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COMPUTER STUDY OF IMPURITY MIXING WHEN BLOWING
INTO THE MELT THROUGH A TUYERE

KOMIT'IOTEPHE JOCJII/UKEHHS HEPEMIIITY BAHHA JOMIIIKH
NI YAC BAYBAHHSA Y PO3IIVIAB YEPE3 ®YPMY

In the process of steel production, metallurgical enterprises add impurities to the melt. Blow-
ing an impurity through a nozzle is one of the common methods of modifying the chemical composition
of a liquid. This process has been studied in many works. The problem lies in the very slow diffusion of
the impurity, which means long-term mixing with a constant loss of melt temperature. The speed of
mixing is affected by both the number of blowing nozzles and their location. The defined process is
analyzed in this work with the help of computer mathematical modeling, which is popular among
scientists due to its low cost. Computer implementation allows you to save parameters and results of
experiments in a database. Access to functional pages is provided through the web user interface. The
website has a researcher registration subsystem and a form for adding calculated fields. As a result of
the experiment with an inert gas flow from 40 to 90 I/min and with the number of nozzles from one to
three, it was found that the configuration with one nozzle in the center of the radius and two opposite
nozzles with a total flow of 90 I/min has the shortest duration of mixing.

Keywords: software, computer modeling, melt modification in a ladle, gas-stirring.
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J1a8Yy 6 KOBUIL, 2a308€ NepeMiuly8anHs..

Problem’s Formulation

The problem of mixing impurities in the melt is the time limit for which it is necessary to
achieve at least 95 % averaging. One method of melt mixing is gas injection through bottom tuyeres.
The gas flow rate must be adjusted in such a way that the slag layer is not eroded and the steel remains
under it.

As well as laboratory or industrial experiments, the numerical study on a mathematical model
involves setting the initial settings and storing and processing the simulation results. For this purpose,
databases and user interface are used. The problem of simultaneous centralized access of many users
to the software is solved using a website.

Analysis of recent research and publications

Recently, a lot of scientific literature has been devoted to the study of melt hydrodynamics and
impurity mixing during blowing. For example, in [1], the authors consider the geometry of the gas
barrel that arises above the bottom tuyere and compare the radius of the barrel, the concentration and
velocity of the gas, as well as the mixing time. The authors proposed a mathematical model of the
hydrodynamics of the metal melt, taking into account slag, which can be eroded with the appearance
of a steel "eye". The movement of the metal-slag interface was predicted by a separate equation — the
slag phase corresponded to one (the volume is completely filled with slag), and the steel phase corres-
ponded to zero (complete absence of slag). It is shown that the slag is liquid enough for its droplets to
be captured by the metal melt and immersed in depth. Also, the simulation showed a slight increase in
the diameter of the droplets by 1—2 millimeters with an increase in the viscosity of the slag.

The authors of the article [2] investigated six locations of blow tuyeres with different gas flow
rates. The mixing time was measured in a laboratory model of a 75-ton ladle-furnace. Water was used
as a substitute for steel melt. The authors conducted numerical studies on the mathematical model and
found the optimal arrangement of tuyere. Industrial experiments were conducted to measure the con-
tent of phosphorus, calcium oxides and iron. The improvement of dephosphorization was found when
using the optimal arrangement of tuyeres, which was proposed by the authors as a result of the expe-
riments.

The book [4] presents modern calculation methods used in the computer implementation of
mathematical models of hydrodynamics. Iterative methods for linear systems, fast Fourier transform,
methods for solving ordinary differential equations, parabolic and hyperbolic equations are consi-
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dered. The author provided examples of solving problems using Matlab and Python programming
languages.

The authors of [5] considered a mathematical model of the motion of the metal melt, taking in-
to account the features of the gas barrel, which is formed on the tuyere and gradually expands, ap-
proaching the surface. The main phenomenon that the authors proposed to take into account is the
simultaneous connection and separation of gas bubbles during their surfacing. The simulation results
correspond to the measurements at the laboratory installation quite accurately, which confirms the
adequacy of the mathematical model. The formula for calculating the fluid velocity depending on the
melt depth is given.

Formulation of the study purpose

The purpose of the study is to find a rational consumption of inert gas and to optimize the lo-
cation of the tuyeres for resource-saving mixing of impurities. The mathematical modeling of mass
transfer in the melt and the development of accompanying software was chosen as a tool.

Presenting main material

It is believed that before starting the study of impurity mixing in the melt, the supervisor de-
fines the initial conditions and variables within which the search for rational values will be carried out.
Using a web interface, the conditions and variables are stored in a database for researchers who will
directly conduct the experiments. The results of the experiments are automatically added to the data-
base for further processing and output of graphs of dependencies or other statistical information that
may be useful in the formation of recommendations for practical implementation.

The mathematical model of admixture mixing is based on the following assumptions about a
multiphase incompressible melt-gas-admixture medium with interpenetrating phases:

1) The steel melt has a cylindrical body.

2) Steel melt is a fluid with solenoidal viscous motion, which has Newtonian properties. The
melt has a flat surface.

3) The gas blown through the tuyere is ideal and flows at a constant velocity relative to the melt.

4) The impurity instantly dissolves when it enters the melt and its inertia, as well as its veloci-
ty relative to the melt, can be neglected.

Schematically, the melt body with the places of blow tuyeres looks like in Fig. 1 (the cylinder
is shown at an angle to indicate the location of the tuyere):

Fig. 1. A cylindrical geometry of the molten steel in the considered ladle (1/20 scale)
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Mixing of the impurity in the melt, which is blown by the gas, is predicted by the Navier-
Stokes and diffusion-transfer equations, which correspond to the laws of conservation of mass and
momentum:
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ne Dy, D,, D, — are the effective coefficients of kinematic viscosity, gas diffusion and impurity diffu-
sion correspondingly; g — is the acceleration of free fall (9.81 m/s? is assumed); v; — gas flow rate
(0.5 m/s is assumed); S,, Sc — gas and impurity source (blown through the tuyere); g — gas consump-
tion; T,y — gas temperature before entering the melt; T,, — melt temperature (1800 C is accepted).

The velocity equation is supplemented by boundary conditions that correspond to its compo-
nents — perpendicular and parallel to the surface w of the solid:

ol
viw=o @)

where n is the normal to the wall.

The gas transport equation is supplemented by impermeability boundary conditions on solid
surfaces. A constant gas release rate is set on the upper surface of the melt.

The equation of impurity transfer is supplemented by the boundary conditions of impermeabil-
ity on solid and upper surfaces.

The geometric shape of the ladle can be considered cylindrical and the values of unknown
quantities can be measured in cylindrical coordinates. There is symmetry only in one case, when the
blowing tuyere is located on the bucket axis. In other cases, a three-dimensional formulation of the
problem is necessary. The melt space is schematically divided into finite volumes, which corresponds
to the method of central differences. The finite volume method is popular in solving these equations
due to its visual representation and second order of accuracy. The run method is a standard way to
calculate the diffusion terms by an implicit scheme [4], which frees the time step from the additional
restriction on the maximum value.

The model of the subject area of numerical study of impurity injection into the melt consists of
six entities, two complex and one recalculation class (Fig. 2). Two complex classes define the coordi-
nates of the tuyere, as well as the gas and impurity flow rates. The enumeration class defines the type
of field (velocity, pressure, gas, impurity). The manager has an additional possibility to create studies,
so there is a generalizing relationship between the entities "Kerivnyk™ and "Doslidnyk". Researchers
can participate in several studies and a many-to-many relationship is established between the entities
"Doslidnyk™ and "Doslidzhennya”. Each study has minimum and maximum values of technological
parameters, within which experiments are conducted, which corresponds to the one-to-many relation-
ship between the entities "Doslidzhennya™ and "Doslid". The minimum and maximum values of the
parameter can be equal to each other if it is not necessary to change the technological parameter. As a
result of the experiment, the scientist receives the values of fields of different types, so there are sever-
al one-to-one relationships between the entities "Doslid" and "Pole". The field of values has three di-
mensions in space and one dimension in time. Such a four-dimensional cube of values can be
represented by a hierarchy of axes, in which the time axis has a child spatial axis of angles, which in
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turn also contains a spatial axis of heights and the same height axis consists of an axis of values along
the radius of the cylinder. Thus, the relationship between the entities "Pole” and "Vis" will be "one-to-
many". And the entity "Vis" has a one-to-many relationship with itself.
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Fig. 2. Configuration with axial tuyere (the line with asterisk corresponds to the experimental
case, when blowing is turned off at the 60 second)

It is proposed to implement the model using a free lightweight version of the database man-
agement system MS SQL Server, which is part of the programming environment Visual Studio for
Web. The latter provides an opportunity to use the technology and library of ready-made components
ASP.NET, specially designed for the framework construction of websites. One of the features of this
technology is the structuring of the project code into classes of models, views and controllers, which
supports easy readability of the code, testing and scaling:

— The model classes of real world objects are the subject area entities and are implemented us-
ing the Entity Framework library and annotations.

— The screen forms used by researchers are implemented in HTML5 with built-in Razor con-
structs for easy display of data and research results on the screen.

— Controller classes are programmed in the advanced high-level language C# and respond to
Internet browser requests by connecting to the database and providing entity instances to screen forms.

Thus, to start the experiments, the computer implementation of the mathematical model of the
unsteady process of impurity injection into the melt and the model of the subject area of this process
requires only initial values and conditions. They are presented in the following tabl. 1, 2.

Table 1. Melt parameters for numerical experiment of impurity injection through tuyere

Melt
Radius 0,956 m (22 cells)
Height 1,7 m (18 cells)
Angular coordinate 27 (36 cells)
Density 7000 kg/m®
Temperature 1800 K
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Table 2. Parameters of blowing tuyeres for numerical experiment of admixture mixing

Blowing tuyeres

Diameter of tuyeres 0,1m

1st setting 1 axial tuyere

2nd setting 1 tuyere at half radius

3rd setting 2 opposite tuyeres at half radius

4th setting 3 tuyeres at an angle of 120° between them at half radius

Total gas consumption (sum
of all tuyeres)
Total mass of impurity 30 kg

Diffusion coefficient of
impurity in the melt

40/60/90 I/min

34x10° m/s?

Additionally, an experiment was conducted with the blowing off at the 60th second and the
degree of mixing of the impurity was determined to assess the preservation of inert gas.

Fig. 2—5 show the results of the experiments in the form of the dependence of the coefficient
of variation of the impurity concentration on time. The vertical axis has a logarithmic scaling due to
the significant difference in values at the beginning of the experiment and at the end.

The configuration with axial tuyere (Fig. 2) mixes the impurity in about 85 seconds. The effect
of different gas flow rates on mixing is almost not noticeable, except for the flow rate of 40 liters per
minute of purging — mixing is slower by about 25 %. Experimental shutdown does not give signifi-
cant differences in mixing speed.

The configuration with the tuyere in the middle of the bucket radius (Fig. 3) has results similar
to the first configuration — the deviation from the duration of 86 seconds is insignificant and is not
more than 5 seconds. Turning off the 90 litre blowing at 60 seconds extends the mixing duration by
about 10 seconds and it becomes 92 seconds — just between the 40 litre and 60 litre continuous gas
flow rates.
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Fig. 3. Configuration with half-radius tuyere (the line with asterisk corresponds to the experi-
mental case, when blowing is turned off at the 60 second)
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Two opposite lances (Fig. 4) mix the admixture slower than one lance by about 15 seconds.
And different gas flow rates affect the mixing with a difference of 10 seconds. Switching off the

tuyere after 60 seconds slightly worsens the averaging — only by 3 %.
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Fig. 4. Configuration with two opposite tuyeres (the asterisk means blowing is turned off at

the 60 second)

In reality, the configuration of the steel ladle, which has three tuyeres, is almost never encoun-
tered, but from the point of view of research, it is of interest to scientists. Three tuyeres arranged at an
angle of 120 degrees can compete with the previous configuration only at a gas flow rate of 90 liters
per minute of purging (Fig. 5). At lower flow rates, the averaging slows down by another 20 seconds
or about 25 %. Turning off the tuyeres at 60 seconds significantly slows down the mixing and averag-

ing less than 10 % will not occur even at 136 seconds.
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Fig. 5. Configuration with three tuyeres (the line with asterisk means turning tuyeres off at the

60 second)
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In all configurations, after stopping the admixture injection at 1 minute, the degree of admix-
ture averaging improves dramatically. This phenomenon is explained by the dispersion of high con-
centration of impurity near the tuyere, where it is blown into the melt. Within 5 seconds after the first
minute, the mixing slows down somewhat.

Single tuyere configurations can lead to slag erosion due to the high melt velocities achieved
by the high gas flow rate. In view of this, it was decided to conduct experiments with two and three
tuyeres (Fig. 4, 5), but to divide the gas consumption equally for each tuyere.

The three-dimensional screening of the results is popular due to its clarity. Taking this into ac-
count, a video of the experiment with the first configuration of tuyere was created and published on
the website https://www.tensorion.com/lab/metallurgy/ladle/impurity-mixing. The video shows the
circulation of the impurity after it is blown into the melt. It is also obvious that the symmetry of the
admixture field relative to the ladle axis is preserved.

Conclusions

As a result, numerical experiments were conducted with total inert gas flow rates from 40 to
90 I/min and with the number of tuyere from one to three. It was found that the configuration with one
tuyere, located in the center of the radius, and the configuration with two opposite tuyeres and a total
flow rate of 90 I/min have the shortest mixing time with a slight advantage.

It is recommended to implement the configuration with two opposite tuyeres, which has an ac-
ceptable mixing time of 92 seconds at a gas flow rate of 45 I/min for each tuyere.

Shutting down the tuyeres at 1 minute, when all the impurity has entered the melt, makes
sense at high melt speed. In these configurations and with a limited total gas flow rate, a sufficiently
high speed is achieved only in the case of one lance. With two or three tuyeres, the maximum melt
velocity is low and the mixing of the impurity eventually acquires signs of dissipation (diffusion). And
the dispersion is too slow in all these configurations and is not acceptable in conditions of constant
melt cooling.
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