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Abstract

The use of aluminum alloys in many industrial sectors is still increasing today. Due to its excellent properties,
aluminum is widely used, for example, in construction, food, and automotive industries. The increase in the
use of aluminum is also accompanied by increasing demands for chemical and metallographic cleanliness of
this metal. The presence of unwanted phases in the molten metal can cause changes in final castings
properties, such as porosity, corrosion susceptibility, electrical and thermal conductivity, etc. These phases
are represented especially by harmful gases and non-metallic inclusions. Although significant progress has
been made in the field of metallurgy in recent decades, great attention is still being paid to the optimization of
metallurgical processes. Refining technology of aluminum melts is not the exception. Reducing refining time
and process intensification often results in significant financial savings. This work is focused on the actual
phase of research and development of refining technology of aluminum melt by an inert gas, through numerical
modelling in ANSYS Fluent simulation software.
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1. INTRODUCTION

The presented research is focused on the development of numerical modelling method for a prediction of
aluminum refining technology efficiency using ANSYS Fluent which is available in Laboratory RMSTC -
physical and numerical modelling in Department of Metallurgy and Foundry of Faculty of Materials Science
and Technology. Numerical simulations of metallurgical processes are a common part of research as
evidenced, for example, by studies [1-4]. However, numerical modelling of the degassing intensity of molten
metals is not quite common. The current phase of research is focused on simulations of turbulent flow in
refining ladle and also on choice and settings of models intended to catch degassing intensity by an inert gas.
Research output will be the unique setting of the numerical model which will provide correct results of refining
process simulations and will save money and time related to the need for construction of physical models or
pilot plants.

The aim of aluminum melt refinement is impurities removal, which is represented especially with harmful
gasses (H) and nonmetallic inclusions [5-7]. Currently, a few types of technologies are used for aluminum melt
refinement. In this paper, the procedure of aluminum melt refining by inert gas blow through the rotational
submersible device (see Figure 1) was studied. The submersible device consists of a hollow rotor by which
the inert gas is blown into the melt in ladle. Flow on a melt surface and size of phase interface melt-atmosphere
is influenced by one or two breakwaters. The purpose of breakwaters is to minimize ripple on a melt surface
during inert gas blowing and rotor rotation and thereby limitation of risk of hydrogen absorbing from
surroundings. Inert gas flow is distributed in the melt due to the rotation of the rotor.

To capture the intensity of hydrogen removal from aluminum melt with changing some process parameters
(rotational speed and type of rotor), numerical simulations were carried out. The object of CFD numerical
modelling was a water physical model of refining ladle (see Figure 1, see ref. [8]). Comparison of results from
physical modelling provides a unique opportunity to verify numerical model results. In the physical model,
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harmful hydrogen is replaced by oxygen. Oxygen is removed by inert gas and its concentration is monitored
by two optical probes.

2, DESCRIPTION OF MODELED PHENOMENA AND SIMULATION PROCEDURE

Aluminum melt refinement by the submersible device is a complicated process which includes several partial
processes: turbulent flow in the ladle, free surface movement, inert gas inlet and floating of bubbles from the
melt, diffusion of hydrogen to inert gas during floating of bubbles. Within numerical simulations is impossible
to simulate all these partial processes simultaneously. At best, a significant extension of computational time
can occur. Probably, the calculation convergence would not be achieved at all. Therefore, it is good to divide
it into several stages, which are in terms of numerical modelling represent by:

° Steady State calculation of turbulent flow in the ladle, without considering the phases;

° Transient calculation of turbulent flow in the ladle with phase considerations and calculation of free
surface of water behavior;

° Simulation of the residence time of tracer in the model liquid;

° Simulation of argon bubbles formation and spreading in the model liquid.

The difference between real and numerically modelled process relates especially to the diffusion of harmful
gas to refining gas. To the description of the removal of harmful gas by numerical simulation, the determination
of the residence time of the tracer and argon bubbles in the ladle is applicable [9]. Another effort will be to find
a correlation between these parameters and parameters of the physical model, such as the amount of blown
inert gas or time to reach the desired oxygen concentration in the water. This method does not exactly define
the actual time to reach minimal content of oxygen in the water, but it is possible to define degassing efficiency
at given boundary conditions.

In the first stage of turbulent flow simulations, a two-phased setting of computation was tested. The first phase
was focused on steady state (time independent) calculations with constant rotational speed, without
considering phases. The results of this calculation were used as an initial solution in the second phase, i.e. the
transient (time-dependent) flow calculation with the computation of free surface behavior.

The turbulent SST k- w model was used to steady-state calculation of flow in the ladle. This model contains
equations for calculation of flow and turbulent quantities - the turbulent kinetic energy k and the specific
dissipation of turbulent kinetic energy w [10,11]. The turbulent model was complemented by an implicit
formulation of the multiphase Volume of Fluid (VOF) model. The implicit formulation of the VOF model is
more suitable for steady flow simulations. The VOF model is intended primarily to simulations of unsteady flow.
In the case of steady flow, only problems independent on initial conditions can be calculated. This is not the
case of the aluminum refining process [10,11]. Free surface movement is dependent on the initial condition,
namely the water level in the reactor. To get around this problem, the steady flow was calculated with only
one base phase - water.

The time-dependent flow was modelled by the same models as were used in the case of steady flow, with
some certain modifications. As mentioned, results of steady flow and turbulent field for one phase were used
as the initial solution. These results were additionally complemented by volumes filled by water and air.
Because it was the time-dependent solution, the VOF model could be used in a full range [10,11]. For transient
calculations, the correct choice of a time step is necessary because the time step influences the computational
time and convergence of the calculation. Thanks to the use of the initial solution, the time step can be chosen
in 10 s. Also, thanks to the use of initial solution convergence of calculation, the solution became faster in
every time step and overall computational time was reduced.

Refining efficiency of inert gas on oxygen removal from the water was verified by monitoring tracer
concentration change in time and by time to reach a homogenous concentration of the liquid. The principle of
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calculation of concentration change is definition passive scalar [10,11]. The Species Model was used to
calculate the passive scalar. Results of this calculation are time-dependent concentration curves through which
it is possible to evaluate the rate of oxygen concentration spreading in the ladle.

Movement and transport of argon bubbles can be described by the calculation of discrete phases. This method
realistically describes the movement of the argon bubbles in the ladle. Bubbles transport can be monitored
only in the liquid phase (water) and after the escape from water can be each bubble deleted by user-defined
function [10,11]. Complemented of the model by this function, the average residence time of bubbles in the
ladle can be estimated, also the number and volume fraction can be established.

3. NUMERICAL MODELLING PROCEDURE

3.1. Geometry and setting of initial and boundary conditions

As mentioned, the subject of research is the physical model of real ladle intended to aluminum refining by inert
gas (see Figure 1). Due to the possibility to verify results of the numerical model, a computational geometry
was constructed based on the geometry of the physical model. Numerical model geometry includes each
component of refining device, i.e. the rotor and two breakwaters which reduces the formation of a typical vortex
and the turbulent behavior on the surface of the water. The geometry of the numerical model represents the
internal volume of the ladle (see Figure 2).
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probe No 2 A_ézs h Y Y 8490
Figure 1 Physical model of refining device and scheme of physical Figure 2 Internal geometry of
model [8] refining device

Due to the possibility of comparison of numerical

results with physical modelling, water was also Table 1 Properties of model media

considered for numerical modelling. In the first Medium Density Dynamic viscosity
stage of simulations, also free surface behavior (kg-m™®) (kg-m's)
was calculated by the VOF model. It was Air 1.225 1.79-105
n r fine the pr i f ran

ecessary to. defi .e the p.opertles 0 .wate and Water 998 10.0.104
the surrounding air. Physical properties of both

phases are listed in Table 1.

During this study, the homogenization effect of two different types of the rotor, designated as F2-A and J8,
was observed. For purposes of evaluation of the homogenization effect of rotors with different rotational speeds
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(350 and 500 rpm), 4 variants of numerical simulations were defined. A distance of rotor from the bottom of
the ladle was 100 mm. Parameters of modelled variants are listed in Table 2.

Table 2 Settings of suggested variants

. Number of Rotational speed Rotor immersion
Variant Rotor type
breakwaters (rpm) (mm)
1a F2-A 2 350 100
1b F2-A 2 500 100
2a J8 2 350 100
2b J8 2 500 100

4, RESULTS AND DISCUSSION

41. Flow field

Figure 3 shows a comparison of path lines
obtained by the numerical model with the
results of physical modelling. To present the
results of variant 1b and 2b (with 500 rpm)
were selected. The flow field of variants 1a
a 2a (with 350 rpm) is similar but in case of
variants with 500 rpm is better observable.
As trace particles for flow observation in the
physical model, bubbles of argon blown into
the water through a hollow rotor were used.
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As can be seen, the shape of the rotor F2-
A induces flow directed at the ladle wall at a
certain angle. Also in case of rotor J8, a
mainstream is observed which is directed
towards the bottom of the ladle. It is clear from the physical model results that the mainstream disperses the
blown gas bubbles into the bottom of the ladle from where they float towards the surface. A very similar pattern
can be observed on the numerical model results.

Figure 3 Flow field in reactor - comparison of physical and
numerical model results

4.2. Homogenization time

A change in tracer concentration in the ladle was simulated by Species Model. Tracer concentration was
monitored at two levels, corresponding to the position of the optical probes on the physical model (see
Figure 1). Result of the calculation was the concentration curves showing the character of the RTD curves
measured by the conductivity probes on the physical model as found in comparison with the literature [9]. The
concentration curves obtained by the numerical simulation for the upper and lower monitor are shown in
Figure 4. For this purpose, the homogenization time was defined as the earliest time when the tracer
concentration in the monitors deviates by less than 1 % of the final concentration of tracer. The calculated
homogenization times with the refining times (reaching the desired oxygen concentration of 0 ppm), measured
by the optical probes on the physical model, are shown in Table 3. It can be seen that the tracer concentration
is earlier stabilized at the bottom of the reactor, due to rotor immersion (100 mm from the bottom) and flow in
the rotor area (see Figure 2), which faces the bottom of the reactor for both types of rotors. Concentration
curves show that in the case of the F2-A rotor there is an earlier concentration of tracer in the reactor. This is
also confirmed by the overall retention times, which are in line with the refining times on the physical model.
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Figure 4 Concentration curves obtained by numerical simulation

Table 3 Homogenization times obtained by numerical simulation

Rotor Rotational Homogenizati.on time in each Total Refining time in
Variant monitor (s) homogenization | physical model
type speed (rpm) . .
Bottom monitor | Upper monitor time (s) (min)
1a F2-A 350 16 8.85 16 15.9
1b F2-A 500 10.5 5.7 10.5 10.1
2a J8 350 15.7 17.8 17.8 21.8
2b J8 500 9.2 12.4 12.4 12.2
CONCLUSIONS

This paper presents the development of the method of numerical modelling of the molten aluminum refining
process with inert gas. The subject of the research was the refining device, consisting of a ladle, breakwaters
and rotor. In the initial phase, numerical simulations were carried out using parameters of the physical model,
which provides the possibility to verify the results of simulations. Aluminum melt refining with inert gas is a
complex process consisting of several partial processes. Therefore, this technology cannot be described by a
single numerical model. For the purposes of the numerical modelling, the process was divided into sub-stages
according to the character of available numerical models:

° Steady and transient calculation of turbulent flow - modeled by turbulent SST k-o Model with multiphase
VOF model for free surface description. The result is flow fields in the reactor and a visualization of the
waves at the reactor level.

° Simulation of tracer residence time in the water - modelled by the Species model. The result is RTD
curves of tracer to help capture the refining intensity depending on boundary conditions.

° Simulation of the inert gas blowing (spread bubbles in the water volume) - it is assumed that Discrete
Phase Model will be used in combination with the user function for bubble deleting from the level of the
water.

The current results of the research can be summarized into following conclusions:

° The flow results from numerical model are in a good agreement with the physical model results.
° The presence of the rotor largely influences the nature of the flow in the reactor. The rotor induces a

flow that is directed to the bottom of the reactor. This flow catches the incoming argon stream and
disperses it into bubbles.
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° Homogenization intensity of the water in the reactor was evaluated by RTD curves calculated by the
numerical model. It was found that the intensity of homogenization is dependent on the rotational speed
of rotor. Shorter residence times were detected at higher rotational speeds, consistent with the results
of physical modeling.

° Also, homogenization intensity varies depending on the rotor shape. The F2-A rotor has a more intense
homogenizing effect than the J8 rotor. This finding is consistent with the physical model in which shorter
refining times are achieved for the F2-A rotor.

The next phase of the research will be focused on the numerical description of inert gas blowing into the
reactor. The aim will be to find suitable parameters for comparison with the results of the physical model. These
parameters will be used to the correct description of the refining intensity by the numerical model.
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