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ABSTRACT

The paper presents a series of researches regarding the vaporization of the
component elements of the metallic bath and slag during refining in LD converter.
Also, the main factors which influence the vaporization process during steel making
in LD converter are studied: the converter atmosphere; the carbon content of the
metallic bath; the speed of the oxygen jet; the temperature of the metallic bath; the
blowing diagram. Based on these researches we sought to obtain a technology of
steel making in LD converter so that the percentage of losses by vaporization is

minimum.
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1. Introduction

During steelmaking in oxygen converters, in the
impact zone of oxygen jet with the metallic bath, a
local temperature of 3000°C is created. As a result,
the boiling points of the metallic bath components are
exceeded, so that a part (0.6-1.2%) of the metallic
charge is volatilized as a red smoke made of fine
particles having a size of approximately 1pm [1-3].

1.1. Vaporisation of the elements from the

metallic bath

In Fig. 1 is presented the temperature dependence
of the vapor pressure for some metals.

The greater is the temperature of the metallic bath
in the impact zone of the jet, the greater are the vapor
pressures of the component elements Mn, Cr, Cu, Si,
Fe, Ni, Co, Ti and the stronger the emission of gases
and metallic vapors.

These vapors are entrained by the relaxing of the
CO bubbles resulted from the metallic bath
decarburization. Also, as a result of the bubbles action
and of the oxygen jet impact with the slag-metal
emulsion surface, an entrainment of the flux fine
particles is achieved, especially during slag formation.
At the level of the oxygen jet impact zone, the
ascending gas flow has the pressure P; corresponding

to a temperature T| with which the gas-vapor mixture
enters the recovery unit (approx. 1923 K):

Pt =Pt1 +Pt2 , (1)
Ptl =Ppe + PSj + PMpn + PAL +oevee )

Pt, =Pco +Pco, +Po, +PH,0 +PH, (3)
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Fig. 1. Variation of the vapor pressure with
temperature

Because of the oxidizing conditions in the
recovery unit (false air excess) the elements vapors
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are oxidized and condensed at the temperature Tp

corresponding to the dew point (Fig. 2), being
recovered in a proportion of 98% in the resulted
sludge from the wet cleaning unit. T3 1is the

temperature of condensation of the Fe, Mn and Al
vapors, which were cooled with the aid of cooling
water in Venturi tubes. Of the evaporated elements,
Fe has an important weight and influences the level of
the steel taking out [4].

The iron vaporization is influenced by the
converter atmosphere, the carbon content of the iron
bath; the speed of the oxygen jet, the decarburizing
rate.

Ptﬂu

I
»

T T, T, T

Fig. 2. Diagram of the vapors condensation of a
gaseous mixture

2. The influence of the converter
atmosphere upon the elements
vaporization

For example it is considered the iron vaporization
because Fe is quantitatively predominant in the
heterogeneous system subjected to the process.

As a result of the oxygen blowing, a Fe vapors
counter-flow appears and determines at a distance J
from the surface of the metallic bath the formation of
a fog layer of FeO, the following reaction being
produced:

1
{Fe} +E{02} —{FeO}
resulting for the fluxes of the Fe vapors, Fge, and of
oxygen, Fp 5"
Fpe=-2F0, “4)

In conformity with Fick’s law, the flux of the Fe
vapors is given by the relation

oX
Fpe=—CDFe a}lje +Xpe(FretFo,) (5

From the relations (4) and (5) it is obtained:

0X
Fe(2+ Xpe) =—2CDpe —L¢ (6)
o X'Fe
dX
[Fredy=-2CDpe | =5 (1)
0 0 Fe
XFe
FFe:_ZCDFe ln2+X(1):e (®)
2+XFe

where: Fge the flux of the Fe vapors, in mol/m?.s;

Dge— the diffusion coefficient of Fe in oxygen, in

m/s; X% e the molar fraction of Fe at the distance
y=0;
X'F o the molar fraction of Fe at the distance

y=0; C — the molar concentration of the Fe vapors, in
mol/m?,

_n _Pre
" Vpe RT ©)

n — the number of moles of Fe which vaporize;

VF e~ the molar volume of Fe;

Pre — the pressure of Fe vapors. In conclusion,

the flux of the Fe vapors is twice the flux of oxygen
and it is determined by the oxygen partial pressure
P, which characterizes the converter atmosphere.

3. The influence of the carbon content
from the bath subjected to the
vaporization

It is observed that during the decarburizing of a
metallic bath with upper oxygen jet, the carbon
content has a strong influence upon the decarburizing
process. Thus, for a carbon content of less than 2% C
(Fig. 3), the Fe vaporization becomes much weaker
and tends to zero as the carbon content decreases. In
industrial practice the medium decarburizing rate in
LD converter is 10% C/h, at a bath depth of 100 mm.
The disappearance of the flame at the converter mouth
and the observation of the lance are realized at a
carbon content of approximately 0.05% in the
metallic bath, when the vaporization is minimum. It is
important to determine the critical content of carbon
from which the vaporization begins to decrease.

The Fick’s first law is applied to the carbon
transport through a thin diffusion layer at the metal-
gas interface:

(10)
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where: L — the depth along which the boiling of the
metallic bath takes place (~ 100 mm); D¢ — carbon

diffusion coefficient in iron [3.10® m%s]; go— the
thickness of the limit diffusion layer [3. 10° m]; Co-
the carbon content at the interface (~ 0.03%); Cqp —

the critical carbon content when the vaporization is
reduced.
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Fig.3. Variation of Fe vaporization speed with

the carbon content [C]

3 4

From the relation (10) it results the value
C¢er =0.31% which corresponds to the practical

values: 0.20-0.40 %C.

4. The influence of the oxygen jet speed
upon the elements vaporization

In Fig. 4 is presented the variation of the oxygen
jet speed as a function of the carbon content of the
metallic bath.
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Fig. 4. Variation of oxygen jet speed with [C]

If the oxygen jet speed is bigger than the value
given by this curve for all the carbon contents, the
vapors emission is weak.

If the oxygen jet speed is smaller than the critical
value, Fe is vaporized at a rate close to its maximum

wo, =K[C]? (11)
where: wQ ), the oxygen jet speed; /C] — the carbon

value:

concentration in the metallic bath; K — proportionality
constant. The relation (11) is established on the basis
of the relation:

ZFO2 :FCOZ >Fc (12)
obtained when the vapors release ends, from the
reaction:

1
{CO} +5{02} — {CO2} (13)

with Fo, ,Fco, and Fc — the oxygen, CO, and

carbon fluxes. The domain upon the curve from the
Fig. 4 corresponds to the case in which the steel
making takes place with minimum emissions of red
gases and the domain under the curve corresponds to
the case in which the steel making takes place with
maximum emissions.

It is concluded that during iron decarburization by
oxygen blowing through the upper side, in order to
obtain a reduced vaporization, the oxygen speed at the
lance nozzle exit must be as great as possible in the
case that the metallic bath has great carbon contents.
As the decarburization advances, the iron oxidation
must be maintained to a minimum value in order to
suppress the smoke formation.

5. Experimental researches

The sludge samples were taken from the sludge
funnel every two minutes of blowing from nine
charges. The chemical composition of the converter
dust (dry sludge) is presented in Tab. 1 from which
some aspects concerning the vaporization process in
the LD converter can be highlighted:

- the Fe content from the red smokes is a maximum in
the minute 4 of blowing and corresponds to the
maximum content of Fe,Os;

- the SiO, content is a maximum in the minutes 8-10
of blowing;

- the Al,O; content variation is a maximum in the
minute 4 of blowing, as the Fe content;

-the CaO content variation is a maximum in the
minute 14 of blowing;

- the MgO content variation is a maximum in the first
two minutes of blowing and a maxim in the last
minutes;

-the Mn content variation presents a loop in the
minute 20 of blowing;
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- the calcination losses (PC) variation is a maximum
in the minute 14 of blowing, as CaO;

Using a statistical program, from the data in Tab.
1 there were obtained the histograms of the main
parameters of the vaporization process as well as the
simple and multiple correlations between them [5].
Out of these, we have selected the Fe content
histogram_(Fig.5). From the histograms the following
conclusions can be drawn:
- the Fe content in the red smokes varies in the range
20-60% and the maximum frequency of 40% is
obtained for a 42-50% Fe content (fig. 5);
- the FeO content in the dry sludge varies in the range
6-27% and the maximum frequency of 28% is
obtained for a 18-20% FeO content;
- the CaO content in the in the dry sludge varies in the
range 10-30% and the maximum frequency of 43% is
obtained for a 15-20% CaO content;
- the quantity of dry substance SU varies between 5
and 35 g/l and has a maximum frequency of 40% for a

concentration of 17-23 g/l;
Variable: %FE

- the dry substance (SU) variation has a maximum
concentration in the minute 12 of blowing.

- the calcinations losses PC vary in the range 5-28%
and the maxim frequency of 28% is obtained for a 17-
20% PC;

- the vaporized elements Ca, Si, Al, Mg pass as oxides
CaO, SiO,, Al,0; and MgO, respectively;

- the SiO, content in the dry sludge varies in the range
0-2.4% and the maximum frequency of 37% is
obtained for a 1.3-1.5% SiO, content;

- the AL,O; content in the dry sludge varies in the
range 0-3.8% and the maximum frequency of 42% is
obtained for a 0.7-1.2% Al,Os content;

-the MgO content in the dry sludge varies in the
range 0-4.2% and the maximum frequency of 38% is
obtained for a 0-0.8% MgO content;

- the Mn content in the dry sludge varies in the range
0.5-2.5% and the maximum frequency of 42% is
obtained for a 1.3-1.5% Mn content.

Mean: 40.6455 Sigma: 8.75596

Specifications: Lower Specification Limit (LSL): 31.8896

Nominal Specification Limit: 40.6455
Upper Specification Limit (USL): 49.4015
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Fig. 5. The histogram of the absolute frequencies of % Fe
Table 1. Chemical analyses of the sludge samples
Minute Fe | FeO [ Fe,O; | SiO,, | ALOs | CaO | MgO | Mn | PC SU | Remarks
of blow [%] [g/1]
2 41.98 5.34 | 5450 | 1.57 0.63 | 18.96 | 0.12 0.57 | 17.46 | 11.74
4 53.60 11.04 | 65.05 | 1.39 0.91 13.02 | 1.07 1.28 9.32 | 28.94
6 45.65 18.37 | 4595 | 1.94 0.49 | 18.43 | 0.12 1.13 | 13.62 | 13.74
8 53.19 | 26.02 | 49.72 | 1.61 0.77 | 1233 | 0.75 1.31 542 | 14.74
10 50.77 18.81 | 52.88 1.59 0.89 12.33 | 0.11 1.36 13.90 | 27.04 Ch 1
12 | 47.03 | 16.16 | 50.34 | 1.33 | 049 | 1882 | 0.13 | 1.51 | 15.05 | 29.94 (92?6‘%;4)
14 17.13 7.22 17.03 | 0.81 1.46 | 49.31 | 0.37 0.70 | 26.02 | 27.44
16 32.73 22.01 | 24.30 1.25 0.34 | 27.25 | 0.16 1.42 | 2231 | 11.04
18 39.46 | 21.08 | 34.35 | 0.82 1.96 | 20.53 | 0.12 1.99 | 19.74 | 20.34
20 35.40 17.89 | 31.91 | 0.63 1.33 | 1493 | 1.87 2.35 | 21.18 | 9.74
22 27.45 5.34 | 33.75 | 0.55 2.58 | 30.82 | 5.14 1.32 | 13.83 | 8.94
2 42.79 543 | 55.63 | 1.70 0.69 | 19.06 | 0.20 0.64 | 18.33 | 12.71 | Charge 2
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4 54.41 11.13 | 66.18 | 1.52 097 | 13.12 | 1.15 1.35 | 10.19 | 29.91 | (923655)
6 46.46 | 18.46 | 47.08 | 2.07 0.55 | 18.53 | 0.20 1.20 | 14.49 | 14.71
8 54.00 | 26.11 | 50.85 | 1.74 | 0.83 | 12.43 | 0.83 1.38 6.29 | 15.71
10 51.58 | 18.90 | 54.01 | 1.72 095 | 1243 | 0.11 1.43 | 14.77 | 28.01
12 4784 | 1625 | 51.47 | 146 | 055 | 18.92 | 0.13 1.58 | 15.92 | 30.91
14 17.94 7.31 | 18.16 | 0.94 1.52 | 49.41 | 045 0.77 | 26.89 | 28.41
16 33.54 | 22.10 | 25.43 | 1.38 040 | 27.35 | 0.16 1.49 | 23.18 | 12.01
18 40.27 | 21.17 | 3548 | 0.95 2.02 | 20.63 | 0.20 | 2.06 | 20.61 | 21.31
20 36.21 17.98 | 33.04 | 0.76 1.39 | 15.03 | 1.95 242 | 22.05 | 10.71
22 28.26 543 | 34.88 | 0.68 2.64 | 3092 | 5.22 1.39 | 14.70 | 991
2 42.24 509 | 54.86 | 147 0.67 | 1897 | 0.18 0.52 | 17.77 | 12.05
4 53.86 | 10.79 | 65.41 | 1.29 095 | 13.03 | 0.88 1.23 9.63 | 29.25
6 45.91 18.12 | 46.31 | 1.84 | 0.53 | 18.44 | 0.18 1.08 | 13.93 | 14.05
8 5345 | 25.77 | 50.08 | 1.51 0.81 | 12.34 | 0.81 1.26 5.73 | 15.05
10 51.03 | 18.56 | 53.24 | 149 093 | 12.34 | 0.11 1.31 | 14.21 | 27.35 Charge 3
12 4729 | 1591 | 50.70 | 1.23 0.53 | 18.83 | 0.13 1.46 | 15.36 | 30.25 (933944)
14 17.39 6.97 | 17.39 | 0.71 1.50 | 49.32 | 0.43 0.65 | 26.33 | 27.75
16 3299 | 21.76 | 24.66 | 1.15 038 | 27.26 | 0.16 1.37 | 22.62 | 11.35
18 39.72 | 20.83 | 3471 | 0.72 2.00 | 20.54 | 0.18 1.94 | 20.05 | 20.65
20 35.66 | 17.64 | 32.27 | 0.53 1.37 | 1494 | 193 2.30 | 21.49 | 10.05
22 27.71 5.09 | 34.11 | 045 2.62 | 30.83 | 5.20 1.27 | 14.14 | 9.25
2 51.80 8.56 | 63.38 | 1.28 0.65 | 11.39 | 144 | 0.74 9.99 | 12.20
4 50.75 | 12.79 | 57.52 | 1.28 0.52 | 13.76 | 0.70 | 0.85 | 11.24 | 14.71
6 49.45 | 16.12 | 52.24 | 1.25 044 | 1589 | 0.16 | 095 | 12.37 | 16.22
8 4790 | 18.53 | 47.54 | 1.19 043 | 17.78 | 0.00 1.04 | 13.38 | 16.70
10 46.10 | 20.04 | 43.42 | 1.11 048 | 19.42 | 0.00 1.13 | 14.25 | 16.17 Charge 4
12 44.06 | 20.63 | 39.88 | 1.00 | 0.59 | 20.81 | 0.00 1.21 | 15.00 | 14.62 (923653)
14 41.76 | 20.32 | 3691 | 0.87 0.76 | 21.97 | 0.00 1.28 | 15.61 | 12.06
16 39.22 | 19.10 | 3453 | 0.71 1.00 | 22.87 | 0.44 1.35 | 16.10 | 8.47
18 3642 | 1697 | 32.72 | 0.53 1.29 | 23.53 | 1.09 141 | 16.47 | 3.88
20 33.38 | 13.93 | 31.50 | 0.32 1.65 | 2395 | 1.94 1.46 | 16.70 | 19.20
22 30.09 9.99 |130.85 | 0.09 207 | 2412 | 2.99 1.50 | 16.81 | 8.60
2 48.53 7.73 | 61.16 | 1.46 | 0.76 | 13.21 | 1.54 | 0.75 9.86 | 13.29
4 4748 | 11.96 | 5530 | 1.45 0.63 | 15.58 | 0.89 0.88 | 11.31 | 17.16
6 46.18 | 15.29 | 50.02 | 1.42 0.55 | 17.71 | 044 | 099 | 12.62 | 20.01
8 44.63 17.70 | 4532 | 1.37 0.54 | 19.60 | 0.19 1.10 | 13.80 | 21.84
10 4283 | 19.21 | 41.19 | 1.29 0.59 | 21.24 | 0.14 1.21 | 14.85 | 22.66 Charge 5
12 40.79 | 19.81 | 37.65 | 1.18 0.77 | 22.63 | 0.29 1.30 | 15.77 | 22.46 (918798)
14 3849 | 19.49 | 34.69 | 1.05 0.87 | 23.78 | 0.63 1.39 | 16.55 | 21.24
16 3595 | 18.27 | 32.30 | 0.89 1.11 | 24.69 | 1.18 1.47 | 17.20 | 19.00
18 33.15 | 16.14 | 30.50 | 0.71 1.40 | 2535 | 1.93 1.54 | 17.71 | 15.75
20 30.11 13.11 | 29.27 | 0.50 1.76 | 25.77 | 2.87 1.61 | 18.09 | 11.49
22 26.82 9.16 | 28.63 | 026 | 2.18 | 2594 | 4.02 1.67 | 1834 | 6.20
2 48.73 7.53 | 6125 | 144 | 096 | 13.40 | 1.73 0.74 9.90 | 13.49
4 4788 | 11.56 | 5539 | 141 1.03 | 1597 | 1.28 0.85 | 11.40 | 17.56
6 46.78 | 14.69 | 50.11 | 1.36 1.15 | 1830 | 1.03 0.95 | 12.77 | 20.61
8 45.43 16.90 | 4541 | 1.29 1.34 | 2039 | 0.98 1.04 | 14.00 | 22.64
10 43.83 18.21 | 41.28 | 1.19 140 | 22.23 | 0.77 1.13 | 15.10 | 23.66 Charge 6
12 4199 | 18.61 | 37.74 | 1.06 145 | 23.82 | 0.90 1.21 | 16.07 | 23.66 (923648)
14 39.89 | 18.09 | 34.78 | 091 2.17 | 25.18 | 1.30 1.28 | 16.90 | 22.64
16 37.55 | 16.67 | 32.39 | 0.73 232 | 2628 | 1.40 1.35 | 17.59 | 20.60
18 3495 | 1434 | 30.59 | 0.53 2.80 | 27.14 | 1.99 1.41 | 18.16 | 17.55
20 32.11 11.11 | 29.36 | 0.30 | 295 | 27.76 | 2.60 1.46 | 18.59 | 13.49
22 29.02 6.96 | 28.72 | 0.04 | 3.20 | 28.13 | 3.00 1.50 | 18.89 | 8.40

From the ten simple correlations we have selected  6a), and of SU (Fig. 6b), in g/l, as function of the
for presentation the regression curves of % FeO (Fig.
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blowing time, ¢. From the regression curves the
following conclusions can be drawn:

- the FeO content presents two maxims in the minutes
8 and 20 and between them a minimum corresponding
to the minute 14 when the decarburization is
advanced (Fig. 6a);

- the quantity of dry substance SU presents a
parabolic variation, presenting a maximum of 25 g/l
in the minute 12 of blowing (Fig. 6b);

-the MgO content in the dry sludge presents a
parabolic variation, presenting a minimum of 0.2% in
the minute 12 of blowing;

- the Fe content presents a linear variation, descending
from a maximum value of approx. 55% in the minute
4 of blowing to a value of approx. 30% in the minute
22 of blowing;

- the SiO, content variation is linear, descending from
a maximum value of 1.8% in the first two minutes of
blowing to a value of 0.2% in the minute 22 of
blowing;

- the Al,O; content variation is linear, ascending from
a 0.5% minimum value in the minute 2 of blowing to
a maximum value of 2.5% in the minute 22.

% FeO=5.121 - 1.53 t+1.53t°-0.219 2 + 0. 012 t4; correlation : 0.1116470 ; N=132

o
(0]
s
X a
SU (g/1) =2.062 +8. 622 t-1.73 £+ 0.178 £ — 0.009 t*; correlation : -0.303229; N=132
e
) b
n

Fig. 6. Regression curves for % FeO and dry substance SU [g/l]

From the multiple correlations we have selected
for presentation the regression surfaces of %
Fe=f(%Ca0O, %Si0,) (Fig. 7) and of SU=f(%Fe,
%Ca0) (Fig. 8) and the following technological
aspects can be detached:

- the Fe content in the red smokes depends to a
great extent on the CaO and SiO, contents from the
sludge obtained by the vaporization of Ca and Si and
by the lime dust training in the converter. A maxim of
54-55% Fe is registered for a 15% CaO and 2.2%
SiO, content. The greater the CaO content in the

sludge, the smaller the Fe content. This fact conducts
to the conclusion that the iron vaporization can be
diminished with a great CaO content in slag;

- the quantity of dry substance is determined
by an intense Fe and Ca vaporization, obtaining a
maximum of 35% SU for 55% Fe and 35% CaO and a
minimum of 2% SU for 10% Fe and 6% CaO;

- the calcination losses are influenced by the
Fe and Si vaporization, obtaining a maximum of 28%
PC for 8% Fe and 2.2% SiO, and a minimum of 6%
PC for 55% Fe and 0.2% SiO..

- 83 -



THE ANNALS OF “DUNAREA DE JOS” UNIVERSITY OF GALATI.
FASCICLE IX. METALLURGY AND MATERIALS SCIENCE
N°.2-2009, ISSN 1453 — 083X

30 Surface Plat
z=47.8350.774"x+8.191"y

12,341
l5.882
l5.524
Z1.765
24.706
27.647
30.588
L5289
36.471
39,412
42,353
45,294
45,235
5l.178
54.118
57.059

LU ]

Fig.7. Correlation of %Fe as function of
%CaO si %Si0,

6. Conclusions

The iron volatilization in the LD converters with
oxygen blowing at top through lance is important
because great iron quantities (0.6-1.2%) from the
metallic charge are lost as fine particles having a size
of approximately 1pm, mainly made of iron oxides. In
order to diminish this loss it is necessary to achieve an
intense oxygen blowing regime being able to ensure
as greater oxygen jet speeds as the carbon content in
the metallic bath is higher. The sludge obtained from
the LD converter gases’ purging represents an ore
enriched in iron (approx. 50-55% Fe). The
maintaining of a quantity of liquid slag from the
previous charge determines, on one hand the faster
formation of slag and, on the other hand, helps to
obtain poorer emissions of vapors of Fe, Mn, Si, Mg,
Al, Ca, etc at high carbon contents in the metallic
bath. At small carbon contents (less than the critical
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Fig.8. Correlation of %SU as function of
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one) the oxygen speed at the lance nozzle exit is the
factor whose size influences the emission of metallic
vapors: the greater the speed, the poorer emission of
metallic vapors.
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