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Abstract: An improved computational model to describe the decarburization process in basic oxygen
furnaces for steel making is presented in this work. A dynamic model was thus developed to calculate
the decarburization rate and its breakup as a contribution coming from the hot-spot zone (under jet
impact) and emulsion zone (by droplet and slag reactions). In this work, multiple interconnected
equilibrium/adiabatic stoichiometric-reactor-based approaches are used to describe the overall basic
oxygen steel-making process. The macroprogramming facility of FactSage™ software was used to
understand the thermodynamics and kinetics of basic oxygen steel-making processes. The tempera-
ture, compositions, and volumes of various phases are estimated with the use of this model. Hot-spot
temperatures in the range from 2000 to 3000 °C as a benchmark was considered for calculations. The
major contribution of decarburization was established to come from hot-spot reactions in the major
part of the blow, except in the last part when emulsion phase reactions govern it. This development
represents an original contribution to our understanding of the BOF steel-making process.

Keywords: steel making; basic oxygen furnace (BOF); decarburization; FactSage; macroprogram;
slag chemistry

1. Introduction

Although the basic oxygen steel-making process involves multiphase reactions, the
decarburization process dominates the overall refining process [1,2]. To better control the
refining process, a more detailed understanding of the decarburization reaction helps to
control the process parameters and increase productivity. Several dynamic models [2-8]
were developed to understand the decarburization process in basic oxygen steel-making
furnaces. Sarkar et al. [4] demonstrated that decarburization reactions take place only at the
emulsion zone followed by the impact zone by considering the three interconnected tanks as
reactors. They proposed that the dissolution of carbon takes place in metal-gas droplets and
FeO. They assumed that the temperature increased linearly during the blow. Knoop et al. [6]
predicted that FeO reduction occurred by the carbon in the emulsion zone, and FeO formed
at the impact zone reacting with jet oxygen. In [9-11], the authors reported the kinetics of
decarburization. However, these studies were conducted at a laboratory scale with limited
process parameters. Hence, it is difficult to compare laboratory experiments with real basic
oxygen steel-making processes for decarburization. B. K Rout et al. [12] simulated basic
oxygen steel-making processes using three reaction zones: the impact, slag-bulk metal,
and slag-metal-gas emulsion zones. B.K. Rout et al. [12] reported the effect of recirculating
metal droplets on the entire refining process and rate for single droplets in the emulsion
zone. Other authors [13,14] later extended the previous model [12]. They calculated
that 76% decarburization occurred in the emulsion zone, and 24% decarburization took
place in the impact zone, which is in close agreement with the industry data. Combined
experimental and computational studies [15-23] presented the mechanism and kinetics
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of the decarburization process based on Fe-C droplets involving mixtures of CO, and
O, or CO/0O,/H0 gases. R.J. Fruehan et al. [15] introduced the carbon reaction rate
with CO,, HyO gases, and FeO in slag. R.J. Fruehan and L.J. Martonik [16] illustrated
the decarburization reaction of liquid iron with CO-CO, mixtures and hydrogen gases
at 1800 K and reported the decarburization controlled primarily by the diffusion of the
gas—metal boundary at high carbon content in liquid metal, and by carbon diffusion in
the metal phases at below the critical limit of carbon. Simento et al. [17] reported that the
decarburization rate of Fe-C droplets involving mixtures of CO; and O is limited by the
enrapture of CO, and O; in the gas phase. Most previous investigations [24-27] of the
decarburization of Fe—C droplets using CO, as oxidant found that the mass transfer of
carbon is the rate-controlling step in the liquid phase below a critical carbon content in the
melt. Several studies [28-32] introduced the kinetic refining of basic oxygen steel-making
processes, and evaluated metal, slag, and gas compositions and temperature. However,
these works are not available in the open literature and are used only for internal research in
steel plants. Dogan et al. [33] distinguished decarburization between impact and emulsion
zones incorporating flux and scrap dissolution, and showed that 45% decarburization
occurred in the emulsion zone, and 55% decarburization took place in the impact zone
during the main blow. Dogan et al. [34] extended the effects of bloating behavior through
emulsified droplets on the overall decarburization process and lance height, bottom stirring,
and CO and CO; effects on decarburization behaviors in the impact zone. Dogan et al. [35]
reported that 40% decarburization occurred in the impact zone during the main blow
time, sulfur had a retarding effect on the decarburization reaction when CO, was used as
an oxidizing gas, and an initial 2 min of blowing was unable to predict decarburization
in the emulsion and impact zones. The insufficient decarburization rate proposed by
the Dogan model [34] during the final blowing periods was due to the low prediction
of refining rate by emulsion zone. Recently, J. Biswas et al. [36] developed a model for
decarburization on the basis of Fe-C-S droplets with oxidizing slag. The decarburization
prediction of ]. Biswas et al. [36] is in good agreement with experimental results for initial
and middle blowing time. However, they were unable to capture the decarburization rate
in the final blowing time. Kozakevitch et al. [37], and Meyer et al. [38] demonstrated that
most of the decarburization reaction occurs in the emulsion phase. In contrast, Okano
et al. [39], and Price [40] claimed that the majority of decarburization reactions take place
at the impact zone. Accordingly, the present study introduces the issue of the proportion
of the decarburization reaction in different zones of the process. In the BOF process,
Chatterjee et al. [41] reported that Fe-C droplets account for 35% to 40% decarburization
of total decarburization. Other studies [13,14,35,37—41] reported that the contribution of
decarburization comes less or more from hot-spot and emulsion zones. None of them
described the contribution of decarburization from hot-spot zones to emulsion zones with
the slag compositions and temperature of hot-spot and emulsion zones. Many studies
considered indirect decarburization (emulsion zone) to be a major contribution to overall
decarburization; however, very few acknowledged hot-spot contribution as the dominating
one. The hot-spot temperature in the BOF process is in the range from 2000 to 2500 °C,
and it was measured a long time ago. Koch et al. [42] reported variations in hot-spot
temperature with top oxygen blowing time when the melt weight was 40 kg and oxygen
supply rate was 164, 197, 283, and 369 L/min for decarburization. However, Koch et al. [42]
reported that hot-spot temperature increases with increasing oxygen flow rate, but could
only be measured during the 20% and 80% of total blowing time, and beyond 80% of the
total processing time, it is not possible to measure it. Nakamura et al. [43] also reported that
hot-spot temperature could not be observed during the last period of the decarburization
period. Kawakami et al. [44] agreed with the behavior of hot-spot temperature as predicted
by Nakamura et al. [43].

In this present work, considering all the above considerations, a dynamic control
model was developed that could account for such interconnected phenomena and the
thermochemical behavior of various reactions, which are required to better understand the



Metals 2022, 12, 638

30f17

decarburization process. The aim of the present work is to acquire better knowledge on the
contribution of the decarburization rates at the impact and emulsion zones, and the metal
bath throughout the blow in terms of transient temperature and volumes of liquid steel
and slag involving a multireactor-model-based approach involving thermodynamics and
kinetics of reactions using the FactSage macroprogram to understand the role of the impact
zone, emulsion, and the bulk metal bath in the overall decarburization process.

2. Methodology

The total BOF process was divided into four adiabatic stoichiometric reactors. Two
bulk chambers, namely, 1 and 2, and two free energy minimizers, namely, 3 and 4, were
considered in the present model, as shown in Figure 1. The free energy minimization
principle, with the use of FactSage 7.3 software [45] (CRCT, Montreal, QC, Canada), was
used for all computations in the various reactors involving their inputs. The overall heat
and mass balance was established at the end of the calculation. The FToxid, FTmisc, and
FactPS databases were selected for the calculation. FToxid, FTmisc, and FactPS solution and
compound databases represent data for oxide solutions, liquid alloys, and pure substances,
respectively. The Equilib module and macroprogram of FactSage software were used to
calculate thermodynamics and kinetics, respectively. In the present study, the kinetics was
considered to be governed by mass transfer limitations that are related to the mixing of the
system, which depends upon the rate of energy input to the system by means of top blowing,
decarburization reactions, and bottom stirring flow rates. The appropriate mathematical
expressions were used in the program, as explained in earlier work by Shukla et al. [46,47].
Various reaction zones defining slag—-metal, metal-gas, and slag—gas interfacial reactions
were considered. The linear model for lime, scrap, and dolomite dissolution was considered
for slag formation, and the appropriate values of heat losses were also considered in the
current model to simulate the basic oxygen steel-making furnace operation.

2.1. Model Description

The process was divided into time steps of one minute. There was circulation and
exchange of reactants and products across the interconnected reactors at every time step,
as represented in Figure 1. The fractions of reactants supplied to reactors from bulk metal
and bulk slag are calculated by kinetic considerations, which are the function of mixing
energy supplied to the system by the top lance, decarburization reactions, and bottom
stirring. Reactor 1 represents a metal bulk mix bath where hot metal and scrap are charged
as Streams 5 and 6, respectively, accounts for the scrap dissolution at every time step, and
exchanges liquid metal with Reactors 3 and 4. Reactor 2 represents a slag bulk mix bath
where slag (Stream 7), lime (Stream 8), dolomite (Stream 9), and iron ore (Stream 10) are
charged, and it accounts for lime and dolomite dissolution, and a reduction in iron ore.
Reactor 3 represents the hot-spot or gas—metal reaction zone in which a fraction of liquid
metal (Stream 15) is fed from Reactor 1, and a fraction of O, (Stream 17) from the oxygen
reservoir. Carbon, silicon, manganese, and phosphorus oxidation takes place here. After
the reaction, the refined metal (Stream 13) comes back to Reactor 1, liquid slag (Stream 14)
to Reactor 2, and produces CO and CO; gases (Stream 16) to Reactor 4. The circulation
stream from the metal bath (Stream 15) and oxygen (Stream 17) supplement fresh metal at
every time step in the metal-gas reactor. This reactor shares the interface with Reactors 1
(metal bulk bath) and 2 (slag bulk bath). Reactor 4 contains the emulsion or gas—-metal-
slag reaction zone in which a fraction of liquid metal (Stream 11) is fed from Reactor 1, a
fraction of slag (Stream 12) is fed from Reactor 2, and gases (Stream 16) from Reactor 3.
This is also known as free energy minimization (FEM 2). In this reactor, simultaneous
oxidation-reduction occurs at the metal-gas, metal-slag, and slag—gas interfaces. After the
reaction, the refined liquid metal (Stream 20) comes back to metal bulk Reactor 1, liquid
slag (Stream 21) to slag bulk Reactor 2, and produced gases (Stream 18) go out as top gases.
This reactor shares the interface with Reactors 1 (metal bulk bath) and 2 (slag bulk bath).
The produced gas (Reactor 1) goes to Reactor 4.



Metals 2022, 12, 638

40f17

Accounted reactions for the model are as follows [48,49]:
[02] =2[0O]

[Si] + 2[O] = (Si05)

A GP = —936,379 +192.8 T ] /mole
[C] + [O] = {CO}

A GO = —111,700 — 87.65 T J /mole
[Fe] + [O] = (FeO)

A GP = —225,500 — 41.3 T J/mole

[Si] 4 2(FeO) = (SiO,) + 2 [Fe]
A GP = —501,500 + 120.2 T ] /mole
[C] + (FeO) = {CO} + [Fe]
A GO = 115,000 — 98.18T J /mole
(FeO) + {CO} = [Fe] + {COy)
A GO = —11,010 4 17.69 T J/mole

17
13 Metal
0,
20 Metal
L]
Metal bulk Metal FEM1
feactor L L > Metal-gas
reactor
3
Slag 14 I 16|Gas
B 11 FEM2
Slag bulk
reactor 0 12 Slag Slag-metal —
Gas 19 reactor Gas 18
4 —
L Slag 21 ]

Figure 1. Flowsheet of multiple-reactor-based BOF steel-making process.

2.2. Mass Transfer Coefficient and Decarburization Calculation

Mass transfer coefficients are the function of mixing energy rate to the system, the

effect coming from top oxygen supply, bottom stirring system, and decarburization rates.
The mass transfer effect can be defined as the fraction of reacting phases at each time
step. The following mathematical interpretations were used to calculate the mass transfer
coefficient. Total energy [46,47] input to the basic oxygen steel-making converter was

calculated by the integrated impact of the top lance and bottom gas stirring system, and
decarburization energy.

MQ3

E},, = 6.32 x 1077 Cos 6 X 2T 1)
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where 6 is the angle of the lance tip from vertical, Q, is the oxygen flow rate (nm?/min), W
is the weight of steel (ton), n is the number of openings of the lance, X is the lance height
above the metal bath while blowing (m), H is the metal bath depth (m), 14, is the average
depth fraction at which CO bubble formation takes place (m), d is the throat diameter (m),
Ty is the temperature of the bottom stirring gas at an input (°C), % is the decarburization
rate (tons/min), N is the number of openings of the lance, p is the density of steel (kg/m?),
g is gravity (m/s?), Py is the atmospheric pressure (bar), Tavg is the average temperature
of liquid steel (°C), and E?o 1o 18 the total input energy (W/ton).

«, B, and ¢ are metal fractions going to the hot-spot and the emulsion reactors, and
the fraction of slag going to the emulsion reactor, respectively. This depends on the mixing
energy rate ( EY . ) due to the effects coming from the top lance, decarburization reactions,
and bottom stirring [46,47]. The detailed calculation of EY . . is given in Appendix A. The
relationships of &, B, and ¢ are explained in Appendix B on the basis of a multicomponent
mixed transport coupled reaction theory model as suggested by Deo and Robertson [50].

Calculations were performed for different inialpha values from 0.01 to 0.1, representing
the lower to higher fractions of a metal bath going to the hot-spot reactor at each step. The
values of other fraction coefficients such as inibeta and inigama were constant (0.4 and 0.2,
respectively) for the entire simulation.

Total decarburization rates were calculated as follows:

Total decarburization rate = (initial wt % carbon in metal bath x total wt of initial
liquid metal — wt % carbon in ith step X total wt of initial liquid metal in ith step).

Decarburization rate (hot-spot zone) = (wt % carbon at initial in FEM1 x total wt of
initial liquid metal in FEM 1 x alpha (&) — wt % carbon at the ith step in FEM1) x total wt
metal at the ith step in FRM 1).

Decarburization rate (emulsion zone) = (initial wt % carbon at in FEM 2 X total wt of
initial liquid metal in FEM 2 X beta (3) — wt % carbon in the ith step x total wt of initial
liquid metal in the ith step).

Decarburization rate (metal bath) = total decarburization rate — decarburization rate
(hot-spot zone) — decarburization rate (emulsion zone).

2.3. Model assumptions

1.  Weentered 5,488,000 kcal heat into the model for thermal heat balance. It was assumed
that 274,400 kcal/min heat was lost through conduction via refractory lining and
lance system, and radiation via converter mouth [51].
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2. Hot metal = 145,000 kg, with charging complete in 1 min (Stream 5); scrap = 12,000 kg,
charged incessantly in 20 min at a constant rate (Stream 6); lime = 10,000 kg, charged
incessantly in 20 min at a constant rate (Stream 8); dolomite = 3000 kg, charged
incessantly in 20 min at a constant rate (stream 9); oxygen = 9000 nm?, charged
incessantly in 20 min at a constant rate (stream 17). Total blowing time taken for
modelling is around 20 min with a time step of 1 min.

3. All reactions are at equilibrium at the gas—metal slag—metal interfaces, and reactions
both in metal and slag phases are mass-transfer-controlled.

4. Flux and scrap dissolution take place linearly with blowing time.

5. Alpha («), beta (3), and delta () values were chosen so that there was reasonable
agreement between model results and actual plant observations.

3. Results

Calculations were performed using FactSage macroprogramming on the basis of
the input parameters (Table 1), and model predictions in terms of decarburization were
compared with real industrial BOF (145-ton BOF converter) operation.

3.1. Decarburization Rate Evolution

The predicted overall decarburization rates in the metal bath, emulsion zone, hot-spot
zone, and in the metal bath for a blowing period of 20 min for inialpha values 0.01, 0.02,
0.04, 0.06, 0.08, and 0.1 are presented in Figure 2, which shows that the total decarburization
rate during the initial 1-4 min of blowing was lesser (0.143 tons/min) because oxygen
was reacting with other elements such as silicon. During the middle 5-15 min of blowing
period, the decarburization rate (0.305 tons/min) increased because almost all oxygen
was only reacting with carbon and iron. By the end of the process (16-20 min), blowing
decarburization rate (0.117 tons/min) decreased because decarburization became the metal-
phase-controlled process due to the shortage of carbon in the bath. At a lower inialpha of
0.01, a significant contribution to the total decarburization rate came from the emulsion
zone. By increasing the values of inialpha from 0.02 to 0.08, the hot-spot zone contribution
increased slowly, and the contribution from the emulsion zone decreased. At inialpha
values of 0.02, 0.04, and 0.06, the decarburization contribution came less or more from the
bulk metal bath, emulsion, and hot-spot zones. However, at inialpha values of 0.08 and 0.1,
the hot-spot zone significantly contributed to the total decarburization rate. At inialpha
values of 0.08 and 0.1, at 8-20 min of blowing, the decarburization rate in the hot-spot
zone gradually decreased towards the end of the blowing, and the decarburization rate
increased in the bulk metal and emulsion zones. The higher value of inialpha means that
more metal fraction was going to the hot-spot reactor, resulting in less FeO forming (and
subsequently less slag formation), and in more contribution coming from the hot spot as
far as decarburization was concerned. This is attributed to the lower values of inialpha
(0.01 and 0.02) as, when oxygen reacts with liquid metal, the reaction is thermodynamically
favorable with carbon, but due to the relative ampleness of iron in juxtaposition to carbon,
more oxygen combined with iron and produced FeO, and vice versa at higher values of
inialpha (0.06 to 0.1). In all cases, hot-spot contribution was minimal in the initial and final
parts of the blow because in both situations, the condition of the process was such that it
promoted higher FeO formation resulting in liquid slag, which facilitated reactions inside
emulsion. On the one hand, in the initial part of the process, lance height was kept higher
with a softer blow, and on the other hand, in the final part of the process, more oxygen was
combined with iron due to the depletion of carbon in the bath.
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Figure 2. Comparison of rates of total decarburization (blue), decarburization in hot-spot zone (red),
decarburization in emulsion zone (green), and decarburization in metal bath (magenta) with blowing
time at (a) 0.01 inialpha, (b) 0.02 inialpha, (c) 0.04 inialpha, (d) 0.06 inialpha, (e) 0.08 inialpha, and
(f) 0.1 inialpha.

Input details for the present study of thermodynamic modelling are shown in Table 1.
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Table 1. Input details of thermodynamic modelling of basic oxygen steel-making *.
Input Materials Elements wt.%
Carbon 4.44
Manganese 0.4
Hot metal Silicon 0.50
145 tons
Sulfur 0.0028
Phosphorous 0.12
Carbon 0.2
Scrap Manganese 0.36
12 tons Silicon 0.021
Sulfur 0.0022
MgO 40.5
Dolomite CaO 58
3 tons Si0, 0.85
Sulfur 0.25
CaO 93.5
1161:;‘; SiO, 6.5
Sulfur 0
Initial temperature 1317 °C
Blowing time (Min) 20
O, flow rate (Nm?/min) 450
Iron ore Mass in tons 2
Retained slag weight 3 tons 113[0;)08, 1(83"50/ IEZ:/)O, ﬁr?(ljllz"zo

* Input parameters derived from JSW Steel Ltd., Toranagallu, Bellary, India.

3.2. Temperature Evolution

Temperature variations in the liquid steel, slag, hot-spot, and emulsion zones are
presented in Figure 3 as a function of blowing time for inialpha values from 0.01 to 0.1. This
revealed that liquid steel temperature varied from 1312 to 1847 °C, and slag temperature
from 906 to 1871 °C. Hot-spot temperature variation was in the range from 2976 to 4070 °C
for inialpha values of 0.01, 0.02, 0.04, and 0.06, and 2548 to 3145 °C for inialpha values of
0.08 and 0.1. Emulsion-zone temperature variation was in the range from 1400 to 1840 °C
for inialpha values from 0.01 to 0.1. Simulation results showed that the difference among
liquid steel, slag, and emulsion-zone temperatures was not large. Temperature variation
between metal-bath and hot-spot zones was significantly high, since carbon oxidation and
Fe oxidation are exothermic reactions. The practically measured hot-spot temperature
ranged between 2000 and 3000 °C, which suggests that inialpha values from 0.06 to 0.1
may represent simulations that are much closer to the practical observations, where the
hot-spot and bath decarburization contribution dominated the emulsion contribution in
overall decarburization process.
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Figure 3. Temperature variations in liquid steel (blue), liquid slag(red), hot spot (green) and emulsion
(magenta) with blowing time at (a) 0.01 inialpha, 0 (b) 0.02 inialpha, (c) 0.04 inialpha, (d) 0.06 inialpha,
(e) 0.08 inialpha, and (f) 0.1 inialpha.

3.3. Slag Composition Evolution

Figure 4 shows the variation in the wt % of CaO, SiO,, and FeO with blowing time.
Model predictions showed that, at higher inialpha values of 0.06, 0.08, and 0.1 during
the initial blowing period of 2-9 min, the wt % of SiO, increased due to the formation of
5i0;. At 3-15 min of blowing, the wt % of CaO increased due to the addition of lime and
dolomite. At inialpha values from 0.01 to 0.04, FeO concentration in the slag increased
during 1-4 min of blowing and was maintained at a higher level throughout the blow,
creating better conditions for slag formation and less metal going to the hot-spot zone due
to poor mixing, resulting in decarburization being dominant in the emulsion. At inialpha
values from 0.06 to 0.1, FeO concentration in the bath escalated during 1-4 min of blowing,
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followed by a decrease at 4-15 min of blowing time, which again increased by the end of
the process, as we observed in practical BOF converters. For the same range of inialpha

values (0.06 to 0.1), the estimated hot-spot temperature also matched with the practically
observed values (2000-3000 °C).
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Figure 4. Slag compositions variations of wt.% SiO; (blue), CaO (red) and FeO (green) with blowing

time at (a) 0.01 inialpha, (b) 0.02 inialpha, (c) 0.04 inialpha, (d) 0.06 inialpha, (e) 0.08 inialpha, and
(f) 0.1 inialpha.

3.4. Liquid Steel and Slag Weight

Figure 5 demonstrates liquid steel and slag weight variation with blowing time.
Initially (at 1-5 min), slag weight increased due to the faster oxidation of silicon and

remained almost constant at 6-15 min. It increased linearly towards the end of the blow
(1620 min).
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Figure 5. Weight variations in liquid steel (blue) and liquid slag (red) for inialpha value 0.06 with
blowing time.

3.5. Carbon Removal Trajectory

Variation in carbon wt % in a metal bath with time is shown in Figure 6 at different
inialpha values of 0.01, 0.02, 0.04, 0.06, 0.08, and 0.1. There was little variation in car-
bon content with blowing time at different inialpha values. The overall decarburization
reaction could be divided into three main regimes. In Regime 1 (initial period) of the
blow (1-4 min), we found decarburization rates of 0.11525, 0.119, 0.111, 0.13, 0.165, and
0.187 tons/min for inialpha values of 0.01, 0.02, 0.04, 0.06, 0.08, and 0.1, respectively. In
Regime 2 (main blow; 5-15 min), decarburization rates were 0.281, 0.273, 0.32, 0.32, 0.32,
0.319, and 0.305 tons/min for inialpha values of 0.01, 0.02, 0.04, 0.06, 0.08, and 0.1, respec-
tively. In Regime 3 (towards the end of the blow; 16-20 min), the overall decarburization
rates were 0.188, 0.202, 0.177, 0.134, 0.1164, and 0.101 tons/min for inialpha values of 0.01,
0.02, 0.04, 0.06, 0.08, and 0.1, respectively. Again, the observed inialpha values of 0.06 to 0.1
were much closer to the practical observations.

5 : : :
—0.01

L4 ——0.02 |

= ——0.04

= 0.06

237 ——0.08

-; —0.1

S27

-

=

mly

0 L

5 10 15 20
Blowing time (min)

Figure 6. Variation in carbon wt % with blowing time at different inialpha values of 0.01 (blue), 0.02
(green), 0.04 (magenta), 0.06 (cyan), 0.08 (red), and 0.1 (black).
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3.6. Silicon Removal Trajectory

Figure 7 demonstrates the silicon removal with blowing time. A significant amount of
silicon removal rapidly occurred in the first 9 min of blowing time. At anm inialpha value
of 0.01, silicon wt % in the metal bulk reactor was 0.11 wt %, and at inialpha value of 0.1,
it was 0.037 wt % after 8 min of blowing. Desiliconization rate increased with increasing
inialpha values because more metal went to the hot-spot reactor for reaction with the
top oxygen. Again, for inialpha values of 0.06 or higher, the trajectory was closer to the
practical observations.

0.6 . ' ,

—0.01
© —0.02
- —0.04
= 0.4 0.06
= —0.08
2 —0.1
7
= 0.2 1
=
==

0 L L
5 10 15 20

Blowing time (min)
Figure 7. Variation in silicon wt % with blowing time at different inialpha values of 0.01 (blue), 0.02
(green), 0.04 (magenta), 0.06 (cyan), 0.08 (red), and 0.1 (black).
3.7. Verification with Plant Data

Variation in carbon weight percentage with blowing time is shown in Figure 8. The
final carbon content obtained was around 0.097 wt %, which agreed with the plant trial
data (0.075) when the inialpha value was 0.06.

5 : ,

——Predicted data
4t — Plant data

w

Wt.% Carbon
N

et

0t , K :
5 10 15 20
Blowing time (min)

Figure 8. Variation in carbon wt % with blowing time for plant data and model prediction.
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4. Discussion

The value of inialpha signifies the fraction of metal going to FEM 1 at each time step,
which indicates mixing and mass transfer on the metal side. At low values of inialpha (0.01
to 0.04), more oxygen was available to react with liquid metal, which resulted in higher FeO.
Due to exothermic reactions in an adiabatic reactor of smaller volume, the temperature in
the hot-spot zone increased rapidly. Oxygen rate was fixed as constant, and if the metal
rate was increased (by changing inialpha), at lower values of inialpha (0.01 and 0.02), there
would be less decarburization, more FeO formation, and higher temperature in the hot-spot
zone compared to with other inialpha values (0.04, 0.06, 0.08, 0.1). At lower inialpha values,
FEM 2 formed a gas—metal-slag emulsion phase. Chemical reactions occurred among metal
droplets, slag, and rising gases at the metal-gas, metal-slag, and slag—gas interfaces. So,
most decarburization occurred within the slag-metal emulsion phase, i.e., the emulsion
zone, and vice versa at higher values of inialpha (0.04, 0.06, 0.08, and 0.1), which means
more decarburization in the hot-spot zone and less FeO formation. By increasing inialpha
values (0.04, 0.06, 0.08, 0.1), the carbon removal trajectory followed the lower path, reducing
FeO formation, and the rate of oxygen supply controlled the rate of decarburization. With
the introduction of the bottom stirring system in the last part of the blow, mixing effects
were compensated for the reduced decarburization in the last part of the blow when the
carbon transfer became the rate-limiting step. Calculations considered a metal bath to be an
equilibrium reactor. There was also a contribution coming from bulk bath decarburization
due to the oversaturated dissolved oxygen content in the bath, which was more towards
the end of the blow. In the overall sense, the total decarburization rate remains more or less
the same for all values of inialpha, but the contribution from emulsion to hot-spot zones
changes from the lower value of inialpha to the higher values. If the benchmark for hot-
spot temperature was between 2000 and 3000 °C, as observed in the practical converters,
results matched well for higher inialpha values (>0.06), where decarburization was largely
dominated by hot-spot reactions in the initial and middle parts of the blow, followed by
emulsion reactions in the last part of the blow. Dogan et al. [34,35] also claimed that 55%
and 40% decarburization takes place at the hot-spot zone. The bulk bath decarburization
contribution was minimal, which gradually picked up from the middle part of the blow
and increased by the end.

5. Conclusions

A dynamic model to simulate the oxygen steel-making process was developed. A
multireactor-based approach and multicomponent mixed control method were used to
study the decarburization rates and their contributions coming from the jet impact (hot-
spot) zone, slag-metal-gas emulsion, and bath boiling for different levels of mixing in the
metal bath by varying the inialpha parameter from lower to higher values (0.01 to 0.1).

On the basis of this study, it is possible to draw the following important conclusions:

1.  Higher inialpha values mean higher mass transfer coefficient in the metal bath re-
sulting in a higher contribution by hot-spot decarburization, lower levels of FeO
formation and emulsion contribution in decarburization, and vice versa.

2. The observed practical phenomena in converters match with the calculated results for
inialpha values greater than 0.06.

3. If the benchmark of the hot-spot temperature was in the range from 2000 to 3000 °C,
then as per the model results, the major contribution of decarburization came from
hot-spot reactions in most of the blow; however, by the end of the process, it was
governed by emulsion.

4. The model can be used as a guiding tool to control the BOF steel-making process and
for obtaining better insights into the process. The model is still under development to
incorporate other submodels such as scarp, iron ore, flux dissolution, and heat loss.
The purpose of the current study was to understand decarburization phenomena in
BOF and their various contributions, which it could successfully achieve.
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Appendix A
forat)

Process conditions for total energy calculation (E;, ,

Weight of liquid melt = 145,000 Kg
Initial temperature = 1590 K

Melt carbon composition = 4.5%

Scrap carbon composition = 0.20%
hfrae = 0.50

Lance angle = 14 degrees

Number of openings in lance = 6
Throat diameter = 2.46 cm

Bath depth =1.30 m

Lance oxygen flow rate = 450 nm3/min
Bottom stirring flow rate = 2 nm3/min
Blowing regime is defined as follows:
If 0 < t < 135; lance height = 2.20 m

If 135 < t < 300; lance height = 1.80 m
If t > 300; lance height = 160 cm

Appendix B

Calculation of fractions &, 8, and é by coupled reaction theory model [51]. Schematic
of composition in metal and slag are shown in Figure A1.

Metal Phase Slag Phase

bsl
cim

Cisl

Figure A1. Composition profiles in metal and slag.
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The slag-metal reaction occurs at the interface where there is thermodynamic equilib-
rium due to the very high temperature of the process. The flux equations for the above
represented slag-metal reactions can be given as:

Km-A- (Cbm - Cim) = 7Vm'(dcbm/dt) (A1)

KA+ (Cpst — Cig) = — Vg1 (dCpgr /dt) (A2)

where kp, and kg are the mass transfer coefficients on slag and metal sides, respectively;
A is the slag-metal interface area; Cp,y,, and Cjp, are the bulk and interfacial concentrations
in the metal phase, respectively; Cpg and Cyq are the bulk and interfacial concentrations
in the slag phase, respectively; and Vy, and V, are the volumes of the metal and slag
phases, respectively.

The above flux equations can be rewritten as:

(ki A+ dt/ Vi) = —dChm/ (Com — Cim) = Fractl (A3)

(kgp* A- dt/Vy) = —dCpg1/ (Cpst — Cig1) = Fract2 (A4)

The above system of reactions can be presented in a flow sheet-based model where the
interface, which is in thermodynamic equilibrium, is represented as an equilibrium reactor
where fractions of bulk metal and bulk slag metal enter into the reactor where fractions
are calculated as above (Fractl and Fract2). It is shown in Figure A2. Fractions depend
on the mixing of the reactor, as explained in the paper. The above problem can lastly be
represented as a reactor-based flow sheet in the following manner:

ME TAL Fractl

< Reactor

BULK Fract2
SLAG

/

Figure A2. Interaction of different modules.

The process could be divided into time steps. At each step, the fractions of reacting
phases can be calculated by mass transfer considerations, as explained above.
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