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For the modern industrial applications it is necessary to develop and investigate metallic
and oxide materials of a high purity or predicted composition. Such materials can be
produced by the induction melting method, especially in inductor and cold crucible
furnaces. Measurements taken in experimental furnaces show that the velocity pulsations
are dominated for the heat and mass exchange in melt, especially in a zone between typical
upper and lower eddies. Understanding of pulsations mechanism and development of
models for estimation of exchange characteristics are very important for development
and optimisation of industrial furnaces. The authors present experimental results and
propose a simple 3D large eddy simulation (LES) model of induction furnace that can
be adapted for qualitative analysis of experimental data.

Introduction The modern industry and technology always look for new

materials with definite physical properties: low weight, high mechanical durability
and high working temperature; it is also required that they be cheaply produced,
possessing at the same time high quality. The induction melting is one of the
best known technologies that can be used for production of metals, oxides and
glasses. In this technology electromagnetic field generates currents and Joule heat
in a material, forms a free surface and influences the flow of melt. The melt flow
formed by the Lorentz forces is often turbulent and has a complex structure. To
improve electromagnetic furnaces it is necessary to achieve technologically defined
superheat of the melt that is needed for doping and casting [1] with the lowest
energy consumption.
Characteristics of the melt flow in such processes are very important because they
determine heat-and-mass transfer in the melt. There are known experimental data
on Wood’s alloy flows in conventional crucible [2], which can be computer simu-
lated. Experimental data of the kind can be compared only with the results of
computer modeling, since turbulent fluid flows, which are widespread in the nature
and technologies, present one of the problems that mostly cannot be solved ana-
lytically. Wellknown and fast semi-empirical computer models used in engineering
calculations often give results that differ from experimental [3]. Empirical con-
stants of such models should be corrected or more complicated 3D models (DNS,
LES) of the flow should be used to obtain more precise calculation results.

1. Experimental In the experiments, electromagnetically driven flow of
Wood’s metal was studied [2]. Wood’s metal was placed in a steel crucible, 0.57
m high and 0.316 m in diameter, to which electromagnetic field with a frequency
ranged from 300 to 1500 Hz was applied (figure 1). The current of a 10-coil in-
ductor 1000 A to 2200 A. The crucible was water-cooled. In the experiment, a



constant melt temperature of about 80°C' was achieved. The radial and axial com-
ponents of the melt flow velocity were measured by a permanent magnet sensor
(scanning rate from 20 to 100 Hz) for 60 second in every point of discrete grid.
Filling level of the melt was varied from 50 to 120% of the inductor height, but in
most of the experiments the filling level was equal to the inductor height (100%).
Analysis of experimental data shows that the average flow consists of two dom-
inating toroidal vortices (figure 2). The momentum, heat and mass are mainly
transferred from one vortex to the other with low-frequency and turbulent flow
velocity oscillations, which are observed in the turbulent flow between the main
vortices in the middle zone of the melt [2]. Each velocity component oscillates,
but the intensity and spectral energy distribution of the oscillations depend on
the place; for example, radial velocity oscillations between the eddies near a wall
are slightly reduced by the crucible walls (figure 3). The oscillations have some
structure and their basic frequency can be found. The turbulence is the most
expressed in the zone between the eddies too. The whole flow can conditionally
be divided into three parts v = v, + v; + v; depending on its behavior:

1. the average flow, v,,, which forms the main toroidal vortices with velocities
averaged in time;

2. the low frequency velocity oscillations, v;, which are defined by the interaction
of vortices and the development of coherent structures;

3. the turbulent flow, v;, which mainly depends on the local characteristics of
the flow with energy dissipation by small-scale velocity oscillations.

2. Experimental results and discussion Special software was devel-
oped for analysing the experimental data. First, some well-known dependences
were verified to make sure that measured velocity values correspond to the pre-
vious theoretical conclusions. Figure 4 shows the maximum axial velocity v,mqz
depending on the inductor current I for different EM field frequencies at the sym-
metry axis point r=0, z=130 mm. This means that all experimental series can
be approximated with lines. The angle between the approximation line and the

current axis depends on the inductor frequency F', but to a less degree: v.p ~ #

[2]. Therefore this angle changes slightly in the working frequency region, so it
can be suggested that characteristic velocities are almost frequency-independent
within the accuracy of experimental data.

In the experiments the flow intensity varied from 4 to 22 ¢m/s and the Reynolds
number Re = p~=, where p is melt density (p=9400 kg/m?), r is characteristic
distance, u is dynamic viscosity (u=4.2-1073 ITVn $), was greater then 10 in exper-
iments, hence the flow is highly turbulent. In industrial facilities the Reynolds
values can even be 10+100 times greater.

The analyzed turbulent flow is higly anisotropic. The turbulence is more or
less isotropic only in the central zones of the vortices (figure 7). The changes
in axial velocity are two-three times greater than the radial velocity oscillations
[VL| /0] ae & 2.5 near the wall (figure 9), where radial pulsations are cut down
by the wall effect. The axial velocity has very expressive oscillations there, which
are influenced by two melt jets going near the crucible wall in opposite directions.
The radial velocity pulsations are dominating in the central region between the
vortices (figures 6, 8): |v.|/|v.], ... = 0.6. The wall effects at the crucible cen-
ter are negligible and the flow there is mainly determined by inertia, while the
unbalance of radial and axial velocity pulsations is smaller. The radial velocity
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oscillations are greater, since two horizontal flow jets, going in opposite directions
form a flow in this zone.

The maximum energy of pulsations between the vortices can be 10 times greater
than characteristic pulsation energy in other regions near the wall (figure 5). This
difference is smaller when both vortices are more or less equal (filling level is about
90+100%). The energy level of pulsations increases when the intensity of the vor-
tices has a larger unbalance (filling level is less than 70% or greater than 120%).
The basic energy level at the top and at the bottom of the crucible is almost equal
for any filling, because this energy is defined by usual small-scale turbulence. In
the zone between eddies the kinetic energy is much greater because the macroef-
fects of low-frequency oscillations are more expressed there.

Comparison of the experimental data with the results of 2D isotropic turbulence
models shows that two-parameter models do not allow correct results to be ob-
tained about the heat-and-mass transfer between such eddies, because the energy
maxima are in the vortex centers, whereas the experiments show that the maxi-
mum pulsation energy is in the zone between eddies, where the convective transfer
of the averaged flow is close to zero [3]. Therefore macroscopic pulsations signifi-
cantly influence transfer processes. The empirical approach in engineering models
when the value of turbulent Prandtl number Pr; = X—i, where v; is kinematical
turbulent viscosity and A; is turbulent thermal diffusivity, is artificially decreased
to 0.01, leads to increased heat transfer in the whole melt. Moreover, the turbu-
lent viscosity achieves its maximum value near the center of averaged vortex in a
traditionally used k — & model, but it is relatively low in the vortex interaction
zone. Hence the artificial decrease in the Prandtl number leads to incorrect heat-
and-mass transfer modelling results.

I,A| F Hz Eddy | Pulsation (v),

period, s | period, s | em/s
1068 1444 12.6 13 5.50
1260 1470 10.5 15 6.62
1670 990 6.4 8 | 10.84

Table 1: Characteristic velocities and periods of the flow and velocity
pulsations

The characteristic values of pulsation periods and vortex circulation periods for
different inductor currents and the characteristic points of flow are shown in table
1. The values of pulsation periods are of the same order as those of the circulation
periods. The eddy circulation period was calculated using a simple formula:

(i L Umaz,wall T Vmaz,azis
L=2r LT = (v) = Jmen ’ 1
() Ty @ 2 W

where 7, and 7, are the vortex radial and axial radii (r, ~ 79mm, r, ~ 142mm)
and (v) is the halved sum of maximal velocity near the wall and that on the sym-
metry axis averaged for both the top and the bottom vortices.

3. The modeling of low-frequency oscillations Large eddies are com-
puted directly and the smallest eddies are modeled in the LES method[4]. The
boundary conditions usually affect the largest eddies, while the small-scale tur-
bulence is more isotropic. It was shown that the LES could be successfully used
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to model low-frequency velocity oscillations in the recirculating melt flow [3, 5],
however this method requires large computer resources.

Large number of elements and LES provide the best modeling results as compared
to experimental data [3]. The RNG-based subgrid-scale model computations give
the periods that are very close to experimental, but Smagorinsky-Lilly subgrid-
scale model gives a more correct intensity of pulsations [5]. It is very difficult to
choose among the approaches. The RNG subgrid-scale model was selected for our
calculations, because it gives more correct results at low Reynolds numbers and
accounts for the near-wall effects. At high Reynolds numbers this reduces to the
Smagorinsky-Lilly model with a different model constant [6].

The use of millions of elements in a numerical LES simulation makes it almost
impossible to do such calculations on a usual modern PC for the model of real ex-
periment. It is also possible to perform unsteady modeling of recirculated flow us-
ing 3D Reynolds averaged Navier-Stokes equations in conjunction with a Reynolds
stress turbulence model [7], but the real LES calculations can be done in the way
described below.

First, the Lorentz force was computed using a simple axially-symmetric model
in the commercial finite element package ANSYS. The force is almost symmetric
relative to the y = 0 plane (figure 10); some asymmetry takes place because of
the crucible geometry. We have taken only radial component of the force and
approximated it with a fourth power polynomial for the model because the ratio

of penetration depth § = \/ﬁ to the crucible radius changes from 0.08 at 1500
Hz to 0.18 at 300 H=z.

The model’s geometry was simplified to obtain smaller number of elements and
to perfom the LES simulation on a laboratory PC (Pentium 4 2.4 GHz with 533
MHz bus and 512 MB DDR memory) in FLUENT 6.1.22 environment. The
model, which was used in FLUENT, had a rectangular tank form (figure 11). Its
sizes were similar to the experimental ones (height 570 mm,width 316 mm). The
depth of the tank (z-direction) was selected 100 mm. The number of elements in
the model was about 216000. The grid resolution was about 3+5 mm depending
on the direction. The front, back and upper planes had free surface boundary
conditions. For the rest of walls no slip boundary conditions were observed. The
ANSYS calculated force was applied symmetrically to the left and the right planes
of the tank using FLUENT‘s UDF functions. This force varied for different cal-
culation sets.

For fluent calculations different schemes were used. The k — ¢ model was some-
times employed to obtain the initial distribution of velocity field of the flow and
to reduce the total time of calculations. Then a transient LES flow simulation was
done. Some calculations were performed on a model, where the force was applied
to the melt at rest. The time step and their number differed for each simulation
and depended on the characteristic velocity of the flow or, in other words, on the
period of vortex circulation. Time step values were selected between 0.01 s and
0.05 s, with their total number being about 13500 in some simulations.

For each time step the middle cross-section was defined and the values of velocity
components were saved in the profile files. For the correlation and Fourier analysis
of the profile files special software was developed.

4. Results of computations The computations were performed on mod-
els with different EM forces. A model with a small Lorentz force (16% of the rated,
which corresponds to the 1400 A inductor current) was implemented to see how
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the flow is developed in time. Nine minutes of the real flow were calculated with
the time step of 0.04 s. The characteristic velocities of such flow were below 1
em/s (with Re about 3400) and the period of vortex circulation was about 40
s, which means that the selected time step was fully appropriate. The maximal
number of iterations per time step was set equal to 30 and the total count of time
steps was 13500. The melt was in the rest at zero time and the motion of the melt
began when force was applied. The velocity values were growing, achieving their
maximum after about 70 flow seconds (figure 12). Then the melt flow stabilized
and approximately after 240 s low-frequency oscillations began. These calcula-
tions were done using first-order upwind approximation for momentum equations.
The Fourier analysis was performed for each stage of flow development. The first
stage of the flow when the velocities are growing does not contain characteristic
frequencies. The spectrum covering the time of flowing from 82 to 245 s contains
some low frequencies, which can be explained as instabilities of vortex develop-
ment (figure 13). This flow is not explicitly turbulent, since Fourier’s spectra do
not contain high harmonics and the oscillation energy is small. The flow fully
develops to turbulent after about 240 s of the run and the spectra of the last stage
are typical of turbulent flow containing lots of frequencies. The intensity of such
turbulent spectrum is at least one order greater than that in the second stage.
This spectrum also has low frequency part, in which the largest part of energy is
found.

The flow development is laminar until the Reynolds number reaches values above
2000 (the corresponding velocity is about 0.8 ¢m/s). Then some instability de-
velops so that z-velocity component, which is not influenced by the Lorentz force,
also starts to oscillate. Our numerical approach gives a good qualitative pattern
of the flow development.

The following calculations were performed with the force, which is 80% of the
rated value. The maximum flow velocity near the wall is about 7.5 ¢m/s in this
case (Re ~25000). The mesh was the same and the stationary k — ¢ solution was
selected as the initial state for the LES model. No calculations of the rest state
were performed since they need a small time-step to obtain solution convergence
at high force values. In the present calculations the central difference scheme for
momentum equations was applied. The time step was the same and two minutes
of the flow were computed (figure 14). The flow pattern at every time step is not
symmetric because of the high turbulence, but averaged flow is fully symmetrical.
The computed averaged flow shows a zone in the middle of the tank, between vor-
tices in which flow intensity is low. The height of this zone is about 10 ¢m. The
velocity vectors change their values and direction depending on the ”strength” of
interacting eddies at every time moment. The “strongest” eddy stops transferring
its energy to another eddy because of which the process begins again. A typical
Fourier’s spectrum and the correlation spectrum are shown on figure 15. There
are several frequencies in Fourier’s spectrum, at which the energy values are large,
but correlation analyses gives the basic frequencies of pulsations (for example, the
basic frequency of pulsations on figure 15 (right) is about 7 s).

Two series of calculations were made with the rated force corresponding to the
1400 A current. The time step in both calculations was 0.05 s. The only difference
was the scheme used for the momentum equations: first-order upwind or central-
difference scheme. The calculations were performed in order to check whethers
the facts that first-order upwind momentum equations reduce the intensity of pul-
sations [6]. The FFT analysis for both calculations show that the difference in
the spectra at using the first-order upwind and central differences schemes for the
momentum equations is about 5-10 times at the region of low frequencies (figure
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16). Here again we have several frequencies of equal energies in the spectrum in
the model based on the central-difference scheme (figure 16 right).

The smallest frequency we have found was about 0.025 Hz, which gives a period
of 40 s. That is why such a long calculation time is needed. This frequency is
characteristic of all the models, so it can be defined by the model geometry.

The calculated flow parameters are shown in table 2. The pulsation period is of
the same order as the eddy circulation period. More precise comparison is difficult
to make since different methods for calculation of averaged velocity can be ap-
plied. The calculated averaged velocities are smaller than the equivalent velocities
from the experiments because of different model geometry. The maximum flow
velocities are in the by-wall region. They are of the same order as the measured
averaged velocities at the symmetry axis.

[/ from Eddy | Pulsation (v), | Discretization (v),
period, s | period, s | em/s (cale) cm/s (exp)

0.16 115.0 40 0.6 First order
0.80 20.9 20 3.3 Centr. dif. 5.92
1.00 13.8 17 5.0 First order 8.36
1.00 14.7 10 4.7 Centr. dif. 8.36

Table 2: Calculated flow parameters

5. Conclusions In the paper preliminary analysis of the turbulent recircu-
lated flow has been performed using simplified models of the flow in a rectangular
tank geometry. The calculated results are of the same order as the measured
in experiment and are in qualitative agreement with experimental and literature
data. More sophisticated models based on the real geometry of the studied process
should be used for better quantitative agreement of calculations with experimental
data. The low-frequency velocity oscillations have been computed using different
momentum discretization schemes. Each approach leads to the pulsations, but
calculated flow parameters are different. The model proposed by us makes it pos-
sible to work out a qualitative approach to the development of the turbulent flow
from the rest state to the state of high turbulence; it also can be used to perform
the heat-and-mass transfer analysis of real systems.
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Velocity at point x=-15.06, y=2.4, z=0 cm
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Figure 12: Time dependence of the flow velocity between eddies near the wall for
small Lorentz force (16% of rated)
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Velocity FFT at point x=-15.06, y=2.4, z=0 cm
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Figure 16: FFT velocity corresponds to calculations performed with the first-order
(left) and with the central-difference scheme (right) for the momentum equations
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