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Abstract. Based on theoretical and experimental studies, the authors consider the features of the formation of metal losses during lancing of a converter
bath with immersion oxygen-gas combustion torches using natural gas. The main approaches and the concept of oxygen-fuel converter equipment
for the implementation of processes with elements of liquid-phase recovery of various man-made waste were formulated. The causes of possible
metal losses are the development of dust release processes associated with the removal of metal and slag droplets, and smoke release processes
during evaporation of substances in a high-temperature reaction zone. The main reasons that cause increased metal loss include the crushing
of metal into droplets due to the dynamic energy of gas jets followed by the ejection of droplets into the jet, the splashing and spraying of metal
by CO bubbles upon reaching the bath surface, and the evaporation of metal in high-temperature reaction zones. The measures allowing to reduce
metal losses during the implementation of oxygen-fuel processes in converters were analyzed. The addition of gaseous or liquid fuel to the oxygen
stream reduces dust carryover from the evaporation of iron in the reaction zone. This method is quite easy to implement in practice. At the same
time, such lancing reduces the influence of other factors that cause additional dust formation. With a decrease in the reaction zone temperature,
the manifestations of the smoke emission process decrease.
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AHHomayus. Ha 0CHOBaHMH TEOPETHYECKHUX M IKCIIEPHUMEHTAIBHBIX UCCIIEIOBAHUI aBTOPBI PACCMATPHBAIOT 0COOCHHOCTH ()OPMUPOBAHUSI TIOTEPh
MeTaJlla IpH MPOJIyBKE KOHBEPTEPHOW BaHHBI OTPY’KHBIMH Ta30KHCIOPOIHBIMH (haKkeTaMHi TOPEHHUS ¢ UCTIONb30BaHueM nprpoaHoro rasza. Cdop-
MYJINPOBAaHBI OCHOBHBIE MOAXOBI ¥ KOHLIETIINS 000pY0BaHNS KHCIOPOAHO-TOILIMBHBIX KOHBEPTEPOB VIS peaslM3aliy IIPOLECCOB C AIEMEHTaMHI
KUAKO(DA3HOTO BOCCTAHOBJICHUS PA3JIMUHBIX TEXHOICHHBIX OTXO/0B. [IpHdMHAMM BO3MOXHBIX MOTEPb METAJIA SBISIOTCS PAa3BUTHE MPOLECCOB
IIBIIEBBIICIICHNUS, CBSA3aHHBIX C BEBIHOCOM KalleJIb MeTajlla M IIIaKa, M IMPOLECCHl IBIMOBBIJICIICHNS IIPU NCIIAPEHUH BELIECTB B BHICOKOTEMIIEPA-
TYPHOH peakMOHHOMH 30He. K OCHOBHBIM NPHYMHAM, KOTOPBIE BBI3BIBAIOT MOBBIMICHHBIH yrap MeTaula, MOKHO OTHECTH ApoOeHre MeTallia Ha
KaIUTH 32 CYET JAMHAMHUYCCKOH HEPrHM Ta30BBIX CTPYH C MOCICAYIOMECH MKEKIUeH Karellb B CTPY0, pa30phI3TUBaHNC W PACIbUICHUE MeTajia
my3bipssmu CO 1pu BBIXOJ€ Ha MOBEPXHOCTh BaHHBI M MCHAPEHUE METallla B BHICOKOTEMIIEPATypPHBIX PEaKIMOHHbIX 30HaX. [IpoaHamusupoBaHbl
MEpOIPUATHS, O3BOJISIONINE CHU3UTH IOTEPH MeTajlla IPH peaii3alliyl KHCIOPOAHO-TOILUIMBHBIX IPOIECCOB B KoHBepTepax. Jlo6aBka raso-
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- INTRODUCTION

Under current conditions, improving the efficiency
of converter processes is closely associated with
the development of resource- and energy-saving techno-
logies involving the use, together with scrap as coolants,
of various iron-bearing concentrates, complex reducing
agents, and all types of man-made waste.

Previous experience [l —3] with such processes
involving combined lancing and elements of liquid-phase
recovery shows that, in the most rational technological
variant for semiproduct production, the converter should
be equipped with systems for supplying independently
controlled oxygen flows with off-gas afterburning, as
well as natural gas and inert gas flows to solve various
technological tasks. It should also be possible to intro-
duce a significant amount of additional materials and

Oxygen for lancing and afterburning;
natural gas

it
T

Natural gas
trunnion o

Naturalgas\tj

Oxygen, air, argon IJ

Control unit
for gas supply
to the side tuyeres

Control unit
for gas supply
to the bottom tuyeres

Argon I
Air

Oxygen
Natural gas r

Oxygen-fuel converter for steel smelting with elements of liquid-phase
recovery of man-made waste

Kucnopoano-TonauBHeI KOHBEpTEp [UIs BHITUIABKH CTAIH
C ANIEMEHTaMH KUAKO(PA3HOTO BOCCTAHOBJICHUS TEXHOTCHHBIX OTXO/IOB

reducing agents into the melt (see Figure) [4 — 9]. There-
fore, obtaining new reliable information on the formation
of current metal losses during melting will provide an
additional basis for making optimal technological deci-
sions.

- ANALYSIS OF METAL LOSSES DURING LANCING
OF A CONVERTER BATH

When considering possible metal losses during lan-
cing of a converter bath under the studied conditions, it is
necessary to distinguish between dust release associated
with the carryover of metal and slag droplets and particles
of bulk materials from the converter by off-gases, and
smoke release caused by evaporation of substances in high-
temperature reaction zones, followed by partial condensa-
tion of vapors in the “colder” upper levels of the working
space [10; 11]. Intense brown smoke release during lanc-
ing is a significant feature and disadvantage of this pro-
cess. It largely depends on the temperature in the reaction
zones and the intensity of bath mixing, with losses rea-
ching 0.8 — 1.5 % of the metal charge mass. Depending on
the off-gas flow rate, which is governed by the decarburi-
zation rate, and on the degree of foaming of the slag—metal
emulsion, the dust content may be 80 — 120 g/m? and, in
some cases, even 250 — 350 g/m3. Iron losses with dust
may reach 0.4 — 1.2 % [10 — 12].

Overall, the indicators determined from practical data
show rather significant metal losses and a decrease in
the yield of liquid steel during bath lancing with immersed
jets. Therefore, these losses must always be analyzed and
taken into account [12 — 14].

The main reasons for increased metal losses include:

— breakup of metal into droplets due to the dynamic
energy of gas jets, followed by entrainment of fine drop-
lets measuring 1073 — 107> m into the jet;

— splashing and atomization of metal by rising CO
bubbles when they reach the bath surface, taking into
account the energy of bubble film rupture;

— evaporation of metal in high-temperature reaction
zones.

With certain assumptions, the breakup of metal into
droplets due to the dynamic energy of the jet can be rep-
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resented as the work required to form a new surface and
expressed as follows

A =So, (1)

where S is the interfacial surface area, m?; o is the specific
surface tension, erg/m?. For example, at |C| = 1.0 +~ 1.5 %,
for iron—carbon melts, depending on the carbon content,
o may be taken as 1250-10* erg/m?) [15].

According to the data reported by V.I. Baptizmansky
and V.B. Okhotskii [10; 16], slightly more than 1.0 %
of the dynamic energy of the jet at the nozzle outlet is
consumed in forming a new surface, that is, in metal
breakup and droplet entrainment into gas jets.

Then, the interfacial surface area is:

g_A_00IE,

(e} o

, 2

where E, is the dynamic energy of the jet at the nozzle
outlet.

If the jet velocity at the outlet of Laval nozzles is taken
to be approximately 350 — 450 m/s, then, at an oxygen
flow rate of 1 m3, a gas—metal-slag surface of 65— 70
and even 150 — 350 m? may form at a high degree of melt
breakup into droplets [12; 16; 17].

The specific surface area of dust particles can be deter-
mined from their known size [18]:

6
Sy =g 3)

where p* is the density of the atomized metal; d is
the particle diameter.

Thus, with an average dust particle size of 10 — 25 pm,
the specific surface area is 32 —60 m%*g, and 1 m?
of injected oxygen can form 1.10 — 1.82 g/m?* or more
of dust as a result of metal atomization.

As a result of mechanical atomization of metal by
gas jets, the gases leaving the reaction zones will con-
tain a significant amount of metallic dust, especially in
the initial period of converter bath lancing, when there is
no foamed slag layer, and during intense gas evolution
at a high carbon oxidation rate. In addition, at the begi-
nning of lancing, when the carbon content is high, the sur-
face tension of the metal decreases, which contributes
to an increase in the newly formed surface and, therefore,
in the amount of dust carried away [15].

Under these conditions, the velocity of gas jets formed
in the nozzles of lancing devices may significantly exceed
the speed of sound, which sharply increases the dynamic
energy of the gas jets [10]. As a result, the amount
of metal atomized by gas jets may reach 5 —250 g/m?
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of off-gas and, during collapse of the foamed slag layer,
even 250 — 350 g/m3 [10; 19]. This source of dust forma-
tion is difficult to control because, in almost all processes
involving gas lancing of the converter bath, the outlet
velocity of the oxidizing lancing jets is intentionally
increased to improve oxygen assimilation and bath
mixing.

The only practical technical method for reducing metal
atomization by a gas jet is to submerge the jet deeper into
the bath. In this case, the dust formed may be reabsorbed
by the bath, while a significant part of the jet energy is
used to form the metal-slag—gas interfacial surface and
to generate additional convective flows and circulation
zones. The basic oxygen converter process with bottom
lancing is an example of reduced dust release due to sub-
mergence of the reaction zone into the bath [20 — 22].

During bath lancing with combustion torches, metal
splashing will be much more intense than during oxygen
lancing because of the injection of a larger gas volume.
A known possible solution for reducing splash formation
is additional bath mixing through mechanical rotation
of the lancing devices or of the unit itself [10; 23 — 25].
In this case, the volume of the reaction zone increases
3 —5times compared with conventional lancing, and
the jet energy is consumed not in splashing the melt, but
in additional formation of the interfacial surface [25].

It is of interest to assess metal atomization caused by
rising carbon monoxide (CO) bubbles, which is deter-
mined primarily by their rate of ascent to the bath surface.
According to V.I. Yavoisii [12], the bubble rise velocity U
can be determined by the following relationship

2 2
Mo, Do, I Vcoph
b

U=U,+
2mg m

(4)

where U is the convective velocity of the metal caused
by the density difference in the melt; this velocity is
small and may be neglected; my, is the mass of injected
oxygen, kg/s; g, is the oxygen outlet velocity from
the nozzle, m/s; m is the mass of metal entrained into cir-
culation by the jet, kg; V., is the CO formation rate, m?/s;
p is the metal density, kg/m?3; g is gravitational accelera-
tion, m/s?; 4 is the bath height at rest, m.

Calculations show that, for various converter pro-
cess variants, U does not exceed 5 m/s [12; 16]. It fol-
lows that the energy developed by CO bubbles during
their ascent is hundreds of times lower than the energy
of the injected oxygen jet. Therefore, it may be assumed
that CO bubbles generate correspondingly less dust when
they reach the surface. It should also be noted that, as
a bubble rises under the action of drag forces and fer-
rostatic pressure, it assumes a mushroom-like shape.
The rise velocity of a bubble of this shape can be calcu-
lated using the empirical equation [26]:
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where R is the maximum bubble radius, m; & is an empiri-
cal constant; p,, , ¢, andn,, are the density, surface ten-
sion, and dynamic viscosity of the metal, respectively.

A number of researchers have also indicated intense
dust formation during the rupture of rising bubble
shells [19; 27]. The main evidence in this case includes
the known increase in dust formation intensity with
increasing melt decarburization rate and, in general,
the dependence of the amount of dust formed on the car-
bon content in the metal. At the same time, the energy
of bubble rupture depends on the partial pressure
of the gas inside the bubbles. According to [28], at the ini-
tial moment of bubble nucleation, the pressure is approxi-
mately 107 N/m?2. As the bubble rises to the bath surface
and, accordingly, increases in size, the pressure inside
it decreases and is determined by the ambient pressure
and the surface tension of the liquid phase. According
to [15], the surface tension o between gas and slag, for
example, in the FeO—CaO~-SiO, system, is in the range
of 500 — 600 mJ/m?. For metal, the surface tension is
much higher, and for a melt with [C| =1 %, it may be
approximately 1250 mJ/m?,

Thus, when CO bubbles reach the bath surface, they
are surrounded by a metal film and are conventionally
referred to as metal beads. The amount of metal carried
away in this form depends on the total surface area of CO
bubbles and may reach 8 — 11 % of the slag mass [10; 11].
The metallic dust carried away from the lancing zone may
contain up to 60 — 65 % pure iron.

Depending on their size, the particles formed during
bubble rupture may either be carried away by off-gases
into the gas duct or settle back into the metal bath.
The intensity of their return can be determined with suf-
ficient accuracy according to fluidized-bed theory [26].
Other conditions being equal, this intensity is propor-
tional to the difference between the densities of the par-

ticle and the off-gas
&= Pue ~ Por > (6)

where & is the intensity of droplet return to the melt;
P, and p . are the densities of the carried-away particle
and the off-gas, respectively.

The particle mass depends on whether the particle is
oxidized, which, in turn, is determined by the composi-
tion of the gas phase above the melt. At sufficiently high
temperatures and oxidizing potential of the gas phase,
particle oxidation may proceed further, with a significant
decrease in particle density and, accordingly, increased
carryover.

Therefore, according to relationship (6), oxidation
of atomized metal particles should be avoided, since it

subsequently prevents their settling into the metal bath
and increases dust carryover. To achieve this goal, efforts
should be made to reduce the oxidizing potential of the gas
phase in which bubbles rupture when they reach the sur-
face. This approach can be implemented, for example,
by diluting the top-lancing jet with various fuels or inert
gas [29 — 31]. Previously obtained data on oxygen lan-
cing of metal with nitrogen dilution [29] show that this
method reduces dust release in proportion to the amount
of nitrogen introduced to dilute the gas flow. However,
such lancing methods have not become widespread
because they reduce the rates of oxidation reactions and
bath heating. Considering the available data, a more
acceptable lancing method is the addition of fuel to oxy-
gen, which, along with reducing dust release, introduces
an additional amount of heat into the bath [3]. Calcula-
tions of equilibrium conditions between the metal and
a gas phase consisting of a stoichiometric mixture of oxy-
gen and methane show that the gases leaving the reaction
zone contain a significant amount of CO and H,. In their
presence, formation of iron oxides is unlikely or impos-
sible [30]. Therefore, it is obvious that, under these con-
ditions, dispersed metal particles will settle into the bath
to a greater extent and will be carried away with off-gases
to a lesser extent.

The addition of fuel to oxygen decreases the decar-
burization rate, which also helps reduce the amount
of dust formed during rupture of gas bubbles and breakup
of films of metallic beads.

According to current concepts [10], evaporation
of the iron and manganese oxides formed in the reaction
zone has a significant effect on the temperature of this
zone. Heat consumption associated with evaporation
limits and slows down a considerable increase in the reac-
tion-zone temperature, while the limiting temperature
values are obviously determined by the boiling conditions
of iron at 2735 °C. Numerous experimental studies have
established that, during lancing of the melt with techni-
cally pure oxygen, the temperature in the interaction zone
is approximately 2100 — 2700 °C, while overheating rela-
tive to the volume of the lanced bath is 700 — 900 °C. This
overheating depends on the carbon content in the metal,
the decarburization rate, and the lancing intensity and
therefore changes during converter melting [16; 32].

When accounting for iron evaporation in the reaction
zone, it should also be considered that, with increasing
temperature, the vapor pressure of iron increases expo-
nentially according to the equation:

Ig P, +8.025, (7)

€

18,500
T

where Pp_ is the vapor pressure of iron, mm Hg.

Calculations performed by analogy with stu-
dies [10; 15] show that, at this degree of overheating in
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the reaction zone, the vapor pressure of iron does not
exceed 0.04 atm, or 30.4 mm Hg, resulting in the forma-
tion of 4 — 8 g/m?® of dust. Thus, evaporation leads to sig-
nificant additional dust carryover.

At the same time, it can be stated that, in terms of sig-
nificance, this source of dust formation is close to losses
caused by the dynamic action of the jet and losses caused
by rupturing gas bubbles. Therefore, it is not dominant,
as is often assumed. This also explains why attempts
to eliminate smoke formation by injecting various cool-
ants into the reaction zone, although they significantly
reduce it, do not solve the problem fundamentally. It is
therefore obvious that evaporation in the reaction zone
does not play a determining role in dust formation during
lancing of a converter bath.

This is confirmed by the well-known decrease in
the amount of dust in the off-gases of oxygen converters
at the final stage of lancing, that is, at the end of melt-
ing, despite the bath temperature being much higher
during this period than at the beginning of the process.
At the same time, it should be noted that evaporation does
play a certain role in dust formation. Therefore, various
options for cooling the reaction zone reduce smoke
release and dust carryover during steelmaking.

Thus, the addition of gaseous or liquid fuel to the oxy-
gen lancing jet is a reliable and sufficiently easy-to-imple-
ment method for reducing dust carryover caused by iron
evaporation in the reaction zone [3]. This lancing variant
will simultaneously reduce the effect of many other fac-
tors that cause additional dust formation. In addition,
introducing gaseous or liquid fuel into the converter
together with oxygen through high-power lance burners
additionally increases the heat input into the bath.

[ ConcLusIONs

Theoretical and experimental studies have established
that fuel addition to oxygen jets and the implementation
of oxygen-gas lancing are effective methods for reducing
dust formation during converter melting. This technical
solution reduces the temperature of the reaction zone and,
accordingly, smoke release; changes the oxidation beha-
vior of atomized metal droplets; and promotes particle
coagulation and their return to the metal bath.
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