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Abstract

A physical model of a foundry degassing unit (FDU) uses a simplified approach to melt modelling and degassing. While maintaining the
realistic geometry of the rotor, the shape and size of the refining ladle, and the type and amount of inert gas, the original melt is replaced by
water. The experimentally evaluated quantity is the degassing efficiency of the melt. Assessing the flow and pressure characteristics in the
refining ladle is very complicated experimentally, and it is necessary to use numerical modelling. Numerical modelling of multiphase flow
allows the identification, comparison, and quantification of individual flow and pressure characteristics, which can be verified by mutual
correlation on basic experimental measurements. Validation of the numerical model is crucial both from the point of view of comparing
different states and from the point of view of more advanced multiphase simulations based on this basic model. This article aims to describe
the basic numerical model of multiphase flow using the Volume of Fluid (VOF) method for the physical model of the FDU and its verification

against experimental measurements.
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1. Introduction

The numerical simulation of multiphase flow is an essential
tool in various fields of engineering. Particularly in metallurgy,
simulations are a source of valuable information that is difficult to
detect by experiments during operation due to the unfavourable
conditions of high metal temperatures. Simulations, together with
operational testing, are also vital in the design and optimisation of
aluminium melt refining conditions [1-8]. Furthermore, they
provide valuable information on flow dynamics that is unattainable
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during operational conditions. Due to the increasing demands for
process efficiency and sustainability, accurate and reliable
numerical models are necessary to enable the simulation of the
behaviour of these complex systems.

The Navier-Stokes equations, which describe the motion of
viscous fluids, form the basis for numerical simulations of
multiphase flows. These equations are complex and often
nonlinear, requiring advanced numerical methods such as finite
volume or element methods [9, 10]. In the context of FDUs, the
nature of flow and the interactions between fluids, gases and solids
are often modelled [11-15]. An equally important aspect is the
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definition of the interfaces between the phases, which can be
modelled by various approaches, including the front tracking and
Volume of Fluid (VOF) methods [16, 17].

Numerical flow modelling involves the use of turbulent models
in combination with multiphase models. Turbulent models play a
key role in the field of fluid dynamics. The most common group of
models for turbulent flow simulation are the so-called RANS
(Reynolds Averaged Navier-Stokes) models. These models focus
on averaging the Navier-Stokes equations, allowing information to
be obtained about the average turbulent flow properties without
needing to solve fully turbulent behaviour at the microscopic level
[9, 18].

The most widely used RANS models include k-epsilon, k-
omega and other hybrid models, characterised by different
approaches to modelling turbulent phenomena [18, 19]. Both
models have their pros and cons. The k-epsilon model is generally
simpler and faster to compute, making it ideal for large-scale
simulations. On the other hand, the k-omega model provides better
results in regions of high turbulence and near walls, which can be
crucial for certain application domains [18, 20].

The k-¢ model is one of the most widely used turbulence
models, especially in industrial applications. The model was
developed by the authors [19, 21] and has become a standard for
turbulent flow simulations. This model includes two transport
equations: one for turbulent kinetic energy k (1) and the other for
the dissipation of the turbulent kinetic energy € (2). The k-& model
is widely used for simulations in various fields. However, it has
limitations, especially in regions with high turbulence or near walls
where it may underestimate turbulent flow [18].
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where k — turbulent kinetic energy, t — time, U — velocity vector,

P — production of turbulence, € — rate of dissipation of turbulent

kinetic energy, v — turbulent viscosity, Cl, C2 — empirical

constants.

The k- model has been proposed as an alternative to the k-¢
model, with the aim of improving the accuracy of simulations in
regions with high turbulence and in regions near the wall of the
modelled region [18]. This model also includes two transport
equations: one for the turbulent kinetic energy k (3) and the other
for the specific rate of dissipation of turbulent kinetic energy ¢ (4).
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where o — specific rate of dissipation of turbulent kinetic energy,

B, y — empirical constants.

The Volume of Fluid (VOF) model is one of the most widely
used multiphase models, especially in situations where loose
interfaces between phases need to be modelled. This model was
first introduced by [22] and has since become the standard for fluid
dynamics analysis in applications where different phases meet. The

VOF model tracks the interfaces between phases using a fractional
function F that indicates the fraction of each phase in a given
volume element and takes values from 0 to 1, where 0 represents
purely one phase (e.g., air) and 1 represents the other phase (e.g.,
water). The basic equations for the VOF model are the phase
transport equations (5) and the Navier-Stokes motion equations (6)
[22, 23].
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where F — Fraction function, p — pressure, p — density, g — gravity
acceleration.

A key step in the process of fluid flow simulation and analysis
is the validation of the numerical model. The primary goal of the
validation is to verify that the model correctly reproduces the
behaviour of the system it is trying to simulate. This process
involves comparing the results obtained from the numerical model
with experimental data or analytical solutions to verify the
accuracy and reliability of the model. Validation is necessary to
ensure that the numerical model correctly captures the physical
processes that take place. Inaccuracies in models can lead to
erroneous predictions [9].

The aim of this article is to present the procedure for the
selection and validation of a numerical model for the CFD analysis
of flow in the aluminium refining ladle of the FDU. The numerical
simulations, together with physical modelling and operational tests,
were carried out as part of the research and development of
aluminium melt refining at MOTOR JIKOV Slévarna a.s. The
numerical simulations follow on from the research on the
efficiency of aluminium refining using a model, with the aims of
deepening the knowledge of the real behaviour of the process and
proposing measures to increase degassing efficiency.

2. Experimental measurement

Continuous measurement of quantities such as impurity
concentration or the melt velocity field in the ladle is almost
impossible to perform on an FDU under normal operation.
Therefore, a physical model of an FDU was used, a more detailed
specification of which is provided in reference [24]. It is a water-
based physical model where the aluminium melt is replaced with
water while argon is used as the refining gas. The model was built
to a scale of 1:1, with its dimensions corresponding to the real
equipment used in MOTOR JIKOV Slévarna a.s. The experimental
measurement was designed for the simplest possible system, i.e.
two-phase flow with a clearly defined interface of the two phases -
water/air. For this system, the velocity profile and free surface
shape can be numerically verified. A refining system for low-
pressure casting of aluminium alloys was chosen, characterised by
a smaller-size ladle (see Figure 1). The physical model conditions
for the measurements are shown in Table 1.

Particle Image Velocimetry (PIV) is commonly used to
measure the size and shape of velocity fields. This method uses a
laser beam projected through a lens into an area across which the
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changes in particle motion are imaged by a high-speed camera. Due
to the numerous air bubbles that are created by the spinning rotor
causing reflections during the measurement, it was impossible to
use this method for velocity field measurements. Instead, a Prandtl
probe was used, which was placed at a constant radius of R =0.195
m with respect to the radius of the refining ladle and was traversed
in a direction parallel to the axis of rotation. A diagram of the
measurements is shown in Figure 2. The measurement was carried
out in 22 positions along the ladle height to obtain a sufficiently
accurate velocity profile. The distance between the individual
measurement positions was 22 mm. The probe was positioned
parallel to the incoming flow, with the probe's directional
sensitivity being +20°. The orientation of the probe during the
measurement can be seen in Figure 3. This invasive method was
used to obtain the time-averaged velocity at a given location. By
plotting the data from each measured point, the time-averaged
shape of the velocity profile can be obtained, which can be further
used for comparison with the results from the numerical simulation.
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Fig. 1. Dimensional diagram of FDU refining system for

LPDC

Table 1.

Physical modelling parameters
Parameter Value Unit
Number of rotations 350 rpm
Rotor working height 0.16 m
Argon flow 0 l-min’!
Ladle level height 0.43 m

No. of the measurements = 22
Position of the h,=20 mm

probe ) I ’

\,_‘_M_ — = ‘;_
Fig. 3. A view of the Prandtl probe during measurement

Another value that can be evaluated in experimental
measurements and compared with the numerical simulation is the
shape of the free surface at the water-air interface. For this purpose,
the perimeter of the refining basin was divided into several sections
on the top of the refining basin as shown in Figure 4. The value of
the free surface resting state and the value of the steady state at
constant rotor speed were measured for a specific value of the
radius from the axis of rotation. The measured value was the
normal distance from the top of the refining basin to free surface.
After subtracting the resting and steady-state values, the magnitude
of change in the free surface elevation is obtained. Each
measurement was taken three times and as a result the average
value of the measurements was taken. The change values can be
directly compared with the results from the numerical simulation.
Argon wasn’t used for this kind of experimental measurement.

Fig. 4. Diagram of free surface elevation measurement
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3. Numerical simulations

The first phase of the numerical simulations involved testing
the available simulation packages and, based on the agreement with
the experimental measurements, selecting the most suitable models
for the numerical simulations of aluminium melt refining on the
FDU. The software tested was COMSOL Multiphysics 5.6, based
on the finite element method and OpenFOAM v2206 based on the
finite volume method.

To obtain a solution independent of the computational mesh, a
sensitivity analysis of the computational mesh had to be performed
for both software programs. Therefore, several meshes of different
sizes were created on one geometry. For each of the meshes,
integral values were monitored where, unless there was a change
or progression of a specific integral value as the size of the
computational mesh increased, the solution could be considered
independent of the computational mesh. The discretized
computational domains are shown in Figure 5.

Fig. 5 Examples of computational meshes: COMSOL (left),
OpenFOAM (right)

In the case of the studied process, it was a two-phase water-air
system. The properties of these media are given in Table 2.

Table 2.
The parameters of the model media
Medium  Density Dynamic viscosity = Temperature
(kg'm™) (Pas) (°©
Air 1,225 1,789-107 20
Water 998,2 1,003-10°3 20

The velocity profile at the Prandtl probe measurement site and
free surface behaviour were simulated for both COMSOL and
OpenFOAM. For low-pressure systems, in contrast to high-
pressure systems, a suitable approach for numerical simulation had
to be chosen due to substantial free surface deformation. From the
point of view of degassing, the shape of the free surface is not
essential, what is important is the total area of free surface for
dissipation of the dispersion phase. However, for the validation of
the experimental measurement, the shape of the free surface is one
of the parameters for comparison and therefore a correct approach
to solving it must be chosen. For COMSOL Multiphysics, three
different approaches can be chosen to solve the free surface:

. Stationary Free Surface (model k-¢ and k-®)
. Level Set

. Deformed Mesh

The Stationary Free Surface method uses the same approach
in terms of surface tension as the Deformed Mesh method. The
main difference is its use for the stationary solution, where the free
surface elevation is solved separately as the last step of the solution
based on the pressure distribution. This is the least computationally
demanding solution. It is suitable for small deformations and
generally applicable as an initial condition for non-stationary
solutions. From the viewpoint of large deformations and a purely
stationary approach, the Stationary Free Surface method is
unsuitable in isolation. It can be used in combination with the Non-
stationary Free Surface solution, with the deformation of the
network being non-transferable.

The Level Set method is a non-stationary method where both
phases must be solved. This is the most computationally
demanding method and is sensitive to the density of the
computational grid, boundary and initial conditions. The Level Set
method is unsuitable for production conditions due to its
computational complexity, sensitivity to boundary conditions and
complicated interfacing with other physical software interfaces.

For the Deformed Mesh method, the stiffness of the mesh in
the free surface area was additionally addressed to avoid the
formation of negative volume elements. This approach is
particularly suitable for smaller deformations of the computational
mesh. In this approach it is not necessary to solve both phases. Only
the main phase (water) was solved and the second phase (air) was
represented by the surface tension coefficient 6 (N-m™). This is a
non-stationary solution. In the deformed mesh method, large
deformations of the computational mesh occurred, causing the
calculation to fail. This problem can be partially eliminated by
introducing a step of remeshing the computational mesh based on
quality control of the computational mesh elements. However, due
to the instability of the calculation, this method was abandoned.

The OpenFOAM software uses the interFOAM solver for
solving multiphase flow, which uses the VOF (Volume of Fluid)
approach, where the fraction of each phase in each cell of the
computational mesh is solved. For more advanced simulations also
describing diffusion phenomena between the gases, it is necessary
to use the Euler-Euler approach, which will be used in future
simulations. Two different approaches were also used for the
OpenFOAM system. They involved the choice of turbulent models,
k-¢ and SST k-w. Identical boundary and initial conditions were
used for each of the models. The characteristics of all simulation
variants are presented in Table 3.

Table 3.
Simulated variants
Multiphase Turbulent Time
flow model model dependence Software
Stationary .
@ Free Surface Re k-¢ Stationary COMSOL
Stationary .
@ Free Surface  SSTk-@  Stationary  COMSOL
(3)  Level Set SST k-o  Non-stationary COMSOL
[0 VOF Re k-¢  Non-stationary OpenFOAM
(5) VOF SST k-o  Non-stationary OpenFOAM
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4. Results and discussion

The velocity profile along the height of the ladle measured by
the Prandtl probe is shown in Figure 6. The velocity profile was
affected by the presence of the rotor. The highest flow velocity was
measured at the point where the fluid stream exits the rotor in the
radial direction. This flow divides the volume of the ladle into two
circulating areas - the area below the rotor where the flow is more
intense and the area above the rotor where the flow is less intense
and, especially near the surface, there is a risk of dead volumes [5,
12, 25]. The velocities measured in each of the areas also
correspond to this.

The measured free surface elevation values are shown in
Figure 7. The values were fairly constant around the perimeter of
the ladle and it can be seen that the spinning of the rotor caused a
surface elevation of about 0.04 m at the measurement points. The
shape of the free surface in the section between 315°and 0° was
influenced by the presence of a baffle, which caused a drop in the
surface level in the wake behind it.
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Fig. 6. Velocity profile given by the experiment

In terms of comparing the velocity profiles obtained by the
experiment and numerical simulation in COMSOL Multiphysics,
we can observe agreement in the velocity profile magnitude, but
overall disagreement in the subparts, as seen in Figure 8. In general,
a uniform trend of disagreement cannot be determined. The
nonstationary solution using the Level Set method (variant (3))
shows reasonably good agreement in the first and last thirds of the
velocity profile. The middle part of the velocity profile, located in
the rotor head region, shows considerable disagreement. In this
region, the possible directional insensitivity of the probe must be
taken into account.
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Fig. 7. Free surface elevation given by the experiment
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Fig. 8. Comparison of velocity profiles obtained by experiment
and numerical simulation in COMSOL Multiphysics

A comparison of the experimental free surface level data with
the different approaches in COMSOL Multiphysics is shown in
Figure 9. The results indicate good agreement between the
experimental data and the Level Set method (variant (3)). For the
Stationary Free Surface method (variant (1) and (2)), good
agreement can be observed for places without a baffle plate, i.e. for
places with constant or relatively small free level elevation. In
general, a higher agreement for the Level Set method could be
expected. The Stationary Free Surface approach is more suitable
for smaller free level deformations. To illustrate, Figure 10 shows
the difference between the free level results calculated using the
Stationary Free Surface (variant (1)) and Level Set (variant (3)).
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Fig. 9. Comparison of experimental free surface level data with
different approaches in COMSOL Multiphysics
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For the evaluation of the velocity profile calculated by
OpenFOAM, the deflection of the velocity vector at the
measurement point was verified using the Prandtl probe. The
directional insensitivity zone of the probe was evaluated from the
results at the individual time steps of the non-stationary solution.
This was done for the X-Y and X-Z planes. The overlay of the
insensitivity zone with the measured velocity profile is shown in
Figure 11. It can be seen that the limit values for the directional
insensitivity of the Prandtl probe can be exceeded for certain points,
with the resulting velocity magnitudes subsequently distorted.
These are especially regions near the bottom where the directional
insensitivity exceeds the critical 20°, and the rotor head region.
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Fig. 10. Illustration of free surface shape of variant (1) (left) and
variant (3) (right) - COMSOL Multiphysics
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Fig. 11. Position of the probe's directional sensitivity zone

The graph in Figure 12 compares the velocity profile obtained
by the experiment and numerical simulation in OpenFOAM
software using the Re k-¢ and the SST k-o turbulent models
(variant (4) and (5)). For variant (4), good agreement was not
achieved. From a global point of view, the agreement between the
variant (5) and the experiment is good. The disagreement in the free
surface region can be considered to be due to the averaging of the
simulation results. The velocity profile from the numerical
simulation was generated as an average value over time over three
complete rotor revolutions. The insensitivity band in the extreme
regions of the velocity profile must also be taken into account.
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Fig. 12. Comparison of velocity profile obtained by
experiment and numerical simulation in OpenFOAM - variant

Figure 13 compares the free surface elevation obtained by
experiment and calculated by numerical simulation in OpenFOAM.
Variant (4) showed a relatively large deviation from the
experimental measurement results. As can be seen, a good
agreement was again achieved for the turbulent SST k-® model and
the two-phase VOF model (variant (5)) in the region both affected
and not affected by the baffle plate. The free surface shape of
variant (5) is shown in Figure 14 for illustration.
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Fig. 13. Comparison of the free surface elevation obtained by
experiment with various approaches in OpenFOAM software
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5. Conclusions

The paper deals with the verification of numerical simulations
of flow in an aluminium melt refining ladle on a FDU in COMSOL
Multiphysics and OpenFOAM software. Different approaches to
modelling multiphase and turbulent flow were tested for this
software. These approaches were based on k-¢ and SST k-0
turbulent models in combination with different methods for solving
two-phase flow, according to the capabilities of each software.
Experimental data, measured on a physical model of the FDU, were
used for verification. They included a velocity profile measured by
a Prandtl probe and free surface elevation.

COMSOL Multiphysics did not achieve very good agreement
as far as the velocity profile was concerned. The Level Set method
(Variant (3)) described the flow in the extreme regions of the
velocity profile reasonably well. However, neither of the simulated
variants captured the radial flow emanating from the rotor head,
causing considerable distortion of the velocity profile.

The velocity profile computed by OpenFOAM using SST k- o
(variant (5)) efficiently reproduced the velocity profile measured
by the Prandtl probe. A deviation from the measured values was
observed in the region of the liquid level in the ladle. This may have
been due to the averaging of the numerical simulation results
combined with directional insensitivity of the probe in this region.

The results further suggest that for low pressure systems, the
use of COMSOL Multiphysics is limited in terms of the free surface
solution. For degassing, it is not necessary to solve the free surface;
the possible total area through which the dispersed phase can leave
the region and the approximate shape of the free surface in terms
of pressure and velocity distribution must be considered. The
difference between the areas of the resting free surface and the free
surface of the running system may be more than 10%. Good
agreement was again achieved for variant (5) simulated in
OpenFOAM, which solves the free surface with the Volume of
Fluid method.

In general, the data match from COMSOL Multiphysics is not
as good as from OpenFOAM. OpenFOAM provides more
advanced tools for solving complex fluid and gas simulations.

The OpenFOAM system has been chosen for follow-up
numerical simulations for the reasons mentioned above, with flow
to be solved with the turbulent SST k- ® model in combination with
the VOF model to calculate the free surface behaviour.
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