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Abstract—Steel-smelting slags form a large proportion of metallurgical wastes. They are generated at a rate of
150–200 kg/t of steel, on average. At current rates of steel production in Russia, the annual output of smelting
slag is 9 million t, of which 8–11% consists of metallic iron and 15–40% of iron oxides. The total iron content
in the slag is 20–30 wt %. Steel-smelting slag represents a valuable source of iron, which should be processed
and returned to production. The slag-processing system at AO EVRAZ ZSMK permits stepwise removal of
iron-bearing inclusions from the slag by magnetic separation. The iron-bearing concentrate obtained consists
of three fractions: 0–10 mm (for use in sinter production); 10–80 mm (for blast-furnace use); and 80–250 mm
(for use in steel smelting). The use of the 0–10 and 10–80 mm fractions in steel production in 160-t converters
is considered in the present work. A mathematical model permits multivariant calculations to investigate the
smelting dynamics and the distribution of added iron-bearing concentrates in the metallic melt, for different
trajectories and dosing protocols. Analysis of the results yields new information regarding the hydrodynamic
processes when iron-bearing concentrates from the slag-processing system at AO EVRAZ ZSMK are injected
in the converter bath.
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Steelmakers have accumulated considerable quan-
tities of wastes, most notably blast-furnace, converter,
and electrofurnace slags [1–6]. The slag formed in the
converter amounts to 10–12% of the metal charge,
depending on the steel produced, the converter
design, and the production conditions. Note that,
besides oxides of silicon, calcium, magnesium, man-
ganese, and aluminum and the iron oxides FeO,
Fe2O3, Fe3O4, the slag contains metallic iron in the
form of beads, which amount to 8–11 wt % of the slag
[7]. In the course of steel production, slag tailings are
stored over considerable areas of land; the slag mass
amounts to tens of millions of tons. In particular, in
the Kuznets Basin, the figure for AO EVRAZ ZSMK
is more than 40 million t [8]. This waste may be
regarded as a valuable source of iron. Obviously, it
should be processed and returned to production.

A low-cost approach to processing steel-produc-
tion slag is enrichment—for example, by magnetic sep-
aration. The magnetic fraction is used as iron-bearing
batch [9–11]. In the processing of iron-bearing slag
concentrate, we may obtain a product containing
40‒80% Fe, consisting of three fractions: 0‒10,

10‒80, and 80–250 mm. Such concentrates may be
added to the charge—for example, by injection—and
may serve as a substitute for iron scrap, which serves as
a coolant inn the converter [11].

In recycling such waste, we need to identify the best
means of introducing the material and to fine-tune the
blast and slag conditions in the converter. Preliminary
numerical modeling of the smelting dynamics of the
slag concentrate in the melt provides additional infor-
mation for the development of a resource-saving con-
verter technology. It is of great scientific and practical
interest to study the hydrodynamics and mass transfer
in the converter and the assimilation dynamics of slag
concentrate in the bath. In studying the mass transfer
and melting of the concentrate, we use the available
information regarding the hydrodynamic and thermal
behavior of the melt with top injection of the converter
bath [12–16].

The mathematical model is based on collective
motion of the particles in the melt; this approach is
applicable when the disperse concentrate occupies less
than 20% of the melt volume [17. 18]. We assume that
the motion and conversion of the concentrate particles
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do not depend on the motion and conversion of the
other particles, whose influence is taken into account
solely through the overall characteristics of the
medium. In such conditions, our attention focuses not
on an individual particle in the melt but on a whole
group of particles: a conglomerate of particles of solid
disperse phase β in the converter bath. One of the
basic characteristics of the conglomerate is the bulk
density. The spatial distribution of particles in the con-
glomerate at any instant depends not only on the mean
velocity of the solid phase, corresponding to convec-
tive transfer, but also on the effective diffusion coeffi-
cient, which characterizes the particle dynamics. Spe-
cifically, the particle dynamics is associated with non-
uniformity of the f low and circulatory f luxes in
the bath.

To simplify the formulation of the problem and
hasten the calculations, we make a number of assump-
tions in the mathematical model. In particular, since
the particles of phase β are relatively small, we may
neglect the relative velocity of the solid phase and the
liquid phase (melt). Hence, we may consider a one-
dimensional hydrodynamic problem: to find the
velocity field of the medium as a whole [19]. Thus, the
mathematical model only takes account of the melting
of the iron-bearing concentrate in the converter bath
and the consequent distribution of the material in the
melt. The mechanical influence of the disperse slag-
forming materials on phase β is disregarded, and the
dynamics of slag formation is not considered. In this
formulation of the problem, the slag-forming additives
only have local thermal influence, on account of their
initial heating to the melt temperature.

Besides the solid impurity phase β, we consider the
liquid phase η formed by its melting products. We
assume that phase η includes all the melting products
of phase β. We also make allowance for the thermal
effects associated with the interconversion of the com-
ponents of phase η.

Thus, mass transfer may be described by the fol-
lowing system of equations

(1)

(2)

where  is the overall velocity of the medium; Dβ and
Dη are the effective diffusion coefficients of phases β

and η;  and  are the true densities of phases β and
η; Φ is the bulk density of the solid phase.

The thermal aspects of the process are described by
the equation
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where

is the material derivative of the temperature T of the

medium; Ce is its effective specific heat;  is the effec-
tive thermal conductivity of the medium (divided by
its mean density ρ0); Le is the effective specific heat of
phase transition, taking account of the heat consumed
in the melting of phase β and the thermal effect asso-
ciated with the solution and chemical reactions of
phase η; the coefficient Θ takes account of the thermal
influence on the melt when the slag-forming additives
are introduced.

Then

(4)

where Cb and Ce are the specific heats of solid lime and
feldspar; ϕ is the relative content of feldspar in the
slag-forming additives; ) is the initial temperature
of the slag-forming additives; Tm is the melt tempera-
ture; ψ is the mass consumption of slag-forming addi-
tives at their point of introduction, by means of which
their supply rate may be characterized.

The first term in square brackets in Eq. (4) takes
account of the heat consumed in bringing the slag-
forming additives to the melt temperature, while the
second term takes account of the heat consumed in
melting the f luorspar.

In this formulation of the problem, the bulk density
of the solid phase Φ determines the kinetics of phase
conversion. When iron-bearing concentrate is sup-
plied to the melt, we assume that the disperse material
is irregular in form, has a nonuniform fractional com-
position, and includes all the particles within unit vol-
ume [18]. Then

where

is the kinematic coefficient; N is the number of solid
particles per unit volume; Tf is the melting point of the

concentrate;  is the density of concentrate particles;
and Nu is the Nusselt number.

The boundary conditions for Eqs. (1) and (2) fol-
low from the condition that the f low of phases β and
η is zero at all the boundaries of the calculation region.
(The supply of phase β to the melt is taken into
account by means of the bulk density of the solid
phase Φ.) The boundary conditions for Eq. (3) are
selected as in [20].

∂= + ∇
∂

�dT T T
dt t

v

λ'e

( ) ( )⎡ ⎤Θ + ϕ − + ϕ ψ,⎣ ⎦
0

e b c b m cC C T T L

0
bT

β = Φ = − β Δ1/3' ,f f
d K T
dt

( )
β

λ= π
ρ

23
0

Nu' 3 4
2

eK N
L

βρ0



STEEL IN TRANSLATION  Vol. 47  No. 6  2017

INJECTION OF IRON-BEARING CONCENTRATES DERIVED 361

Numerical solution is based on an explicit differ-
ence scheme, with approximate terms for the effective
diffusion coefficients and thermal conductivity [17].

The mathematical model permits multivariant cal-
culations to investigate the smelting dynamics and the
distribution of added iron-bearing concentrates in the
metallic melt, for different trajectories and dosing pro-
tocols. The converter geometry assumed corresponds
to the 160-t units at AO EVRAZ ZSMK. The quantity
of concentrate introduced in the melt is 4–6 t or 3.5–
7.5 kg/t of steel produced. The supply trajectory of the
material is determined by the design of the supply
channels and, when using loading scoops, by the dis-
tribution of the material within the bath in the reaction
zones with the oxygen jets. The concentrate is intro-
duced within 30–40 s; it is introduced at a distance of
0.2 m from the converter’s symmetry axis. The
hydrodynamic conditions in the converter are taken
from [20].

In Fig. 1, we illustrate the results of mathematical
modeling. The arrows indicate the direction of the cir-
culating melt f luxes; the continuous and dashed local
curves correspond to constant concentrations of the β
and η phases, respectively.

When iron-bearing concentrate is supplied to the
converter, it may be captured by the melt f luxes

ascending along the reaction zone and the turbulent
eddies rotating under the reaction zones (Fig. 1a). At
the end of concentrate supply (Fig. 1a), as a rule, the
concentrate is distributed in two portions: the first is
captured in the global vortex and travels over the whole
bath volume; the second remains within the zones of
action of the local vortices under the reaction zones.
This pattern determines the distribution of phase β
when iron-bearing concentrate is supplied to the bath.

As phase β is distributed in the bath, it also melts.
As a result, phase η is formed (Fig. 1b). Melting on
account of local heating is relatively intense [19]. In
Fig. 1b, we show the concentration isolines for phase η in
the lower part of the converter bath (under the reac-
tion zones). In Fig. 1c, we present the analogous iso-
lines in the upper part of the bath. The melting of
phase β reduces its total volume. For example, after
110 s (Fig. 1f), phase β disappears from the region
below the reaction zones. We also note increase in the
content of phase η, which occupies an ever larger
share of the bath volume in the course of injection.

As a result of intense motion of the melt during
concentrate supply, the material is distributed over the
whole bath and continues to melt. In the course of
injection, phase η is distributed practically uniformly
over the whole bath volume.

Fig. 1. Concentration fields of the phases within the converter at the end of concentrate supply (a) and after 20 (b), 40 (c), 60 (d),
100 (e), and 110 (f) s: (1) 0.05% phase β; (2) 0.2% phase β; (3) 1% phase β; (4) 4% phase β; (5) 6% phase β; (6) 10–4% phase η;
(7) 10–3% phase η.
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CONCLUSIONS

A mathematical model permits analysis of the
hydrodynamics in the converter bath when iron-bear-
ing concentrates from the slag-processing system at
AO EVRAZ ZSMK are injected. (The 10–80 mm
fraction of the concentrate is introduced.)

As a result of intense motion of the melt during
concentrate supply, the concentrate particles are dis-
tributed practically uniformly over the whole bath and
continue to melt.
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