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EFFECT OF M-EMS ON IN-MOULD TRANSIENT FLOW DURING CONTINUOUS
CASTING
L. Marioni ®, J. Alves Z. @, F. Bay ® and E. Hachem ©)

W MINES ParisTech, Center for Materials Forming (CEMEF),
UMR CNRS 7635, BP 207, 06904 Sophia Antipolis, France

ABSTRACT. Electromagnetic braking (EMB) and electromagnetic stirring (EMS) are widely
used to increase the efficiency in continuous casting process of steel. In particular, in-mould
applications (M-EMS) allow decreasing the free surface fluctuation, controlling the velocity
field and decreasing the turbulence of the flow. Since laboratory-scale tests are not fully
representative of the process and industrial measurements are both expensive and difficult to
carry out, numerical simulation is a strong tool to study and optimize these electromagnetic
applications in steel industry. These simulations cannot fully model the process because the
problem results to be strongly multiphysical and the simulation of all the phenomena involved
would lead to huge computational costs, which is one of the main limits in the current
situation. For this reason, this work aims at starting searching a coupling algorithm which
could guarantee both computational efficiency and accuracy of the final results.

INTRODUCTION

In continuous casting processes the liquid metal is injected into the mould. The final steel
shell is obtained after the solidification which starts in the mould and continues in the strands.
Electromagnetic devices such as stirrers and brakers are well known technologies used to
improve both the quality of the final product and the casting speed. The main defects of the
final shell in terms of micro-structure and surface cracking can be directly related to in-mould
phenomena: temperature variation, velocity and pressure of liquid steel, free-surface
behaviour and slag entrainment are some of the main causes of defects in the final product.
With the purpose of controlling the process and preventing the final product from defects, the
process has been enhanced with electromagnetic devices such as stirrers (EMS) and brakers
(EMB). The main difference is that the stirrers work under the supply of AC current and
produce dynamics magnetic fields. Brakers are permanent magnets or circuits fed by DC
current, thus they produce constant magnetic fields. Despite the differences they are based on
the same idea that the superposition of a magnetic field to the metal flow will generate
Lorentz forces which can drive the flow in accordance with the process' design. The physical
phenomena occurring in the mould is a multiphysics problem which includes liquid flow,
multiphase analyses, electromagnetic computation, heat transfer and solidification processes
where each of these physics depends on the others. Numerical simulations are one of the main
tools used to design the process because it is too complex to be solved analytically. Also,
experimental data is very expensive and difficult to obtain because of the high temperature of
the casting process. The main drawback of these simulations is the high computational effort
required to simulate the highly interconnected phenomena such as electromagnetic field,
multiphase fluid flow, heat transfer and solidification. The study of an efficient coupling is
therefore essential to neglect non-relevant aspects of the modelling and obtain fast and



reliable simulation algorithms which can be exploited in the industrial world.

SIMULATION TEST CASE

The main purpose of the current work is to create an efficient coupling strategy able to
simulate electromagnetic influence in continuous casting processes. For this reason, a
simplified test case has been used. The commercial mould considered in the work has been
taken from Singh's work [1], but only a quarter of it has been included in the simulation (see
figure 1). A simplified electromagnetic stirrer has been positioned 3 cm away from the mould
in the direction of the narrow face and between 50 and 70 cm under the free surface level.
The EMS device is a solenoid fed by a pulsating AC current and produces a horizontal
pulsating magnetic field directed from the narrow face in the direction of the nozzle plan. The
geometry of the device is simplified since available data on commercial stirrers were not
accurate enough to perform a simulation. In the current work we content to simulate a realistic
Lorentz force field, since the aim is to study the interaction of the stirrer on the flow more
than to obtain specific industrial results. The main data used in the simulation are reported in
table I.
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Figure 1: Mould geometry (one quarter of the commercial mould)

Table 11: Process parameters

Simulated mould width 853 mm
Simulated mould thickness 101.6 mm

Nozzle port diameter 75 mm

Nozzle bore diameter (inner) 70 mm

Nozzle bore diameter (outer) 130 mm

Nozzle port angle 25 deg

SEN submergence depth 22 cm

Casting speed 1.4 m/min

Bulk velocity in SEN cross section 21m/s

Thickness of the solidified shell 0.57V(z[mm]) mm
Kinematic viscosity of molten steel 0.86 X 107 m?/s
Density of molten steel 7000 kg/m3
Resistivity of molten steel 1.4 x107¢ (Qm)™?!
Resistivity of solids parts 2x1078 (Qm)~!
Inlet Reynolds number 2171000

Intensity of current 300 4

Frequency 3Hz




MATHEMATICAL MODEL

Governing equations

The (4, ¢) potential model has been used to model the electromagnetic field (EMF). Thus, the
evolution in time of the EMF is describes by the following system:

{uo_l VX (U, VX A) = —0(0;A+ Ve +uxVxA)

V- (0(3,A+Vp+uxVxA) =0 (1)

where u, and p,. are the free space and material's relative magnetic permeability respectively.
A is the magnetic vector potential, ¢ is the scalar electric potential, u is the medium velocity,
and o is the electrical conductivity. The convective term can be neglected from the first
equation in system (1) because the Reynolds magnetic number is Rem <« 1. The same term
can be neglected also in the second equation of system (1) becauseRem <« pwaol?, which
leads to u X V X A « d,A. For further justification to these assumptions, we refer to [2].
These conditions ensure that the EMF field is not affected by the fluid motion in EMS
applications, while in EMB the convective term could not be neglected in the second equation
of system (1). The electromagnetic volumetric force is computed as:

fo=—-0(0:A+Vp)xXVxA 2

where the convective term due to fluid motion has been neglected for the aforementioned
reasons. Both the time evolving and time averaged Lorentz forces have been considered in
two different simulations because the literature does not provide a unique criterion to accept
the usage of the averaged field. Such criterion should be dependent on frequency [3], on the
skin depth phenomenon and on the Stuart number [4]. The electromagnetic model is solved
by using Nedelec edge finite elements [5].

The turbulent fluid flow has been modelled by the incompressible Navier-Stokes equation.
The Lorentz forces have been considered as a source term. No buoyancy effect was
considered, since it is negligible in comparison to inertia and electromagnetic influences. A
variational multiscale (VMS) approach [6] has been used to model both the fine and the
coarse level of turbulence. Both velocity and pressure fields have been enriched and stabilized
according to [7]:

p(0cvn, wp)a + (v, - Vop, wi)a — Yker, TRy, PURYWR)k + (2ue(vy): e(Wr))q
—(Pn V wi)a + Zker, TR, VWlk = (f,wn)a  Ywy € Vpg (3)
(V' vn qn)a — Zker,CkRm, Van)xk ~ Yqn € Qp

with R,, and R, the momentum and continuity residuals from the modelling of the fine
scale, respectively. System (3) considers the fine scale modelling without explicitly tracking
it. The stabilizing terms 7, and 7, (whose theoretical derivation is detailed in [6]) enable the
model to overcome the instability of the classical formulation arising in convection dominated
flows and to deal with the spurious pressure oscillations.

The coupled system has been simulated through the so called two meshes two solvers
approach [4, 8, 9]. The electromagnetic problem has been solved with Matelec® over a
domain which included the air and the simplified stirrer. The Lorentz forces have thus been



imported in Thercast ® which solves the mechanical problem over the fluid domain. This
approach allows us to exploit specific solvers and optimized meshes for each involved physic.
Anisotropic mesh adaptation

In [10] a posteriori error estimate based on the length distribution tensor approach and the
associated edge based error analysis is proposed. This error estimation algorithm is the base
for the anisotropic meshing scheme adopted in the current work developed in [11] in the case
of Navier-Stokes, multi-field re-meshing.

The mesh in the fluid domain is computed as output of an error optimization analysis
performed along the edges and referred to user defined fields; we propose the mesh to be
adapted according to the following multi-field vector:

AW S U4 ) I
v(x ) - {|ui|'max(|uf|)'max(¢)’max(|ff|)} (4)

where u is the velocity field, ¢ is the distance from the boundary, f is the volumetric force
and i, j are the nodal indexes.
Two different strategies have been used to re-mesh:

e Implicit-Static adaptation: the mesh is anistropically adapted to the boundaries and in
the weak regions. The obtained mesh is then used as a fixed mesh during the whole
computation.

e Explicit-Dynamic adaptation: the mesh is dynamically adapted during the
computation according to the multicriteria vector (eq. (4)) computed from the solution.

In figure 2 we can see how the mesh is anisotropically adapted to the flow in the nozzle area.
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RESULTS

Flow simulation

The flow developed in the mould is the classical double-roll flow. In figure 3 the magnitude
and the streamlines on the average velocity are plotted. The average velocity has been
computed in the time interval [30; 55] s when a nominally steady state is reached. In figure 3
the abnormal width of the injection flow can be noticed, which is an already observed
drawback in symmetric simulations [12]. This average flow is predictive of the macro-
phenomena occurring in the mould, but lacks information regarding localized turbulence,
which has a strong impact on metallurgical properties. The turbulence leads to short-time sub-
flows detected by the non-average solution; this difference can be measured in term of
standard deviation, defined as:




Sl (=12
gy = [P ©

where u is the instantaneous velocity, i is the average velocity, N is the number of time-steps
and T; represents the i-th time step.
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Figure 3: Averaged velocity magnitude (left) and streamlines in the double-roll area (right)

In figure 4 the normalized standard deviation of velocity during the nominal steady state
regime is plotted. We see that a large deviation is present in the main flow region and the
maximum deviation occurs where the injected flow impacts on the narrow face; the flow in
this region is highly turbulent and this turbulence has effect on the solidification of the first
layer of solid metal. When the stirrer is turned on (figure 4 right) the standard deviation is
decreased in the meniscus zone, which implies the flow to be closer to the steady state.
Despite the low level of the magnetic field in the inner zone of the mould, EMS affects the
injection flow as well. The flow is smoother and easily turns in the double-roll pattern, while
in the non-stirred simulation the unstable flow close to the narrow face led to dynamic effects
in the main injection flow. A second effect of the stirrer is to decrease the global velocity of
the flow, which is important especially from a simulation point of view. In figure 5 left, the
velocity profile along a vertical line 5 cm far from the central axis is plotted. We see that the
horizontal velocity related to the main eddy (z = 2m) is high, especially when compared to
the vertical velocity. This means that the simulated flow and its symmetric one (in the second
half of the mould) would have a strong impact in this area, which would create turbulence and
lead the global flow to be non-symmetric. For this reason, the flow with no EMS should be
simulated without any symmetry condition. On the contrary, from figure 5 right we see that
the horizontal velocity in the flow with EMS is lower as well as its ratio with the vertical
velocity. This result implies that in the stirred case, the geometrical symmetry plane is more
likely to behave like a mechanical symmetry plane. The main effects of the stirrer can be



detected close to the narrow face, along the symmetry plane and on the injection flow, but not
in nozzle area. In figure 5 right the velocity across the exit central line of the nozzle is plotted

and no sensible differences between the stirred and non-stirred solution are predicted.

Figure 4:
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Figure 5: Velocity profile at 5cm from central axis (left) and velocity magnitude at the nozzle exit port (right)

The computational effort of the simulation is not highly affected by the weak coupling
between the EM and CFD simulations: in figure 6 an analysis of the computing time is
presented. The dynamic mesh adaptation is computationally expensive even if the re-meshing
has been performed every 14 time steps. As we can see in figure 7, this choice is not good in



terms of optimization. The anisotropic adaptation makes the elements to be stretched in the
same direction as velocity: this means that the elementary stiffness contribution is the same
for every direction and the final system is well conditioned. In-mould flow is far from being
steady, so the velocity field can significantly change at every time step, so the mesh, which
was optimized for the solution at a certain time-step, does not fit the new solution field. For
this reason the resultant system is bad conditioned, except from the time-step when re-
mashing is done, and a large number of iteration is needed to reach the convergence. On the
contrary, the statically anisotropic mesh provides a mesh which is generally good for all the
time steps and leads to a better conditioned system: the number of required iterations is
decreased by 25% with respect to the isotropic mesh (with the same number of elements).
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Remesh 6%

Coupling interface 1%

Figure 6: Computational time analysis for dynamic re-meshed simulation
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Figure 7: Average number of iterations to solve the linear system

CONCLUSIONS

In this work a non-industrial EMS application was simulated. The flow has been simulated
by using a VMS algorithm in order to take into account the small scale turbulence in an
implicit way. The adopted anisotropic mesh adaptation algorithm allows the user to use a low
number of elements; it also improves the conditioning of the final system, so less iterations
are required to solve the problem. A weak coupling scheme is adopted to simulate the coupled
electromagnetic-fluid mechanical phenomena. This scheme is computational light, but is able



to predict the main features of the simulated application. Finally, a mechanic symmetry
condition is considered to be accurate in the stirred flow simulation.
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