a comprehensive study on the 

application of EMBr forces in transient mold flow. It was 

concluded that the use of double-ruler EMBr caused a 

reduction in the asymmetry of flow and duration of 

velocity variations during nozzle swirl flipping. Attention 

has been also given to the application of magnitude of 

the magnetic field. It is recommended that a high 

magnetic field across nozzle port should be avoided to 

stabilize the flow 
2

. Further, a numerical solution was 

carried out based on large eddy simulation and transport 

CFD simulation of melt and inclusion motion in 

a mold under the influence of electromagnetic 

force 
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of inclusion using the Lagrangian approach. The 

numerical results were validated with the ultrasonic 

testing of the rolled steel plates and the water model 

experiments. It was reported that the flow field around 

the braking region was suppressed by the 

electromagnetic brake effect 
1

. F. Li et al. proposed a 

novel electromagnetic brake device Vertical 

Electromagnetic Brake (V-EMBr). This device was able 

to cover the free surface and front region of the solidified 

shell. A mathematical model was developed to 

understand the effect of magnetic flux density, casting 

speed and the submergence depth of the SEN on the 

flow field in the mold. It was observed that magnetic flux 

intensity have a significant impact on the vortex 

formation and free surface of the mold. 
11

 

In 2015, Kratzsch carried out extensive research on 

the numerical method to simulate the continuous casting 

problems under the influence of MHD. The author 

stated that under the influence of magnetic fields, many 

important effects are generated in the flow, e.g. MHD 

turbulence. In his work, Scale-Adaptive Simulation (SAS) 

and the Delayed Detached Eddy Simulation (DDES) 

were compared with respect to experiments and 

URANS simulation. It was reported that SRS 

approaches have a good approximation of magnetic field 

enforced oscillation. Further, it was concluded that the 

URANS approach lacks in prediction and it can be 

improved by the addition of sink terms. 
17

 

The high quality of the solidified strand is one of the 

main objectives of steelmakers. In 2016, Jin, Vanka, and 

Thomas developed a numerical code (CUFlow) based 

on multi-GPU and coupled with LES to investigate the 

transient turbulent flow in the continuous casting mold. 

It was perceived that top surface velocity and vortices 

were suppressed with the use of EMBr. However, 

holding the meniscus level at the middle of the top ruler 

of the EMBr can greatly reduce the top surface velocity 

subsequently it could lead to meniscus freezing and slag 

entrapment.
10

 

Sarkar et al.
2

 in 2016 studied the effect of double 

ruler electromagnetic breaking (EMBr) on the melt flow 

in the continuous casting mold. They developed a 

mathematical model which was validated through in-

plant measurements.  It was also observed that the 

velocity boundary layer became thin when the magnetic 

field was applied. Moreover, magnetic flux helped to 

dampen of the turbulence in the mold and further large-

scale vertical structures were observed. Further, Sarkar 

et al. 
18

 characterized the mold flow structure using in the 

single and multiphase model under the influence of the 

magnetic field. The magnetic field was able to normalize 

the flow velocity magnitude and the distribution of 

turbulence intensity in single and multiphase flows. 

Liu et al. 
1

 have developed a mathematical model to 

investigate the molten metal and inclusion transportation 

behavior in a mold. Further, the mold was the part of the 

slab continuous casting machine which is working under 

the influence of a magnetic field. The numerical solution 

was based on large eddy simulation and transport of 

inclusion was calculated by using the Lagrangian 

approach. The numerical results were validated with the 

ultrasonic testing of the rolled steel plates and the water 

model experiments. It was reported that the flow field 

around the braking region was suppressed by the 

electromagnetic brake effect.  

In recent work, Sarakar et al. 
19

 demonstrated the 

application of a magnetic field in a continuous casting 

mold and further effect of Argon gas injection. It was 

found that meniscus level disturbance was not stabilized 

by EMBr when a higher rate of Argon gas was injected. 

Not to mention, the maximum meniscus level 

disturbance was observed when the Argon flow rate was 

10 Litre/minute. Similarly, Maurya and Jha 
20

 reported 

that an increase in current intensity and stirrer width 

hardly affect the interface level.  

In this paper, a CFD based numerical model has 

been developed to simulate the melt flow structure 

under MHD force. Further, the effects of 

magnetohydrodynamics (MHD) forces with a variation 

of magnetic field strength, a region of magnetic field on 

the transient behavior of fluid flow have been studied. 

Moreover, the effect of MHD force on inclusion 

particles has been also studied. 

2. Methods and Materials 

 

2.1 Model Description 

Figure 1 shows the geometry of the mold. The 

hexahedral mesh was generated, and the computational 

domain was divided into 1.2 million cells with additional 

refine refinement of some specific portions such as inlet, 

nozzle, port, etc. The unsteady, three-dimensional, 

double-precision, the segregated solver was used to 

solving the three-dimensional, Naiver-Stokes equations 

with the Large Eddy Simulation (LES) method along 

with fundamentals equation of magnetohydrodynamics 

(MHD) force. The domain was divided into two 

symmetrical part. Normal velocity and all gradients are 

zero at the plane of symmetry. At the nozzle, inlet 

velocity is 1.0 m/s and is fixed which was calculated 

based on the casting speed. At the mold, outlet gauge 

pressure is taken to be zero which is reference pressure 

for the other region. Even though the thickness of the 

solidified shell grows along the casting direction in the 

continuous casting mold, for simplicity, a uniform 

thickness of the solidified shell is assumed for numerical 

simulations because the maximum magnetic flux is in the 

jet area, the thickness of the shell is used. A no-slip 

condition was taken at the upper layer zone. At the outlet 

of the caster convective boundary condition was 

considered. 
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Fig. 1 Discretized domain of mold. 

2.2 Governing Equation 

The transient CFD simulations for single-phase 

were carried out on a full-scale continuous casting mold. 

Molten steel was considered as a fluid medium and the 

numerical solution was solved on the academic version 

of Ansys Fluent software. The following governing 

equations of mass (1) and momentum (2) have been 

used to model the fluid flow and mixing phenomenon 

inside the tundish. The equations were solved under the 

assumption of the isothermal condition. 
𝜕𝜌

𝜕𝑡
+ ∇ ∙ (𝜌�⃗⃗� ) = 0               (1) 

 
𝜕

𝜕𝑡
(𝜌�⃗⃗� ) + ∇ ∙ (𝜌�⃗⃗� �⃗⃗� ) = −∇𝑝 + ∇ ∙ (𝜏̿) + 𝜌𝑔             (2) 

 

Where p is the static pressure, 𝜏̿ is the stress tensor and 

𝜌𝑔  is gravitational body force and external body force. 

The new grade steel concentration was quantified as per 

the following equation: 
𝜕

𝜕𝑡
(𝜌𝑐) +

𝜕

𝜕𝑥𝑖
(𝜌𝑢𝑖𝑐) =  

𝜕

𝜕𝑥𝑖
(
𝜇𝑒𝑓𝑓

𝜎𝑐

𝜕𝑐

𝜕𝑥𝑖
)             (3) 

 

For turbulence modeling, two additional scalar transport 

equations of turbulent kinetic energy (k) and its 

dissipation rate energy(ε) have been solved: 

𝜕

𝜕𝑡
(𝜌𝑘) +

𝜕

𝜕𝑥𝑖
(𝜌𝑘𝑢𝑖) =

𝜕

𝜕𝑥𝑗
[(𝜇 +

𝜇𝑡

𝜎𝑘 
)

𝜕𝑘

𝜕𝑥𝑗
] + 𝐺𝑘 +

𝐺𝑏 − 𝜌𝜀 − 𝑌𝑚                              (4) 

∂

∂t
(ρε) +

∂

∂xi
(ρεui) =

∂

∂xi
[(μ +

μt

σε 
)

∂ε

∂xj
] + C1ε

ε

K
(Gk +

C3εGb) − C2ερ
ε2

k
                             (5) 

 

Further, the turbulent (or eddy) viscosity, µt, is computed 

by combining k and ε as: 

𝜇𝑡 = 𝜌𝐶𝜇
𝑘2

𝜀
                 (6) 

 

where Cµ is a dimensionless constant.  Following values 

of constants for turbulent flows have been adapted from 

the work of Launder et al.
21

. 

C1ε=1.44, C2ε= 1.92, Cµ=0.09, σk=1 and σε=1.30 

 

The density and viscosity of liquid steel at melting 

temperature (1808 K) was considered as 7030 kg/m3 

and 0.00637 Kg/m-s, respectively. Further, Reynolds 

stresses are computed by the following Boussinesq 

relationship
22

: 

−ρui
′̅uj

′̅ = μt (
∂ui

∂xj
+

∂uj

∂xi
) −

2

3
(ρk + ut

∂uk

∂xk
) δij               (7) 

 

The Lorentz force is generated to stir the molten metal 

in the EMS system. The induction equations can be 

written as follows: 

𝜕�⃗⃗� 

𝜕𝑡
+ (�⃗⃗� ∙ ∇)�⃗� =

1

𝜇𝜎
∇2�⃗� + (�⃗� ∙ ∇)�⃗⃗�                                    (8) 

 

The magnetic field 𝐵0
⃗⃗⃗⃗   is imposed externally which 

induces ma agnetic field �⃗�  due to fluid motion. Thus, 

only induced field �⃗�  is required to be solved to get the 

total magnetic field 𝐵0
⃗⃗⃗⃗   and �⃗� . The induced magnetic 

field is calculated as follows 
23

: 

𝜕�⃗� 

𝜕𝑡
+ (�⃗⃗� ∙ ∇)�⃗� =

1

𝜇𝜎
∇2�⃗� + [(�⃗� + �⃗� ) ∙ ∇]�⃗⃗� − (�⃗⃗� ∙ ∇)�⃗�  

(8) 

 

The Lorentz force 𝐹  generated in the fluid is described 

as follows. Further, this force is added in the momentum 

equation. 

𝐹 = 𝑗 ⃗⃗ 𝑋 �⃗� = 𝑗 ⃗⃗  𝑋 (�⃗� + �⃗� )                                             (9) 

 

The mean local inclusion velocity components, up 

needed to obtain the particle path, are obtained from the 

following force balance, which includes drag and 

buoyancy forces relative to the molten steel. 
𝑑𝑢𝑝

𝑑𝑡
= 𝐹𝑑(𝑢 − 𝑢𝑝) +

𝑔𝑥(𝜌𝑝−𝜌)

𝜌𝑝
+ 𝐹𝑥                            (10) 

Table 1: Mould Parameters. 

Parameters Values 

Mold width 1700 mm 

Mold thickness  200 mm 

Mold length 3600 mm 

Nozzle dimension 80 mm x 60mm 

SEN submergence depth 220 mm 

Port dimension 50 mm x 40 mm 

Port thickness  10 mm 

Fluid material  Molten steel 

Fluid density 7020 Kg/m
3

 

viscosity 0.86×10
-6

 m2/s 

Conductivity of liquid 0.714×1061 Ω/m 

 

2.3 Validation 

The computational model has been validated by the 

research paper authored by Im et al.
24

. The value of 

turbulent kinetic energy along the Z-axis has been 

compared on the different Y-axis. The results obtained 

from the present computational model varied by not 

more than 2 percent. 

3. Results and Discussion 

3.1 Comparison between EMBr and No EMBr 

cases 

The velocity contour plots of the time-averaged 

velocity magnitude, with velocity vectors, in the SEN 

region for No EMBr and EMBr cases as shown in Fig 

3(a) and fig. 3(b) respectively. The contour plots look 

symmetric for both cases indicating sufficient averaging 

time. The SEN produces thin and strong jets, which are 

observed in both cases. The flow inside the SEN ports is 

the same in both cases as the FC-Mold EMBr 

configuration applies a low magnetic field at the SEN 

bottom region.  

The jets exiting the ports have the same downward angle 

in both cases, but the jet in the EMBr case is deflected 

slightly upwards as it enters the mold. The applied 

magnetic field also reduces the velocities in the 

recirculation region above and below the jet. The 

variation of time-averaged vertical velocities across the 
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thickness of the mold on midplane (Y=0.1m) at various 

positions have been shown in Figure 4 for both cases. It 

is seen here that the No-EMBr case has a high downward 

velocity near to the midplane, further which decreases 

towards the mold walls. However, in the case of EMBr, 

downward velocity has been seen as suppressed due to 

the magnetic field. Similarly, the velocity distribution is a 

graph across the width of the mold has been shown in 

Fig. 5. The predicted results show that velocity 

distribution is high and unequal in No-EMBr case. 

Further, in the case of EMBr, it shows that velocity 

distribution across with width of mold become stable 

and uniform.  

 

Fig. 2:  Comparison of Turbulent kinetic energy variation 

along the Z-direction. 

 

Fig.3. Contour plots of time average velocity magnitude 

with velocity vector in the SEN region (a) No EMBr (b) 

with EMBr (0.1 T). 

 
 (a) 

 
(b) 

Fig. 4. Time-averaged vertical velocity (vz) at four vertical 

locations in the midplane parallel to the mold wide face 

plotted across the mold width for (a) No-EMBr case and 

(b) EMBr 500mm 0.1 Tesla case 

 
(a) 

 
(b) 

 

Fig. 5. Time-averaged vertical velocity (Vz) at four vertical 

locations in the midplane parallel to the mold wide face 

plotted across the mold thickness for (a) No-EMBr case 

and (b) EMBr 500mm 0.1 Tesla case. 
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3.2. Influence of Magnetic Field length 

Figure 6 shows the velocity vector of various 

magnetic field length conditions. The magnetic field of 

0.3 Tesla magnitude was applied from the free surface 

level to different depth in all different cases. It has been 

observed that the circulation region below the SEN shifts 

downward with the increase of magnetic field length. In 

No-EMBr case, Fig 6(a) shows a high downward velocity 

close to the mold wall which decreases towards the 

center of the mold. Further, velocity reduction appeared 

when  EMBR is applied along the length of 250 mm. 

However, further application of EMBr at lower regions 

i.e., 500 mm and 750 mm significantly reduces the 

downward velocity between the mold wall and center 

zone. Similar behavior can be also observed in Figure 

6(b) where the variation of vertical velocity is plotted 

across the mold thickness. 

 

(a) 

 

(b) 

Fig.6: Time average vertical velocity at different magnetic 

field width (a) across mold width (b) across mold thickness 

at Z=1.6 m 

 

(a) 

 

 (b) 

Fig. 7: Time average vertical velocity at different magnetic 

field intensity across mold width at (a) Z=0.5 m  (b) Z=1.5 

m. 

 3.3. Influence of Magnetic Field Intensity 

Figure 7 shows the time average vertical velocity profile of 

different magnetic field intensity across the mold width at 

a different level of depth. In this case, the magnetic field 

was applied 500 mm from the free-surface level.  Figure 

7(a) shows the velocity component varies negative to 

positive when there is no magnetic field. Further, the use 

of electromagnetic field alters the velocity component. The 

imposition of 0.1 T electromagnetic field significantly 

reduces and stabilizes the vertical velocity magnitude. This 

comes with a drawback of the high magnitude of vertical 

velocity at the central region of mold. Further increase in 

magnetic field suppresses this drawback as it is evident 

from figure 7(a) and 7(b). The optimized result can be seen 

from the 500 mm 0.2 T where the vertical velocity 

component is minimum. Similarly, Figure 8 shows the 

time-average vertical velocity component across the mold 

thickness. 

 

(a) 

 

 (b) 
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Fig. 8: Time average vertical velocity at different magnetic 

field intensity across mold thickness at (a) Z=0.5 m  (b) 

Z=1.5 m 

3.4 Particle Flow Behavior 

Further, the inclusion flow behavior has been studied 

under the influence of the magnetic field. The magnetic 

field changes the flow structure of the melt inside the 

mold. Subsequently, inclusion flow behavior is affected. 

In this work, five cases of simulation have been carried 

out to predict the percentage of entrapment and removal 

of inclusion particles from the mold. In the first case, no 

magnetic field was used. Further, in subsequent case 

different level of the magnetic field has been applied. All 

cases have been repeated for different diameters of 

inclusion particles. Figure 9 shows the typical flow 

pattern of melt and inclusion particle under no magnetic 

field. Figure 10 shows the percentage of particles trapped 

and escaped from the melt zone. It was found that 

increasing the magnetic field helped to remove inclusion 

particles. However, inclusion motion behavior is itself a 

complex phenomenon and thus results cannot be 

generalized by assumptions. A complex and detailed 

mathematical model is required to understand the 

motion behavior of inclusion particles in the complete 

domain of mold. The present result of inclusion motion 

behavior only signifies the change in melt flow behavior. 

 

Fig. 9: Typical flow pattern of melt and inclusion particle 

under no magnetic field. 

 

 (a) 

 

 

(b) 

Fig. 10: The percentage of particles trapped and escaped 

from the melt zone (a) entrapped particles (b) escaped 

particles. 

4 Conclusion 
A numerical investigation has been carried out to analyze 

the liquid metal flow behavior in the mold. The 

electromagnetic brake in continuous casting is used to 

make stable melt flow pattern in the mold and further, 

minimizing the surface velocity and turbulence. In 

present work, a CFD based simulation model has been 

developed to predict the melt flow behavior and 

inclusion motion along with the mold domain under the 

magnetic field. The results indicate that electromagnetic 

braking helps to modify the melt flow pattern and further 

it can suppress the upper-level turbulence. It was found 

that EMBr helped in reducing the velocity at the 

meniscus and upper level of mold. Further, it is evident 

from results that large circulation region near the nozzle 

can be altered by increasing the electromagnetic force. It 

was further noted that melt streamlines compressed with 

the increase of applied electromagnetic length. The 

simulation results also predicted the influence of 

magnetic field intensity. It was found that the flow 

pattern in the mold is significantly modified by the 

magnetic field. An increase of electromagnetic field 
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intensity vertical downward velocity and turbulence 

decreases to a minimum value and then with the increase 

of EMBr intensity turbulence increases. Further, 

inclusion particles entrapment was enhanced with an 

increase of electromagnetic field intensity. 
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