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THE HYDRODYNAMIC OF THE SYSTEM: LIQUID ALUMINIUM
ALLOY — REFINING GAS

HYDRODYNAMIKA W UKLADZIE: CIEKLY STOP
ALUMINIUM — GAZ RAFINUJACY

The influence of the flow rate of refining gas on the bubble creation process and
the bubble shape was presented. Schemes of gas dispersion in liquid metal in comparison
with the model data were shown. The influence of the flow rate of refining gas on the
hydrogen removal process from aluminium (final hydrogen concentration) was presented
taking into consideration the refining process of AlSi7Mg alloy. The equivalent bubble
diameter was presented. Basing on this equation the calculation of bubble diameter, average
bubble diameter and optimal refining time was done.

W pracy przedstawiono wplyw natg¢Zenia przeplywu gazu na proces tworzenia si¢
pe¢cherzykéw gazowych oraz ksztalt tychze pecherzykéw. Przedstawiono cztery rézne sche-
maty przeplywu gazu w cieklym metalu i ich stopiefi dyspersji. Modele te zestawiono z
wynikami badari do§wiadczalnych przeprowadzonych w IMN — OML w Skawinie. Wplyw
natezenia przeplywu gazu na proces usuwania wodoru z aluminium (st¢zenie wodoru po
procesie rafinacji) przedstawiono dla wynikéw uzyskanych w procesie rafinacji stopu Al-
Si7Mg. Przedstawiono réwnanie pozwalajace wyliczyé wielko§¢ optymalnego czasu rafinacji
$rednicy pecherzykéw gazowych dla danego procesu rafinacji w zalezno$ci od nat¢Zenia
przeplywu gazu rafinujgcego oraz Sredniej §rednicy pecherzykéw gazowych.

1. Introduction

In metallurgy the quality of the liquid metal has the biggest influence on the quality
of the final products. The amount of metallic and non-metallic impurities has great
impact on the next stages of technological processes like casting, plastic working, heat
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treatment, etc. Because of this the refining process is considered to be one of the basic
technological stages.

In the metallurgical industry, and especially in aluminium production the barbotage
method of refining process is very popular and this method can be the leading one
[1, 2]. Today the most popular are refining reactors with impellers which can generate
small gas bubbles. A rotary impeller causes also the metal bath to be stirred well.
There are two basic hydrodynamics parameters: the flow rate of refining gas and the
mixing of refining gas (due to the rotor action) that influences good stirring of metal
and generation of small gas bubbles. For this reason the studies on the hydrodynamic
conditions of system: liquid metal/alloys — refining gas are of considerable value.

2. Hydrodynamics of barbotage

The flow rate of refining gas influences on the shape of gas bubbles and on the
process of their creation. The Figure 1 shows the influence of flow rate of refining gas
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Fig. 1. The influence of the flow rate of refining gas on the bubble creation process [3]

on the process of gas bubble creation. In the range q; to q3 we can observe the free
movement of gas bubbles. When the flow reaches the limiting value g3 we observe the
creation of bubble chain and then the space between bubbles disappears and bubbles
can be deformed. The flow rate equal to (qs4) causes that the films between bubbles
are broken. After reaching value qs and g bubble 1 hits bubble 2 and then we can
observe their disintegration. Thus the creation of patch of bubbles that have different
diameters is possible. Gas bubbles and liquid drops moving in the liquid phase have
the determined shapes. We can distinguish the six different shapes (Fig. 2a):

1. spherical,

2. ellipsoidal,

3. dimpled ellipsoidal cap,
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4, skirted,

5. spherical cap,

6. wobbling.

Fig. 2 shows the regimes of persistence of determined shape of bubbles or drops
depending on physicochemical properties (density, surface tension, viscosity) and hy-
drodynamic conditions (flow rate of refining gas, nozzle diameter).

'O O LD

Reynolds® number Re

10°E 7 L A AR LI B R 1L N e RALLL )
E IogM.(:h./

10‘§ /"/
: s

-
T T T

10

X
N

Z

]
1B @ E
o LS
h ]
) L)
kAL LLLLLLLL DTS L
1 10 100 1000

\Qu
N

Eotves® number Eo

Fig. 2. a) Shapes of gas bubbles and liquids drops moving in liquid phase, b) regimes of persistence of
determined shape of these bubbles and drops 1 — spherical, 2 — ellipsoidal, 3 — dimpled ellipsoidal
cap, 4 — skirted, 5 — spherical cap, 6 — wobbling [4]

The analysis of shapes of gas bubbles presented in Fig. 2 leads to conclusion that
it is necessary to introduce the equivalent bubble diameter de. It is the diameter which
the bubble would have if it was a spherical one. The equivalent diameter is described
by three criterial numbers:

D> Reynolds’ number Re,
> Eotvos® number Eo:

Eo=(g-Ap-d))o 1)
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> Morton’s number Mo:

Mo = (g 1" - Ap)(p* - o), 2

where: g — gravitational constant, m/s?, p — density of liquid metals, kg/m*, o —
surface tension of liquid metals, N/m, d. — equivalent gas bubble diameter, m,  —
viscosity of liquids, Pa-s.

Three main ranges of flow rate of refining gas can be distinguished, which correspond
to the different shapes of gas bubbles:

L.

At low flow rate of refining gas (Fig. 1 q;-q2) — Reynolds’ number Re<2, the
spherical bubbles are created without inner gas circulation. Their diameter depends
on the nozzle diameter and the physical properties of the liquids and are independent
on the flow rate of refining gas [5, 6]. The following relationship is valid for this

range [7, 8]
de . (6 o dd), (3)
p-g

where: dq — nozzle diameter, m.

Moderate flow rate of gas:

a) At Reynolds’ number within the range 2<Re<400. The spherical bubbles are
formed (Fig. 1 q3). Their diameters depend on the physical properties of the
liquid and can be estimated from the Mersen’s relationship [9]:

0.333
a-d 9.02. d2 2.4 \%3
de _ {(3 o w)+( Z- g2w + Ky - q gdw) , (4)

p-8 P
where: d,, — inner nozzle diameter, m, q — flow rate of refining gas, m3/s,
Km — a constant.
b) Reynolds’ number: 400<Re<5000. In this range bubbles become deformed un-
der the action of liquid phase drag forces and take the shape of skirted or

spherical caps (Fig. 1 g4 and gs). The equivalent bubble diameter can be de-
termined from Davidson‘s and Amick ‘s relationship [10]:

do=054-(q-\da) . 5)

High flow rate of refining gas (Fig. 1 gqs and q¢), Reynolds’ number larger than
5000. Shortly after leaving the nozzle exit the bubbles merge to create the chain and
the space between them is reduced. The shape of bubbles remains the spherical,
the equivalent diameter depends on the flow rate of refining gas and is independent
on the nozzle diameter and the physical properties of the liquids. The equivalent
bubble diameter in this range can be determined after Leibson’s et al. relationship
[11, 12]:

d, = 0.71 - Re~005 | (6)



883

For the moderate flow rate of refining gas the equivalent bubble diameter, which
is in range 0.005 to 0.015 m — is dependent only on the flow rate of refining gas.
Bubbles of very small diameter (0.005-0.007 m) are mostly spherical one (Fig. 2.1).
When the flow rate of refining gas is risen up bubbles diameter is between 0.008-0.010
m and they are ellipsoidal (Fig. 2.2) or dimpled ellipsoidal cap (Fig. 2.3). The shape
of spherical cap (Fig. 2.5) is typical for bubbles which diameter is larger than 0.010.
If bubbles diameter is still rising up shape of bubbles would be wobbling (Fig. 2.4,
2.6), and the chain flow is possible (Fig. 1 gs, qe).

The reactors with impellers generate small gas bubbles ranging from 0.005 m to
0.015 m. In small bubbles the surface film is motionless and they move their linearly.
In larger bubbles the inner circulation of gas is observed, which causes the rise of gas
velocity. The scheme of this phenomenon is presented in Fig. 3.

OMTDCI

Fig. 3. The inner circulation in gas bubble [3]

3. Physical model

Fig. 4 presents four different flow patterns of gas bubbles in liquid metals classified
by Oldshue [13] and the corresponding ratios of dispersion. In the process of
hydrogen removal from liquid aluminium the gas bubbles generated in reactors with
impellers can be uniformly dispersed in whole volume of metal (Fig. 4d). This can
lead to the low level of impurities and shorter time of degassing. That can be effected
when we choose the right process parameters, mainly the rotation speed and the flow
rate of refining gas.

Fig. 5 shows examples of results obtained in the study, where water models were
used for checking the dispersion of gases and effectiveness of the oxygen removal from
water. This is an analogy to the hydrogen desorption from aluminium. These research
was done in IMN — OML in Skawina [14]. The size of the experimental chamber are
the same (diameter 0,5 m, height 0,7 m) as the industrial melting crucible.
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Fig. 4. Flow pattern of gas bubbles in liquid metals and their ratio of dispersion [13]
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Fig. 5. The ratio of refining gas dispersion in liquid aluminium (modeling researches) a) q = 5 dm®/min,
no rotor rotation; b) q = 25 dm>/min, no rotor rotation; ¢) q = 2 dm*/min, rotor rotation: 250 rpm; dO q
= 5 dm®/min, rotor rotation: 350 rpm [14]

4. Mathematical model

For the system: hydrogen dissolved in liquid aluminium — purging gas the labora-
tory studies were carried out [15, 5, 16] as well as the experiments of refining process
in industrial conditions [1, 2]. In both cases it was found that the hydrogen degassing
from liquid aluminium by purging gases has a diffusional character i.e. is controlled by
mass transport in the liquid metallic phase. Using the available mathematical models
for the description of this process [1, 2, 17, 18] the equation for calculation the final
hydrogen concentration after refining in batch reactors can be written in following
form:

¢ _k-p~A_
Ci—exp( i t), @)

where: t — refining time, s, k — mass transfer coefficient, m/s, p — density of liquid
aluminium, kg/m3, A — interfacial contact area of bubbles in melt, m?, ¢, — final
hydrogen concentration after degassing, % mas., c; — initial hydrogen concentration,

% mas., M — mass of liquid melt, kg.
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In the analysis of hydrogen degassing process it is essential to estimate the value of
the interfacial contact area. For the spherical cap rising up from the single nozzle we
can use the following equation:
6-q-h

A= u-d’ ®
where: h — height of liquid aluminium, m, u — bubble rise velocity, m/s, d — gas
bubble diameter, m.
To calculate the interfacial contact area for gas bubbles of different shapes we can
use complex relationships [19, 20]. However, this procedure requires many data which
are difficult to estimate. In the industrial reactors the gas is as a rule introduced to
aluminium by rotors (rotating nozzle). This cause that gas bubbles are very well mixed
with liquid metal and this fact let many authors [5, 17, 18, 21, 22] use the equation (8)
to calculate the interfacial contact area. Because the shape of gas bubble are different,
the equivalent bubble diameter is introduced to this equation. The surface area at the
top of the melt can be neglected because of fact that: the values of the interfacial
contact area of bubbles in melt and mass transfer coefficient on the boundary: bubble
— metal phase are significantly higher than at the surface area at the top of the melt,
the driver force of process at the surface area at the top of the melt is significantly
smaller than on the boundary: bubble — metal phase. This assumption was verified
by the laboratory experiments and industrial observation [23].
In the mathematical description of hydrogen degassing from liquid aluminium one
needs to know relationships for density of liquid aluminium p, mass transfer coefficient
k and the gas bubble rise velocity u. The analysis and selection of these parameters
were done in earlier works [1, 2], and the following relationships were deduced:

a) density of the liquid alloy:

p=2368-263-10"-(T-T)) ®
b) gas bubble rise velocity:

g'de

u=102 (10)

¢) mass transfer coefficient:

k = 0.0122 - ¢ 246856RT) (4113770 (11)

where: T, — temperature of melting, K, g — gravitational constant, m/s?, R — gas
constant, J/K.mol.

To estimate the equivalent gas bubble diameter we assume that the volume of refining
gas which is introduced to reactor is constant:

V =q - t = constant. (12)
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This means that in case of 10 minutes refining period the following gas volumes are
obtained for corresponding flow rates:

a) q =10 Vmin - V = 0.1002 m®

b) q =15 Vmin — V = 0.1500 m?

¢) q =20 I/min — V = 0.2040 m®.

In this case the ratio of hydrogen concentration after degassing to hydrogen concen-
tration before degassing can be written as a function of equivalent bubble diameter.
Combining equation (7) and equations (8) to (12), we can get the following relationship
describing this ratio:

Cp Lk p'h _2969.16 -1.75
p —exp( 0.011 i exp( T d, Vl]. (13)

5. Experimental work and results

Refining of the AISi7Mg alloy (0.18% Fe; 7.69% Si; 0.22% Mg) was carried out
in IMN — OML Aluminjum Foundry in Skawina with the use of reactors with stirring
rotor URO — 200. The scheme of this rotor is presented in Fig. 6. Argon was used as a
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Fig. 6. a) Reactor URO — 200 using for the refining process of aluminium and its alloys b) the scheme
of its working [24]

purge gas. The temperature of liquid alloy was 993 K. The height of liquid aluminium
was 0.45 m. The batch of aluminium was melted in Monometer’s resistance furnace of
about 300 kg capacity. The refining process lasted 10 min, the flow rate of refining gas
was in range from 10 through 15 to 20 dm>/min. For these conditions the equivalent
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gas bubble diameter was assumed as 0.005 to 0.0100 m. The hydrogen concentration
in liquid metal was carried out using LECO RH 402 apparatus.
Table 1 presents the influence of flow rate of refining gas on the degassing process
(final hydrogen concentration) and on the bubble gas diameter. The value of cyca)
which are the closest to experimental data are marked with grey color. This allowed
us to estimate the bubble size at the determined value of flow rate of refining gas.
Assuming that the volume of refining gas is constant (12) we can use the equation (13)
for the estimation the equivalent gas bubble diameter. For the alloy AlSi7Mg we can
introduce into this equation the process parameters: M=300 kg, h=0.45 m, p=2352.2
kg/m?, T = 993 K. After this operation this equation can be written in following form:

2 = exp(-0.00197 - &;175 - V).

Ci

(14)

TABLE 1

The influence of flow rate of refining gas on the aluminium degassing process and on the gas

bubble diameter

Gas bubble
di’:\imeter The flow rate of refining gas
>, M
q = 10 dm*/min q = 15 dm*/min q = 20 dm*/min
Cis Cts Ci(calc.)» Ci, Cts Ci(cale)s Ci, Cty Ci(calc.)s
cm3/1mg cm*/100g cm’/100, cm3/1004 cm3/1004 cm’/100g cm3/1004 cm*/100g cm’/100g
Melt 1
0.0050 0.0107 0.0041
0.0075 | 0.2912 0.0919 | 0.0345
0.0100 |Foo7s]
0.0050 0.0048
0.0075 | 0.3360 0.0784 | 0.0403
0.0100 0.0905
0.0050
0.0075 | 0.1792 0.0560
0.0100
Melt 4
0.0050 0.0319 0.0078 0.0031
0.0075 | 0.2576 | 0.0706 [10.0923'| 0.1792 | 0.0762 | 0.0384 | 0.2016 | 0.0874 | 0.0259
0.0100 0.1384 170.0704" 70,0582

Fig. 7 presents the ratio of final hydrogen concentration to initial hydrogen concentra-
tion calculated from equation (14) as a function of the equivalent gas bubble diameter
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and the flow rate of refining gas. Basing on this we can estimate the value of the equiv-
alent gas bubble diameter for the experimental hydrogen concentration from Table 1.
Thus obtained values of these diameters are presented in Table 2.

TABLE 2

The equivalent gas bubble and its relations with the hydrogen concentration and the flow rate of refining
gas in the refining process of AlSi7Mg alloy

The flow rate of refining gas

q = 10 dm’/min q = 15 dm’/min q = 20 dm’/min
Cis C1, d, Ciy Cts de, Cis Cts de,
cm*/100g | cm*/100g | m | cm®100g | cm*100g | m | cm¥100g | cm®100g | m
Melt 1
0.2912 0.2464 | 0.0840 0.02688 | 0.0919
Melt 2
0.3360 03250 | 0.0560 [0i0068] 03136 | 00784
Melt 3
0.1792 01568 | 0.0448 01568 | 0.0560

Melt 4
0.1792 | 00762 [010096] 0.2016 | 0.0874
Average value 0.0083 Average value

02576 | 0.0706
Average value

6. Discussion of results

At present the aluminium industry utilizes mainly the most popular are the refining
reactors with impellers. In Poland this kind of reactors is represented by URO-200
unit constructed in IMN-OML in Skawina. This reactor is widely used in plants of
aluminium products and semi- finished products.

The rate of degassing process is directly proportional to the interfacial contact
area. If we know the gas bubble diameter and the bubble rise velocity we can estimate
the interfacial contact area from the equation (8). In present calculations the equivalent
bubble diameter was considered in the range 0.005 m to 0.010 m.

Basing on the compatibility of the values calculated from the mathematical model
with the experimental results for the AlSi7Mg alloy we can claim that the values of
final hydrogen concentration in industrial trials are in good agreement with calculated
data. These results are presented in Table 1.

The gas bubble diameter has the great influence on the rate of the degassing
process. In most cases this diameter is in range from 0.0050 m to 0.0075 m for the
flow rate of refining gas equal g=10 dm>/min. For the flow rate of refining gas equal
to 15 dm3/min the gas bubble diameter is slightly bigger, it is in range from 0.0075
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Fig. 7. The ratio of hydrogen removing from AlSi7Mg alloy as a function of the equivalent gas bubble
diameter and the flow rate of refining gas

to 0.0100 m. This bubble diameter increases more strongly for the flow rate equal 20
dm>/min, being about 0.0100 m or slightly more.

To facilitate estimation of the equivalent gas bubble diameter the assumption was
made, that the volume of the refining gas introduced to the liquid alloy is constant. The
equation (14) was based on this assumption. After the analysis of the obtained values
of gas bubble diameter (Fig. 7, Table 2) we can claim that for the flow rate of refining
gas equal to 10 dm3/min the equivalent gas buble diameter is 0.0060 =+ 0.00026 m,
for the flow rate q = 15 dm>/min this diameter is 0.0083 + 0.00059 m, and for the
flow rate of refining gas 20 dm3/min the value of the equivalent gas bubble diameter
is equal 0.0104 + 0.00050.

In Table 3 the optimal refining time needed to obtain the experimental values of
final hydrogen concentration basing on the estimated value of the equivalent gas bubble
diameters and the average equivalent gas bubble diameter for the determined flow rate
of refining gas were juxtaposed. It can be noticed that the optimal refining time is in
range from 8 to 10 minutes for the determined gas bubble diameter and in the range
from 7 to 14 minutes for the average equivalent gas bubble diameter. The value of
the average optimal refining time for the determined gas bubble diameter is 9.02
0.103, and for the average value of the equivalent gas bubble diameter 9.29 + 0.600.
According to this, the refining process of aluminium and its alloys can be conducted
10 minutes to obtain the desirable level of hydrogen concentration.

Basing on the analysis of the influence of the flow rate of refining gas on the
rate of degassing process we can state that the higher the flow rate of refining gas,
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TABLE 3
The optimal refining time calculated for the determined gas bubble diameter and also for their average
diameter
Number | Flow rate Hydrogen Gas Optimal Average Optimal
of of refining | concentration | bubble | refining | gas bubble refining

refining gas q, (v diameter time diameter time

melt dm*/min | cm®100g Al | d., m t, min d,, m t, min
10 0.0728 0.0061 9.35 0.0060 9.09
Melt | 15 0.0840 0.0087 9.2 0.0083 831
20 0.0919 0.0103 8.89 0.0104 9.04

10 0.0560 0.0053 9.45 0.0060 11.74

Melt 2 15 0.0560 0.0068 9.58 0.0083 13.58
2 0.0784 0.0091 9.24 0.0104 11.68

10 0.0560 0.0065 8.77 0.0060 7.62

Melt 3 15 0.0448 0.0080 9.07 0.0083 9.67
20 0.0560 0.0206 8.97 0.0104 8.67

10 0.0706 0.0062 8.98 0.0060 8.48

Melt 4 15 0.0762 0.0096 8.52 0.0083 6.60
20 0.0874 0.0115 8.39 0.0104 7.04

Average value 9.02 — 9.29

the better is the degassing process — at least in considered range of flow rate. The
optimal level of flow rate of refining gas is between 10 to 15 dm>/min. In this case
the gas bubble diameter is about 0.005 to 0.010 m. The very close results we can get
introducing the refining gas with the flow rate about 20 dm>/min, but in this case the
bubble diameter increases and the shape can be changed from spherical one through
dimpled ellipsoidal cap, spherical cap to wobbling one (very deformed). There is also
the danger of undesirable chain flow of refining gas what means that the dispersion
would not be uniform (Fig. 8). For this reasons and economical one the flow rate of
refining gas equal 20 dm*/min is not desirable in industrial process.
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Fig. 8. The chain flow of refining gas (dispersion of refining gas in liquid metal is not uniform) — the
flow rate of refining gas is 25 dm*/min

7. Conclusions

The result of experiments which were carried out and the analysis of the flow rate
of refining gas on the rate of degassing process let us draw the following conclusions:

— there is a good agreement between the result of industrial trials of refining the
alloy AlSi7Mg and the calculated results from equation (7),

— assuming that the volume of refining gas introduced to the liquid alloy is con-
stant equation (7) expresses the final hydrogen concentration as a function of
the equivalent gas bubble diameter (13):

&2 exp (—0.011 . pﬁh - exp (—2969'16) At V)

Ci T
— for the 10 minutes refining process of AlSi7Mg alloy which processing param-

eters are the following: M=300 kg, h=0.45 m, p=2352.2 kg/m®, T = 993 K,
equation (13) can be written in the following form (14):

% = exp(-0.00197 - &;175 . V)
)

— the calculated from equation (14) values of equivalent gas bubble diameter are
respectively for the flow rate of refining gas:
e q = 10 dm*/min: d. = 0.0060 + 0.00026 m,
e q = 15 dm*/min: d. = 0.0083 + 0.00059 m,
e q = 20 dm*/min: d. = 0.0104 + 0.00050 m.

— the optimal refining time is in the range from 8 to 10 minutes for the determined
bubbles diameters, the average optimal time of refining process is 9.02 + 0.103,
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— the higher is the flow rate of refining gas, the better the degassing of metal is

— at least in the range of flow rate used in this work:

e optimal flow rate of refining gas is 10 to 15 dm>/min, in this case the bubble
diameter is in range: 0.005 to 0.010 m,

e using the flow rate of refining gas equal 20 dm®/min is not desirable: values
of degassing process are almost the same like in the earlier flow rate, but the-
re is the danger of the chain flow and the not uniform dispersion of gas.
Moreover, the higher flow rate needs more refining gas.
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