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In the past ten years, special lances and technolo�
gies for the application of slag coatings to converter
linings have been used to extend lining life [1–4].

As we know, combined gas–liquid motion in met�
allurgical systems is extraordinarily complex [5–7]: it
ranges from the motion of two parallel continuous
fluxes interacting at one continuous interface to the
motion of foam formed by two phases with a complex
and unstable structure.

Forces, thermal fields, and mass transfer at the
phase interface affect the velocity, pressure, tempera�
ture, and concentration fields in the different phases.
Discontinuities of pressure, temperature, concentra�
tion, and flow velocity appear at the phase interface.

The behavior of gas–liquid systems is not well
understood, despite extensive research [5–10]. Con�
siderable theoretical and experimental difficulties
have been encountered.

One option for optimizing the coating technology
is to design lances such that swirling gas jets are
obtained [8–11]. That ensures maximum spraying of
the slag melt; the analysis is based on the mechanics of
gas–liquid systems.

The operation of swirling lances and the interac�
tion of swirling gas fluxes with slag melt were
described in [11, 12]. It was found that, when the gas
is supplied through a swirling lance, it moves down�

ward and is reflected from the liquid surface [11].
Capturing slag particles, it moves to the upper levels
of the converter [13].

In the center cross sections of the gas jet, when
plotting a velocity curve at the beginning of the jet sec�
tion (the initial speeds), we find that the radial flow
velocity is zero. As the gas jet travels in the working
space of the converter, it begins to expand on account
of centrifugal forces. The axial velocity declines, while
the velocity in the boundary layer increases. This pro�
cess is intensified by vigorous interaction with the sur�
roundings and by using swirling gas jets.

The quantity of slag melt entrained by the gas flux
and applied to the converter’s refractory lining
depends on the diameter D of the slag particles formed
on interaction with the swirling gas jets, as established
in [11]

(1)

Here τ = Qli/Qg is the ratio of the bulk flow rates of gas
and liquid; u is the tangential flow velocity, m/s; Δu is
the velocity difference between the particle and the gas
pulsations, m/s; σ is the surface tension, N/m; μg is
the dynamic viscosity of the gas, Pa s.

If we divide both sides of Eq. (1) by the effective
diameter d of the slag column (m), which is equal to

D 6 τ1/3

ρgΔu2
������������ σ μgΔu+( ),≈
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the output�nozzle diameter of the swirling lance, we
obtain the equation

(2)

where We = ρgΔu2d/σ is the Weber number; Re =
ρΔud/μg is the Reynolds number; ρgΔu2 is the analog
of the pulsational kinetic energy of the gas, kg/m s2;
μ is the dynamic viscosity of the slag, Pa s.

In the calculations, we assume the following
numerical values [13]: ρ = 3 × 103 kg/m3; μ = 0.1–
0.3 Pa s at T = 1450°C; kinematic viscosity ν =
(0.3⎯1.0) × 10–4 m2/s; σ = 0.5–0.6 N/m at 1400–
1600°C. The slag viscosity depends on its chemical
composition and the temperature. The gas used in
breaking up and spraying the slag is nitrogen, for which
we assume that ρN = 1.25 kg/m3; μN = 2.1 × 10–5 Pa s.
Preliminary calculations when the velocity of the gas–
liquid flow u = 100 m/s show that the action of surface
tension is no more than 2% of the effect of friction and
decreases with increase in the velocity. Accordingly, we
only take account of the viscous friction in the subse�
quent calculations.

The use of lime–magnesite fluxes during gas injec�
tion in the converter increases the slag viscosity. There�
fore, the second term in Eq. (2) is much greater than the
first. Hence, we may write Eq. (2) in simpler form

(3)

In Fig. 1, we show the relative diameter of the slag
droplet obtained in spraying according to Eq. (3),
when the relative bulk flow rate of the liquid phase τ =
10–3–10–2. We find that, when the output�nozzle
diameter of the swirling lance is d = 0.2 m and the gas
flow velocity is 300 m/s, the droplet diameter is about
600 μm.

D
d
��� 6τ1/3 We 1– Re 1– μ

μg

����+⎝ ⎠
⎛ ⎞ ,=

D
d
��� 6τ1/3 Re 1– μ

μg

����⎝ ⎠
⎛ ⎞ .=

Obviously, the droplet size is determined not only
by the gas flow velocity but also by the gas flow rate. In
preliminary calculation of the slag�particle size, we
assume that τ ~ 10–3; that corresponds to Gli/Gg = 2.4,
where Gli is the mass flow rate of the liquid slag parti�
cles, kg/s; Gg is the mass flow rate of the gas, kg/s. With
decrease in Gli/Gg to 0.5, the minimum size of the slag
droplet will be around 300 μm, with the maximum vis�
cosity of the slag melt. Reducing the slag viscosity to a
third of its initial value reduces the minimum particle
size to about 100 μm.

We may adopt an analogous approach in describing
the dispersion both in the central zone and at the
interaction boundary of the gas flux, the slag melt, and
the converter lining at breakdown. Hence, we may
estimate the droplet size as follows [11]: in Eq. (3), we
may adopt the diameter dint of the interaction zone
from which the gas jet displaces liquid slag as the scale
factor. Hence, we may use a correction factor k =
D/dint. The tangential velocity declines on the basis of
the typical 1/r distribution (where r = d/2) [14]. That
is also the diameter ratio; in other words, the correc�
tion is determined as (D/dint)2. The pulsational com�
ponent of the interaction declines in the same manner.
Therefore, when gas injected into the slag melt around
the bath periphery, increase in diameter of the slag
particles is likely.

The size of the particles formed at the boundary of
the slag melt is limited, on account of the formation of
a two�phase flux of slag particles and gas in that region.
That results in some foaming of the gas–slag emul�
sion. Accordingly, slag particles are displaced from the
interaction zone at a speed no greater than the velocity
of sound in the mixture. For a mixture of nitrogen and
liquid slag, the velocity of sound ami is determined
from the expression [15]

Here  = ∂ρg/∂P is the velocity of sound in nitrogen;

 = ∂ρsl/∂P is the velocity of sound in slag; ρg is the
density of nitrogen; ρsl is the density of the slag; P is the
pressure; ϕ is the gas content of the flow.

In Fig. 2, we show the calculated velocity of sound
for gas–slag emulsion. Over practically the whole
range of ϕ, the velocity of sound is no more than
30 m/s. It only increases in the extreme cases (with a
low gas content or with practically no slag in the emul�
sion): to 69.8 m/s when ϕ = 0.01 and to 68.0 m/s when
ϕ = 0.99.

When the gas flux leaves the lance, swirling flux is
formed above the slag surface, as established in [11].
There is a region of reduced pressure in the axial zone.
If we assume that the tangential velocity declines in
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Fig. 1. Dependence of D/d on the velocity of the gas flow u,
for various τ values.
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proportion to 1/r on moving away from the center of
the eddy, the pressure above the surface is determined
by the equation [10]

(4)

where Γ is the circulation.

The solution is

where P0 is the atmospheric pressure.

As the gas flows out of the swirling lance, the pres�
sure in the vicinity of the gas output is considerably less
than in the surroundings. The same is true of the over�
all pressure above the surface of the slag bath. As a
result, on account of the pressure difference, the slag
melt in the interaction zone moves from the periphery
to the center. Note that such slag flow is only observed
at a certain height of the gas lance with respect to the
slag surface. The slag motion under the action of the
pressure difference above the bath is described by the
equation

where V is the flow velocity of the slag.

We disregard the slag viscosity. As a result, the melt
velocity is overestimated. Substituting the pressure
from Eq. (4), we obtain

Hence

Then the flow rate of the slag supplied to the inter�
action zone may be estimated as

where the parameter ξ characterizes the position of the
eddy boundary with below�atmospheric pressure.

The position of the eddy boundary is determined by
the lance parameters (ξ ~ 0.5–0.6). In these condi�
tions, the slag velocity at the lance outlet is about
4 m/s, while the flow rate of the entrained slag is
0.016 m3/s (or 57 m3/h).
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CONCLUSIONS

In the application of slag coatings to the converter
lining by means of swirling lances, the size of the slag
particles entrained from the interaction zone is deter�
mined by the speed of the gas flux and the gas flow rate.
Decrease in slag viscosity tends to reduce the mini�
mum particle size. At breakdown, foaming of the slag
melt is possible. That reduces the speed of the slag par�
ticles and impairs the formation of a slag coating on
the converter lining.

ACKNOWLEDGMENTS

Financial support was provided by the Russian
Ministry of Education and Science (project 2556).
The research was conducted at Siberian State Indus�
trial University.

REFERENCES

1. Petrakova, T.N. and Ivanova, I.M., The work results of
ferrous metal enterprises in Russia for the 9 months in
2014, Chern. Metall., 2014, no. 1, pp. 6–9.

2. Lyakishev, N.P. and Shalimov, A.G., Sravnitel’naya
kharakteristika sostoyaniya kislorodno�konverternogo
proizvodstva stali v Rossii i za rubezhov (Comparative
Characteristics of General Oxygen Steel Production in
Russia and Abroad), Moscow: Eliz, 2000.

3. Aizatulov, R.S., Protopopov, E.V., Sokolov, V.V.,
Komshukov, V.P., Buimov, V.A., and Chernysheva, N.A.,
Improvements of the ways to repair linings of a
160�tone converter using neutral gases, Stal’, 1999,
no. 5, pp. 39–43.

4. Nugumanov, R.F., Protopopov, E.V., Chernyatevich, A.G.,
and Galiullin, T.R., New approaches in the improve�
ment of slag scull coating technology on the converter
lining, Izv. Vyssh. Uchebn. Zaved., Chern. Metall., 2006,
no. 12, pp. 7–12.

5. Yavoiskii, V.I., Yavoiskii, A.V., and Sizov, A.M., Prime�
nenie pul’siruyushchego dut’ya pri proizvodstve stali
(Usage of Pulsating Blowing at Steel Producing), Mos�
cow: Metallurgiya, 1985.

60

40

30

20

0 0.80.40.2 0.6

a, m/s

50

10

3.0

2.5

2.0

1.5

1.0

0.5

0
ϕ

ρcm × 10–3, kg/m3

ρcm

a

Fig. 2. Dependence of the velocity of sound in the gas–slag
emulsion and the mixture density on the gas content.



746

STEEL IN TRANSLATION  Vol. 45  No. 10  2015

KALINOGORSKII et al.

6. Abramovich, G.N., Girschovich, T.A., Krasheninnikov,
S.Yu., Sekundov, A.N., and Smirnova, I.P., Teoriya tur�
bulentnykh strui (Theory of Turbulent Jets), Moscow:
Nauka, 1984.

7. Girshovich, T.A. and Leonov, V.A., Influence of phase
differential velocity on turbulent jet structure, carrying
heavy impurities, Inzh. Zh., 1982, no. 4, pp. 541–548.

8. Gol’dshtik, M.A., Vikhrevye potoki (Vortex Flows),
Novosibirsk: Nauka, 1981.

9. Gupta, A.K., Lilley, D.G., and Syred, N., Swirl Flows,
London: Abacus, 1984.

10. Kutateladze, S.S., Volchkov, E.P., and Terekhov, V.I.,
Aerodinamika i teplomassoobmen v ogranichennykh
vikhrevykh potokakh (Aerodynamics and Heat�Mass
Exchange in Restricted Vortex Flows), Novosibirsk:
Akad. Nauk SSSR, 1987.

11. Feiler, S.V., Protopopov, E.V., Chernyatevich, A.G.,
Kalinorskii, A.N., and Bagryantsev, V.I., Study of the
peculiarities of the usage of vortex flows for refractory
coating on the converter lining, Izv. Vyssh. Uchebn.
Zaved., Chern. Metall., 2014, no. 8, pp. 28–33.

12. Bagryantsev, V.I., Nikolaev, A.L., Poltoratskii, L.M.,
and Chevalkov, A.V., Causes of breakdown of oxygen�
powder lances, Steel Transl., 1988, vol. 18, no. 2,
pp. 59–61.

13. Baptizmanskii, V.I., Medzhibozhskii, M.Ya., and
Okhotskii, V.B., Konverternye protsessy proizvodstva
stali. Teoriya, tekhnologiya, konstruktsii agregatov
(Converter Processes of Steel Production: Theory,
Technology, and Set Constructions), Kiev: Vishcha
Shkola, 1984.

14. Bagryantsev, V.I., Volchkov, E.P., Terekhov, V.I., and
Titkov, V.I., Issledovanie techeniya v vikhrevoi kamere
lazernym dopplerovskim izmeritelem skorosti
(Researches of Flows in a Vortex Chamber with Laser
Doppler Velocimeter), Novosibirsk, 1980.

15. Kutateladze, S.S. and Nakoryakov, V.E., Teplomassoob�
men i volny v gazozhidkostnykh sistemakh (Heat�Mass
Exchange and Waves in Gas�Liquid Systems), Novosi�
birsk: Nauka, 1900.

Translated by Bernard Gilbert


		2016-01-26T17:35:43+0300
	Preflight Ticket Signature




