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Controlling the melt flow and free surface motion is crucial to maintain stability of many
metallurgical processes. In the direct strip casting process, a known problem is the back-
flow of liquid metal into the small gap between the moving belt and the refractory. Apart
from geometrical and feeding modifications reported in the literature to reduce the back-flow,
electromagnetic technologies could potentially solve this issue. We investigate numerically the
application of AC magnetic field to deflect the melt from the back-flow area. Simulations
show that it is possible to completely prevent the back-flow but at the expense of introducing
oscillations in the shape of the cast solid sheet downstream. Combination of AC field for back-
flow prevention with static (DC) magnetic field for free surface stabilization downstream can
provide a fully stable casting process.

Introduction. The belt casting process is being developed by multiple research
groups under different names, such as Horizontal Single Belt Casting (HSBC) and Direct
Strip Casting (DSC). The DSC abbreviation is used in the paper. A thorough review of
the belt casting and similar technologies can be found in [1], [2].

In the DSC process, a liquid metal is poured onto a moving belt, which is intensively
cooled from the bottom and goes through an area of inert gas atmosphere to protect the
alloy from oxidation and contamination. The melt is contained on the belt by copper
blocks on both sides that move together with the belt. The liquid metal solidifies into
a solid strip that is continuously pulled away for further processing and coiling. Typical
cast materials are steel [3] and aluminium alloys [4].

Laboratory-based research casters are usually small, e.g., a belt width of 75 mm [5]
or 160mm [6]. The first commercial belt caster for steel was launched in Germany in
2012 [7]. The cast strips are 1m wide and 15mm thick, pulled at around 24 m/min [8].
For comparison, older technologies, such as Thin Slab Casting [9], cast 50 —60 mm thick
strips at 5 m/min [10], which requires considerably more secondary processing.

There are several stability issues in the belt casting process. One is that liquid
metal can flow not only in the direction of the belt movement but also into the small
gap between the belt and the bottom of the refractory [11]. If the melt solidifies inside
the gap, it can damage the equipment. A stable meniscus can form if the gap is very
small (less than 1mm) [12]. However, stability of the meniscus depends on the physical
properties of the melt and other factors. The back-flow can be reduced by creating an
inclined refractory [4], which decreases the impact of liquid metal on the belt.

Another problem in DSC is that non-uniform flow velocities and free surface oscil-
lations affect the final strip thickness profile. One solution reported for belt casting is
blowing argon jets against the liquid metal to spread the melt uniformly across the belt
[3]. Another option is to use the electromagnetic (EM) interaction. For example, the use
of travelling magnetic field to modify the flow has already been reported for DSC [3].
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Fig. 1. Scheme of the belt casting model.

In a related technology, the Twin Roll Casting, the use of an EM dam to contain liquid
metal has been reported in [13]. We investigate a similar approach for the belt casting.

In our previous work [14], we have shown that, depending on the liquid metal layer’s
thickness, a stable deflection of the melt away from an AC inductor can be achieved. In
this work, we investigate numerically the application of AC and DC magnetic fields to
prevent the back-flow and stabilize the free surface downstream:.

1. Numerical model.

All simulations are done using the open-source software Elmer (electromagnetics)
[15] and OpenFOAM (fluid flow, heat transfer, solidification) [16], which are coupled
using the EOF-Library [17]. This software combination has succesfully been applied for
the simulation of liquid metal stirring by rotating permanent magnets [18], [19], EM
levitation [20] and liquid metal free surface waves induced by a low-frequency pulsed
magnetic field [21] and a low-frequency AC magnetic field [22].

Scheme of the belt casting model is shown in Fig. 1. The liquid metal is poured
down from a gap in the refractory, spreads onto the moving belt and gradually solidifies.
Two EM systems are considered — a straight high-frequency inductor near the back-flow
area and a DC magnetic field system above the belt. The inductor is supposed to keep
the liquid metal from entering the gap. The static field is used to decelerate the fast
flowing liquid metal, distributing it evenly across the belt and helping to obtain a more
uniform solid strip at the outlet.

The cast metal is aluminium with the melting point of Ty =933 K. The material
properties are assumed constant (independent of temperature and the same for liquid
and solid phases): density p=2311kg/m3, viscosity u=0.8mPa-s, electrical conductiv-
ity o =3.70 MS/m, surface tension v =0.84 N/m, thermal conductivity A =98 W/(m-K),
heat capacity ¢, =1122J/(kg K), latent heat Lt =360kJ/kg. These are the values for
liquid aluminium at 1200K [23]. The gas phase has physical properties of the air.

1.1. OpenFOAM. The OpenFOAM model is based on the interFoam solver that
simulates a turbulent incompressible two-phase flow with free surface capturing using the
Volume of Fluid (VOF) [24] method, with an additional implementation of the temper-
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ature equation and solidification. The two phases represented by the VOF method are
liquid metal and gas.

Solidification is implemented to affect only the liquid metal phase. The approach
is based on the enthalpy-porosity method, such as described in [25]. The basic idea is
that the liquid fraction function S is introduced to be equal to 1 in liquid and to 0
in solid. Using the error function, it can be defined as fr = 0.5erf (a1 (T — Ty)) + 0.5,
where ar is a constant, T is the temperature and T§ is the melting point. This method is
normally applied to simulate a two-phase system with liquid and solid, without gas. In a
three-phase system with gas, the liquid fraction for gas must always be 1. Conveniently,
using the volume fraction « that is zero in gas and 1 in the other material (liquid and
solid metal), the total liquid fraction can be written as 8 =1+ «(fr — 1). In addition,
since the interface between gas and metal (both liquid and solid) described by « is
centered at 0.5 and is not perfectly sharp, to have more control over the behaviour of
B near the metal-gas interface, in the 8 expression « can be replaced by a function
Ba = 0.5erf (br(a — ) + 0.5, where br is a steepness coefficient and «ag is the value
where the function is centered. Note that « is modified only in the calculation of the
liquid fraction and not in the VOF model. The liquid fraction g implemented in this
work is

B =1+ (0.5erf (br(a — ag)) 4 0.5)(0.5erf (ar (T — Ty)) + 0.5 — 1). (1)

The solidification model contains several numerical constants (g, ar, br) that must
be optimized for a specific case. In belt casting, the solidified material must move stead-
ily with the belt speed while also preserving its shape (deformation of the solid is not
considered). A test case to find the optimal values was a rectangular solid block (T' < Ty
everywhere in the domain) moving with a constant speed in the gas atmosphere. The
optimal values that provide no visible smearing of the solid/gas interface were found to
be ap=0.04, ar =4, by =100. For other casting configurations the optimal values can
be different.

Finally, § is used in the momentum equation to make the liquid metal flow temperature-
dependent. If T < T, the liquid metal should behave as if it is solid, i.e. either completely
static or, in the case of belt casting, moving with the belt speed. This is achieved by a
momentum source term
(1-8)°

B te
where v is the flow velocity, vy, is the belt speed, Ag is the mushy zone constant (a large
number like 10°) and e is a small number (like 1073).

The implemented approach is basically a pseudo three-phase model, where gas is
always fluid, but the other material can take two states — liquid and solid. This consid-
erably simplifies things because from the computational fluid dynamics standpoint the
model still has only two phases — liquid metal and gas, with liquid metal having some
temperature-dependent properties to make it behave like solid below the melting point.

The OpenFOAM model contains the region above the moving belt with liquid/solid
metal, inlet and outlet, and some gas. To considerably simplify the model and reduce
the simulation time, radiation and natural convection are ignored. A typical magnitude
of the heat flux through the cooled belt is ~ 107 W/m? [2]. Assuming the upper value of
the emissivity ~ 1, the radiative heat flux from the surface at 1200K to the environment
at 300K is of the order of 10° W/m?, which is two orders of magnitude lower than the

footia = Ao (Vb — V), (2)
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Table 1. Boundary conditions in the OpenFOAM model. v;, — belt speed, p — pressure, k —
turbulent kinetic energy, w — turbulent eddy frequency, vy — eddy viscosity, a — volume fraction,
T — temperature, 0 — contact angle, ¢, — electric scalar potential, WF — wall functions.

belt/dam other surfaces inlet back-flow gap and outlet
v V=vVp v=0 V = Vin =const Ov/dn=0 (for outflow)
v =0 (for inflow)
D dp/On=0 Op/dn=0 Op/On=0 Dstatic =0
e 01, = const 04 =180° a=1 a=0 (for inflow)
Oa/On =0 (for outflow)
T 9T/0n=const 0T /on=0 T =T 0T /on=0
k WF WF k=103 m?/s? k=10"*m?/s? (inflow)
0k/On =0 (outflow)
w WF WF w=1s"" w=1s"" (inflow)
Ow/On =0 (outflow)
vt WF WF calculated from k and w  calculated from k& and w
oy O /On=0 O¢y/On =0 AP /On=0 d¢pyOn =0

flux through the cooled belt. Natural convection in the liquid metal can be ignored due
to a relatively small thickness of the melt layer (~10mm), and convection of the gas
phase has very little influence on the motion of the melt due to the small density.

The k-w SST DES model was used for turbulence. The OpenFOAM simulation is tran-
sient. The time-step At is controlled by the Courant number condition Co=vAt/Az < 1,
where Az is the mesh element size. The boundary conditions in OpenFOAM are sum-
marized in Table 1. For simplicity, the cooling boundary condition on the belt is a
constant heat flux qpeyr- In OpenFOAM, this must be set using a temperature gradient,
which is the heat flux divided by the heat conductivity. For a specified contact angle,
OpenFOAM calculates da/On and uses it as a boundary condition for the « equation
solved in the VOF method.

A representative mesh is shown in Fig 2 (bottom). The mesh is structured with a
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Fig. 2. Examples of the numerical mesh for Elmer (top) and OpenFOAM (bottom).
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1.2. Elmer. The Elmer model contains the melt region, an inductor, a DC field
source and the surrounding gas. The inductor is made as a straight rectangular rod with
a constant current density across its cross-section. In the static field case, the magnetic
field source (magnetization M) is specified in a box above the melt layer as M, = M.
If the static field source is a permanent magnet with a remanence B, MO—B / o-
The boundary condition in Elmer in both cases is the magnetic vector potential A =0
at the external boundary. The case with the inductor is solved in a frequency domain
using the WhitneyAVHarmonicSolver, whereas the case with static magnetic field is using
WhitneyAVSolver (magnetostatics).

A representative mesh is shown in Fig. 2 (top). The mesh is tetrahedral with a
characteristic size of elements near the back-flow area around 1 mm.

1.3. Coupling. Two models are considered in this work. One with only the
AC inductor and the other with the AC inductor and DC field. With the first model,
OpenFOAM uses the Lorentz force calculated by Elmer and EM fields are recalculated
in Elmer whenever the condition max(Ac«) > 0.5 is true anywhere in the OpenFOAM
domain.

With the combined AC inductor and DC magnetic field, a simulation without the
AC inductor is run first to obtain the DC field and transfer it to OpenFOAM. After that,
a simulation with the AC inductor is run. In addition to using the AC Lorentz force
calculated by Elmer, OpenFOAM solves an equation for the electric potential using the
magnetic field distribution B calculated by Elmer to account for the v x B term. This
approach, which is described in more detail in [18], is valid for the magnetic Reynolds
number Rm < 1. In belt casting, taking width of the belt w and the belt speed vy, as the
characteristic length and velocity, respectively, Rm =opugvp,w < 0.1. The Lorentz force
used by OpenFOAM is, therefore, the sum of the AC part calculated in Elmer and the
DC part due to the v x B term calculated in OpenFOAM. The DC magnetic field stays
constant throughout the simulation, but the AC field (and the corresponding Lorentz
force) is recalculated according to the condition max(Aa) > 0.5.

2. Results.

Since aluminium is one of the typical cast materials in belt casting, it is considered in
this work. The physical properties of aluminium at 1200 K are given above. The contact
angle between the liquid metal and the belt depends on the specific materials, surface
characteristics (roughness), temperature, etc. The belt is typically made of either steel
or copper [3]. On a copper substrate, the liquid aluminium has a dynamic contact angle
from 105 to 140 degrees [12]. For simplicity, the constant contact angle is set on the belt
Operr = 140°. The contact angle to the moving side dam is set to 044, = 180°, and to
other surfaces (refractory) to 135°.

The geometrical parameters are (see Fig. 1): hgap =0.5cm, L, =50 cm, w=10cm,
hin=2.5cm, diy =1cm, heyy =2.5cm, Tey =6cm, deyy =1.5cm, Loy =Tcm, z; = y; =
0.5cm, h;=0.2cm, d;=1cm. The casting conditions are v;, =20cm/s, Ti, =1200K,
vp =20 cm/s. The cooling heat flux is gyer; =—13.8 MW /m?2.

The first simulation was done without any EM stabilization. The distribution of
liquid/solid phases during the first moments of casting is shown in Fig. 3. The belt is
moving from left to right in the figure. Clearly, hgap =5 mm is enough for the melt to flow
into the gap, where it starts solidifying. Since the entire solidified metal is set to move
with the belt, at some point in time the metal has solidified throughout the gap height.
At that point the solid metal together with the liquid metal is pulled out of the gap until
it reaches the area directly below the inlet, and then a fresh liquid metal is again allowed

419



V. Dzelme, A. Jakovics, E. Baake
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Fig. 8. Liquid/solid phases during the first 0.3 s of casting without EM stabilisation: (left)
full view and (right) cross-section; red — liquid, blue — solid.

t=0.2s . t=1.0s
t=04s - t=12s
t=0.8s _ t=14s

Fig. 4. Phases in the middle cross-section during the first 1.4 s without EM stabilisation; red
— liquid, blue — solid.

11l

to flow into the gap. Fig. 4 demonstrates this effect by showing the phase distribution
in a vertical cross-section. This is detrimental to the uniformity of the cast strip.

There are several possible solutions reported in the literature, such as using an
inclined refractory and optimizing the feeding system [4]. It could be possible to control
the back-flow using EM technologies. The main idea here is to use AC magnetic field of
a straight inductor to deflect the liquid metal from there. Considering the properties of
liquid aluminium and the results of our previous study [14], one can expect a relatively
stable deflection of the melt layer with the thickness hgap =5 mm.

After several test simulations with different inductor currents, a stable deflection was
achieved with the inductor current I =1kA and frequency f=4kHz. The time behavior
in the first moments of casting with the AC field is illustrated in Fig. 5. The back-flow
is completely prevented and no free surface instabilities are observed. However, some
small surface perturbations travel downstream, where they disturb the casting process.
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Fig. 5. Phases during the first 0.5s with the AC field, current I =1kA, frequency f=4kHz;
red — liquid, blue — solid.

/

Fig. 6. Phases at t =2s with the AC field, current I =1kA, frequency f =4kHz; red — liquid,
blue — solid.

f—Jd M=1T

/i

I=1kA/

Fig. 7. Phases at steady state with the combined AC (I =1kA, f =4kHz) and static magnetic
field (M, = Mo =1T); red — liquid, blue — solid.
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Fig. 8. Layer thickness at steady state with the combined AC (I =1kA, f =4kHz) and static
magnetic field (M, =My =1T).
A representative phase distribution at a later time is shown in Fig. 6.

The AC field solves the back-flow problem, but overall makes the cast strip more
non-uniform. Surface oscillations can be stabilized by a static (or traveling) magnetic
field. We test this by placing a source of static vertical magnetic field (magnetization
M, =My=1T) above the section, where most of the liquid metal is flowing faster than
the belt, as evidenced by the narrowing of the melt layer. Figs. 7 and 8 show the phases
and layer thickness during stable casting with the combined AC (I =1kA, f =4kHz) and
static magnetic field (M, =My =1T). The melt is abruptly slowed down by the static
field forcing it to distribute across the belt.

With the intensive belt cooling, a small amount of the melt immediately solidifies
upon contact with the belt. Fig. 9 shows the phase distribution in different cross-sections
with the combined AC and static field. The part of the melt that solidifies right at the
contact with the belt is constantly being remelted by the incoming hot liquid metal and
by the recirculation in this zone.
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Fig. 9. Phases in different cross-sections with the combined AC (I =1kA, f=4kHz) and
static field (M, = Mo =1T); red — liquid, blue — solid, grey — gas.

The two streaks of brighter spots at the bottom in Fig. 9 indicate bubble entrapment.
This is characteristic to the belt casting process, as reported in [12],[2]. In our model,
the bubble entrapment occurs at the zones, where the melt suddenly expands across the
belt due to the EM braking by the static magnetic field. Gas entrapment is detrimental
not only due to the formation of cavities, but gas bubbles decrease the heat fluxes at
those spots. Since in our model the heat flux is fixed, the bubbles have very little effect
on the heat transfer.

Conclusions.

This work presents simulations of the direct strip casting process with EM control.
AC magnetic field of a straight inductor placed near the gap was proved to be very
efficient in completely preventing the back-flow. The edge instabilities observed in our
previous work do not appear to have much influence. However, some surface oscillations
cause non-uniformities of the strip profile downstream. Combining AC field for back-
flow and static field for surface stabilization appears to completely stabilize the casting
process.

While the results demonstrate a possible solution to stability problems in the belt
casting process, they should be taken only qualitatively due to several assumptions and
simplifications in the model, such as constant material properties and ignored thermal
radiation. Moreover, we studied this process in a relatively small system. The industrial
scale can be considerably larger, which means that the process could be more unstable,
which would require adaptation and optimization of the EM parameters. Further work
is needed to assess the influence of the assumptions and simplifications in the model, as
well as to investigate the application of these solutions on an industrial scale.
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