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ARTICLE INFO ABSTRACT

Keywords: In the present study, we have performed a series of numerical simulations of the turbulent liquid metal flow in a
MHD laboratory-scale setup of the continuous casting. The liquid metal flow was subjected to an external non-uniform
Magnetic field magnetic field reproducing a realistic electromagnetic brake (EMBr) effect. The focus of this research was on the
Lorentz force effects of the finite electrical conductivity of Hartmann walls on the flow and turbulence in the mold. To be able
OpenFOAM - o - . . - - ) .
Electrically conducting walls to simulate distributions of the electric potential and current in both the fluid and solid wall domains, we applied
Dynamic LES our recently developed and validated in-house conjugate MHD solver based on the open-source code OpenFOAM.
Continuous casting The dynamic Large Eddy Simulation (LES) method was used to simulate the turbulent flow. The results obtained
for the neutral (non-MHD) and MHD cases over a range of the imposed EMBr strengths — all for the perfectly
electrically insulated walls — were compared with the available Ultrasound Doppler Velocimetry (UDV) mea-
surements. A good agreement between simulations and experiments was obtained for all simulated cases. Next,
we completed a series of simulations including a wide range of the finite electric conductivities (ranging from a
weakly to perfectly conducting wall conditions) of the Hartmann walls for a fixed value of the imposed EMBr.
The obtained results demonstrated a significant influence of the electric wall conductivities on the flow and
turbulence reorganization. It is expected that here provided insights can be applicable for the new generation of
the laboratory- and real-scale continuous casting setups.

tools, including in particular, the electromagnetic brake (EMBr), are
used. The application of the electromagnetic brake, as an elegant non-

1. Introduction

Steel casting is one of the most important industrial processes that
fills humanity’s needs in this material widely used in a range of tech-
nological applications. Nowadays, the great majority of the produced
steel is obtained with continuous casting (CC) technology. Although the
continuous casting has been actively used since the 1950s, incessant
efforts to improve the efficiency of the entire process and specific crucial
parts are being made. One of these crucial parts is the transport of the
highly turbulent liquid metal flow from a tundish to a casting mold
through a submerged entry nozzle. It is recognized that various
destructive phenomena occurring in the mold are responsible for a sig-
nificant reduction of the product quality (Thomas and Zhang, 2001).
These phenomena include excessively strong double-roll flow patterns
or entrainment and entrapping of the slag particles from the mold free-
surface. To make such a sensitive process more stable, several control
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invasive Magnetohydrodynamics (MHD) based control mechanism, is
possible because of a high electrical conductivity of the liquid steel
(6 = @(10%) S/m), which will produce electric current within the fluid
when subjected to an external magnetic field. Finally, interactions of the
generated electric current and imposed magnetic field will produce a
Lorentz force which will locally affect the velocity field, (Davidson,
2001; Thomas and Chaudhary, 2009; Kenjeres, 2018).

Experimental studies of the MHD phenomena of continuous casting
are challenging due to the presence of extremely high temperatures of
the liquid steel (approx. 1500°C). To circumvent these high tempera-
tures, experiments utilizing alloys (such as galinstan, GaInSn) that are in
a liquid state at room temperatures are designed, (Plevachuk et al.,
2014). The remaining problem with this and similar alloys is their
opaqueness, which prevents them from applications of the classic laser
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optics diagnostics tools such as Laser Doppler Anemometry (LDA) and
Particle Imaging Velocimetry (PIV).

Despite numerous challenges, significant research progress was
made during the last decade. Many numerical and experimental studies
focusing on the EMBr mechanism have been reported in the literature. In
the numerical studies of Chaudhary et al. (2012), Large Eddy Simulation
(LES) method was used to analyze effects of the EMBr vertical position.
It was demonstrated that by applying a magnetic field across the port
stronger jets were created, while a double-ruler brake significantly
suppressed turbulence intensity. Effects of the imposed magnetic field
strength and depth of the submerged nozzle were numerically investi-
gated in Li et al. (2015). When the magnetic field strengthened, the
typical double-roll flow pattern was moved up, whereas the deeper SEN
resulted in moving these rolls down. An interesting combination of the
LES and a zero-dimensional model was applied in numerical studies of
the origin of the self-sustained oscillations in a thin cavity mimicking the
simplified continuous casting setup, (Righolt et al., 2015). The multi-
phase simulations of effects of the argon bubbles injection on the
removal of the inclusion at the meniscus (top surface) were investigated
in Zhang et al. (2006) and Sarkar et al. (2018). It was shown that the
injection of smaller bubbles resulted in larger inclusions. Furthermore,
by increasing the flow rate of injected bubbles the meniscus velocity was
also increased.

In Schurmann et al. (2019) authors reported on experiments with the
Ultrasound Doppler Velocimetry (UDV) sensors, which they used to
analyze the specific nozzle shape in generating a swirling flow. The same
measuring technique was also used in Timmel et al. (2010) where the
focus was on the imposed magnetic field effects on the resulting flow
structure and turbulence. To be able to track the presence of the injected
argon bubbles in the mold, a novel magnetic induction tomography
(MIT) experimental technique was introduced in Wondrak et al. (2011).
The improved multi-phase capabilities of the MIT sensors, able to pro-
vide both the phase and amplitude data, were recently reported in
Muttakin and Soleimani (2020). Considering the control theory, the
initial attempts of creating the control loop for the continuous casting
process were mainly focused on maintaining the level of the liquid metal
in the mold, (Graebe et al., 1995). In the more recent work of Aboue-
lazayem et al. (2020), the concept of the industrial real-time controller,
capable of adjusting flow structure, was proposed.

It should be noted that in a great majority of studies reported in the
literature dealing with continuous casting assumed the presence of the
fully electrically insulated walls. However, in the real-scale industrial
continuous-casting mold, working conditions can significantly deviate
from this assumption (e.g. due to a formation of the solidifying shells in
the proximity of the walls). A very few numerical and experimental
studies addressed effects of the electric wall conductivities, e.g. Miao
et al. (2012) and Liu et al. (2018). In these studies, a single value of the
characteristic ratio of the wall/fluid conductivities was considered, and
it was concluded that a finite wall conductivity had a significant impact
on the flow. The effects of different configurations of the wide and
narrow conductive walls in a continuous-casting mold were numerically
investigated in Vakhrushev et al. (2020). The authors considered also a
single value of the finite wall conductivity ratio in addition to perfectly
insulated and perfectly conductive walls. The turbulent flow in the mold
was reported to be strongly suppressed in the case of the conductive
walls. The impact of the various imposed magnetic field strengths on the
meniscus flow in a continuous-casting mold was presented in Vakh-
rushev et al. (2021). Again, the walls with just a single value of the
characteristic wall conductivity ratio were used. The strong effect of the
meniscus flow acceleration and braking was demonstrated depending on
the strength of the imposed magnetic field.

For generic MHD configurations (i.e. flows in rectangular channels or
pipes), it was demonstrated that a change of the wall conductance can
have significant impact on the flow and turbulence reorganization, as
shown in Zhang et al. (2004), Smolentsev et al. (2010), Blishchik et al.
(2021) and Blishchik et al. (2021). This lack of a wider range of studies
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dealing with the effects of the electrically conducting walls is associated
with partial challenges in creating and executing proper working con-
ditions. The experimental difficulties are associated with a necessity to
have a complex multi-modular structure of the setup allowing a simple
replacement of the walls. For the computer simulations, the particular
challenges are in the necessity to integrate both fluid and solid wall
domains (so-called conjugate MHD (Mistrangelo and Biihler, 2011)),
which requires the development of advanced numerical algorithms. In
the present work, to fill the existing gap in the literature regarding the
possible effects of the finite wall conductivity ratios on the flow and
turbulence reorganization, we will perform a series of numerical simu-
lations of an existing laboratory-scale continuous casting setup.
Currently, the wall conductivity ratio is not considered as a control
mechanism in a real continuous casting process. However, we will
demonstrate that accounting for various values of the wall conductivity
ratio at the design stage of a CC setup can significantly change the flow
pattern. First, we will perform simulations of the non-MHD case and
MHD case with perfectly electrically insulated walls over a range of
EMBr (i.e. different values of the imposed current to generate localized
spatial distribution of the magnetic field) and will compare results with
the available experimental data. Second, we will perform a detailed
parametric study of various electric conductivities of the Hartmann
walls for a fixed value of the EMBr strength, and will report on the flow
and turbulence reorganization.

2. Governing equations and numerical details
2.1. Governing equations for a turbulent one-way coupled MHD flow

An incompressible single-phase electrically conductive fluid is
considered. The fluid is subjected to the external constant non-uniform
magnetic field resulting in the appearance of the contributing Lorentz
force. The flow of an electrically conducting fluid can be described by
conservation of the mass and momentum, as follows:

VU=0 (¢
0 1 1
—U+ (UV)U = ——Vp+vV2U+-F, 2
o P P

where U is velocity, p is pressure, v is the kinematic viscosity, p is den-
sity, and Fy, is the Lorentz force. The liquid metal flow in continuous
casting mold is expected to be highly turbulent (Re = #(10* — 10°)),
and special attention should be devoted to the correct turbulence pre-
diction. In the present study, we adopt the dynamic Large Eddy Simu-
lation (LES) approach. In the LES, spatially filtered governing equations
Egs. 1 and 2 can be written as:

vU=0 3
U I 20 = s
E+ (U-V)U = —;)Vp +uVU - VT, +EFL Q]

where (?Sgs) is the sub-grid scale (SGS) stress tensor, (‘—) is the spatially
filtered value, andp” =p +37'Lis the modified pressure. In order to close
Eq. (4), the linear dependency of the SGS stress tensor on the strain rate
is introduced:

S

T = = WSy, Vi = (CsA) (25;5;)? )
where C; is the Smagorinsky coefficient, §ij is the strain rate tensor, vy is
the sub-grid scale turbulent viscosity. Assuming C; to be a constant
would be not correct, considering the strong influence of the magnetic
field on the flow fluctuations, (Krasnov et al., 2008). Hence, the dynamic
approach proposed by Lilly (1992), representing the local calculation of
Cs, is applied as follows:
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C§ <<LIIM'J>> (6)
2 ((MyMy))
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where A is the main filter (A = (AxAyAz)l/B), A is the second filter (A =
2A) and *({...)) indicates the local spatial averaging operation over the
cell faces.

The accounting of the MHD interactions is accomplished through the
Lorentz force term, formulated as:

FL=JxB ()]

where J is the current density, and B is the constant imposed magnetic
field. To calculate the new additional unknown variable J, we refer to
the liquid metal nature of the fluid implying the extremely high mag-
netic diffusion and subsequently the very low magnetic Reynolds
number:

UD
Re,, = T«l (10)
where Rep is the magnetic Reynolds number, D is the characteristic
length and 2 is the magnetic diffusion. Following the statement in Eq. 10,
the one-way coupling MHD approach can be applied starting from the
Ohm law for the moving conducting fluid as:
J=0(-V$+UxB) an
where ¢ is the electrical conductivity of the fluid and ¢ is the electric
potential. By substituting the divergence-free condition for the current
density into Eq. (11), the Poisson equation for the electric potential can
be formulated as:

V*$ = V-(U x B) (12)

The pressure-driven MHD flows are defined with two characteristic
non-dimensional numbers, Reynolds and Hartmann numbers that are
calculated as:

Re=Y2 Ha—pD o (13)
v pv

To conserve J, the Four Steps Projection Method (FSPM), proposed
by Ni et al. (2007), is implemented in our code. Further key details of the
numerical implementation are given in our recent work (Blishchik et al.,
2021).

2.2. Modeling of the finite electrically conductive walls

Taking into account the finite electric conductivity and finite thick-
ness of surrounding walls is not a trivial task, and requires a specific
approach aimed at predicting the electric potential and current density
transfer between fluid and wall domains. In the present study, we use
our recently developed conjugate MHD method. Here, a brief summary
of this approach is provided, while the complementary steps of the al-
gorithm, as well as the thorough validation, can be found in Blishchik
etal. (2021). The conjugate MHD method is generally based on splitting
fluid and wall regions into different computation domains, where the
Poisson’s equation for the electric potential in different domains is

formulated as:
V-(6,.V,) = V-(6.(UxB)) 14

V-(osVes) =0 @s)
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where subscripts L and S indicate the liquid and solid domain, respec-
tively. The specific weighted flux interpolation scheme is used to obtain
the electric potential at the interface, (Weber et al., 2018):

I'sOp

&i[L.S] = WEL + (1 - W) $57 w= (16)

r 05 + rsoyp,
where r is the corresponding first cell-center distance from the interface.
For the conjugate MHD problems, it is convenient to introduce addi-
tional non-dimensional parameter (C,)) representing the characteristic
electric conductivities and thickness ratios as:

ogd,

oD a7)

q =

where d,, is the characteristic thickness of the wall and D is the char-
acteristic length-scale of the fluid domain.

2.3. The computer code

To carry out the simulations, we used our in-house finite-volume
MHD solver based on the open-source library OpenFOAM (Weller
et al., 1998). The solver includes all described conjugate MHD equa-
tions, (Blishchik et al., 2021). The spatial discretization for the
convective and diffusive term is performed by using the second-order
central differencing scheme (CDS), while the second-order temporal
discretization is accomplished by using the backward scheme. The PISO
algorithm (Issa et al., 1986) is applied to couple pressure and velocity
fields.

3. Mini-LIMMCAST setup and boundary conditions
3.1. Experimental setup

In the present study, the geometry used for the numerical simulations
is based on the most recent version of the laboratory-scaled mold of a
continuous caster at Mini-LIMMCAST (Liquid Metal Model for Contin-
uous Casting) facility located at Helmholtz-Zentrum Dresden-Rossen-
dorf (HZDR), (Schurmann et al., 2018). The experimental details are
only briefly provided here, while the detailed information is available in
Schurmann et al. (2018). The eutectic alloy galinstan (GaInSn) is used as
a model of liquid steel since it is liquid at room temperature, and has
similar physical and electrical properties to liquid steel. Liquid metal is
continuously driven from the reservoir to the tundish, where it enters
the mold through the submerged entry nozzle (SEN), and then moves
back to the reservoir. The flow rate through the SEN is controlled by the
stopper rod, while the liquid metal level in the mold is kept constant.
Two coils, one adjacent to each wide face of the mold, generate the
electromagnetic braking (EMBr) effect 0.075 m below the free surface,
Fig. 1. The strength of the generated magnetic field depends on the

Z SEN

[8)9)%
Sensors

meniscus £
<
Wi

-«

Zbrake

» \ EMBr

Model of mold

/\/ \.and strand

Fig. 1. Sketch of the experimental setup, (Schurmann et al., 2018). Note that
the setup dimensions are defined. in millimeters.

GalnSn
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electric current through the coils and can reach up to B = 0.4 T for the
maximum current of I = 600 A. Walls in the experiment are considered
as electrically insulated, i.e. C; = 0. Velocity measurements are per-
formed by using Ultrasound Doppler Velocimetry (UDV) with an array
of ten ultrasound transducers on the upper part of the narrow wall. One
should take into account that UDV can measure the velocity along the
entire length of the beam but only the component in the axial direction
of each transducer (the x-component for the present case) and the ve-
locities are spatially averaged depending on the diameter of the ultra-
sound beam (which is 8 mm for the present setup).

3.2. Numerical setup

There is no need to consider a tundish and a reservoir in the nu-
merical study, and consequently, the setup can be greatly simplified. The
numerically simulated Mini-LIMMCAST domain will include the sub-
merged entry nozzle with a bifurcated port and a rectangular mold, as
shown in Fig. 2(a). The numerically simulated geometry is identical to
the experimental setup: (i) the distance from the outlet to the meniscus
L =0.612 m, (ii) the width of the mold W = 0.3 m, (iii) the half-
thickness of the mold D = 0.0175 m. It is important to note that these
dimensions are valid only in the case of the electrically insulated solid
walls. By inserting inside the mold two finite, electrically conducting,
and perpendicular to the y-direction walls with the finite wall thickness
d, = 5 x 10~* m, resulting half-thickness of the mold will be reduced to
D = 0.017 m, Fig. 2(b). The SEN immersion depth h;;, = 0.35 m remains
constant. The numerically simulated port shapes are slightly less round
than in original experiments resulting in a superior mesh quality (much

meniscus

\

------- y
Outlet ...... i
(a)
conducting walls
. ;"‘
i Y
‘ :. ZD@A
R A | X
. ‘-1 t :
insulating fid
wall
(b)

Fig. 2. Sketch of the numerical setup: (a) a side view of the entire mold, (b) a
top view (from meniscus) of the mold (note that only half of domain is shown).
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less skewed control volume mesh in the proximity of the port). Note that
this slight change of the port shape has not produced any notable
changes in the flow and turbulence predictions.

3.3. Mesh and boundary conditions

The constant flow rate obtained from the experiment Qqo = 7.17 X
1075 m3/s is imposed at the inlet, and the zero-pressure boundary
condition at the outlet. Although the bifurcated port is a natural tur-
bulence generator, the turbulent structures need to be initialized before
the port to mimic the real conditions where the flow is already turbulent
in the SEN because of the flow disturbances generated by the stopper
rod. In the present work, a fully developed turbulence state is obtained
by imposing periodic boundary conditions at the upper part of the inlet
segment. The no-slip velocity boundary condition is applied at all walls.
The meniscus is modeled by imposing the slip-free boundary conditions.
This approach proved to be the most numerically efficient and accurate
because of a relatively small free-surface deformation observed in the
experiments. Lastly, to generate electro-magnetic braking in the mold,
the external magnetic field spatial distribution is imposed based on the
measured B, component of the external magnetic field in the z-coordi-
nate direction, as indicated in Fig. 3. We divide our simulations into two
groups. The first group includes the electrically insulating walls (C; = 0,
0¢/on = 0) and direct comparisons with the experiments over a range of
imposed electric current (0<I<375 A) and resulting magnetic field
strength (0<Ha<210). The second group of simulations includes acti-
vation of the conjugate MHD where the electric conductance of the
Hartmann walls is varied over a wide range of the conductance wall
parameter (0.025<C;<5) with a fixed value of the imposed current of
I =225 A. Note that the wall conductivity ratio of the solidifying shell
forming on the walls during the real size caster is C4 ~ 0.125. Addi-
tionally, the extreme case with C4— o is considered as well (where ¢ = 0
boundary condition is imposed), indicating the fully electrically con-
ducting walls. The experimental data are not available for the second
group of simulations but generated numerical results are intended to
guide the design of a new generation of experimental setups with a finite
conductance of the Hartmann walls. An overview of performed simu-
lations is given in Table 1.

For the conjugate MHD cases (i.e. a finite C;), the computational
domain contains the fluid occupying and solid-wall (two Hartmann
walls) regions. ICEM CFD meshing software is used to generate a block-

0.8+ 0.8
()'6;— —— By [r‘g]s 0.6r —
—
024 —
0.21 i0.4f 1
0.18 N
0.15
0.12 | J
0.09 0.2
0.06
0.03
0 0 : : :
0 0.1 02 03
By [T]
(a) (b)

Fig. 3. (a) The contours of the By, component of the magnetic field in the
central vertical cross-section (y =0 m); (b) the vertical profile of the B,
component of the magnetic field; Note that shown magnetic field is for imposed
electric current of I = 375 A.
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Table 1
List of simulations performed in the present study.

Group Re Ha EMBr (in A) Cy4 (Hartmann walls)

I 32000 0 0 0
68 100 0
142 225 0
210 375 0

I 32000 142 225 0.025
142 225 0.05
142 225 0.1
142 225 0.15
142 225 0.2
142 225 0.5
142 225 1
142 225 5
142 225 ©

structured non-uniform mesh containing regular hexagonal control
volumes (CVs). The fluid domain is represented by M;, ~ 4 x 10 control
volumes, while the solid-wall domain contains Mg ~ 5 x 10° control
volumes, Fig. 4.

The mesh refinement is applied in the proximity of the walls,
meniscus at the top, as well as around the entrance ports of the nozzle. In
the present study, we apply the Spalding wall functions for the wall
treatment (Spalding, 1961). To check the grid dependency of obtained
solutions two additional numerical meshes are also considered: the
coarse mesh, with My coqrse = 2 x 108 CVs, the fine mesh M;, fine = 6 X

10° CVs, Appendix A. The Courant number Co = (At/ 2V) 3 faces| Wi

is kept for all simulations (note that V is the cell volume and y is the face
volumetric flux).

~1

4. Results and discussion
4.1. Validation with the experiment for the electrically insulated walls

We start our analysis by comparing numerical simulations and
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Fig. 4. The numerical mesh in the upper-left part of the mold. The fluid region
is colored by grey, the solid region is colored by orange.
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experimental results for cases with the electrically insulated walls
(group I results as listed in Table 1). The most salient long-term averaged
flow features are shown in Fig. 5, where we select the central vertical
cross-section and superimpose the streamlines and contours of the ve-
locity magnitude for various strengths of the imposed EMBr (i.e. 0<I<
375 A). To obtain a reliable convergence of the first- and second-
moments of the velocity field statistics, we perform averaging over
120 s after the initial flow establishment. It can be seen that flow has a
typical double-roll structure in the upper and lower parts of the mold. By
imposing the electric current of I = 100 A, Fig. 5(b), the centers of the
lower rolls are more shifted in the negative z-direction compared to the
neutral case, Fig. 5(a), while the upper rolls stay unaffected. With
further increase of the applied current, the lower rolls are significantly
reduced and their centers are moved closer to the inlet port, Figs. 5(c),
(d). In contrast, locations of centers of upper rolls are just slightly
affected by imposed changes of electric current.

Next, we compare measured and numerically obtained vertical
profiles of the mean streamwise (in the x-coordinate direction) velocity
component in the central vertical plane (y =0 m) at characteristic
horizontal locations: x = 0.04,0.06,0.08,0.1 m, as illustrated in Fig. 6.
To make a direct comparison between measurements and numerical
simulations, we also perform spatial averaging of simulations data in a
form of the cylindrical shape (mimicking UDV beam) with typical radius
of gy = 4 x 1072 m and the height hy, = 0.5 x 1073 m.

The comparison between velocity profiles for various strengths of the
imposed electric currents is shown in Fig. 7. The profiles exhibit typical
behavior of a spreading jet with a characteristic peak diminishing with
the distance from the nozzle. For the neutral case (I =0 A), a good
agreement is obtained at all locations, Fig. 7(a). With the magnetic field
activation, the jet angle changes because of the Lorentz force effect (due
to the electrically insulated walls, the current density loops are closing
within the fluid domain, giving stronger Lorentz force and producing jet
acceleration). This results in a characteristic jet peak increase in
magnitude, with its location closer to the meniscus, and stronger
penetration within the mold, Fig. 7(b-d). Similar behavior of the flow
was previously also observed in experimental studies of Schurmann
et al. (2018). An overall good agreement is obtained at practically all
considered locations. Some differences in the proximity of the meniscus
at x = 0.04, 0.06 and 0.08 m locations are visible for the strongest
applied current of I =375 A, Fig. 7(d). This can be explained by
dampening of the experimentally measured velocity in the proximity of
the meniscus caused by the formation of the oxide layer, which will
affect the current distribution within the mold, and consequently, in the
lower velocity there. Note that all results presented here are for the in-
termediate numerical mesh since it proved to be adequate, as shown in
the grid dependency analysis in Appendix A.

4.2. The influence of the wall conductivity on the flow structure

To study the effects of the finite electric conductivity of the Hart-
mann walls on flow and turbulence, we perform series of numerical
simulations from group II (Table 1), where we vary the wall conductance
ratio with a fixed imposed electric current of I = 225 A. This interme-
diate current intensity is selected since it proved enough to impose some
significant effects on the flow and turbulence for the electrically insu-
lated walls. The long-term time-averaging is performed for 100 s, which
proved to be sufficient to get reliable convergence of the flow statistics.

The mean velocity fields in the central vertical plane for different
values of the wall conductance parameter are shown in Fig. 8. To make
easier comparisons between different cases, we also plot results of the
neutral case (Ha = 0), Fig. 8(a), as well as the case with electrically
insulated walls (C4 = 0), Fig. 8(b) that are already discussed above. It is
striking that even a relatively small wall conductance parameter (Cq =
0.05) leads to a significant flow reorganization, as shown in Fig. 8(c).
The upper and lower rolls are significantly reduced in the vertical
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Fig. 5. The contours of time-averaged velocity magnitude superimposed with the velocity streamlines (white lines) in the central vertical (y = 0 m) cross-section
(upper half of the mold) for the range of EMBr strength and fixed C4 = 0 (electrically insulated walls).
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Fig. 6. A sketch of the locations in the central-vertical plane (y = 0 m) for
which characteristic velocity profiles are extracted along the following co-
ordinates: x = 0.04, 0.06, 0.08 and 0.1 m.

direction. The centers of the upper rolls are shifted away from the SEN,
while the situation is opposite for the lower rolls. The penetrative depth
of the incoming angular jet also increased. With further increase of the
C4 = 0.15, much weaker upper and lower rolls are generated, Fig. 8(d).
At the same time, the penetrative depth of the angular incoming jets also
weakens. This reduction of the penetrative depth is even more clear for
Cq = 0.5 case, while the incoming jet angle stays unchanged. Finally, for
the fully conducting Hartmann walls, the upper rolls can not be observed
anymore, and the penetrative depth of the incoming jet is reduced
further, Fig. 8(e).

To provide a more detailed way of comparing the observed changes

of the flow, we extract the maximum of the mean velocity magnitude in
the central vertical plane (y = 0 m) along the selected vertical profiles at
fixed values of x = 0.04, 0.06, 0.08 and 0.1 m, respectively, as illustrated
in Fig. 9. We focus on the effects of the wall conducting ratio (C,) for a
fixed value of applied current I = 225 A) and show obtained results in
Fig. 9. For all four locations, we observe a distinct non-linear behavior.
For the first location (x = 0.04 m), the initial value of the neutral case
initially increases until reaching a peak value (at C; = 0.1), followed
initially by a gradual decrease before reaching a final value (note that
there is a slight increase as C;—o0). The remaining three locations (x =
0.06, 0.08, and 0.1 m) - all show qualitatively similar behavior, starting
with an initial suppression of the maximum of the velocity magnitude
immediately upon activation of the magnetic field for the electrically
insulated case (C4 = 0). All distributions are reaching the local peak in
the 0.01<C4<0.1 interval, followed by initially very rapid decay (up to
C4 = 1). After that value, a gradual mild increase is observed with a
further increase of C4. The slopes of the (Upax) versus C; curves are
showing the largest gradients at distances farther away from the SEN, i.
e. at x = 0.08 and 0.1 m The observed non-monotonic behavior of the
local maxima of the velocity magnitude can be explained in terms of the
double rolls reorganization. and the corresponding stretching of the
incoming jets. Also, this behavior should be included in the analysis of
optimization of the incoming jet spreading, since too strong jets can
distort the solidifying regions along the vertical walls. To achieve a
stable double roll flow structure and significantly reduced penetrative
strength of the incoming jets, one has to keep the wall conductance ratio
parameter close to unity.

Another important flow region for the continuous casting is the
meniscus zone. Here, strong upper rolls can break the upper slag layer at
the top surface and cause unwanted entrainment of impurities towards
the rest of the mold. Because of its importance, we analyze next the
effects of the wall conductivities on the flow at the meniscus, Fig. 10.
Here, we plot the contours of the horizontal mean velocity (Uy) to
capture potential changes in the flow direction caused by the various
wall conductivities. For the non-MHD case, the flow at the meniscus is
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Fig. 7. The profiles of the time- and spatially-averaged horizontal (x-direction) velocity component at characteristic locations indicated in Fig. 6 in the range 0<I<
375 A and fixed C4 = 0. The following indication is used: (—) — the present numerical study, ((J) — the experimental results.
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® Cq— o

Fig. 8. The superimposed contours of the long-term time-averaged velocity magnitude and streamlines (white lines) in the central vertical (y = 0 m) cross-section
(upper half of the mold) for the range of C4 parameter and the specific EMBr strength of I = 225 A.

directed towards the SEN, Fig. 10(a). By activating the magnetic field
and increasing the wall conductivity the horizontal velocity gradually
weakens (Figs. 10(b)-(d)), till a critical value of C4 = 0.5 is achieved,
causing the flow reversal, Fig. 10(e). Further increase in C4 produces
even stronger reversed flow at the meniscus, Fig. 10(f). To provide a
more quantitative insight into the strength of the flow at the top surface,
we extract the maximum values of the horizontal velocity for various
wall conductivities, as shown in Fig. 11. It can be seen that very similar
values are obtained for the non-MHD and MHD with C; = 0. Further
increase of the Cy results in a rapid suppression, with an almost non-
moving top surface for the C; ~ 0.5. It can be concluded that the most
efficient suppression of the horizontal velocity at the meniscus is ob-
tained in the 0.2<C;<1 range, which is useful information for a future
design on the continuous casting set-ups. One should note the main
difference in the MHD interaction mechanism between simulations from

above-mentioned groups I and II. For the cases belonging to group I, the
resulting Lorentz force distribution is directly affected by strength of the
imposed EMBr (i.e. strength of the magnetic field). In contrast to this, for
the cases belonging to group II, the resulting Lorentz force is addition-
ally affected by rearrangement of the current density streamlines caused
by the finite electric conductivity of the walls. Now, instead of having
fully closed loops of the electric current density streamlines within the
fluid domain (for the electrically insulated walls), the electric current
also penetrates solid walls, as shown in Fig. 12. With higher wall con-
ductivity, the more current density enters the solid region, and current
streamlines now loop over both flow and wall domains. This reorgani-
zation of the electric current density changes the local Lorentz force
distribution, and finally, the velocity field. To provide additional in-
sights into underlying MHD variables, contours of the mean electric
potential in the central vertical plane are shown in Fig. 13. Starting from



A. Blishchik et al.

T[A]

: O x=0.04 m, no MHD
0.4r: A x=0.06 m, no MHD

: 4+ x=0.04m,[=225A
= x=0.06m,[=225A

E
/\% :
5‘-0.2*5
v KA
0.1+ 1
0 0.01 0.1 1 10 -
Ca
()

International Journal of Heat and Fluid Flow 95 (2022) 108967

T[A]

225
0.25 ? :

O x=0.08 m, no MHD
: A x=0.1 m,no MHD
02F: - x=0.08m,[=225A|
: - x=0.1m,1=225A

E0.15:
A :
o1l
5 0.1
\%

0 001 0.1 1 10 -

Fig. 9. Dependency of the maximum magnitude of the mean velocity in the vertical (y = 0 m) cross-section with the horizontal coordinates of (a) x = 0.04 m and x =
0.06 m and (b) x = 0.08 m and x = 0.1 m on the wall conductivity ratio parameter Cyq at the specific EMBr strength of I = 225 A. The relative position of the cross-

sections is indicated in Fig. 6.
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Fig. 10. The contours of the time-averaged horizontal velocity at the meniscus for the range of C; parameters and the specific EMBr strength of I = 225 A.
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Fig. 11. Dependency of the meniscus maximum mean horizontal (x) velocity

on the wall conductivity ratio Cq, at the specific EMBr strength of I = 225 A.
The relative position of the cross-sections is indicated in Fig. 6.

the fully electrically insulated case (C4 = 0), it can be seen that local
maxima and minima coincide with the locations of the flow loops,
Fig. 13(b). By increasing Cy, these distinct regions get reduced in size,
Fig. 8(c)-(f). This behavior is expected since the source of electric

Insulated wall—
(@Cs=0

Conductive wall—
(b) Cy =0.15

Fig. 12. Visualization of the three-dimensional time-averaged electric current
density streamlines in the vicinity of the bottom right corner of the SEN port for
the electrically insulated (C; = 0) (a) and Hartmann walls with finite con-
ductivity (C4 = 0.15) (b). Note that color indicates distribution within the flow
region (blue) or solid wall (red).

potential is the cross product of the magnetic field and local velocity,
and distributions of electrical potential closely follow the above-
analyzed velocity fields shown in Fig. 8.

Previous studies indicate that the flow in the mold can be influenced



A. Blishchik et al.

(a) No MHD b)Cs=0

-

d) Cq =0.15 @ Cy=05

)

International Journal of Heat and Fluid Flow 95 (2022) 108967

4

(c) Cq =0.05

'L (®) x 1071 [V]
4.0

2 l 2.9
1.7
0.6
-0.6
-1.7
-2.9

-4.0

() Cqg — o0

Fig. 13. The contours of the time-averaged electric potential in the central vertical (y = 0 m) cross-section (upper half of the mold) for the range of C; parameters

and fixed EMBr strength of I = 225 A.

by several control mechanisms, such as argon bubbles injections (Santos
et al., 2020), different strength of the magnetic field (Vakhrushev et al.,
2021; Schurmann et al., 2018; Kubota et al., 2001), and the position of
the stopper-rod (Chaudhary et al., 2011). The mechanism presented in
this work, which consists in using various Cy, differs qualitatively from
the mechanisms previously reported in the literature and can be
potentially used to obtain a necessary flow structure.

=

(a) No MHD

d) Cq =0.15 @ Cqg=05

Z
X

4.3. The influence of the wall conductivity on the turbulence and
instantaneous coherent structures

Next, we move to analyze in detail the effects of the wall conductance
also on the resolved turbulence. The contours of the long-term time-

averaged resolved turbulent kinetic energy (TKE) are shown in Fig. 14. It
can be seen that the predominantly turbulent regions are generated in

B,®

() Cq =0.05

TKE[m?/s?]

0.015
0.012
0.009
0.006
0.003
0

(H) Cqg — o

Fig. 14. The contours of the long-term time-averaged resolved turbulent kinetic energy (TKE) in the central vertical (y = 0 m) cross-section (upper half of the mold)

for the range of C; parameters and fixed EMBr strength of I = 225 A.
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the bifurcating jet regions for all considered wall conductivities. In
addition, for the non-MHD case, the TKE is also high inside the port
where the remaining incoming flow after bifurcations impinges on the
bottom part. Compared to the neutral no-MHD case, Fig. 14(a), activa-
tion of the magnetic field causes an extension of the turbulence domi-
nated regions towards the sidewalls and in the proximity of the top
surface, while the strong suppression is observed inside the SEN, Fig. 14
(b). Activation of the finite wall conductance, even with a relatively low
value of C4 = 0.05, significantly alters this initial distribution and a
significant reduction of turbulent regions can be observed, Fig. 14(c).
Further increase of the wall conductance (i.e. 0.15<C3—0) produces
just marginal effects on the TKE distribution, indicating that a saturation
point of turbulence reorganization and suppression is achieved, as seen
in Figs. 14(d-f).

We close our analysis by finally providing some detailed insights into
instantaneous flow and turbulence behavior for different wall conduc-
tivities. To represent qualitatively the instantaneous three-dimensional
flow structures, we adopt the Q-criterion (i.e. the second-invariant of
the velocity gradient tensor), as shown in Fig. 15. The non-MHD case
exhibits the most dense patterns, indicating a strong interaction between
the bifurcating jets and the free surface regions, Fig. 15(a). Activation of
the EMBr with C; = 0 generates less populated coherent structure re-
gions with distinct asymmetrical distribution of the bifurcating jets,
Fig. 15(b). Note that size of coherent structures in the bifurcating jets
increases in comparison with the neutral case. In contrast to the fully
electrically insulated walls (C4 = 0) case, the embedding of electrically
conducting walls with C; = 0.05 almost eliminates the long cylindrical-
shaped vortices, while remaining coherent structures are mainly
concentrated in the bifurcating jets, Fig. 15(c). With further increase of
Cq, the coherent structures are suppressed and clustered in the hori-
zontally reduced bifurcating jet regions, Fig. 15(d-f).

To provide information on the temporal behavior of the bifurcating

d) Cg =0.15 @) Cqy=05
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Fig. 16. The locations of selected monitoring points (probes) in the jet and
close to meniscus regions - both in the central vertical (y = 0 m) cross-section.

jets for different values of the wall conductivities, we analyze the time-
series of the velocity magnitude at a particular monitoring point (similar
to Kenjeres et al., 2011; Kenjeres, 2012): (i) the ’jet’ probe located in the
jet proximity with the following coordinates p;(0.1,0,0.54) m, and (ii)
the ‘meniscus’ probe located in the proximity of the top surface with the
following coordinates p,,(0.1,0,0.605) m, as indicated in Fig. 16. The
selected monitoring locations are placed in flow regions that are the
most sensitive to the flow oscillations.

The time evolutions (over a time interval of 70 s) of the velocity
magnitude at characteristic monitoring points, for various values of Cy,
are shown in Fig. 17. The presented signals illustrate the large-scale

(c) Cq =0.05

Ulm/s]
0.15
0.12
0.09
0.06
0.03

B Cq— o0

Fig. 15. The isosurfaces of the second-invariant of the velocity gradient tensor (Q-criterion, Q = 20 s~2) colored by instantaneous velocity magnitude for the range

of C4 parameters and fixed EMBr strength of I = 225 A.
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Fig. 17. Time series of velocity magnitude for the various C4 parameters and
fixed EMBr strength of I =225 A in two monitoring points (as indicated in
Fig. 16): (a) the meniscus prove; (b) the jet probe. The following lines are used:
(—)-noMHD (I=0A)case; (—-)-1=225A,C3 =0;( )-I1=225A,Cyq =
0.15; (—) —I=225A, Cq = 0.5; (—) — I = 225 A, Cy—co.

vertical (along the z-direction) oscillations of jets emanating from the
SEN. It can be seen that both the magnitude and the frequency of pre-
sented signals are significantly modified by changing C;. We calculate
the power spectral density (PSD) of these signals by performing a
discrete Fourier transformation, and results are shown in Fig. 18. Note
that to get a better overview of distributions, each spectrum after the
non-MHD case is shifted relative to the previous one with a factor of 1/
10. For both the sub-meniscus and jet probes, we also indicate charac-
teristic —5/3 Kolmogorov (black dashed lines) and —10/3 viscous
dissipation (black dot lines) slopes. It can be seen that both slopes are
followed at both monitoring locations for the neutral non-MHD case,
Figs. 17(a) and (b). For the sub-meniscus probe, activation of the EMBr
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with C4 = 0 introduces a significant extension of —5/3 slope (inertial)
region (i.e. it starts earlier at significantly lower frequencies, f ~ 1 Hz),
while —10/3 viscous dissipation region is significantly reduced, Figs. 18
(a). With a further increase of C4, the —10/3 slope can not be observed
anymore while the —5/3 slope (inertial cascade range) still extends over
a significant range of frequencies (i.e. 0.2<f<10 Hz). The PSD at the jet
probe location for the non-MHD case also exhibits both —5/3 and —10/3
slopes, Fig. 18(b). However, in contrast to the sub-meniscus probe, here
the —10/3 slope still can be observed for up to C; = 0.5. Both the in-
ertial and dissipation range are shifted to the lower frequencies with an
increase of the wall conductivity ratio, similarly to the sub-meniscus
location.

To obtain and compare distinct frequencies of the flow, we extract
this information from the above-presented PSD plots and collect them in
Table 2. For the sub-meniscus probe, a dominant frequency of f; = 0.07

Table 2
List of dominant and secondary frequencies based on the power spectral density
at the meniscus probe and the jet probe. The position of the probes is shown in
Fig. 16.

C4, Hartmann Meniscus probe, frequency, Jet probe, frequency, Hz

walls Hz
no MHD fi =0.07 fi =015
0 fi =0.042 fi =0.035
0.15 fi=021f=012f; =025 f=017f,=061f; =1.2
0.5 fi=012f,=0087f; = fi=021£=016f; =
018 011
o fi =0.03f, =0.057 fi =0.06 fz = 0.087
)
&
g
=
7]
R 1 0*9, T AN ,
_loi —no MHD ]
107 —cy=0
1071y Cq=0.15
10712l —Ca=0.5 ||---5/3 slope ]
s —Cyg— 00 ||--10/3 slope ]
0.01 0.1 1 10
Frequency [Hz]
(b)

Fig. 18. Dependency of the power spectral density (PSD) on the frequency at (a) the meniscus probe and (b) the jet probe (locations are shown in Fig. 16) for the

range of C4 parameters and fixed EMBr strength o.f I = 225 A.
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Hz is observed for the non-MHD case. With EMBr activation, this
dominant frequency shifts to fj = 0.042 Hz. Theses relatively low fre-
quencies indicate the presence of the extremely long-time preserving
unsteady flow behavior, which implies that special care should be taken
for a proper collection of the flow first- and second-moments. For C; =
0.15, the most dominant frequency is significantly shifted to f; = 0.21
Hz, followed with appearance of secondary frequencies at f, = 0.12 Hz
and f; = 0.25 Hz, respectively. Finally, for C4 = 0.5 and C;— cases,
the dominant frequencies are shifted back to f; = 0.12 Hz and f; = 0.03
Hz, respectively. For the jet probe, the imposing the EMBr with C; = 0
again produces a reduction of the dominant frequency compared to the
neutral non-MHD case, i.e. from f; = 0.15 Hz to f; = 0.035 Hz. With
further increase of C4 = 0.15 and C; = 0.5, multiple secondary fre-
quencies (fy and f3) are also observed. Finally, for C4—o0, the most
dominant frequency is shifted back to f; = 0.06 Hz. To conclude, the jet
probe indicates the existence of the long-term low-frequency flow os-
cillations for the non-MHD and fully electrically insulated MHD case
(C4 = 0). Activation of the finite wall conductance removes these long-
term fluctuations (C; = 0.15 and 0.5). However, application of the
perfectly conducting walls (C;—o0) promotes again a return of long-
term low-frequency flow oscillations.

5. Summary and conclusion

We have presented a comprehensive numerical study on effects of
the electric wall conductivity on behavior of a turbulent electrically
conducting liquid alloy flow subjected to an external magnetic field -
mimicking experimental setup of the Mini-LIMMCAST casting mold. We
have applied an advanced in-house developed conjugate MHD extended
Navier-Stokes solver based on open-source OpenFOAM code. The solver
is based on the inductionless assumption of the generated magnetic field
(i.e. one-way coupling between the momentum and imposed magnetic
field) in a combination with the Large-Eddy Simulation approach
employing the dynamic subgrid closure for unresolved turbulent
stresses. We have performed a series of numerical simulations that
include the neutral (non-MHD) and MHD cases with various imposed
EMBr (latter with the fully electrically insulating walls) and compared
obtained results with the experimental data. A good agreement between
simulations and experiments of the characteristic horizontal component
of the mean velocity profiles at different locations is obtained for both
non-MHD and MHD cases for various strengths of the imposed EMBr for
fully electrically insulated walls. Next, we considered an extensive range
of the wall conductivity ratio parameter (0.025<Cy < ) and analyzed
its effects on the flow and turbulence inside the mold. We have shown
that with increasing the wall conductivity ratio of the Hartmann walls a
significant reorganization of the initial double-roll flow structure takes
place. This flow reorganization was also followed by significant sup-
pression of the flow oscillations. We have observed a non-monotonic
behavior of the mean velocity magnitude maximum at all selected
profiles in the central vertical plane. This non-monotonic behavior also

Appendix A. Appendix
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indicated generation of the enhanced side-jets in the 0.025<C; <1
range, while the strongest mean velocity suppression was obtained for
C4 =~ 1. In addition, we have demonstrated that the velocity in the
proximity of the top-surface (i.e. the sub-meniscus region) showed high
sensitivity to the presence of the electrically conducting walls. The
maximum velocity was obtained in the 0.2<Cy<1 range, whereas the
flow reversal was taking place with a further increase of C4. The power
spectral density analysis of the instantaneous velocity magnitude at two
characteristic monitoring locations, placed in the side-jet and the vi-
cinity of the meniscus revealed the existence of flow oscillations with a
very low frequency for the neutral (non-MHD) and MHD case with
perfectly electrically insulated walls (C4 = 0). This low frequency was
not observed for the MHD cases with 0.15<C;3<0.5. However, for the
perfectly electrically conducting walls case (C4— o), the long-term low-
frequency flow oscillation reappeared.

Practical implementation of various C4 can be possible by changing
the mold parameters such as the mold width, though high values of the
wall conductivity ratio (C4 > 1) will be challenging to achieve. The
alternative way will be changing the size of the EMBr. The presented
results can provide important designing guidelines for the new genera-
tion of the laboratory- and real-scale industrial continuous casting
setups.
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The investigation of the mesh influence on the obtained solution is shown in Fig. A.19, for the case with the EMBr strength of I = 375 A. Three
already mentioned grids have been tested: the coarse mesh M coarse, the intermediate mesh Mj, and the fine mesh M gp.. As it can be seen, the dif-
ference between the My and M g, is marginal, and therefore the results obtained with the intermediate mesh can be declared as the grid-independent.
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Fig. A.19. The profiles of the long-term time- and spatially-averaged horizontal velocity obtained at various grids at I = 375 A and C4 = 0. The following notation is
used: ([J) — the experimental results; (- -) — the coarse mesh M coarse; (—) — the main intermediate mesh; My, (- -) — the fine mesh. M gp.
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