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Abstract: The presented paper deals with the use of physical modelling to study the degassing
process of aluminium melts in the refining ladle by blowing inert gas through a rotating impeller. For
the purposes of physical modelling, a plexiglass model in a scale of 1:1 is used for the operating ladle.
Part of the physical model is a hollow shaft used for gas supply that is equipped with an impeller and
two baffles. The degassing process of aluminium melt by blowing of inert gas is simulated at physical
modelling by a decrease of dissolved oxygen in the model liquid (water). This paper is aimed at

the evaluation of laboratory experiments that were obtained by the method of physical modelling.
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Emphasis has increasingly been placed on the melt refining processes for removing
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gases (hydrogen) [1-4], metallic impurities (sodium, calcium, lithium, etc.), and non-metallic
impurities (oxides, nitrides, borides, carbides, etc.) during processing due to the increasing
demand of aluminium casting quality. The method of blowing inert gas, so-called refining gas,
through a rotating impeller into the ladle presents the most common operational technology

Published: 6 February 2021 in order to reduce the content of impurities in a molten aluminium, e.g., hydrogen [5-7].

The degassing technology by using inert gas is based on the Sieverts Law. It is
possible to reduce the gas content in the melt by reducing its partial pressure in an inert
gas bubble, according to the Sieverts Law. The main optimization parameters are the
rotary impeller speed and the amount of blown inert gas [8-10]. The efficiency of this
rotary refining depends on the creation of fine bubbles with a high interphase surface,
wide-spread distribution, residence time of its effect in the melt, and mostly on the wide-
spread dispersion of bubbles into the whole volume of the refining ladle. This is most
affected by the rotary impeller speeds and the amount of blown inert gas. The geometry
of the impeller and its influence on the distribution and dispersion of inert gas bubbles,
the formation of vortices, and the overall homogenization of the melt is also an equally
important parameter [11-13].

The optimisation of the degassing process is difficult under operating conditions.
Therefore, in laboratory conditions, so-called modelling is used, where the original proto-
type is replaced by a model. The technology of modelling is divided to two basic methods.
In numerical modelling, the process is described by a mathematical model that is formed
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of a system of partial differential equations. In the case of physical modelling, a method is
used in which the real system is replaced by a tangible physical model, which is as close as
possible to the behaviour of the real system. The basis of physical modelling consists in
the targeted utilisation of the similarities of the processes that take place within the actual
device and its model. In this method, both the prototype and the model have the same
physical basis. Thus, the fluid flow is modelled again by the fluid flow, but on a certain
scale of lengths, velocity volume flow rates, viscosities, etc. The condition for the transfer
of results from the model to the work is the similarity of the processes taking place in the
model and the work. One of the advantages of physical modelling is the possibility of
visualising processes that contribute to understanding the processes taking place in real
systems. The results achieved on the model can predict the real system behaviour in the
course of various process changes [14-18].

The aim of the present article is the introduce on the evaluation of methodical labora-
tory experiments aimed at the proposal and testing of the developed methods of degassing
during physical modelling.

2. Experimental Conditions of Physical Modelling

Experiments investigating the degassing of the metal melt by inert gas in refining ladle
were performed in the Laboratory of Physical and Numerical Modelling at the Department
of Metallurgy and Foundry, FMT (Faculty of Materials Science and Technology), of the
VSB—Technical University of Ostrava. The physical model was made of transparent organic
glass (plexiglass) in a 1:1 scale to the real equipment (prototype) for the refining of molten
aluminum with a ladle inner diameter of 800 mm. Additionally, two graphite baffles for
suppressing excessive surface ripple and vortex formation were included in the physical
modelling. Figures 1 and 2, above, show a physical model assembly. Figure 3 shows the basic
dimensional data of the physical model, including the location of the measuring probes.

Five variants of impellers, referred to as F2A 190, F2A-Z 190, J8 190, J8-Z 190, and
J8-ZD 190, were used for modelling (see Figure 4). These impellers were supplied by JAP
INDUSTRIES, s.r.0.
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Figure 1. View of the physical model assembly with accessories.
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Figure 4. The impellers used for modelling: (a) F2A 190; (b) F2A-Z 190; (c) J8 190; (d) J8-Z 190; and, (e) J8-ZD 190.
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The impeller F2A 190 has side and lower exhaust of blown gas, F2A-Z 190 has only a
side exhaust of blown gas—between the side protrusions. The impeller J8 190 has a lower
single-hole gas exhaust, the impeller J8-Z 190 also has lower exhaust, but in a configuration
of eight smaller holes between the individual ribs while the impeller J8-ZD 190 has these
exhaust holes in the side wall of the central cylindrical part.

The change of the impeller immersion was solved by a hydraulically controlled platform,
on which the physical model of the ladle was placed. Rotary impeller speeds (revolutions
per minute; rpm) were controlled by using an asynchronous motor, which was powered
by alternating current with variable frequency from an inverter. The model also included
pressure bottles with oxygen and argon. Needle regulate valves, three-way valve, and mass
flowmeters were used to measure and regulate the flow of gases—oxygen and argon [1].

The decrease of hydrogen content in molten aluminium during refining with inert
gas is simulated at physical modelling by a decrease of dissolved oxygen in model liquid
(water). The main advantage of using water is primarily its low cost, good availability, and
especially because of the fact that it has similar physical properties as liquid aluminium.
The dynamic and kinematic viscosity of aluminium and water can be considered to be very
close. Table 1 shows a comparison of the basic parameters of aluminium and water.

Table 1. Comparison of basic physical parameters of the aluminium melt and water [1,14].

Parameter Aluminium Water
Temperature—T (K) 1023 293
Density—p (kg-m~3) 2345 998.5

Dynamic viscosity—n (kg~m*1-s*1) 0.00120 0.00101
Kinematic viscosity—v (m?-s~1) 0.51 x 107 1.012 x 10~°
Surface tension—o (N-m~1) 0.680 0.072

Laboratory experiments were conducted in accordance with the theory of similarity
between the model and the prototype, based on the identity of Froude’s criterion. It is
necessary to observe, in particular, geometrical similarity of the prototype and its model,
and the dynamic similarity of fluid in prototype and in its model. Before each experiment,
water was saturated with gaseous oxygen to the value of 23 ppm (23 mg O,-1~! of water)
through the rotating impeller. The actual experiment started with exact rotary impeller
speeds and flow rate of argon. Two optical fluorescent probes were used for the continuous
measurement of oxygen content in the model bath (water). These probes were capable of
recording dissolved oxygen content up to 26 ppm.

During the rotating and blowing of inert gas, there is an intense formation of gas—
liquid mixture with very fine bubbles, which increases the refining efficiency.

Under normal operating conditions, baffles are commonly used to prevent dangerous
surface ripple and vortex formation. For this reason, two baffles were used on the physical
model during the experiments.

The main aim of physical modelling was to achieve insight into the effect of relevant
parameters (see Table 2) on the removal of dissolved oxygen during refining. The research
concentrated on:

rotary impeller speeds,

flow rate of inert gas,

impeller variant, and

distance of the impeller from the bottom of the refining ladle.
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Table 2. Overview of experimental conditions for physical modelling of refining process in the ladle.

Impeller Variant F2A 190 F2A-7Z 190 J8 190 J8-Z. 190 J8-ZD 190
Distance of the impeller 150 150 150
(mm) 250 150 250 150 250
Volume flow rate of Ar 10 10 10 10 10
(NI-min—1) 15 15 15 15 15
Rotary impeller speeds 350 350 350 350 350
y (rp - P 500 500 500 500 500
P 650 650 650 650 650

3. Results and Discussion

The evaluation of the experiments was carried out in three phases. In the first phase,
results were compared by the use of combined graphs, in the second phase, the results
were compared on the basis of the requirements for reaching a dimensionless concentration
in the bath (in this case, 0.5 and 0.1) and, in the last evaluation phase, visualization photos
were taken, where the size of bubbles and the distribution of these bubbles into the volume
of the refining ladle were studied.

3.1. The Comparison of Experiments by Use of Combined Graphs

Combined graphs present the time dependence of the oxygen concentration changes
during refining by inert gas. Two optical fluorescent probes were used to measure the
dissolved oxygen concentration in water (Al—upper probe, A2—lower probe), as already
mentioned. The analysis of the results revealed that the course of change in the oxygen
concentration indicated by these probes is practically identical. This behaviour was evident
in all experiments, due to the high rate of turbulence, which caused an almost homogeneous
concentration field across the entire refining ladle model volume. Values from the lower
probe A2 were used at the next evaluation due to this behaviour.

3.1.1. The Influence of Rotary Impeller Speeds and Flow Rate of Inert Gas for the
Individual Impellers

The influence of rotary impeller speeds and flow rate of inert gas was monitored for 350,
500, and 650 rpm values at a constant flow rate of inert gas of 10 and 15 NI-min—! and the
distance of the impeller from the bottom of the ladle of 150 mm. Figure 5 shows the graphs
with the results of the individual impellers F2A 190, F2A-Z 190, J8 190, J8-Z 190, and J8-ZD 190.

From the graphs that are shown below, a significant effect of increased rotary impeller
speeds on the process of reduction of oxygen content is demonstrated. The increased flow
rate of inert gas also has an influence. The dependence on gas rate can be seen in the
different steepness of curves at the same rotary speed.

The graphs show that it is possible to trace a simple connection between an increase in
rotary speeds and the flow rate of inert gas. The same positive effect as the increase rotary
speeds by 150 rpm can also be approximately achieved by increasing the flow rate of inert
gas from 10 to 15 NI-min~! without changing the rotary speeds. It follows that the highest
efficiency was achieved at a rotary speed of 650 rpm and a flow rate of inert gas of 15 Nl-min~!.

The comparison of individual graphs shows that the impeller F2A-Z 190 achieved
worse results than the impeller F2A 190. For the J8 variant impellers, the plots show that
the impeller J8-Z 190 achieved similar results and the impeller J8-ZD 190 had significantly
better results when compared to the impeller J8 190.
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Figure 5. Influence change of rotary impeller speeds an flow rate of inert gas for the individual impellers: (a) F2A 190; (b)
F2A-Z 190; () J8 190; (d) J8-Z 190; and, (e) J8-ZD 190.

3.1.2. The Comparison of Individual Impellers

This part deals with the comparison of impellers F2A 190 and F2A-Z 190 and impellers
J8 190 and J8-ZD 190 at rotary speeds 350, 500, and 650 rpm at a constant flow rate of inert gas
of 10 and 15 NI-min~! and the distance of the impeller from the bottom of the ladle 150 mm
(see Figure 6).

The comparison of graphs shows that the impeller F2A-Z 190 achieved worse results
than the impeller F2A 190 under all of the experimental conditions. This is mainly due to
the geometry of the impeller, which caused the effect to be lower in this embodiment of the
impeller. This may be related to the poorer distribution of argon bubbles to the bath, and a
consequent reduction in the effect of refining process under the impeller itself, where, in the
case of the impeller F2A-Z 190, the occurrence of bubbles was lower. The graphs also show
that the impeller J8-ZD 190 achieved better results when compared to the impeller J8 190.
The geometry of the impeller J8-ZD 190 causes a more even distribution of the bubbles of the
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blown inert gas, which were additionally dispersed into very fine bubbles by the lower ribs of
the impeller, which had a positive effect on the better refining effect of this impeller.
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Figure 6. Comparison of individual impellers: (a,c,e) F2A 190 and F2A-Z 190; (b,d,£) J8 190 and J8-ZD 190.

3.1.3. Effect of Impeller Distance from the Ladle Bottom

The distance of the impeller from the bottom of the ladle has a very important effect
on the promotion of an even distribution of inert gas in the volume of the refined bath.
At a greater distance from the bottom, the effect of refining may be less pronounced; at a
shorter distance from the bottom, there may be a risk of increased lining erosion due to
excessive turbulence and rotation of the bath near the bottom of the ladle.

Figure 7 shows graphs documenting the effect of the distance between the impeller
and the bottom of the model for 150 and 250 mm, at a rotary speeds of 500 rpm and a flow
rate of inert gas of 10 and 15 NI-min~1, for impellers F2A 190, ]8 190, and J8-ZD 190.

The graphs presented below clearly show that the increase in the distance of the
impeller from the bottom of the ladle from 150 to 250 mm was reflected in a decrease
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in refining efficiency, respectively, in increasing refining times. A similar course was
confirmed at a rotary speeds 350 and 500 rpm.

2 ST— — 24

2 =500 rpm; 10 NI'min%; 250 mm 2 \ | =500 rpm; 10 NI‘min%; 250 mm
20 —500 rpm; 10 NI-min™%; 150 mm 20 \ —500 rpm; 10 NI'-min™; 150 mm
g 18 500 rpm; 15 NI-min™%; 250 mm g 18 \ T | 500 rpm; 15 NI-min™%; 250 mm
=" =
& 16 \ —500 rpm; 15 NIl:min'%; 150 mm o 16 \ —500 rpm; 15 NI:min%; 150 mm
€ 14 € 14
2 2
§ 12 § 12
5 10 5 10
s ! ! s : {
td b
C ¢ | C
a 4
o) T 2 | -Nh.-l
: \ : : \'

0 100 200 300 400 500 600 700 800 900 1000 1100 1200 0 100 200 300 400 500 600 700 800 900 1000 1100 1200

Time, s Time, s
(a) (b)
24 e —

2 ==500 rpm; 10 NI'-min%; 250 mm
20 ——500 rpm; 10 NI-min%; 150 mm
E_ 18 500 rpm; 15 NI'min™%; 250 mm
e 16 —500 rpm; 15 NI-min™; 150 mm
E 14
2
§ 12
s 10
o
£ s |
%
S \
a o
2 \_
B | e,
0 100 200 300 400 500 600 700 800 900 1000 1100 1200
Time, s
()

Figure 7. Influence of the distance of the impeller above the bottom of the ladle for the impellers: (a) F2A 190; (b) J8 190;
and, (c) J8-ZD 190.

3.2. Comparison of the Results Based on the Time to Reach the Dimensionless Concentration

For an easier interpretation and graphical comparison of the achieved results of the given
experiments, the times 7y 5 and 71 are compared. These times represent times under which
the initial oxygen concentration in the bath was reduced at 50% and 10%, respectively, in
other words, in which dimensionless concentrations Cyx = 0.5 and Cy = 0.1 were achieved. The
dimensionless concentration Cy is calculated, according to Equation (1):

Cx = CT/Cint (1)

where

C+ oxygen concetration in the bath (ppm)

Cint initial concentration at beginning of the experiment (standardized to 23 ppm)

The time 15 and 11 is the time during which the original concentration of 23 ppm
drops to 11.5 ppm and analogously to 2.3 ppm. Therefore, these parameters can characterise
the rate of reduction of content of oxygen dissolved in the bath.

The above comparison was made in summary for the main monitored parameters:

e rotary impeller speeds, volume flow rate of inert gas, and impeller geometry, and
e  distance of the impeller from the bottom of the ladle.
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3.2.1. Influence of Rotary Impeller Speeds, Volume Flow Rate of Inert Gas and Impeller
Geometry

Figure 8 shows the significant effect of rotary speeds and volume flow rate of inert gas
on both values 75 (a) a 7o (b). As the rotary speeds (350, 500, 650 rpm) and flow rate (10,
15 NI-min 1) increase, both 15 and 7y, decrease. Again, there is a clearly visible trend, in
which approximately the same positive effect as an increase in rotary speeds of 150 rpm at a
constant flow rate can be achieved by increasing the flow rate of inert gas from 10 to 15 Nl-min !
without changing the rotary speeds.
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Figure 8. Comparison of the influence of rotary speeds, volume flow rate of inert gas and impeller geometry at a constant

distance of the impeller from the bottom of 150 mm on the values: (a) 19 5; (b) Tg 1.

From both of the graphs, it is also clear that the best results were achieved by the
impeller F2A 190. Its modification F2A-Z 190 showed worse results. The results of using the
impeller J8 190 indicate that its refining efficiency is the worst of the compared impellers;
the modification J8-ZD 190 brought a positive effect as compared to the J8 190; however,
even this modified type does not achieve the results of the impeller F2A 190.

3.2.2. Influence of the Distance of the Impeller from the Bottom of the Ladle

The increase in the distance of the impeller from the bottom of the ladle from 150
to 250 mm (see Figure 9) was reflected in an increase in the values of Ty 5 a 791 under all
conditions of experimental and for all impellers used. However, these increases are not so
significant to significantly extend the total time of refining.

1100

EF2A 190 [@J8190 WJ8-ZD 190 | 1000 | OF2A190 ©J8190 HJ8-ZD 190

900

800
700
600

M 500
400
300 —
200 —+ 1 ——
100

o | 0 o |

Time, s

10 NI-min™%;
150 mm

10 NlI'min™; 15 Nl'min™; 15 Nl-min%; 10 Nlmin™; 10 Nl-min™; 15 Nl-min™; 15 Nl-min™;
250 mm 150 mm 250 mm 150 mam 250 mm 150 mm 250 mm

(a) (b)

Figure 9. Comparison of the influence of the distance of the impeller from the bottom of the ladle at the volume flow rate of

inert gas 10 and 15 NI-min~—?! on the values: (a) Tg5; (b) T 1.
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The obtained experimental data were checked, and it can be said that the curves
correspond to the exponential dependence of ¢ = ¢,.eX* with an exponent in the range of
—0.003 to —0.009. It can also be seen from the columnar graphs that the time 7 is three
times higher than the time T( 5 in most of the variants.

3.3. Visualization Monitoring

During the experiments, photos of the bath behaviour inside the model were taken,
from which the fluid flow and the amount and distribution of inert gas bubbles could
be evaluated. The impellers F2A 190, F2A-Z 190, J8 190, and J8-ZD 190 were used for
visualisation, at rotary speeds of 350, 500, and 650 rpm and a volume flow rate of inert gas
of 10 and 15 Nl-min ™.

Figures 10 and 11 show the selection of the bath behaviour using the above-mentioned
impellers and a volume flow rate of inert gas of 10 N1-min~! at the distance of the impeller
from the bottom of 150 mm.

Figure 10. Visual images of the flow of gas in the bath at the volume flow rate of inert gas of 10 Nl-min~: (a) F2A 190-350 rpm;
(b) F2A 190-500 rpm; (c) F2A 190-650 rpm; (d) F2A-Z 190-350 rpm; (e) F2A-Z 190-500 rpm; and, (f) F2A-Z 190-650 rpm.
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(f)

Figure 11. Visual images of the flow of gas in the bath at the volume flow rate of inert gas of 10 Nl-min~': (a) J§ 190-350 rpm;
(b) J8 190-500 rpm; (c) J8 190-650 rpm; (d) J8-ZD 190-350 rpm; (e) J8-ZD 190-500 rpm; and, (f) J8-ZD 190-650 rpm.

In these photos, the effect of increasing rotary speeds that range from 350 to 650 rpm
is evident, with the more intense distribution of bubbles throughout the refining ladle
volume, as well as a higher level of bath surface ripple in the refining ladle.

With the impeller F2A 190, intense swirling and increased bubble concentration can
be observed not only on the sides of the impeller, but also below it, especially at higher
rotary speeds. The formation of an intense vortex is also visible under the impeller, and in
regular cycles also large rotating cavities that are filled with inert gas. These cavities break
at about three-second intervals and then divide into a large number of small bubbles.

From the photos, it is clear that the rotation of liquid also exists under the impeller
F2A-7Z 190, but the formation of the cavity is less intense, the concentration of bubbles under
the impeller is lower as compared to the impeller F2A 190. This behaviour apparently
related the impeller F2A-Z 190 to be less efficient than the impeller F2A 190.

With the impeller J8 190, we can also observe the formation of cavities that are filled
with inert gas, even at low rotary speeds of 350 rpm. If the size of the rotating cavity
exceeds the critical size, the cavity will break to form a large number of small bubbles.

The design of the impeller J8-ZD 190 was based on the requirement to limit the
formation of these cavities under the impeller. Indeed, the behaviour of the bath during
refining confirmed a lower occurrence of cavities, which only formed at a higher rotary
speeds of 650 rpm and in even smaller volumes. The better distribution of inert gas
bubbles in the space of the refining ladle also led to a better efficiency of this impeller when
compared to the impeller J§ 190.
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Attention was also paid in the visualisation experiments to the influence of the distance
of the impeller from the bottom of the refining ladle (see Figure 12). The evaluation of the
course of the dissolved oxygen content showed that the increase of this distance from 150 to
250 mm was reflected in a decrease in the efficiency of refining, respectively, in increasing
refining times.

.(b),

Figure 12. Comparison of the bath behaviour in the ladle under the same conditions at the distance
of the impeller from the bottom of the ladle: (a) 150 mm; (b) 250 mm.

A possible explanation can be, as follows. At low rotary speeds, large bubbles form,
which arise in the immediate vicinity of the impeller and then float to the surface. By
shifting the point of formation of these bubbles by another 100 mm upwards, the volume of
melt that is able to react with the bubbles of inert gas is reduced, which leads to a reduction
in the efficiency of refining. At increased rotary impeller speeds, which lead to increased
melt turbulence and vortex formation, this difference in efficiency decreases.

4. Conclusions

Degassing (a reduction of hydrogen content) in aluminium-based melts was simulated
in physical modelling by the process of reducing the dissolved oxygen content in water at
a temperature of 20 °C. Its concentration in the water bath was measured while using two
fluorescent probes.

The experiments were conducted under laboratory experiments in order to determine
and evaluate the effect of each parameter on the efficiency of the melt refining process. The
ability to influence the efficiency of the process was compared for individual parameters.
These parameters include the rotary impeller speed, the volume flow rate of inert gas, the
height of the impeller above the bottom of the ladle, and the geometry of the impeller.

The evaluation of the experiments was carried out in three phases. In the first phase,
experiments were performed, which were focused on the influence of individual parame-
ters on the behaviour of oxygen during refining, which were then used to create combined
graphs. In the second phase, the results were compared on the basis of the time to reach
the dimensionless concentration of 0.5 and 0.1 in the bath. In the last phase, visualisation
photos were taken, where the size of the bubbles and the arrangement of these bubbles in
the volume of the refining ladle were examined.

Based on the results that were obtained from experimental measurements, the follow-
ing findings can be formulated:
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e  The rotary impeller speed has a very significant effect on the efficiency of the whole
bath degassing process. The increased flow rate of inert gas also has an influence.

e Approximately the same positive effect as the increase rotary speeds by 150 rpm
can also be achieved by increasing the flow rate of inert gas from 10 to 15 Nl-min~*
without changing the rotary speeds.

e  The comparison of impellers F2A 190 and F2A-Z 190 shows that the impeller F2A-Z
190 achieved worse results than the impeller F2A 190 under all of the experimental
conditions. This is mainly due to the geometry of the impeller.

e  The impeller J8-ZD 190 achieved better results when compared to the impeller J8 190.
The geometry of the impeller J8-ZD 190 causes a more even distribution of the bubbles
of the blown inert gas, which were additionally dispersed into very fine bubbles by
the lower ribs of the impeller.

e  The results clearly show that the increase in the distance of the impeller from the
bottom of the ladle from 150 to 250 mm was reflected in a decrease in refining efficiency,
respectively, in increasing refining times.

e  The comparison of values T 5 a T¢ 1, ie. times during which the oxygen concentration
in the bath was decreased to 50% resp. 10% of the initial value, led to the conclusion
that the best results were achieved by the impeller type F2A 190.

e  During the experiments, photos of the bath behaviour inside the model were taken.
The effect of increasing rotary speeds that range from 350 to 650 rpm is evident, with
the more intense distribution of bubbles throughout the refining ladle volume.
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