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EXPERIMENTAL AND NUMERICAL MODELLING
OF THE STEEL FLOW IN A CONTINUOUS
CASTING MOULD UNDER THE INFLUENCE
OF A TRANSVERSE DC MAGNETIC FIELD
K. Timmel, X. Miao, S. Eckert, D. Lucas, G. Gerbeth
Forschungszentrum Dresden-Rossendorf, P.O.Box 510119, 01314 Dresden, Germany

This paper is concerned with numerical and experimental investigations focusing on
the ﬂuid ﬂow in the continuous casting process under the inﬂuence of an external DC
magnetic ﬁeld. Systematic measurements of the mould ﬂow were carried out using the
eutectic alloy GaInSn inside a plexiglass model at room temperature. The jet ﬂow discharging from the submerged entry nozzle was exposed to a level magnetic ﬁeld spanning
across the entire wide side of the mould. Ultrasound Doppler velocimetry (UDV) was
applied to obtain a detailed experimental data base with respect to the mean values and
transient properties of the velocity ﬁelds occurring in the mould. Numerical calculations
were performed by means of the software package CFX with an implemented RANS-SST
turbulence model. The comparison between our numerical calculations and the experimental results displays a very well agreement. An important outcome of this study is
the feature that the magnetic ﬁeld does not provide a smooth reduction of the velocity
ﬂuctuations at the nozzle outlet.

Introduction. A number of previous studies showed the decisive relationship between the quality of the solidiﬁed steel products and the properties of the
melt ﬂow during the continuous casting of steel (for instance, see the references in
[1]). Further optimisation of the technology requires, therefore, a detailed knowledge of the ﬂow ﬁeld in the continuous casting process. A number of concepts
have already been suggested to control the ﬂow in the mould using diﬀerent types
of external magnetic ﬁelds. In principle, two main approaches of electromagnetic
ﬂow control were put into practice. AC magnetic ﬁelds work as electromagnetic
stirrers (EMS), whereas the most frequently used versions of EMS generate a rotary stirring in the mould and in the ﬁnal solidiﬁcation zone, respectively [2, 3].
Several beneﬁts are claimed for this stirring such as a better homogenization of
the melt, an improvement of the surface quality or the reﬁnement of the solidiﬁed
microstructure. The second technology to aﬀect the ﬂow in the mould cavity is
based on the so-called electromagnetic brakes (EMBR’s), which employ a static
magnetic ﬁeld aligned perpendicular to the main ﬂow direction [4, 5]. The EMBR’s
are supposed to slow down the mould ﬂow and to damp the strong velocity ﬂuctuations. The main goal consists in a uniform reduction of the melt ﬂow because
violent ﬂows at high velocities near the outlet region of the submerged entry nozzle
(SEN) may cause an entrapment of bubbles or non-metallic inclusions impairing,
therefore, the steel cleanliness signiﬁcantly. Meanwhile, although various EMBR
designs have already been adopted for industrial use [6, 7], the impact of a DC
magnetic ﬁeld on such highly turbulent and complex ﬂows as considered here is
a complicated phenomenon and has not been fully understood until now. Contrary to the usual expectations, static magnetic ﬁelds may even destabilize the
ﬂow. Such a phenomenon was observed in an experimental work considering the
imposition of a horizontal magnetic ﬁeld on a bubble-driven ﬂow inside a cylin437
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drical liquid metal column [8]. For a certain parameter range, the DC magnetic
ﬁeld gives rise to the development of a distinctive transient ﬂow pattern with increased turbulent perturbations. Investigations concerning the braking impact of
a DC magnetic ﬁeld on the mould ﬂow in the continuous casting of steel have been
addressed in numerous numerical studies (see, for instance, [9–12]). However, all
of these numerical codes have to rely on computational models, which need to
be validated by corresponding experimental activities. Disproportional high eﬀort
and expenses have to be spent for performing experiments on industrial scale [13].
But the beneﬁt of these trails remains limited because of the shortage of reliable
measuring techniques, which could supply useful quantitative data from the ﬂow.
Model experiments with low melting point liquid metals are an important tool
for investigation of melt velocity and related transport processes in metallurgical
applications. Only a few activities with respect to experimental investigations of
the mould ﬂow by using simpliﬁed mercury models became apparent until now
[14–16]. Recently, two mockups referring explicitly to the continuous casting of
steel have been designed and taken into operation at FZD [17]. The Liquid Metal
Model for Continuous Casting of steel (LIMMCAST) is an experimental facility
with dimensions close to a typical full scale plant, which operates with the low
melting alloy Sn60Bi40 at temperatures around 200◦ C. The experiments within
the present study were carried out at a smaller unit called Mini-LIMMCAST made
from plexiglass and using GaInSn as a model ﬂuid at room temperature. The interest is focused on ﬂow measurements in the mould in order to investigate the
impact of a level magnetic ﬁeld on the discharging jet. The experimental set-up
corresponds to the conﬁguration of a ruler EMBR. The ﬂow ﬁeld in the mould was
determined by means of the ultrasound Doppler velocimetry (UDV). Simultaneous
measurements using up to ten transducers allow for a kind of ﬂow mapping. The
experimental data were taken for a comparison with our numerical simulations.
1. Experimental setup. Flow measurements were carried out at FZD using
the plexiglass model Mini-LIMMCAST. A detailed description of the facility can
be found in [17]. Fig. 1 shows the small-scale mockup, which is operated with
the eutectic alloy GaInSn as a model ﬂuid at room temperature. A stainless steel
cylinder serves as the tundish, which contains about 3.5 l of the GaInSn alloy.
The melt is discharged through a plexiglass tube as SEN with an inner diameter
of 10 mm into the mould with a rectangular cross-section of 140 × 35 mm2 also
made of plexiglass. Two nozzle ports are situated about 80 mm below the free
surface in the mould. From the mould the liquid metal ﬂows through a U-bend
channel into a storage vessel. The vertical position of the vessel inlet controls the
free surface level in the mould. An electromagnetic pump conveys the melt from
the vessel back into the tundish. The experiments presented here were performed
in a discontinuous mode, i.e. after ﬁlling the tundish with the melt the stopper rod
was lifted to drain the ﬂuid into the mould. During this process, the liquid level of
both the tundish and the mould was monitored using a laser distance sensor. The
liquid ﬂow rate was derived from the descent of the surface level in the tundish. A
DC magnet is utilized to supply a transverse magnetic ﬁeld with a maximum ﬁeld
strength of B = 310 mT. Measurements of the ﬁeld strength have shown a good
homogeneity of the ﬁeld between the pole faces within a tolerance of about 5%.
The pole faces of the magnet cover the wide side of the mould completely. The
vertical extension of the pole shoes is 40 mm. In our case, we studied two diﬀerent
vertical ﬁeld positions, where the upper edge of the pole face was situated at the
upper side of the nozzle ports or the bottom of the SEN, respectively. Moreover, we
consider both situations of an electrically insulated and an electrically conducting
438
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Fig. 1.

Experimental set-up: Mini-LIMMCAST facility at FZD.

mould, respectively. To simulate the case of the solidiﬁed shell in the real casting
process, which actually exhibits a higher electrical conductivity than the liquid
steel, the inner walls of the wide mould face were covered with brass plates with
a thickness of 0.5 mm. The midpoint of the SEN between the nozzle ports was
taken as the point of origin for the coordinate system in all measurements, which
will be presented in section 4.
The velocity ﬁeld in the mould was measured by means of ultrasound Doppler
velocimetry (UDV), which has become an accepted method for determining the velocity ﬁeld in liquid metals with reasonable spatial and temporal resolutions (see
[18] and references therein). This method utilizes the pulse-echo technique and
delivers instantaneous proﬁles of the velocity component being aligned along the
direction of the ultrasonic beam [19]. The measurements within the present study
were performed using a DOP2000 velocimeter (model 2125, Signal Processing SA,
Lausanne). This instrument is equipped with an internal multiplexer allowing for a
sequential data acquisition from up to ten sensors. Thus, a line array of ten 4 MHz
transducers (TR0405LS, acoustic active diameter 5 mm) was assembled and vertically arranged at the outer wall of the mould in the middle of the narrow face (see
Fig. 2). Using this conﬁguration, proﬁles of the horizontal velocity were recorded
along the wide face of the mould from the side wall to the submerged entry nozzle. The velocity proﬁles were acquired with a scan rate of approximately 5 Hz in
the experiments. A velocity resolution of about 2.5 mm/s was achieved. The measuring volume of a particular sensor comprises a sequence of separate disks lined up
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concentrically along the propagating ultrasound beam. In the present study, the
axial resolution was about 1 mm, whereas the divergence of the ultrasonic beam
determines the lateral size of the measuring volume. The divergence angle of the
4 MHz transducers used within this study is 2.3◦ [20]. Hence, the lateral resolution
varies from 5 mm at the sensor to approximately 9 mm at a distance of 100 mm
from the sensor.
2. Mathematical model. The numerical calculations were performed using
the commercial ﬂuid ﬂow solver CFX based on a ﬁnite volume approach. The
Reynolds-averaged Navier–Stokes (RANS) equations for conservation of mass and
momentum were solved for the case of an incompressible ﬂuid:
∂
∂ρ
+
(ρUj ) = 0,
∂t
∂xj



∂Ui
∂ρUi
∂
∂p∗
∂
∂Uj
+
(ρUi Uj ) = −
+
+
(μ + μt )
+ SM ,
∂t
∂xj
∂xi
∂xj
∂xj
∂xi

(1)

(2)

where p∗ is a modiﬁed pressure deﬁned by
2
∂Uk
p∗ = p + ρk + (μ + μt )
.
3
∂xk

(3)

Here, ρ denotes the ﬂuid density, Ui is the ith component of the ﬂuid velocity, t is
the time, xj is a spatial coordinate, p is the pressure, μ and μt indicate the laminar
viscosity and turbulent viscosity, respectively. The term SM stands for the sum of
body forces. In this work, the modelling of the Reynolds stress term is realized by
using the SST k-ω turbulence model [21].
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2.1. Electromagnetic force.
For MHD ﬂows especially considered within
this paper the body force SM in Eq. (2) corresponds to the Lorentz force:
FL = J × B,

(4)

where B denotes the magnetic ﬂux density and the induced current density J is
determined by the Ohm’s law:
J = σ (E + U × B) .

(5)

The above electrical ﬁeld E can be expressed by the electric potential ϕ in the
form of E = −∇ϕ. Because of the conservation of charge Eq. (5) can be rewritten
as
Δϕ = div(U × B).
(6)
2.2. Boundary conditions. The cavity of the casting mould is designated as
computational domain. The inlet velocity and respective turbulence parameters
are obtained from precedent calculations providing the velocity proﬁle for the
incoming ﬂow inside the submerged entry nozzle. No-slip conditions were speciﬁed
for the mould walls and free surface of the melt. At the exit of the computational
domain, i.e. the bottom of the mould, a fully developed ﬂow is assumed, static
pressure is zero, and the normal gradients of all variables are set to zero. The
boundary condition of the electric potential is given for an insulating wall:
∂ϕ
= (U × B)b · n,
∂n

(7)

where n is the unit vector normal to the boundary. In case of an electrically
conducting boundary, a constant electrical potential ϕ = ϕ0 was speciﬁed at the
inner mould wall.
3. Results. Fig. 3 shows contour plots of the measured time-averaged ﬂow
in the mould. By deﬁnition, the ﬂow towards the ultrasonic sensors installed at
the narrow face, namely, the discharging jet from the nozzle port, is represented
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Fig. 3. Contour plots of the time-averaged horizontal mould ﬂow measured by UDV:
(left) without magnetic ﬁeld; (right) B = 310 mT, non-conducting mould, magnetic ﬁeld
in the upper position. The thick horizontal lines indicate the position of the magnetic
ﬁeld.
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Fig. 4.
Contour plots of the time-averaged horizontal mould ﬂow obtained from
numerical simulations: (left) without magnetic ﬁeld; (right) B = 310 mT, non-conducting
mould, magnetic ﬁeld in the upper position.

by negative values of the velocity. The positive velocity values are associated with
the recirculating ﬂow, which usually appears in form of two vortices in the upper
and lower mould region. The pattern of the mould ﬂow without magnetic ﬁeld is
displayed in Fig. 3(left). A strong jet ﬂow can be observed, which impinges on the
narrow mould face about 40 mm below the central position of the nozzle port. A
magnetic ﬁeld, which covers the nozzle ports, is applied in Fig. 3(right) to a mould
with non-conducting side walls. The inclination angle of the jet becomes ﬂat and
the recirculation zone above the jet is signiﬁcantly ampliﬁed. In contrast to the
case without magnetic ﬁeld, the measurements revealed signiﬁcant ﬂuctuations
of the jet position, which may explain the widening of the jet domain and the
lowering of the core velocities.
These general features can be recognized in Fig. 4 showing the corresponding
numerical results. The application of the magnetic ﬁeld results in a deﬂection
of the outcoming jet ﬂow to higher vertical positions and a widening of the jet
region. Recirculation zones become apparent in Fig. 4(right), but in contrast
to our measurements, their area is more restricted to the immediate vicinity of
the nozzle port. Obviously, the numerical plots look much smoother than their
experimental counterparts that comes from the imperfectness of our measuring
conﬁguration. The experimental velocity ﬁeld was derived by interpolation from
line measurements of ten transducers. The discontinuities of the velocity ﬁeld
are caused by a distances of 10 mm between two adjacent sensors. Moreover, the
extension of the emergent jet especially at the nozzle port is rather narrow, namely,
smaller if compared to the lateral size of the measuring volume of one transducer.
This fact may lead to an underestimation of the maximum velocity because of the
averaging procedure within the particular measuring volume.
Fig. 5 displays corresponding results if the magnetic ﬁeld is shifted to a
lower position, whereby Fig. 5(left) represents the experiment in a non-conducting
mould. The behaviour is similar to that in Fig. 3(right): the domain of the jet
becomes diﬀused accompanied by a decrease of the velocity amplitude within the
jet. The development of an enforced recirculation zone can be observed below the
jet. Fig. 5(right) shows a situation in a mould with electrically conducting side
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Fig. 5. Contour plots of the time-averaged horizontal mould ﬂow measured by UDV
(magnetic ﬁeld in the lower position): (left) B = 310 mT, non-conducting mould; (right)
B = 310 mT, conducting mould. The thick horizontal lines indicate the position of the
magnetic ﬁeld.
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Fig. 6.
Contour plots of the time-averaged horizontal mould ﬂow obtained from
numerical simulations (magnetic ﬁeld in the lower position): (left) B = 310 mT, nonconducting mould; (right) B = 310 mT, conducting mould.

walls. The extension of the emergent jet appears rather conﬁned. Remarkable
recirculation zones occur above as well as below the jet region. The eﬀect of the
enhanced wall conductivity becomes even more distinct in the numerical results,
which are presented in Fig. 6. Especially, Fig. 6(right) reveals a sandwich-like
structure, where a rather narrow jet is enclosed by recirculating ﬂows above and
below the jet.
The time-averaged proﬁles of the horizontal velocity at diﬀerent heights in
the mould displayed in Fig. 7 allow for a direct and detailed comparison between
experiment and numerical simulation. Because the UDV method delivers a mean
443
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Fig. 7.
Comparison between experiment and numerical calculations: time-averaged
velocity proﬁles recorded at x = 25 mm and diﬀerent heights: (a) z = −1 mm, (b)
z = 19 mm, (c) z = 49 mm.

value across the lateral extension of the ultrasonic beam, a corresponding averaging
of the numerically obtained velocity proﬁles was necessary. In general, a good and
in some places even excellent agreement can be noticed. Obvious deviations occur
with respect to the width and intensity of the jet in case without magnetic ﬁeld
(see Fig. 7b). Another minor discrepancy has to be noted for the situation of the
electrically conducting mould, where the magnetic ﬁeld is installed at the lower
position. Here, the numerical calculations ﬁnd more pronounced recirculating ﬂows
adjacent to the jet.
The impact of the wall conductivity becomes especially manifested to analyze the transient behaviour of the mould ﬂow. Fig. 8a shows time series of the
velocity signal recorded at a position inside the jet (x = 25 mm, z = 19 mm),
whereas the corresponding numerical results are presented in Fig. 8b. Both curves
obtained for an applied magnetic ﬁeld in a non-conducting mould do not conﬁrm
the expectation that the use of the DC magnetic ﬁeld results in a reduction of the
velocity ﬂuctuations. The variations of the velocity become even larger, whereas
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the ﬂuctuations in a conducting mould are comparable with respect to the situation without magnetic ﬁeld. On the one hand, the feature of the promotion of
the velocity ﬂuctuations in the non-conducting mould is well reproduced by our
numerical simulations. On the other hand, the damping eﬀect of the magnetic
ﬁeld in the conducting mould is entirely overestimated by the numerical predictions. Here, the calculations predict a fully stationary ﬂow without any signiﬁcant
temporal variation. Another interesting aspect shown in Fig. 8b is the reduced
frequency of the velocity ﬂuctuations as a result of the magnetic ﬁeld application.
This ﬁnding might be interpreted as a reorganisation of the ﬂow into larger vortex structures. Such a tendency could not be reproduced by our measurements
because of the restricted scan rate of 5 Hz, which did not allow for a detection of
the higher frequencies found in the non-magnetic case.
4. Discussion. DC magnetic ﬁelds are employed in the continuous steel casting as electromagnetic brakes, which should provoke a remarkable deceleration of
the mean ﬂow and a damping of the turbulent ﬂuctuations. Davidson [22] shows
that a three-dimensional jet cannot be completely destroyed by the Lorentz force.
The criterion of minimizing the Joule dissipation arranges a modiﬁed ﬂow pattern,
which is dominated by coherent structures elongated along the magnetic ﬁeld lines.
Recently, such a feature has been experimentally veriﬁed in a bubble-driven MHD
ﬂow [8], and our investigations yield similar observations. The emerging recircula445
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tion zones indicate the formation of dominating vortices parallel to the magnetic
ﬁeld direction. While such ﬂow pattern appears rather stable inside an electrically conducting mould wall, these structures show a strong transient behaviour
in the non-conducting case. The position of the outcoming jet undergoes serious
oscillations, which are reﬂected as a substantial increase of the turbulent ﬂuctuations in the time series of the local velocity. Similar observations are reported in
[8], where the time-dependence of the recirculating vortices in the bubble column
can be controlled by variations of the Hartmann number. The amplitude of the
Lorentz force is also determined by the wall conductivity, which governs the path
of the induced currents inside the melt. Hence, an increase of the wall conductivity
intensiﬁes the magnetic ﬁeld impact on the mould ﬂow. Such an eﬀect has also to
be taken into account for the real casting process, although an electrical contact
between the copper walls and the steel could be precluded. However, the solid
shell plays an important role for assessing the magnetic ﬁeld eﬀect on the ﬂow.
Owing to the higher conductivity of the solid phase [9], the path and strength
of the induced currents will be considerably inﬂuenced by the ratio between the
mould width along the ﬁeld lines and the local thickness of the solid shell.
The comparison between the experiment and the outcome from the accompanying numerical simulations displays a rather good agreement. Our numerical
model was able to reproduce the main features of the ﬂow behaviour arising from
the application of the DC magnetic ﬁeld as well as with respect to a variation
of the electrical conductivity of the mould wall. Discrepancies have to be noted
concerning an accurate prediction of the turbulent intensities. In particular, the
velocity ﬂuctuations detected in the experiment were found to be higher than the
numerical predictions, especially in the situation of the MHD ﬂow within electrically conducting mould walls. Our present mathematical model does consider
neither the anisotropy of the MHD turbulence nor the contribution of the turbulent velocity in the magnetic induction equation. In this context, we see the next
necessary tasks for the further improvement of the numerical code.
The limitations of the present measuring set-up in terms of the spatial as
well as temporal resolution have to be considered as a handicap, especially for the
detection of high-frequency velocity oscillations or for an accurate reconstruction of
the narrow high-intensity jet ﬂow adjacent to the nozzle ports. The enhancement
of the capabilities towards a multi-dimensional ﬂow mapping with high frame
acquisition rates and improved spatial resolutions would be exceedingly desirable
for examinations of highly turbulent, three-dimensional ﬂows as considered here.
An eﬃcient validation of respective numerical simulations would beneﬁt from the
availability of such kind of imaging techniques. New measuring systems are under
development using speciﬁc combinations of linear sensor arrays and have recently
been demonstrated in liquid metal ﬂows driven by a rotating magnetic ﬁeld [23].
5. Conclusions. The eﬀect of a DC magnetic ﬁeld on a liquid metal ﬂow in
a small-scale mockup of the continuous casting process has been investigated by
ﬂow measurements in the mould and corresponding numerical simulations. Our
study disclosed the following main features of the mould ﬂow:
• The application of a DC magnetic ﬁeld perpendicular to the direction of the jet
ﬂow causes a modiﬁcation of the exit angle from the nozzle ports. Therefore,
the penetration depth of the discharging melt ﬂow into the lower part of the
mould is reduced in the MHD case.
• Although a striking damping eﬀect of the magnetic ﬁeld on the mould ﬂow
has been predicted by the numerical simulations for the case of an electrically
conducting wall, our measurements conﬁrm such expectations neither in case
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of electrically isolating nor conducting mould walls. Both the experiments
and the numerical calculations revealed even an enhancement of the velocity
ﬂuctuations if the magnetic ﬁeld was applied to the ﬂow in a non-conducting
mould.
• The electrical boundary conditions, namely, the wall conductivity ratio, have
a serious inﬂuence on the mould ﬂow if it is exposed to an external magnetic
ﬁeld.
• The availability of suitable liquid metal models appears as an important,
indispensable tool for gaining an improved knowledge about the melt ﬂow
in a continuous casting mould. These model experiments are necessary to
obtain a suitable data base for an eﬃcient validation of respective numerical
simulations.
Our research program will be continued taking into consideration further improvements of the numerical codes as well as the measuring techniques to be
applied. Further investigations will also incorporate the larger-scale liquid metal
model LIMMCAST [17], which enables an experimental modelling being closer to
real industrial conditions.
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