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Abstract

Filtration is one of the most efficient methods of removing Al,O; inclusions from liquid steel. The efficiency of this process depends on
the physicochemical parameters of liquid metal, inclusion and properties of the applied filters. The particles attracted during filtration
undergo agglomeration, collisions and chemical reactions on the filter surface, with the emphasis on the mechanism of particle collisions
and the role of material from which the filter was made. The aluminum oxide inclusions collide with the filter surface and as the growing
process continues, the particles also collide with the previously adsorbed inclusions. At the interface of particle and filter the mixing of the
metal bath is most intense, being a result of a sudden change of flow direction and breaking up the stream of liquid metal which is in a
direct contact with material. The efficiency of filtration is defined not only by the behavior of individual particles but of all population.
The simulations revealed that only a small fraction of these particles adheres directly to the filter material; most of them stick to the former
ones. Attention should be also paid to the fact that some of the inclusions which contacted the filter walls do not form a permanent
connection and are then entrained by metal. Authors solved the problem of agglomeration and collisions of Al,O; inclusions with the
ceramic surface of the filter with the PSG method, mainly used for the analysis of agglomeration of inclusions during steel refining in the
ladle.
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1. Introduction inclusions from liquid metal. The filtration method has been
successfully applied to refining liquid metals and alloys,
especially aluminum. It was also used in steel metallurgy, but in
this case the filtration takes place directly before casting in the
tundish [4-7]. Initially, filtration was used for cleaning liquid
metals of low melting temperature from solid contaminations.
Foam filters were used for this purpose, and only after successful
attempts at producing high quality aluminum casts, iron alloys

The removal of non-metallic inclusions from liquid steel is a
process in which the inclusions go to a different phase and
permanently bond with it. This can be liquid slag or a surface of
ceramic material [1-3]. The removal and adhesion of non-metallic
inclusions to the surface of ceramic filter is one of the most
efficient methods of eliminating and separating liquid and solid
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started to be filtered. Many types of filters are used for filtration.
They differ in their structure, active area and efficiency. Two
basic groups of filters, which considerably differ in their filtration
mechanisms, can be distinguished: flat filters and volume filters
[4-13].

The surface of flat filters is much bigger than their thickness.
Contaminations are captured on the filter entry only by the
straining mechanism. Inclusions which are bigger than the
openings in the filter entry are captured, therefore this method is
used only for removing big agglomerates. After adsorbing the first
big inclusions, filter cake is formed therefore then only the
smaller inclusions can be adsorbed. Gradually as the filter
openings are narrowed, even as small inclusions as 1-5 pm can be
removed [9-15]. Unlike the first case, the volume filters make use
of both the filtration effect on the filter entry and deep filtration,
which depends on the size of the holes, their cross-section,
distributions and filtration material. During deep filtration the
process takes place over the whole filter length and lies in the
adhesion of non-metallic inclusions and bonding to the ceramic
filter walls. During depth filtration the inclusions surround the
ceramic material and the particles agglomerate forming bridges
with edges anchored on the filtration canals [16-17]. The
efficiency of the process depends on a number of parameters, e.g.
temperature of metal, chemical composition of filtration material
and non-metallic inclusions, wettability, shape and distribution of
canals in the filter. If the inclusion moves along the straight wall
of the canal, the probability of capturing it is smaller than in
canals having a bigger number of walls. The smaller is the cross
section of the canal, the bigger is the probability that the filter
captures the inclusions.

High temperature strength regimes (to 1700°C) have to be met
by ceramic filters. This and the associated higher prices of filters
complicate the filtration of steel. For this reason, initially the
filtration was used for the production of steel alloys only for
specialist and demanding casts. A considerable increase of
filtration of steel (and not only) was recorded only at the
beginning of the 21% century, and was dictated by a particularly
drastic increase of metal prices and mass popularity of continuous
metal casting technology. During filtration of liquid steel the filter
should have higher resistance to high temperatures and the
penetrating operation of the liquid metal bath. Therefore, because
of the intensity of metal flow the ceramic foam filters were not
applicable to steel metallurgy [4-15].

Monolithic ceramic filters with dominating deep filtration
mechanism, are most suitable for cleaning steel from non-metallic
inclusions. They are also called multi-hole, canal or sieve filters.
These filters differ in shape and distribution of filter holes. Due to
the difficult work conditions in which ceramic filters operate in
the process of continuous steel casting, the scope of materials
from which they can be made is limited. Canal filters are made of
aluminum oxide with ceramic bonding, aluminum oxide with
graphite, zircon or quartz oxide. The aluminum oxide-based
materials are efficient for filtration purposes. Their resistance to
thermal shocks is not very high, but their other properties, i.e.
high temperature, hardness and resistance of surface to erosion
speak for their applicability. The thermal shock resistance can be
improved by adding zircon oxide. Sinters made of fine aluminum
oxide with a small amount of magnesium oxide or other
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compounds counteracting the growth of grains exhibit the highest
strength and resistance to creep strength.

For selecting an appropriate size of holes in the filter, a
compromise between efficiency of filtering and admissible
pressure loss should be reached. The initial quantities of flowing
off steel require bigger holes at the filter entry to avoid clogging.
In the further part of the filter the canals may have a smaller
diameter to maximize the efficiency of filtering. The design of the
filter, number and diameter of canals and the associated hydraulic
flow conditions of steel determine the mechanism and efficiency
of filtering. A higher efficiency of cleaning steel from non-
metallic inclusions at uniform thicknesses of filter are obtained
thanks to a smaller diameter of canals and thinner layers of
ceramics between them. During steel production the filter should
be place on the way of the flowing off steel to remove the
inclusions and provide appropriate flow intensity. The most
suitable place for the filter is the tundish. The volume of the
tundish usually constitutes 10% of the main ladle. Liquid steel has
high temperature and easily reacts with the environment, therefore
the refractory lining of the tundish is made of high-aluminum and
zircon, so that the chemical composition of steel remains the same
upon its contact with the lining. The distribution of ceramic filters
in the tundish is very important. The filter should be placed in a
way maximizing the efficiency of precipitates removal.
Commonly the upper and lower diaphragms are placed in the
ladle to modify the steel flow. They should also form a zone in
which steel flows horizontally without turbulences. This creates
conditions for an outflow of part of the non-metallic inclusions no
matter whether the steel is filtered or not. The filter can be placed
before or after the diaphragm [16-21].

2. Mechanism of filtration of Al,O;
precipitates

Depending on the chemical composition of steel and the
amount of added deoxidants in relations to the original oxygen
content, solid or liquid inclusions are formed. Deoxidation with
aluminum is associated with solid inclusions. When aluminum,
manganese and silicon or calcium participate in the process, liquid
inclusions at liquidus temperature for steel are obtained [22-26].
Despite the applied technologies of refining with neutral gas and
modification with calcium, the removal of aluminum oxide still
creates a problem, especially in the case of steel where high
metallurgical purity is required, e.g. deep processed steels, in such
cases the presence of aluminum oxide inclusions disqualifies
these materials from further processing. The mechanism of
aluminum oxide filtration lies in dynamic collisions of particles
from the filter surface, where the mixing of liquid metal bath is
highest, which stems from a rapid change of flow direction and
breaking of the stream. The efficiency of filtering is determined
by the behavior of individual particles. Only a small fraction of
particles directly adheres to the filter, most of them adhere to the
former ones. It should be considered that some of the inclusions
which had contact with the filter walls do not form a permanent
connection but are entrained by metal. This effect is expressed by
the collision efficiency coefficient f [26-30].
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3. Collision mechanism

The process of inclusion attraction on the filter Surface being
a result of colliding spherical particles can be described with an
equation derived for colliding spherical particles by Saffman and
Turner (1). It was assumed in this model that collisions of two
particles ri and 1j in liquid steel have a much smaller radius of
collision than the smallest turbulence [31-33]:

Ny =13l 1) o1 0

L)

where:

r —radius of particle and filter j [m],

& — energy of mixing [m?-s>],

1 — kinematic viscosity [m*s],
n—,,i” and ,, j” particles content [m'3].

On the assumption that a particle of inclusion r; has a much
smaller radius than particle rj, one may consider that this situation
may correspond to the agglomeration of particles on the ceramic
filters.

In the tundish conditions there is a definite population of
particles of radius r and number in steel volume v , i.e. density n.
The efficiency of filtration of a definite population of inclusions
in the course of turbulent collisions can be analyzed with the
Particle Size Grouping (PGS) method worked out by T. Nakaoka
and others [33] and used in works [26, 28-30, 33]. The
calculations in the model were based on the population balance
equation (2):

i=k-1 o0
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where :

6;— Kronecker delta (6;; = 1 for i =j, 5, =0 for i #j),

N number of collisions between particles i , j in 1 m® in one

second

Ny — number of collisions between particles i, kK in 1 m® in one

second,

n; — volume density of particles of dimension ,,k”,

a - radius of particle [m].

As the solution of the population balance equation for k
determined by the successive natural numbers is hard to calculate,
a method was used to divide particles into definite size groups M
so that the population balance equation is calculated only for these
size classes. Nakaoka et all [33] in their work operate on
dimensionless parameters: nk — density related to the density of
Ny smallest particles

If the mechanism of turbulent collisions is assumed, the reduced
time t* is expressed as:

1

t*=1,3~a-r13'(ng~No~t 3)
A4

N, — initial density of particles of basic dimensions,
o - agglomeration coefficient
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t* - non dimensional time.

4. Calculations

The presented calculation procedure was designed for
simulating the effect of nonmetallic inclusions removal from
liquid steel through collision-based agglomeration. The PSG
method was adapted to the analysis of the effect of colliding
aluminum oxide inclusions with the surface of the corundum
ceramic filter. It was assumed in the simulations that the
collisions of the aluminum oxide particle with the ceramic surface
were effective, i.e. inclusion was arrested on the filter surface, and
the successive inclusions grew on the already existing surface.
The results of the simulation have been graphically presented,
showing the change of the number of particles in a function of
surrogate time. It was assumed that the whole population of
inclusions in the volume of liquid steel had a uniform radius.

The calculations were realized for particles with initial radius
r=1,2,5,10, 15, 20 pm, diversified energy flows &: 0.1; 0.01;
0.001; 0.00001 [m?-s*], coefficient of viscosity for steel equal to
7.857-10"m*s ™!, agglomeration coefficient equal to 1, initial
number of Al,O; particles: 100000; time t*= 8.646°t was assumed
after Taniguchi et al. [33]. Exemplary calculations are presented
in figures 1-8.

Figures 1-2 illustrate curves of vanishing Al,O; inclusions as a
consequence of collisions with the filter surface for mixing energy
e=0.1[m?'s7].

n1/NO

Progress of the process

Fig. 1. AL,Os inclusions colliding with a filter surface for particle
radius: 1; 2 and 5pum, Ng=100000/m’

n1/NO

Progress of‘the process
Fig. 2. Al,O; inclusions colliding with a filter surface for particle
radius: 10; 15 and 20pum, Ng=100000/m’
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Figures 3-4 illustrate curves of vanishing Al,Os inclusions as a
consequence of collisions with the filter surface for mixing energy
€=0.01[m*s™].

08 £ =0.01
07
6 —1
o 08 [pm]
< o5
=7 ——2[pm]
< 04
5[pum]
03 0 0,1 02 03 04 05 06 07 08 09 1

Progress of the process

Fig. 6. Al,O5 inclusions colliding with a filter surface for particle
0 01 02 03 04 05 06 07 08 09 1 radius: 10, 15 and 20[1111, NOZIOOOOO/I’H3

Progress of the process
Figures 7-8 illustrate curves of vanishing Al,O; inclusions as a
consequence of collisions with the filter surface for mixing energy
£=0.00001 [m*s™].

Fig. 3. AL,O; inclusions colliding with a filter surface for particle
radius: 1; 2 and S5pm, Np=100000/m’

1,000
09 0,900
_— : ¢ =0.00001
08 € =0.01 0,800
0,7 0,700 = 1[um]
y ——10[pm] 0600 —2[um]
g 15[um] 2 0,500 5[um]
5 © ——20[um] 4
c 0,400
04
0,300
03
. 0,200
0,2
0,100
01
0,000
"] 0 0,1 0,2 03 04 0,5 0,6 0,7 08 09 1
0 01 0,2 03 04 05 06 07 08 09 1
Progress of the process Progress of the process
Fig. 4. AL,O; inclusions colliding with a filter surfac}e for particle Fig. 7. Al,0; inclusions colliding with a filter surface for particle
radius: 10; 15 and 20um, Ny=100000/m radius: 1; 2 and 5pm, N,=100000/m?
: . . . . . 1,000
Figures 5-6 illustrate curves of vanishing Al,O; inclusions as a
.. . .. 0,900
consequence of collisions with the filter surface for mixing energy ' £ =0.00001
£=0.001 [m2'8-3], 0,800
0,700
——10{um)]
0,600
1 — E 0500 ——15[um]
K
09 0,400 20[um]
08 0,300
07
0,200
o 06
E 05 0,100
3
€ 04 0,000
‘ 0 0,1 0,2 03 04 05 06 0,7 08 09 1
03 Progress of the process
02 Fig. 8. AL,Os inclusions colliding with a filter surface for particle
01 radius: 10; 15 and 20pum, NOZIOOOOO/m3
o
0 0,1 02 03 0,4 05 06 07 08 0.9 . . . .
J ' ' ng'ress of the process ‘ It was observed in all cases that small particles with radius 1, 2um
showed little ability to agglomerate as a result of collision with
Fig. 5. AL,O; inclusions colliding with a filter surface for particle ceramic filters. As expected, their removal in the process of

radius: 1; 2 and 5pm, Ny=100000/m’ filtration in the initial stage was hindered. This effect was
especially well visible for low and very low energy of mixing
(figs. 5 and 7). The removal of small particles was much slower
than for particles with radius 15 and 20um. The filtration process
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could be intensified by increasing the energy of mixing. In the
case of particles with radius 1 and 2um, their increase only
slightly improved the efficiency of removal of these particles.
They could be removed in the course of the process as a
consequence of collisions within the filters and on the existing
surfaces, where the inclusions were adsorbed and bounded.

5. Conclusions

1. The analyzed effect of aluminum oxide particles colliding
with filter surface does not mean that these particles were
removed. For doing so, one should account for the surface
effects which have influence on adhesion and solid
bounding particles with the ceramic surface.

2. The assumed uniform number of analyzed particle
population does not fully reflect the conditions in the
tundish, where the whole spectrum of inclusion sizes occur.

3. The analysis of plots reveals that the removal of process of
particles from ceramic filters is very efficient for inclusions
with radius 15 and 20 um, and the increase of energy of
mixing accelerates the collisions of inclusions with the
ceramic surface.

4.  The plots illustrate the dynamics of the filtration process. It
was observed that in the final stage of the process there
always remains a certain amount of inclusions which did not
undergo collisions and stayed in liquid steel. This effect is
especially well visible in the case of small inclusions and
for a low energy of mixing.
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