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Experimental results show that heat and mass transfer processes in the turbulent melt
flow of induction furnaces are significantly influenced by low-frequency large scale oscillations of the main flow eddies. Large Eddy Simulation (LES) of the turbulent melt
flow in induction crucible furnace carries out with good conformity the transient threedimensional oscillations of the dominating toroidal flow eddies. This 3D transient model
offers new possibilities for simulation of heat and mass transfer processes in induction
furnaces.

Introduction Fluid flow in industrial metallurgical installations has become a subject of numerical modeling many years ago. The variety of geometries,
boundary conditions, fluid forcing factors and a whole range of flow Reynolds
numbers provide a good challenge for numerical investigations. The absence of
an universal and always reliable modeling approach together with a wide choice
of available non-universal turbulence schemes turns it into a non-trivial problem,
at least while up to now direct numerical simulation of the turbulent melt flow
remains practically inapplicable. As a wide spread example can be mentioned the
melting of alloys in induction furnaces. The flow pattern in these installations is
formed by the influence of electromagnetic forces and usually takes form of several dominating vortices. Flow patterns obtained with two-dimensional solvers
based on Reynolds Averaged Navier-Stokes (RANS) equations usually are in good
agreement with estimated and measured time-averaged values [1-3]. Resulting spatial distribution of the temperature and alloys compound concentration depends
strongly on the heat and mass exchange between these vortices. Numerical investigations show that two-dimensional turbulence models fail to describe correctly
the heat and mass transfer processes between the main vortices. There was developed an engineering approach for this problem described in [1], but for more
generic and therefore more flexible solution it is necessary to investigate advanced
simulation methods. Today it is possible to run un-stationary three-dimensional
numerical calculations of fluid dynamic problems using advanced turbulent models
with higher grid resolution requirements and get reliable results in reasonable time.
Concluding all these preconditions the calculations presented in this paper were
based on Large Eddy Simulation (LES) method, which can be described as a compromise between the solving of RANS equations and Direct Numerical Simulation
(DNS). The main idea is that main flow structure is resolved directly, while only
small eddies, which size is comparable with grid size, are modeled additionally.
Finer meshing is required and, consequently, more computational resources than
for two parameter turbulence models, e.g. k-e turbulence model, but less than it

is necessary for the DNS.
1. Low-frequency oscillations Most of the experimental and numerical
investigations were carried out with a model induction crucible furnace (ICF),
which has a radius of 158 mm and a height of 756 mm, where the inductor height
is 570 mm (Fig. 1). Wood’s metal, which has a melting point of 720 C, and a
dynamic viscosity of 4.2·10−3 kg/m·s, a density of 9, 700 kg/m3 and a conductivity
of 1 · 106 S/m was used as a model melt. Experimental velocity measurements
carried out using a potential probe show presence of low-frequency flow oscillations
in this model furnace (Fig. 2). Most intensive of them have a characteristic period
about 8-12 seconds depending on inductor current Iind . These oscillations can
be described very simple as periodical up and down movements of the toroidal
eddies of the mean melt flow, where the axis symmetry of the melt flow does not
longer exist. The main oscillation frequency f increases in dependence on the
time-averaged velocity: f ∼ vch ∼ Iind .
As show experiments in model furnaces, when the characteristic flow velocity vch ∼
0
0.20m/s, then the maximum intensity of oscillations vmax
has the same order of
0
magnitude (| vch |∼| vmax |). The maximum kinetic energy of the oscillations
(in the zone near the crucible wall, between the main flow vortices) has value of
exp
kmax
∼ 70cm2 /s2 (Fig. 3). These flow instabilities have a large characteristic
time and space scale and therefore they can not be considered as turbulence. So
it is doubtfully, that stationary calculations with help of any existing turbulence
modeling approach could correctly simulate scalars transport processes in such
flow formation. This statement was verified with several widespread turbulence
models. All of them do not predict the high intensity of heat exchange in the
discussed region. As expected, unstationary 2D calculations using k-e turbulence
model also didn’t lead to acceptable results. The absence of azimuthal velocity in
2D analysis limits the dynamics of the large eddies in incompressible fluid. Also 3D
calculations using k-e turbulence model lead to not acceptable results because the
low-frequency oscillations are dumped by the high turbulent viscosity. Transient
3D calculations appeared to be the only possible way to resolve the given problem.
2. Numerical modeling Transient calculations started with uninitialized flow field v(r) ≡ 0. After several seconds flow pattern comes to the symmetric state, which resembles results of 2D stationary modeling (Fig. 4b), and then
begins to oscillate (Fig. 4c).
LES and two-equation RANS approach are using different turbulence modeling
techniques, therefore, the calculated subgrid turbulent viscosity distribution has
principally different character. The highest values of the LES subgrid viscosity
are in the zone of eddies interaction in the near-wall region. Another unsimilarity
is that turbulent viscosity in case of LES is one order of magnitude less than it
is predicted by k − ² model. This difference increases if we improve the spatial
resolution of the numerical grid. The smaller become cells, the less energy contain
eddies, which are modeled with subgrid turbulent viscosity (Fig. 5a,c). Therefore,
further mesh refining will lead to the situation when eddies of all considerable
scales are resolved directly. In LES this tendency is obvious when examine the
expression for subgrid turbulent viscosity µsub in Smagorinsky-Lilly scheme used
in FLUENT [4, 5, 6]:
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where d is the distance from the closest wall, k = 0.42, Cs = 0.1 is Smagorinsky constant and Vc is volume of the computational cell. The averaged radius
or cell size directly influences this expression. Kinetic energy of turbulence predicted with k −² model doesn’t depend on spatial resolution, and averaged velocity
field doesn’t change significantly with mesh refinement. Hence, velocity gradients,
which are responsible for modeling of turbulent parameters, also remain the same.
Certainly, if we use smaller cell sizes, then additional flow details may appear and
influence the resulting turbulence field. But this dependence is not as obvious
as in LES. For example, increasing number of mesh elements from 1/4 of million
to 3.5 millions the subgrid viscosity calculated with LES becomes one order of
magnitude less, but turbulent viscosity of k − ² model remains almost the same
(Fig. 5b).
In k −² simulation, due to high predicted turbulent viscosity, the viscous forces are
comparable with inertial ones and, therefore, all possible large-scale pulsations are
damped. Calculating with LES the subgrid viscosity is at least ten times smaller
even on relatively coarse mesh. As result, oscillations, which arise from any disturbing factors, develop in time and reach significant amplitude.
There were chosen three control points for velocity along the crucible radius at
half-height of the inductor, where the time-averaged velocity is approximately
zero. Therefore, it was possible to analyze the oscillations and compare the timedepended behavior of the velocity components with the experimental results. Velocity oscillations obtained with transient numerical simulation using LES turbulence model are shown on the Fig. 6. Numerical simulation, using SmagorinskyLilly subgrid-scale model on tetrahedral mesh with 3.5 · 106 elements and with
time step 10 ms, was taken as a base variant. Other simulations differ from the
reference case just in one parameter: mesh resolution, time-step length or subgrid
viscosity model. The flow development was calculated for 130 seconds on mesh
with 0.4 · 106 elements, in other cases the simulated time-period was about 60
seconds.
Results of numerical modeling show, that the amplitudes of oscillations are in good
agreement with those from measurements and their magnitude doesn’t depend on
number of elements. Being in good agreement with the experiment, the maximum
of the oscillation intensity is located near the wall and decreases in the center of
the furnace (Fig. 2, 3, 6). Following table lists the parameters of different numerical investigations and resulting characteristic values of low-frequency oscillations.
The oscillations intensity in the given point is estimated by the time average of
axial velocity square.
LowCalculated
Oscillations
frequency
Mesh
ele- Subgrid turbutime, s [time intensity,
oscillation
ments, ×106 lence scheme
step, ms]
cm2 /s2
period, s
0.4
S-L
130 [10]
88
14
3.5
S-L
60 [10]
110
12
3.5
RNG
60 [10]
60
10.5
3.5
S-L
60 [5]
95
8.5
Experiment
58
122
9
Apparently we deal with a nonlinear system of Navier-Stokes equations, which
has a solution tending to the limiting cycle. In other words, it is possible to estimate, with a good probability, the flow direction in a given point after relatively
long time period. The numerical investigations show, that characteristic period
of this main cycle doesn’t change significantly when we improve the spatial or
temporal resolution. Its length is determined by electromagnetic forces intensity
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and domain geometry. Therefore, the initial conditions have no strong influence.
The discrete particle tracing approach has been carried out to investigate convective scalar transport mechanism in considered flow. In the very beginning virtual
particles are placed on the top of computational domain. These particles are assumed to have the same density as fluid and this leads to the expectation that
their path will coincide with the streamlines of the flow. When the flow in closed
domain without inlets and outlets is stationary, the streamlines also are closed
and particle trajectories should be looped. Then it is improbable that particle will
penetrate into the neighboring flow region if the turbulent transfer is neglected.
Therefore, transport processes between the main flow eddies generally would have
diffusive character in steady-state flow. In this case scalar exchange intensity will
strongly depend on the semi-empiric turbulent parameters like turbulent viscosity
and turbulent Prandtl (δt = cp µt /λt ) or Schmidt (Sct = µt /ρDt ) number. Latter
parameters magnitude often depends both on the type of fluid and on the type of
the flow and has to be determined experimentally. The flexibility of using such
approach for various industrial needs is rather low.
The subgrid viscosity model seems to have more universal character. Transient
simulations, with a small time step and appropriate meshing, allow resolving the
wide range of flow formations involved in scalar transport and also the anisotropy
of the large scale turbulence is taken into account. Particle trajectories, traced
during such unstationary calculations, show, that estimated convective mass exchange between the main flow eddies is quite intensive (Fig. 7a,b).
In our numerical simulations, four particles were launched simultaneously at z =
zmax , r = rmax /2, ∆ϕ = π/2 and traced for 20 seconds (about 5-6 eddy turnover
times) in transient flow regime. The choice of starting position was caused by conformity with industrial alloying process, when additional components are added
on the melt surface. From practical point of view, it is very usefull to be able
to estimate the time, which is required for alloy’s homogenization. The typical
tracing result states, that particles usually don’t stay in one eddy longer than two
or three turnover times: at the end of simulation only one of four remained in the
upper vortex. Therefore we can make the conclusion, that convective transport
mechanism plays significant role in the heat and mass exchange between the main
flow eddies. The same tracing procedure was used with the averaged velocity field
from transient LES calculations. As expected, all particles rotated in the initial
eddy with relatively small azimuthal drift (Fig. 7c). Probably, if we would take
longer time for averaging, the trajectories would tend to those in steady-state flow
pattern.
3. Conclusions Large Eddy Simulation turbulence model was applied for
three-dimensional transient calculations and it proved to be a very promising tool
for numerical simulation of complex turbulent flows. Produced results for velocity field and flow oscillations are in good agreement with experimental data. An
extensive numerical analysis was performed to study how spatial and temporal
resolution together with subgrid turbulence model choice influence solution stability and reliability. Particle tracing in transient flow showed the high efficiency
of convective transfer due to simulated low-frequency oscillations. These results
state, that, due to constant increasing of computational power, Large Eddy Simulation could become an universal tool for practical engineering applications.
Further numerical research in this area may include calculations with deformed
surface of the melt in order to study its influence on the flow regime. Also the
numerical simulation and optimization of the melting processes in industrial installations could be a logical continuation of the presented work.
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Figure 1: Experimental induction furnace used for 2D and 3D modeling. Characteristic flow directions and eddies’ shapes are shown for the unstationary flow
regime
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Figure 2: Measured axial velocity oscillations at the half-height of the inductor
r=0.14m (left) and r=0.06m (right)

Figure 3: Kinetic energy of the oscillations measured in model furnace
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Figure 4: Flow pattern [m/s] after 2, 6 and 10 seconds of calculations

5.51e-01

2.90e+00

1.73e-01

4.97e-01

2.61e+00

1.56e-01

4.49e-01

2.32e+00

1.39e-01

3.88e-01

2.04e+00

1.22e-01

3.34e-01

1.75e+00

1.04e-01

2.80e-01

1.46e+00

8.70e-01

2.26e-01

1.17e+00

6.97e-02

1.71e-01

8.83e-01

5.24e-02

1.17e-01

5.94e-01

3.51e-02

6.29e-02

1.77e-02

1.78e-02

8.69e-03

3.06e-01

5.27e-02

Figure 5: Turbulent viscosity distribution [kg/m · s] in case of k − ² (middle) and
LES 3D modeling on mesh with 0.25 · 106 (left) and 3.5 · 106 (right) elements
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Figure 6: Axial velocity oscillations calculated with LES turbulence model on
3.5 · 106 elements mesh
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Figure 7: Results of particle tracing A, B in transient simulation and C in long
time period averaged flow
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