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INVESTIGATION OF ARGON BLOWING IN A STEEL-TEEMING LADLE

E.N. Tyulenev,'” V.P.Glebov,'” G.N.Kononykhin,'* A.N. Rogotovskii,”*
A. A. Shipel’nikov,”” N. A.Bobyleva,”® and S.V.Skakov"’ UDC 669.18:621.746.27

We present the results of numerical and full-scale experiments aimed at the investigation of multiphase
flows and interface processes in the volume of a commercial 160-ton steel-teeming ladle in the process
of blowing with argon through the porous bottom plugs. We develop a mathematical model capable of
prediction of the degree of denudation of melt “mirror” from the slag cover caused by the variations
of the argon flow rate. We also established the regularities of changes in the influence of argon flow
rate within the range 40--120 liter/min on the sizes of the domain of washout of the slag and the behav-
ior of the sizes of stagnation zones in the volume of the ladle. It is shown that the maximum increase in
efficiency is observed as the argon flow rate increases from 40 to 60 liter/min. The results of simula-
tions are compared with the data of full-scale tests carried out at the Novolipetsk Iron-and-Steel Works.

Keywords: steel-teeming ladle, modeling, blowing with argon, multiphase flow, formation of “open-
eyes.”

It was established in practice that, under the actual conditions of commercial production, the simplest and
most reliable way of the out-of-furnace treatment of steel aimed at improving its quality is the procedure of
blowing of the melt in a ladle with inert gases. Gas bubbles formed as a result of blowing and floating up
through the volume of steel form a recirculating motion in the ladle promoting the homogenization both of the
composition of the melt and of its temperature and also accelerate the delivery of nonmetallic inclusions to the
metal-slag interface, which simplifies their removal into the slag phase. At the industrial enterprises, the proce-
dure of blowing of the melt in the ladle is, as a rule, carried out with the use of argon (inert gas). It was experi-
mentally demonstrated that, in the case of blowing of deoxidized steel with argon, its oxygen content noticeably
decreases. Nonmetallic particles 20—200 um in size formed in liquid steel as a result of deoxidation may be-
come coarser under favorable conditions and under the influence of surface tension and the work of adhesion.
This facilitates their floating and removal. In this case, vigorous agitation and circulation of the metal play
the role of the main factor [1-3]. A difficult practical problem encountered in the process of blowing is con-
nected with the organization of transient stage of this process in which, on the one hand, we observe the intense
agitation of the melt and the minimum number of stagnation zones over the height of the steel-teeming ladle and,
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Fig. 1. Formation of an “eye” and a “plume” on the surface of the melt in the process of blowing by the gas flow from below [4].

on the other hand, do not detect any well-visible “channel passages” for the gas flows, which may lead to the
denudation of large regions of the melt “mirror” accompanied by the formation of “plumes” and “eyes” on its
surface (Fig. 1). In this connection, an important problem is to make correct choice of the gas loading upon the
ladle according to the actual height of the melt and the thickness of slag cover.

The direct investigation of the influence of argon-flow rate on the efficiency of mixing and the parameters
of formed “eyes” is a quite difficult problem due to dangerous production factors and often cannot be realized
(sometimes for the economical reasons) due to the necessity to perform numerous experiments on actual steel-
teeming ladles. The problem of investigation and modeling of the process of blowing of steel with argon can be
solved with the help of contemporary CAE programs.

The application of the methods of mathematical simulation reveal their high efficiency in the investigation
of multiphase flows and the accompanying processes of heat and mass transfer, which is shown in the publica-
tions of numerous domestic and foreign researchers, including Smirnov, Thomas, Iguchi, Johnson, et al. [5-7].
The proposed mathematical models enable one to perform the quantitative and qualitative analyses of the pro-
cesses of mass- and heat-transfer with regard for the specific features of the structure and operation of the
analyzed metallurgical aggregate. Furthermore, it is possible to obtain adequate estimates of the influence of
parameters of the transfer processes on the hydrodynamics of the melt, the trajectory of motion of nonmetallic
inclusions, and the kinetics of solidification of steel and liquation, which, as a final result, make it possible to
develop technical specifications aimed at increasing the quality of metal production [8—11].

The aim of the present work is to reveal the main factors of the process of blowing with argon from below
(through the bottom part of the ladle) specifying the character of formation of the flows of melt and the ap-
pearance of “eyes” and stagnation zones in the volume of the melt by performing the required experiments and
solving the problems of computer simulation of the motions of steel, slag, and gases in steel-teeming ladles.
The expected results of realization of this research project could be used to develop both recommendations on
the optimization of hydrodynamics of the melt and technical specifications for the introduction of argon aimed at
improving the quality of metal products manufactured by the converter shop No. 1 of the Novolipetsk Integrated
Iron-and-Steel Works. Numerical simulations were carried out in the Laboratory of Computer Simulations of
Metallurgical Processes of the Department of Metallurgical Technologies of the Lipetsk State Technical Univer-
sity equipped with licensed software and hardware. A three-dimensional model of steel-teeming ladle was de-
veloped in the “Kompas 3D V14” CAD-system. As the hardware support, we used an engineering station based
on an Intel-Core i7 computer (3600 MHz, 64 Gb, DDR3, HDD 1 Tb).
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Table 1

Geometric and Physical Parameters of the Mathematical Model

225

Parameter Value
Diameter of the bottom part of the ladle, mm 3400
Diameter of the upper part of the ladle, mm 3650
Height of the ladle, mm 4430
Thickness of the slag layer, mm 200
Mass of the metal in the ladle, ton 160
Argon-flow rate, liter/min 40, 60, 80, 120
Density of liquid steel, kg/ m? 7000
Viscosity of liquid steel, kg/(m-sec) 0.0052
Density of slag, kg/m3 3187
Viscosity of slag, kg/(m-sec) 0.081
Density of argon, kg/ m? 09
Steel—slag interface tension, N/m 0.8
Steel-air interface tension, N/m 1.82
Slag—air interface tension, N/m 0.58

Mathematical Computer Model and Preliminary Results of Investigations

In order to study quasistationary flows of the melt and interface interactions in a 160-ton steel-teeming ladle
with peripheral supply of argon through two porous bottom plugs, we propose a three-dimensional discrete
phase model taking into account the volumes of the melt, slag, and air over slag, the geometric parameters of the
steel-teeming ladle, and the characteristics of materials (Table 1).

Initial and Boundary Conditions. On the basis of the developed three-dimensional geometric model,
we constructed a hexagonal structured computational grid formed by more than 800,000 elements (Fig.2).
Computer simulation was performed for an argon-flow rates varying from 40 to 120 liter/min, a level of fill-
ing of the steel-teeming ladle varying from 3/4 to 1/4 of its height, and a height of the slag layer equal to 100
or 200 mm. The problem was solved in the nonstationary statement by using the “Pressure Based” stabilization
algorithm. To connect the velocity and pressure fields, we applied the “PISO” algorithm. We also chose
a scheme of the second order of accuracy for the discretization of convective terms in each equation of the basic
system of equations and the “PRESTO” scheme for the interpolation of pressure corrections.

In our model, we made the following assumptions:

— liquid phases are Newtonian, viscous, and immiscible liquids with constant density and viscosity and
the flow in the ladle is isothermal;
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Fig. 2. Grid model of a steel-teeming ladle.

— at the initial time, steel and slag are in the state of rest, without argon blowing;

— argon bubbles are reflected from the walls of steel-teeming ladle and removed (pass into the air
phase);

— the process of heat transfer is not taken into account in the model and argon is immediately heated to
the temperature of liquid steel.

The volume fractions of all phases included in the process of modeling were computed in each control vol-
ume of the computational domain. This enabled us to analyze the phase boundaries. To describe the dynamics
of liquid steel and slag phases, we used a model of volume of the fluid (VOF). Moreover, in order to model the
behavior of the discrete phase (argon bubbles), we used a discrete phase model (DPM) [11, 12].

Model of Multiphase Flow. In the case of application of the VOF model, the phase boundaries were traced
by means of the solution of the continuity equation for the volume fractions of phases. For a certain g -phase,

this equation takes the form:

0
gocqpq+V(ocqpquq) =0, (1)

where o, is the volume fraction of the phase ¢; p, is the density of the phase g, and u is the velocity of
the phase ¢q.

The equation of conservation of momentum is solved in the entire domain, and the resultant velocity field is
distributed between the phases. The momentum equation depends on the volume fractions of all phases [6, 7]:
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0
Euq +V(opauqgug) = —oVp +V(oper (Vi + (qu)T))+ Ogpgg+ My, 2)

Mett = K7+ My, 3)

where g is the gravitational acceleration; g, W, W, are the effective, dynamic, and turbulent viscosities of
liquid phase, respectively; p is pressure,and M, is the force of interface interaction.

The turbulent viscosity is computed as follows:

k2
M= PGy )

where CH is a constant.

Model of Turbulence. To determine the effective viscosity from Eq. (2), we used the standard k—& model
of turbulence applicable for a broad spectrum of turbulent flows. The standard k—& model is based on two
equations for the transfer of turbulent kinetic energy (k) and rate of its dissipation (€). In deducing this mod-
el, it was assumed that the flow is completely turbulent and that the influence of dynamic viscosity is insignifi-
cant [12-14].

For the turbulent kinetic energy, we can write

ol Kb, 28 ) 2 9 [+ B ] 9% |G e )
ot ax,- 8xj Oy axJ
Moreover, the rate of dissipation of the kinetic energy is determined from the following equation:
oe oe 0 W, \oe | €
—tui— | = — +— |— [+ =(C1G—Cype), 6
p(at ”axij ax,.K“ ngaxl} (€16~ Cape) ©

where G is the turbulent kinetic energy formed according to the mean velocity gradients, G, is a constant,
C,, C,, o, are accepted constants, and

ou;( ou; OJu;
G=p L —L+—1L| 7
Mt axi(axj+8x,-] ()

The following constants are used in the classical k—€ model of turbulence: Cy =0.09; o, =1.0; 6, =1.3;
C;-144, and C, =192.

Model of the Discrete Phase. To model the behavior of argon bubbles, we use the DPM model according
to which the trajectories of particles (argon bubbles) are determined as a result of the solution of equations of
balance of forces for each particle [7, 15]:

duy _u=uy 8(Pp=p), ®)

ot T, Py
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where F is the additional acceleration (force per unit mass of particles) and is the influence of drag

T
p
force on the motion of particles. Here, T P is the time of relaxation of a bubble, namely,

pydy 24
18w CyRe’

r

€)

where u is the velocity of the liquid phase; u, is the velocity of particles; W is the dynamic viscosity of lig-
uid; p is its density; p, is the density of particle; d is its diameter, and Re is the relative Reynolds number.

The velocity of argon at the exit from the blowing plugs is given by the formula [14]

T
Upr = Qv _(2Tw %, (10)
A pPwls ) A

where w is the subscript characterizing the working state of the ladle; s is the subscript characterizing standard
conditions; 7y =293.15°K; T, = 1873°K; ps = 101,325 Pa; A is the area of pores in the plugs; Qg is the
argon-flow rate under standard conditions (see Table 1); p,, is the total pressure in steel-teeming ladle given by
the formula py, = ps+pgH , p is the density of liquid steel; g is the gravitational acceleration, and H is the
height of the metal column.

Thus, we have developed a model of gas motion through the volume of the melt taking into account the in-
fluence of thickness of the layer of slag on the sizes and configuration of “eyes” formed on the slag surface.
Note that the subsequent verification of the proposed model should be carried out in the following two direc-
tions:

— direct expert evaluation and recording of the state of melt and slag “mirror” in the ladle with subse-
quent analysis and comparison of the images of the ladle surface with the results of simulations;

— integrated evaluation of the quality of macrostructure of the specimens according to the content of
nonmetallic inclusions with analysis of the results of rejection of the metal of experimental heats ac-
cording to the presence of defects of the “ingot scab” and “rolled dirt inclusion” types.

In Figs. 3 and 4, we show the results of comparison of the model of fracture of slag cover in the 160-ton la-
dle under the conditions of argon blowing through two blowing plugs with expert’s observations for the argon-
flow rate varying within the range 40—120 liter/min. We observe a high degree of coincidence of the results of
numerical experiments with the data of expert estimations of the state of slag surface in steel-teeming ladles.

In Fig. 5, we present the velocity fields of the melt and gas flows in the profile section of the steel-teeming
ladle along the line of symmetry of the blowing plugs for the variable argon-flow rate.

By analyzing the results of computer experiments, we detect a significant decrease in the volumes of “stag-
nation zones” of the metal moving with a velocity of up to 0.04 m/sec observed as the argon-flow rate increases
from 40 to 60 liter/min. At the same time, the increase in the argon-flow rate from 60 to 80 liter/min causes
an almost half as large decrease in the volumes of the metal with low velocities of motion. The average velocity
of flows in the central zone, which is especially problematic, in the presence of two asymmetrically located
plugs and argon-flow rates higher than 40 liter/min varies within the range 0.04-0.08 m/sec despite an almost
twofold increase in the gas load upon the ladle. From the viewpoint of getting acceptable velocities of flows
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Fig. 3. Results of simulation of the process of washout of the slag layer with a thickness of 200 mm.

40 liter/min 60 liter/min

Fig. 4. Expert observation of the slag surface for a given argon-flow rate: * weakly visible denudation; ** no denudation of the metal
surface.
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Fig. 5. Velocity fields in the flows of melt in the ladle for different argon-flow rates: (a) 40; (b) 60; (c) 80, and (d) 120 liter/min.
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Fig. 6. Isometric model of “stagnation zones” of the melt in the ladle for different argon-flow rates: (a) 40; (b) 60; (c) 80, and (d)
120 liter/min.
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up to 0.08 m/sec for the minimum size of “eye” on the slag surface, we can make a decision to restrict our-
selves to a flow rate of 60 liter/min. The maximum velocities of flows near the walls of the ladle for all cases of
modeling varied from 0.24 to 0.32 m/sec, i.e., were almost four times higher than in the “stagnation zones.”
Moreover, the kinetic energy of the metal flow entrained by the argon bubbles toward the “metal-slag” interface
may become 16 times higher. Furthermore, despite a nonlinear increase in the mass of the melt participating in
agitation, the sizes of the “eyes” increase with the gas load to a greater extent than the sizes of the “stagnation
zones.” This assumption is partially confirmed by the distribution of “stagnation zones” over the working vol-
ume of the ladle presented in the isometric projection of the model in Fig. 6.

We also revealed a less pronounced intensification of agitation caused by a twofold increase in the argon-
flow rate from 60 to 120 liter/min per ladle (see Fig. 6¢, d). A threefold increase in the argon-flow rate (from 40
to 120 liter/min) exerts a greater influence on the degree of washout of the slag cover than on the decrease in
the fraction of zones with the lowest velocities of motion of the metal and, hence, with the lowest degrees of its
agitation.

CONCLUSIONS

In the first stage of investigations, we developed a model of motion of multiphase flows in the volume of
a steel-teeming ladle, which takes into account the variations of the argon-flow rate and the influence of thick-
ness of the slag layer. We especially emphasize a high degree of coincidence of the obtained numerical data
with independent expert’s estimates. The accumulated results reveal a stronger influence of the gas-flow rate
on changes in the sizes of “eyes” in the slag cover than on the variations of “stagnation zones” in the melt.
The maximal enhancement of the efficiency of agitation (as a consequence of decrease in the volume of zones
with elevated velocity of flows) was detected when the argon-flow rate increased from 40 to 60 liter/min. It is
necessary to continue our investigations for different thicknesses of slag cover and different argon-flow rates.
We plan to develop a model of joint motion of gases and nonmetallic inclusions whose sizes vary from 10-20
to 200 wm, i.e., within the main range of sizes for alumina-based inclusions typical of the converter steel deoxi-
dized with aluminum.
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