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Abstract

The performance of a steel mill relies heavily on the stability of its production equipment, with combined
blowing being crucial to ensure the chemical homogeneity of the steel, thereby decreasing the total iron
content in slag (metallic yield) and enhancing the dephosphorization rate. The combined blowing system
comprises a set of tuyeres for injecting inert gases from the bottom. During tuyere operation, various fluid
dynamic phenomena occur, leading to increased refractory wear, decreased lifespan, and disruptions in

combined blowing operations. This study aimed to develop a new tuyere design to enhance the steel

mixing rate and reduce wear, ultimately improving the efficiency of combined blowing.
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1. Introduction

The steel manufacturing process in Basic Oxygen
Furnace (BOF) converters begins with the loading of
liquid pig iron, steel scrap, lime, and fluxes. Through
oxygen blowing, elements like carbon, silicon,
manganese, and iron itself transform into oxides
that either go to the slag or incorporate into the gas
(CO and CQOy). This process, also known as primary
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refining, is the heart of modern steelworks. The steel
is then poured into the ladle, which assists in the
subsequent treatment of steel, known as secondary
refining (Ladle Furnace, RH Degasser, Bubble Station,
etc.). At this stage, the steel undergoes processes
of degassing, desulfurization, decarburization,
deoxidation, and heating.

There are three methods of operation in the BOF
converter:

-Oxygen blowing from the top through a
refrigerated lance. Oxygen, at high pressure and
speed, penetrates the metallic bath, promoting
the removal of carbon, phosphorus and other
elements;

- Oxygen blowing from the bottom through tuyeres
submerged in the metallic bath. Oxygen and inert
gas are injected. In some practices, lime, coal and
hydrocarbons (oil and/or natural gas) are also
injected;

- Combined blowing, characterized by the blowing
of oxygen from the top and additional agitation by
the injection of inert gas from the bottom, through
tuyeres.

Combined blowing in the converter increases
path agitation and reduces areas of stagnation in
the central region of the bottom, especially towards
the end of blowing when CO generation decreases
due to the reduction in the carbon content of the
steel. Argon injection from the bottom promotes
additional agitation, favoring dephosphorization,
increasing manganese yield, and reducing the iron
contentinthe slag. Withimprovedrefining conditions,
there is an increase in metal yield, reduction in flux
consumption, and increased refractory lifespan.
Argon injection from the bottom of the equipment
is done through special components called tuyeres,
composed of a refractory block internally composed
of stainless steel tubes (Multi Hole Plug-MHP),
which conduct the gas.

The lifespan of a tuyere usually does not match
that of a converter, requiring its closure to prevent
wear on the rest of the converter. Wear mechanisms
associated with tuyeres are related to working
conditions, including thermal shock due to the
passage of inert gas through the tuyeres. During gas
injection, fluid dynamic phenomena occur, causing
premature tuyere wear, eventually requiring closure
over time, interrupting the agitation process and
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Fig. 1 Types of gas flow regimes in the tuyeres®.
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Fig. 2 Mixing time and wear results”.
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impairing steel quality. Gas expansion generates
different flow profiles, causing interaction of the
argon jet with the refractory. This profile is controlled
by gas flow rate, argon tube diameter, and injection
pressure.

There are three types of gas flow regimes: Bubbling
regime, transition regime, and Back attack regime as
shown in Fig. 1.

“Back attack” is the phenomenon related to the gas
impact on the tuyere upon return after expansion/
rupture, this cyclical process triggers refractory wear.
The bubbling regime (low flow) erosion occurs due
to bubble expansion (cavitation).

Lima's work in 2011, through physical modeling
of a 220t LD converter, aimed to simulate the
operating conditions of combined blowing. Two
tuyere configurations were evaluated (zig-zag and
circular), with Fig. 2 showing the mixing time and
wear rate results for both configurations. It was
observed that the mixing time sharply decreases
with increasing flow rate and tends to stabilize.
The tuyere wear rate exhibited a peculiar behavior.
For both high and low flow rates, wear increased,
with an optimal operating point at a flow rate of
2.5 Nm?¥h in the model.

There is a dimensionless number that correlates
these effects, called the Mass Velocity Dimensionless
(Ne), which depends on the gas outlet velocity and
its density. The velocity depends on the inlet flow
rate and the argon gas injection tube diameter as
indicated in Equation (1).

oV

Ns = o*V*

........................... (’I)

Where, p: gas density at working Temperature
and Pressure, v : gas velocity; p* argon density at
CNTP, v*: sound velocity.

By adopting Ne, gas flow regimes are classified as
follows.

-Ne < 1,0 — bubbling regime (High wear)
-Ne = 1~2 — transition (Normal wear)
-Ne> 2,0 — developed jet (High wear)

One way to adjust the dimensionless number (No)
is by changing the flow rate or the internal diameter
of the tuyere. Increasing the internal diameter leads
to a decrease in gas passage velocity.

The present work aims to present a new MHP
tuyere technology that addresses the problems of
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Fig. 3 Distribution of a tube mesh
(Diameter A and B).
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the state of the art by using internal tubes with
different diameters instead of working with a
fixed diameter per MHP, Fig.3. This modifies
the gas injection pattern to reduce wear and
increase bubbling efficiency in converters during
the combined blowing process. By controlling N,
for the same operating flow rate, the effects of
erosion caused by fluid dynamic phenomena can be
minimized. A larger internal tube diameter results in
lower velocity, while a smaller diameter results in
higher velocity. By controlling the flow regimes of
the internal tube, regardless of the inlet flow rate, all
three regimes are achieved at the outlet, alternating
between tubes. This promotes interaction of the
outlet gases, avoiding erosion due to the breakdown
of this effect. That is, while one tube generates a
bubble-type phenomenon, the adjacent tube forms
the Back Attack, and since they are close, gas
interaction occurs. Thus, both tend to transition
to the intermediate regime, minimizing the erosive
effects of each extreme regime.

2. Methodology

2. 1 Mathematical modeling

To comparatively evaluate the present solution, it
was decided to perform a mathematical modeling
of the proposed system. In this case, the technique
of solving differential equations (fluids) using the
Finite Volume Method (FVIM) was recommended for
such analysis. For this, specific software is used to
design the proposed system. A discretization of the
Control Volume is performed, boundary conditions
and properties of the involved fluids are inserted.
With this tool, it is possible to visualize the fluid
dynamics that occur in the gas outlets through the
tuyere injecting into the liquid steel.

In this case, some technical considerations were
made to ensure that the simulation represents
something close to reality. This tool is internationally
recognized for simulations of fluid dynamic
processes. In the adopted model, a cylindrical cut
above the tuyere (Control Domain) was emphasized
to represent what happens at this gas outlet.

In this study, two models were compared. In
the case of the standard situation with the same
diameter (EAR 2438) and the proposal with
alternating tube diameters (PROP-4). For EAR 2438,
the diameter was fixed at 2 mm for 60 tubes. And
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Fig. 4 Control Domain.

Table 1 Physical properties considered for steel

and argon

Propriety ~ Symbol Unit Steel Argon

Density 0 kg:m? 7200 0.639
Viscosity U Pa-s 6.2x10° 2.25x10°
Superﬁcial N 160

Tension

Temperature T K 1823
Pressure P Pa 242541
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in the case of PROP-4, 30 tubes of 1.9mm and

30 tubes of 2.1 mm were distributed alternately in a

symmetrical manner.

A transient analysis of a small cylindrical region
around the tuyere outlet with a diameter of 90 mm
and a height of 120 mm was conducted, being the
control volume for analysis.

For simulations, the following parameters were
considered:

-Isothermal system at 1823 K (1550 C).

- Incompressible fluids.

-Argon density estimated by the ideal gas law
considering the bath temperature and an extra
pressure of a 2 m steel column.

-In the dispersed region, argon forms 2mm
diameter bubbles.

-Velocity fields calculated for each phase.

-Turbulence taken into account by the standard
k- model.

-Simulated physical time: 5 ms (time step: 0.01 ms).

-Initial and boundary conditions

-Initial condition: steel at rest inside the entire
domain.

- Injector ducts: uniformflow of 20, 150 or 240 Nm?/h
of argon.

-Lateral and bottom of the domain: hydraulically
smooth walls.

-Top of the domain: opening condition allowing the
exit of all phases and eventual entry of steel.

The steel properties were listed in Table 1.

2. 2 Physical modeling
To simulate the operating conditions of a BOF

pottom with tuyeres during bottom blowing,

a physical model was built in a transparent

polypropylene container, with a scale of 1:14

compared to a 330 ton vessel. The method consists

of establishing criteria for geometric, dynamic, and
kinematic similarity. A cylinder was used as a project,
representing a cut of the tuyeres region. Fig. 5 and

6 show the scheme of the physical modeling of the

tuyeres.

Water was chosen as the fluid for simulation
because the kinematic viscosity and flow lines are
similar to those of liquid steel. Compressed air will
pbe used to simulate argon injected through the
tuyeres.

Fig. 7 shows the tuyeres printed in 3D, being the
Standard and the Proposal.
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Fig. 5 Scheme of the tuyeres physical modeling. Fig. 6 Assembly of the tuyeres

Fig. 7 Tuyeres on the 3D Printer.
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physical model.

2. 3 Experiments

2. 3. 1 Evaluation of mixing time

To evaluate the mixing time under various
conditions, a conductivity sensor made of platinum
will be fabricated. Its function is to record electrical
currents passing through the aqueous solution of
water and potassium chloride (KCl). By adding KCl,
it homogenizes as agitation is promoted by the
injection of compressed air through the tuyeres. As
a result, the electrical conductivity of the solution
changes, reaching a constant value when KCl is
evenly distributed. Lima (2011) used the same
procedure to evaluate the mixing time in a physical
model of the LD converter by studying different
tuyere configurations. As a criterion for stopping the
mixing time, it was when reaching £5 % of the final
conductivity value, the mixing time is obtained.
For measuring the injected air flow rate, the use of
calibrated rotameters connected to the compressed
air supply network is proposed in this work. In this
case, a standardized value of 40 I/min was set at a
pressure of 0.5 bar. For the assembly of the tuyeres,
parts made in the 3D printer were used, with the
current design (EAR-2438) and Proposal (PROP-4).
These tuyeres will be connected to the compressed
air supply network, controlling the inlet pressure
and flow rate (I/min).
2. 3. 2 Evaluation of tuyeres wear rate

To simulate wear, a soluble polymer 3D printing
material was used. It is intended to measure the wear
rate (g/min) during bottom blowing air injection.
The test parameters of the water model simulation
were a) flow rate =40 liters/min; b) total blowing
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time = 40 sec. Same conditions were carried out for
both current design (EAR-2438) vs Proposal (PROP-
4) for comparison.

3. Results and Discussion

3. 1 Numerical simulation results

Comparative images between the quantitative
results of the fluid dynamic simulation of the argon
gas injection effect through the mathematically
modeled tuyere, at a uniform flow rate of 150 Nm*/h,
during O ms to 1.2 ms, can be seen in Table 2.

To compare the performance of the tuyeres
PROP-4 and EAR-2438, an instant of time close to
the initial one (t=0.25s) was taken as a reference,
as:

As the two tuyeres have the same height and
different diameters, the volume of the simulated
domains in each case is different.

Therefore, the tuyeres in the simulations agitate
initially different volumes of steel with the same
gas flow rate, which vary over time with different
relative speeds. Comparison is facilitated when the
volume of steel has practically not changed in each
case, which occurs close to the beginning of the
simulation.

Table 2 Quantitative results: throughout the simulation-150 Nm?*/h (EAR-2438)

Time / ms Gas Vol}ume Steel Vo3lume Interfaciai Area  Specific Interifwacial
/m /m /m Area/m
0.0 7.63E-19 7.63E-04 0.00E+00 0
E 2.33E-05 7.40E-04 1.32E-02 565.8 |
0.4 4.65E-05 7.17E-04 1.87E-02 402.1
0.6 6.97E-05 6.94E-04 2.13E-02 305.5
0.8 9.29E-05 6.70E-04 2.28E-02 245.2
1.0 1.16E-04 6.47E-04 2.39E-02 205.5
1.2 1.39E-04 6.24E-04 2.48E-02 178.1

Table 3 Quantitative results: throughout the simulation-150 Nm?*/h (PROP-4)

Time / ms Gas Volzume Steel Voslume Interfaciai Area  Specific Interfﬁcial
/m /m /m Area/m
0.0 1.36E-18 1.36E-03 0.00E+00 0
[ 0.2 2.34E-05 1.33E-03 1.43E-02 613.7 ]
0.4 4.66E-05 1.31E-03 2.36E-02 505.9
0.6 6.98E-05 1.29E-03 3.03E-02 434.0
0.8 9.30E-05 1.26E-03 3.53E-02 379.3
1.0 1.16E-04 1.24E-03 3.91E-02 336.7
1.2 1.40E-04 1.22E-03 4.22E-02 302.2
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In comparison with the highlighted values in
Tables 2 and 3, it can be observed that the Specific
Interfacial Area was higher for the new Proposal.
This implies a greater interaction between the metal
and the injected gas bubble. In this case, a benefit
to facilitate the involved thermodynamic reactions.
The quantitative results presented indicate that:

The PROP-4 tuyere, duetoits alternating diameters,
provides less coalescence of the gas jets from each
hole. As a result, the specific gas interfacial area
is greater for the PROP-4 tuyere, even though the
agitated steel volume is also greater. This indicates
that the metal-gas interaction is greater for the
PROP-4 tuyere than for the EAR-2438 tuyere, which
may imply higher rates of heat and mass transfer
pbetween the liquid steel and the injected gas.

To visualize the fluid dynamic effects, Fig. 8 show
a comparison between the effect of argon gas flow
rate at a flow rate of 150 Nm*/h, during O ms to
1.2 ms, comparing the standard situation and the
proposal.

Argonic Volume Fraction

NN @b
SR P20 2O

% '1/_;6 A
V2V

PROP-4 EAR-2438
B (t=0.4ms)

Argonic Volume Fraction

S r PP 20 P2

PROP-4 EAR-2438
C (t=0.8ms)

Fig. 8 Evolution of the argon jet comparative between PROP-4 and EAR-2428 (time O to 1.2 ms).

PROP-4 EAR-2438
D(t=1.2ms)



No.68 2025

Report

Argonic Volume Fraction

P F P ode?o

©

CIRSFROINS)

...... QIO

20 Nm3/h

150 Nm3/h

240 Nm3/h

Fig. 9 Flow rate comparison for EAR-2438.
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When compared at the same flow rate and
evolution time, the formation of a neck in the gas
jet at 0.4 ms in EAR 2438 (standard) is observed,
and its complete detachment from the jet, showing
the back attack phenomenon. The same does not
occur in the Proposal PROP-4 (new design).

The comparative analysis of the flow rates of 20,
150, and 240 Nm?*/h for the Standard Case (EAR-
2438) allows concluding that for the lowest flow
rate, the gas outlet is stable and homogeneous,
with the gas expanding between the holes of the
tuyere tending to cover its surface, Fig.9. With
the progressive increase in flow rate, the gas flow
from each hole become unequal in size and shape;
additionally, transient patterns begin to occur,
including occasional detachment of bubbles, which
may later rupture. These transient patterns can lead
to refractory wear through the mechanism of Back
Attack.

Quantitative results comparing the two proposals
indicate that both tuyeres have virtually the same
bath agitation capacity measured by the total
momentum transmitted to the bath, with a slight
advantage for Tuyere PROP-4. Nevertheless, Tuyere
PROP-4 promotes agitation at lower speeds in
its surroundings, which may lead to less wear.
Additionally, Tuyere PROP-4 shows a lower tendency
for bubble detachment and, consequently, may be
less susceptible to the “back-attack”™ phenomenon.
3. 2 Mixing time

After measuring the electrical conductivity in
pbottom stirring tests, graphs were plotted for each
configuration, as observed in Fig. 10.
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Fig. 10 Mixing time (EAR-2438 and PROP-4).

Fig. 11
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Wear tests on the tuyere speciments using water soluble polymer as 3D printing material.

As a criterion for evaluating mixing time, it was
decided to use a variation of £2 % from the final
stabilization value. In other words, when the value
falls within this range, the elapsed time is recorded.
In this case, the stabilization time for EAR-2438 in
three tests was 23.7 seconds (average). For the new
proposal PROP-4, in three tests, it was 9.7 seconds
(average). A reduction in mixing time by 14 seconds
is excellent for validating the new technology. This
reduction implies an improvement in the quality
of combined blowing, greater efficiency, which
translates to better metal yield in the BOF.

3. 3 Tuyere wear

After 30 minutes of testing at a flow rate of 60
l/min and injection pressure of 0.5 kgf/cm?, the worn
tuyere was removed to measure the dissolved rate.
Wear on the nozzles was evident, with a conical
formation (depression) and connection between
nozzles, resulting in wear across the nozzle area as a
whole. Fig. 11 shows the new tuyere and after wear
tests.

The proposed PROP-4 configuration showed a
rate of 0.115 g/min after testing. The current project
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EAR 2438 presented a higher rate of 0.13 g/min. In
other words, there was a reduction of 11.53 % in the
wear rate due to the new tuyere proposal.

4. Conclusions

According to both numerical and physical
modeling results, it was possible to compare the
two tuyere configurations, and it was found that:
-There were improvements in terms of surface

area in the new proposal, resulting in better

metallurgical outcomes;

-Numerical simulation shows profile differences,
and the back-attack phenomenon is not observed
in the new proposal;

- Mixing time was reduced by 14 seconds compared
to the standard tuyere configuration;

-In wear tests shows 11,53 % reduction, indicating
high potential for industrial use.

These results, both mathematical and physical,
assist in decision-making. Through the scientific
method, we have proven the high potential of this
technology, with the next step being industrial
testing for measurements of metallurgical efficiency
and refractory wear.
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