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Abstract

Furnace treatment is an important step during molten aluminium
production by which the dissolved hydrogen and solid impurity
particles are removed. Conventionally, a chlorine/inert gas
mixture is used for this purpose injected into the molten metal via
a simple lance. In order to meet new requirements for furnace
emissions and improve efficiency, mechanical agitation through
an impeller is becoming more widely used. In this research, the
homogenization behaviour of both lance bubbling and mechanical
agitation by impeller has been investigated experimentally and
numerically. It can be concluded that under the same mean
specific energy dissipation rates, the velocity magnitude for
mechanical agitation process is about ten times bigger than that
for the lance bubbling process, and the mixing time for the
mechanical agitation process are much lower than that for the
lance bubbling process, so better cleaning or fluxing would be
expected.

Introduction

The mechanical properties of aluminium products very much
depend upon the cleanliness of the molten aluminium. The
cleanliness is normally measured by the hydrogen content, alkali
elements and non-metallic inclusions. When present in a cast
product, these gaseous and solid particles can cause a variety of
property changes including edge cracking in aluminium sheet
production [1], porosity formation during solidification [2],
reduction in the fatigue strength and increase in corrosion rate [3].
Traditionally a chlorine/inert gas mixture was injected into the
liquid aluminium through a static lance or steel wand sometimes
containing a porous plug. In this process, the gas, in the form of
discrete bubbles, rises to the top surface. Solid impurities may be
lifted to the melt surface after being wetted or may react with the
gas. Alakalis react with the gas to produce harmless salts which
rise to the melt surface and hydrogen is removed by diffusion into
the gas bubbles and burning off at when they reach the
atmosphere.. However this process generates large gas bubbles
which are not well distributed in the melt. This results in
ineffective mass transfer and reaction and therefore poor
utilization of chlorine gas. To compensate for the inefficiency of
furnace fluxing excess chlorine gas is used which leads to high
production costs and gives rise to a potentially severe

environmental problems as it leaves the reactor. In order to
improve the removal efficiency and use as little chlorine gas as
possible in industrial holding furnaces rotary gas/salt fluxing
technology (RGI/RFI rotary fluxing injection) has been
introduced [4]. The industrial implementation of the rotary
gas/salt fluxing technology has proven to give metallurgical and
environmental benefits over the traditional chlorine fluxing
process in terms of the emission requirements and removal
efficiency of dissolved hydrogen, alkali metals and non-metallic
inclusions found in molten aluminium [5]. In recent years
predicting homogenization using CFD has been achieved [6,7,8].
In this research physical modelling and CFD simulation of the
homogenization time has been measured using decolorization
experiments and predicted using CFX5.6 for both single lance
bubbling and the mechanical agitation process. The results
illustrat clearly that RGI/RFI mechanical agitation fluxing is
superior to the gas bubbling process.

Physical model set-up

The dimension of the industrial partners’ melting furnaces vary in
terms of the tonnage but they are all generally shallow and have a
large surface area in order to maintain good heat transfer between
the melt and the burners. In the current project a water tank
(Figure 1) which was a scaled down representation of a typical
industrial furnace was constructed. The laboratory 1 model was
used for both lance bubbling and mechanical agitation
system..The dimensions were: length 650 mm, width 254 mm
and height 130 mm. Water was chosen as the fluid because its
kinematic viscosity is similar to that of liquid aluminium [9]. Air
was assumed to be the best way of modelling the chlorine gas (or
the diluted mixture with nitrogen/argon) [10].

To simulate lance bubbling process the air was introduced through
a single lance (a glass tube with a bore of 1mm) positioned on the
centre line of the water tank (y=0) at a selected angle to the base
with the end positioned about z=10 mm from the bottom and
x=200 mm from one end of the longest dimension. For the
mechanical agitation process, the impeller was positioned at a
similar place as the lance, i.e. at a particular entry angle with the
middle of the end the shaft positioned at z=20 mm and x=200 mm
from one end of the tank. The impeller used Figure 2, is also a
scaled down version of an industrial impeller and has five blades
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and very high ratio between the blade thickness and impeller
diameter. Decolourization experiments, in which Na,S,0; was
added to the water using iodine as an indicator following
procedures described by Cronin and Nienow [11], were carried
out in order to compare the efficiency of gas bubbling and the
mechanical agitation process. The mixing time was measured by
recording the colour change.

In order to compare the effectiveness of mixing between the lance
bubbling and the mechanical agitation process, the mean specific

energy dissipation rate, §T , parameter was chosen to link the two
process. In the case of gas bubbling, the full thermodynamic
relationship for ET can be simplified for shallow liquids [12] to
give formula (1):

Er =8VsPy ()

For the case of the mechanical agitation, it is estimated by the
formula (2):
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Figure 1: Water tank used for lance bubbling and mechanical
agitation.

Figure 2: The scaled down impeller used for mechanical
agitation.

Numerical Simulation

In the present research Flow-3D and CFX5.6 were used to
simulate the process. Generally both codes used Navier-Stokes
equations to describe fluid flow. The set of equations solved are
continuity equation (3) and momentum equation (4):
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Where: p is the fluid density; U is velocity vector; P is the
pressure; O is identity matrix; Sy, is the momentum source.

In the case of lance bubbling the purge gas, in the form of
bubbles, is considered as a dispersed phase and based on
experimental observation an average bubble diameter 5 mm is
assumed. The dispersed phase zero equation is used for its
turbulence models. The water phase is the continuous phase. K-¢
is chosen for its turbulence model. Density difference and particle
model were chosen for buoyancy and interface transfer model.
The surface tension between the two phases is 0.073 N/m. In the
case of mechanical agitation, two domains are defined, one is the
rotating domain of impeller, and the other domain is the stationary
tank. Multiple frames of reference (MFR) technique was used to
connect the two domains involved. Particle image velocimetry
(PIV) was used to obtain instantaneous liquid velocities, in which
the water is seeded with small (~10um) buoyant particles and
illuminated with a plane sheet of laser light. As the particles have
nearly the same density as water, they act as flow followers in the
local transient velocity field without disturbing the flow itself. The
transient flow pattern of the liquid within the light sheet is
calculated from the displacement of the particles between
successive images of the flow field [13].

In order to predict the mixing time (T90 or T95), an additional
variable, marker, for water is created, and the volumetric source is
assigned for this additional variable. The marker concentration is
calculated by solving the generalized scalar transport equation (5):
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Where p is the water density, U is the water velocity, ¢ is the
additional variable, § . is volumetric source, D . is the kinematic

diffusivity for the additional variable, i is the turbulence
viscosity, S_ is the turbulence Schmidt number. Firstly steady

state simulations were carried out, then a transient simulation was
run based on the steady state results in order to predict the mixing
time. By comparing the value of this additional variable of
individual points with the average additional variable value, the
time for T90 and T95 can be decided. In the present research,
typically five monitoring points are defined within the tank (figure
3) of which one is in the middle part of the tank, two are in the left
side of the tank, and the other two are in the right side of the tank.
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Figure 3 Showing the five monitor points within the tank

Results and Discussions

Similarly to the dimensions of the water tank, the volumetric flow
rate is also scaled down based on the industrial operation data. In
the present research, the volumetric flow rate of single lance
bubbling process was chosen 1.0 1I/min. Based on formula (1) and
(2), for the same mean specific energy dissipation rates, the
equivalent impeller rotation speeds is 303 rpm. Figure 4 shows the
concentration profiles of the additional variable, marker, for the
five monitoring points (indicated in figure 3), and the average
value (466 kg/m®) for the lance bubbling process. From the figure,
it can be found that before 25 seconds or so, the additional
variable values for the monitor points at both ends are zero, this
means the mixing did not reach both ends of the tank. After 25
seconds, the additional variable values of the monitor points 2 — 5
gradually increase with time. It can be found that at the beginning
of the process, the value of monitor point 1 quickly reaches a very
high value, then gradually converges to an average of 466 kg/m’,
while the values of monitoring points 2 and 4 go above the
average value, and those of the monitor points 3 and 5 are always
lower than the average value. As the time increases the values of
these monitor points all converge to the average value. Since the
source of the additional variable is just under the top surface at the
lance tip position, the monitor point 1 is the nearest to it. So the
additional variable value at this point will quickly increase to a
high value at the beginning of the process. While for the monitor
points 3 and 5, they are a long way from the additional variable
source, and there are flow circulations (which are shown in figure
5) over there. So the additional variable values will slowly
increase to the average value.
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Figure 4 Additional variable values of monitoring points,
average, and T90 in the case of lance bubbling process.
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Figure 5 Velocity vector in XZ plane showing three
circulations in the flow field
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Figure 6 Contour plot showing additional variable, marker,
value at simulation time 1 second.
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Figure 7 Contour plot showing additional variable, marker,
value at simulation time 135 second.
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Figure 8 Mixing time for lance bubbling as a function of
addition position of the tracer at volumetric flow rate 1.0
I/min.
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Figure 9 Vector plot showing velocity magnitudes at six cross
sections for lance bubbling process at volumetric flow rate 1.0
I/min.

The total additional variable added at the source point is 10.0 kg,
so it can be calculated that the T90 and T95 are 420 and 443
kg/m®. According to the additional values in figure 4, it can be
calculated that the T90 and T95 are about 95 and 135 seconds.
Figure 6, 7 show the contour plots of the additional variable,
marker, values at the computational time 1 and 135 seconds. At
the beginning of the computation, the additional variable value
should be quite high at the source point, which is clearly shown in
figure 6. At 135 seconds most of the additional variable values are
over 443 kg/m® (figure 7). The mixing time measured from
decolourization experiments is 295 seconds. Two factors
contributed to the difference between the predicted and measured
mixing time. Firstly in the CFD model diffusivity is not taken
consideration and it is assumed that instantaneous mixing purely
depending on the flow field occurs. However in the
decolourization experimentsthe mixing time is also dependent on
the diffusion process. This can be verified in figure 8 which shows
the effect of changing the position of the addition point and show
different mixing times. Secondly only five monitor points were
defined in the present research, which is unlikely to demonstrate
the whole tank behaviour. So more CFD works need to be done to
investigate the effects of diffusivity and the number of monitor

points on the mixing time. Figure 9 shows the six cross sections (
150 mm, 250 mm, 330 mm, 410 mm, 490 mm, and 555 mm)
velocity vectors measured using PIV, and figure 10 shows the
three cross sections (330 mm, 410 mm, 555 mm) velocity contour
plots. It can be found that PIV measured data is in reasonable
agreement with CFD prediction.
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Figure 10: Velocity contour plot from CFD of three cross
sections for lance bubbling process at volumetric flow rate 1.0
I/min.

For the mechanical agitation process, the impeller shaft is inclined
at 45° relative to the liquid surface. Figure 11 shows the absolute
pressure distribution around the impeller blade. It can be found
that a high pressure is build up under the blade, and low pressure
above the blade. This is consistent if the impeller rotates
clockwise. Figure 12 shows the velocity vector plot measured
from PIV technique at the five selected cross sections (250 mm,
330 mm, 410 mm, 490 mm, 555 mm). Figure 13 shows CFD
predicted velocity contour plot at the three cross sections (330
mm, 410 mm, 555 mm). It can be found that the CFD predicted
velocity magnitude is higher than that measured from PIV
technique. The reason for this is PIV cannot measure the velocity
over the 20 mm range near the bottom of the tank. However for
the mechanical agitation process, the highest velocity appears to
be near the bottom of the tank. In order to compare the mixing
efficiency between the lance bubbling and the mechanical
agitation process the same decolourization experiment was also
carried out as that in the lance bubbling process and the mixing
time is 83.7 seconds which is much faster than that (295 seconds )
in the lance bubbling process. This can be explained from the
velocity field from figures 11 and figure 13. Even though the two
processes had the same mean specific energy dissipation rates, the
velocities for the mechanical agitation process are about twice
times bigger than those in the lance bubbling process. CFD
simulation was also carried out using liquid aluminium for the
mechanical agitation process, and figure 14 shows the predicted
velocity contour plot at the three cross sections (330 mm, 410
mm, 555 mm). Comparing the results with those in figure 13 for
water it can be seen that the absolute velocities overall are lower
for the aluminium because of the higher density relative to water
but the flow patterns are more or less the same.
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Figure 11: Pressure distribution on both sides of the blades
with impeller rotation 303 rpm.
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Figure 12 Vector plot showing velocity magnitudes at five
cross sections for mechanical agitation at rotating speed 303
rpm.

Conclusions

In the present work a laboratory water tank was set up based on
real industrial molten aluminium furnace dimensions. Both gas
bubbling and mechanical agitation process were simulated by cold
modelling and CFD analysis. The velocity fields measured by PIV
system were compared with CFD prediction it was found that at
the same mean specific energy dissipation rate and the same cross
section, the velocity magnitude for mechanical agitation process is
about ten times bigger than that for the lance bubbling process.
Experimental decolorisation tests also showed that the mixing
time of the mechanical agitation through impeller is much faster
than that for the lance bubbling process. CFD modelling of water
and aluminium were compared and although the velocities
predicted in aluminium were lower the velocity profiles were
similar. It can be concluded that the mechanical agitation through

impeller should give a better fluxing result than the conditional
lance bubbling process under the same mean specific energy
dissipation rate.
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Figure 13: Velocity contour plot from CFD of three cross
sections for mechanical agitation at the rotating speed of 303
rpm (water).
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Figure 14: Velocity contour plot from CFD of three cross
sections for mechanical agitation at the rotating speed of 303
rpm (liquid aluminium).
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