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A tapping process model of the steel from the basic oxygen furnace (BOF) addressing the
reactions in the ladle is proposed. In the model, the effective equilibrium reaction zone (EERZ)
method is applied to describe the steel/slag interfacial reaction. The equilibrium reactions in the
bulk steel (steel/inclusion/lining wear) and slag (liquid slag/slag additions/lining wear) are
considered. The thermodynamic library—ChemApp is used to perform thermodynamic
calculation. The process model includes most of the actions during the tapping process, such
as the additions of ferroalloys and slag formers, carryover slag entrapment and air pick-up.
After the calibration by the industrial measurements of two plants, the model is applied to study

the influence of the amount of carryover slag.
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I. INTRODUCTION

STEEL tapping from the basic oxygen furnace (BOF)
into the ladle is the critical first step in ladle treatment.
Deoxidation and alloying start during the tapping
process, resulting in the generation of the primary
inclusions and affecting the subsequent inclusion con-
trol. The refining slag is formed from the addition of
slag formers, BOF carryover slag and separated inclu-
sions during steel tapping. Steelmakers intend to min-
imize the amount of BOF carryover slag due to its
negative effects. The chemical composition and qualities
of the refining slag further influence the steel composi-
tion and cleanliness due to the interfacial reaction. The
tapping process is a kind of ‘black box’, as information
from samples before the start of ladle refining is rarely
available. To effectively control the steel refining process
and achieve high quality steel, it is important and
necessary to track the reactions and composition
changes in the steel, slag and inclusions during the
tapping process.
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Modeling simulation is an effective method to study
the reactions in the steel tapping and refining process.
Galindo er al! proposed a thermodynamic model on
steel deoxidation processes during tapping and refining.
In the model, the thermodynamic equilibrium of inclu-
sion and metal, inclusion and entrapped slag by steel
and mass balance were considered, while the interfacial
reaction of steel and slag was not accounted for. The
model predictions suggested that the addition sequence
of alloys played an important role regarding the amount
and types of inclusions. A similar model of the tapping
process and its applications in deoxidation practice was
presented by Cicutti and Capurro.”! Besides the ther-
modynamic reactions, the fluid flow of steel and alloy
additions and alloy dissolution in the tapping ladle were
studied separately.>* However, comprehensive model-
ing work on the reactions of the tapping process is
missing. A variety of models of ladle refining processes
have been reported, as summarized in the former
publication, which offered valuable references for the
simulation of the tapping process."!

The present project aims at modeling the entire steel
refining process from liquid steel tapping and refining to
the solidification to track the changes in the steel, slag
and inclusions. It is believed that the comprehensive
model is gaining more importance because each of the
metallurgical factors in the process can affect the steel
quality and production. The basic concept of the project
is to link metallurgical models to a thermodynamic
database. In the former study, microsegregation and
inclusion formation during the cooling and solidification
process of steel were simulated;!® ! the ladle refining and
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Ruhrstahl-Heraeus (RH) models were constructed and
validated through comparing the reported industrial
practice.>'")

For the present study, a comprehensive model of the
steel tapping process addressing the reactions in the
ladle was proposed. In the model, thermodynamic
equilibrium calculations were performed using thermo-
dynamic library—ChemApp.l') The effective equilib-
rium reaction zone (EERZ) method was al‘pplied to
describe the steel/slag interfacial reaction.!'*'¥! The
equilibrium reactions in the bulk steel (steel/inclusion/
lining wear) and slag (liquid slag/slag additions/lining
wear) are considered. Most of the actions, such as the
additions of ferroalloys and slag formers, carryover
slag entrapment and air pick-up, were included. The
model was calibrated by comparing the predicted
compositions of the steel and slag with the measure-
ments from a total of 10 heats from two plants. The
composition developments of the steel, slag and inclu-
sions of an example case were presented. The influence
of the amount of carryover slag was studied using the
calibrated model.

II. MODELING

Following the concept of the project, the proposed
tapping process modeling work applied ChemApp to
link the metallurgical model to the thermodynamic
database of FactSage. FactSage and ChemApp are
products of GTT Technologies, Herzogenrath, Ger-
many. The program language of the model is
FORTRAN.
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Fig. 1-—Schematic of the tapping process model.

The schematic of the present model is displayed in
Figure 1. In the tapping process of steel, liquid steel with
a mass of Ampor—_g (Eq. [1]) is tapped from the BOF to
the ladle at each time step (Af). The tapping flow rate
(V) is calculated in Eq. [2]. The steel tapping results in
turbulent mixing of steel, carryover slag, added slag
formers and alloying additions. The EERZ method is
applied to describe the steel/slag interfacial reaction.
The validation of this method for treating the interfacial
reaction has been illustrated by several applications
from different authors."*'” In the EERZ method, an
effective equilibrium reaction zone containing both steel
and slag phases (the region between the dashed lines in
Figure 1) is defined. The mass of steel (Amyg) and slag
(Amyg) present in the interfacial reaction per time step is
calculated based on the mass transfer coefficient
(ks and kq), as given in Egs. [3] and [4]. The mass
transfer coefficient of steel is an adjustable parameter
and calibrated based on plant measurements. The mass
transfer coefficient of slag is assumed to be one tenth of
that of steel."® The steel and slag phases return to the
bulk phase after the interfacial reaction and approach
thermodynamic equilibrium, respectively. As mentioned
above, thermodynamic equilibrium calculation is carried
out using ChemApp. The inclusions formed are assumed
to be in equilibrium state with bulk steel and floated at a
time-independent, constant rate (rp) to the interface.
The inclusion floating rate is an adjustable parameter
and parametrized by the total oxygen and Al content
measured. The mass of the inclusions present in the
interfacial reaction at each time step is calculated by
Eq. [5]. The gas phase generated is assumed to be
completely removed from the system.
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As shown in Figure 1, BOF carryover slag is added to
the bulk slag during the steel tapping. The total amount
of the carryover slag is estimated based on the overall
mass balance. The total slag carryover is divided into
pre-slag, vortex slag and post slag; the relevant propor-
tions of total carryover slag depend on the tapping
practice of a steel plant.!'?*") It is assumed that the
pre-slag (mpre—g1) is added to the ladle before tapping; the
vortex slag is added in a mass of Ampor_g (Egs. [6] and
[7]) at each calculation step; the post slag (mposi—si) 1S
added after the end of tapping. The chemical compo-
sition of the BOF slag and the proportion of the partial
amount of carryover slag are defined according to the
data and experience of the particular plant. Besides the
carryover slag, slag formers such as lime and magnesium
oxide are presumed to be added to and dissolved in the
bulk slag at a constant dissolution rate. The dissolution
rate for all slag formers (V) is assumed as 1 kg/s. Note
that the dissolution rates of the slag formers and alloys
are only the first assumptions and will have to be
parameterized in the future. The mass of the slag former
that enters into the system at each time step is calculated
by means of Eq. [8].

For alloy additions, it is assumed that graphite and Al
as buoyant alloys float to the surface of the steel after
addition and thus, they are added to the steel/slag
interfacial zone.”!! The alloys with comparably higher
density such as FeSi, FeMn and FeCr are added to the
bulk steel. During the addition, the alloys can be
oxidized by atmosphere. The recovery rate defines the
ratio of the alloying elements dissolving in the steel
(rre—x) and oxidizing during addition (1 — re_x). The
particular oxidation product (except the gas phase,
which is removed from the system) is added to the bulk
slag. The total mass of the alloy added to the steel and
the corresponding oxidation products are calculated
using Egs. [9] and [10], respectively. At each time step,
the mass of one alloy and the corresponding oxidation
products is Amyx and Amyxo as given in Egs. [11] and
[12]. The alloy is assumed to be added and dissolved into
the steel at a constant dissolution rate. The time period
of alloying addition and the dissolution rate are defined
individually for each alloy (¥x): 6 kg/s for Al and 1.5
kg/s for the others which are only the first estimates due
to lack of published data. The dissolution rate of the
oxidation products (¥xo) is calculated dissolution rate
of the alloy and its compositions. Note that the impurity
elements in the alloy—except Fe—are assumed to have
the same recovery rate as the alloy; all Fe in the alloy is
added to the steel. Taking the addition of the FeMn
alloy with a mass of mipg., and a composition of 78 pct
Mn, 14 pct Fe and 8 pct C as an example: the mass of
Mn, Fe and C added to the steel is calculated using
Egs. [13] through [15]; the mass of MnO as the oxidation
product is given in Eq. [16]. In the present model, at
each time step, the mass of lining wear added into the
steel (Amy;,_g) and slag (Amy,_g) as well as air pick-up
(Amo and Amy) by the steel stream is simply treated by
rate parameters, as presented in Egs. [17] through [20].
These corresponding rate parameters can be defined and
calibrated based on the mass balance of the industrial
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process and measurements. Note that lining wear is
added as the main oxide components: Al,O3 is added to
the steel and MgO is added to the slag; other compo-
nents are also considered. The gas phase generated is
assumed to be out of the system. The temperature in the
system is considered as prescribed according to the
process data; the heat is not balanced.

Ampor_st = VAt 1]
Vi = ot 2]
Ttap

Amg = kg ApgAt 3]
Amy = kgApyAt [4]
Amting = raMincl At [5]
Ampor-s1 = VBor-siAt [6]
Vaor_s = o= 7]

Tap
Amgx = VAt (8]
mxst = MxT're—X [9]
mxo = mx (1 — re-x) A]/\[/[XOO [10]
Amx = VxAt [11]
Amxo = VxoAt [12]
MMn—FeMn = 0.78MFeMnlre—FeMn [13]
MFe—FeMn = 0.14MFeMnlre—FeMn [14]
mc—FeMn = 0.08MFcMnre—FeMn [15]



Mnino

MMn0-FeMn = 0.78MEeMn (1 — Tre—FeMn) % [16]
Mn

Amgo = roAt (17]

Amy = rNAt [18]

Amijin—st = Tin—stAt [19]

Amijin_g) = Flin—s At [20]

where Ampgop_g i1s the mass of steel tapped from the
BOF into the ladle at each time step Az; Vy is the tap-
ping rate of steel; mpop_g is the tapping mass of the
BOF steel; 1y, is the tapping time; subscripts of st, sl
and incl mean steel, slag and inclusion in Egs. [3]
through [5], respectively; Am is the mass present in the
interfacial reaction at each time step Af; k denotes the
mass transfer coefficient; 4 is the interface area of the
steel and slag; p is the density; ry is the inclusion float-
ing rate;Ampor_g 1s the mass of the vortex slag added
at each time step; Vpor_s 1s the cover rate of the vor-
tex BOF slag during tapping; myo_g is the mass of the
vortex BOF slag; Amygyx is the dissolved mass of slag
former X at each calculation step; Vy is the dissolution
rate of the slag formers; in Egs. [9] through [12], X, O
and XO stand for alloy X, oxygen O and the oxide
XO formed during alloying; m and mg are the total
mass and the mass dissolved into the steel; r,._x is the
recovery rate of alloy X; M is the molar mass; Am and
V are the dissolved mass and dissolution rate at each
time Step; MMn_FeMn» MFe—FeMn and mc_pemn are the
mass of Mn, Fe and C added to the steel when adding
the FeMn alloy; mgemn is the mass of the FeMn alloy
added; rre_pemn 1s the recovery rate of the FeMn alloy;
MMno—Femn 18 the mass of MnO, which is the oxidation
product of the FeMn addition; My, and My are
the molar mass of Mn and MnO, respectively; O, N,
lin-st and lin-sl mean oxygen, nitrogen, lining dissolu-
tion into the steel and slag in Eqs. [17] through [20];
Am and r are the added mass in each time step and
rate parameter.

Figure 2 shows the calculation flow chart of the
tapping process model. The mass and compositions of
the BOF steel and carryover slag, temperature, the time
schedule of the tapping, alloy and slag former additions
and alloy compositions are input into the program as
the boundary conditions. With every time step, the mass
of the removed inclusions (Am;, ), buoyant alloys, steel
(Amg) and slag (Amy) transferred into the interfacial
reaction zone are defined and the multiphase equilib-
rium calculation is performed. Afterwards, the liquid
steel and slag products are returned to the bulk steel and
slag, respectively. A small amount of liquid slag product
(the entrapped slag) is entrapped by the liquid steel
product and transferred to the bulk steel as inclusion

source. The newly tapped steel and alloy additions are
included in the bulk steel equilibrium calculations. The
carryover slag, slag former addition and oxidized alloys
are considered in the bulk slag equilibrium calculation.
The equilibrium bulk steel and slag as well as the
inclusion phase are ready for the calculation of the next
step. Note that the formed gas phase in the steel/slag
reaction and bulk steel are removed from the system,
while the mass and composition of the gas phase are
recorded. In the present calculations, FSstel, FToxid,
and FactPS database from FactSage 7.3 were selected
and applied. The LIQUID phase from FSstel is used to
describe the liquid steel. The Slag-liquid phase from
FToxid is applied to describe the liquid slag and liquid
inclusion in the steel. Meanwhile, the following phases:
FeO(s) from FactPS, CaS from FSstel and MgO, Al,Os,
SiOz, P205, CaO, MHO, CI'203, F€203, Mn203,
MgA1204, CaA1204, CaAl4O7, CaA128106 and
CaAl;,019 from FToxid are used to describe the
precipitations in the liquid steel and slag. The time step
is set as 5 seconds during tapping.

III. MODEL CALIBRATION

To calibrate the adjustable parameters and validate
the proposed model, 10 heats of industrial experiments
were carried out in two plants (5 heats at Plant A and 5
heats at Plant B). The tapping schedules of the exper-
imental heats at each plant were similar; see Figure 3. In
Plant A, with a 65-ton tapping ladle, the selected steel
was pre-deoxidized with C at the beginning of the
tapping process and afterwards deoxidized with Al; the
slag formers such as lime and MgO were added at the
late stage of tapping. In Plant B with a 170-ton ladle, C
was added for pre-deoxidation before adding other
alloys; MgO was added after the addition of alloy and
followed by the addition of other slag formers; all the
additions were carried out at the early stage of tapping.
The addition schedules of carryover slag as the bound-
ary condition were also defined based on the tapping
practice. The mass percentage of the carryover slag
components described was assumed to be 30 pct
pre-slag, 30 pct vortex slag and 40 pct post slag for
Plant A, while for Plant B, the mass percentage was
estimated as 5 pct pre-slag, 15 pct vortex slag and 80 pct
post slag. The mass of carryover slag was determined
based on the mass balance calculation. The composi-
tions of the steel and slag and the temperature before
tapping and ladle treatment were measured. To estimate
the inclusion content, the total Al and dissolved O
concentrations in the steel for Plant A and the total O
and dissolved Al concentrations for Plant B were
measured.

In the simulations, the adjustable parameters were
separately calibrated for each heat by comparing the
predictions with the industrial measurements. The
recovery rates of C and Mn were adjusted by comparing
the corresponding predicted concentrations in the steel
with the measured values. The mass transfer coefficient
was mainly calibrated by comparing the FeO, MnO and
Al,O5 content in the liquid slag. The recovery rate of Al
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Fig. 2—Flow chart of the tapping process model.

was calibrated by comparing the dissolved O concen-
tration in the steel for the Plant A simulations, while it
was adjusted based on the dissolved Al concentration
for the Plant B simulations. The inclusion floating rate
was adjusted by comparing the total aluminum and
oxygen content for the simulations of Plants A and B,
respectively. Several simulations were necessary for one
heat to achieve the good agreement of the predictions
and measurements in the compositions of both the steel
and the slag. The air pick-up (ro and ry) and addition
rate of lining wear (rjj,_s; and rj;,_s) were not calibrated
in the present simulations and will be considered in
future work.

Note that the steel and slag sampling in both plants
was carried out before ladle refining. Hence, the steel/
slag reactions during transportation and transfer wait-
ing were also considered in the simulations, as shown in
Figure 3. In the period of transportation and waiting,
the alloying and slag additions that had not dissolved
yet dissolved at the same rate as during tapping. During
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Gas (removed
from the system)

transportation, the mass transfer and inclusion floating
were assumed to decrease to one fifth of the values
during tapping.

The mean value of the calibrated parameters for the
simulations of both Plant A and B are summarized in
Table I. Even though the boundary conditions of Plant
A and B, such as ladle size, initial compositions of the
steel and slag, additions and process operations are
different, the mean kinetic parameters of the simulations
differ only in reasonable orders. The values of mass
transfer coefficient are close to those of intensive stirred
ladles.!"®?*23! The comparison of the predicted steel and
slag compositions using the mean value listed in Table |
and the industrial measurements before LF refining are
displayed in Figures 4 and 5.

From Figure 4, it is observed that the predicted and
measured steel compositions are in good agreement for
the ten heats. Only for one heat, the dissolved Al ([Al])
shows a larger divergence due to an underestimated
recovery rate. Figure 4(b) shows that the maximum
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Table I. The Mean Value of the Calibrated Parameters
Mass Transfer Coefficient of  Floating Rate Al Recovery Rate Mn Recovery Rate BOF Slag

Plants Steel (kst, m/s) (Vﬂ 7/5) (rrefAl) (rrefFeMnandrreanSi) (msls kg)
Plant A 0.0030 0.020 0.730 0.991 350
(65-Ton

Ladle)
Plant B 0.0038 0.028 0.668 0.977 510
(170-Ton

Ladle)

difference in the predicted total oxygen content, dis-
solved S ([S]) and P ([P]) concentrations compared with
the measurements is approximately 30 ppm, which is
believed to be in a reasonable range for the process
simulation. As [S] and [P] show a systematic deviation,
some room for further improvement exists. Note that so
far, all of the components are assumed to have the same
mass transfer coefficient at the steel/slag interphase.

In Figure 5, it can be seen that the calculated slag
compositions fit well with the measured values. As
shown in Figure 5(a), the discrepancies of CaO and
Al,O3 content are mostly within 3 pct points and only
four comparisons have the discrepancy of 3 to 8 percent
points. Figure 5(b) exhibits that the predicted FeO,
MnO, SiO, and MgO content is also in a reasonable
range compared to the measured values, which has the

largest difference of approximately 5 percent points.
Overall, the predicated compositions of the steel and
slag with the mean value of the calibrated parameters
(Table I) agree well with the measurements, and it is
acceptable and appreciated when bearing the complex
process and large number of variations in mind.

IV. RESULTS AND DISCUSSION

The reasonable agreement of the predictions and
measurements discussed in the last section illustrates
that the calibrated model is accurate enough to give a
general view on the influence of parameter variations in
the tapping process, even if it is the clear understanding
of the authors that further improvements need to be
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made in future work. In the following section, one heat
from Plant B will be analyzed in detail with respect to
the change in the steel composition, slag composition
and the development of the inclusion population in time.
In a second case study, the amount of carryover slag is
varied for the same assumptions in order to investigate
the influence of slag carryover on total oxygen and [P] in
the steel as well as slag composition before the start of
the ladle furnace treatment.

A. Case Study from Plant B

The predicted composition changes in the steel, slag
and inclusions are shown in Figures 6 through 8. For the
general tapping and addition schedule, refer to Figure 3.
In this case, the tapping time is 6 minutes and the time
for transportation amounts to 17 minutes, respectively.
Figure 6 displays the concentration development of C,
Si, Mn, Al and the total oxygen content in the steel over
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time. The composition changes during the tapping
process (before 360 s) are more significant compared
to those during transportation due to the alloying and
slag former additions. Once graphite was added at the
beginning of tapping, [C] concentration sharply
increases (Figure 6(a)) and total oxygen content, as
presented in Figure 6(b), decreased correspondingly as a
result of CO formation; and then C concentration
gradually decreases and total oxygen content increases
because of the continuously tapped steel; the amount of
CO formation also decreases gradually because of the
lower C concentration. The addition and dissolution of
Al MnSi and FeMn at approximately 120 s result in the
increases in the concentrations of [C], [Si], [Mn] and [Al].
As shown in Figure 6(b), [Al] concentration quickly
drops after a short time of its addition due to inclusion
formation and the dilution by tapped steel. Total oxygen
content is gradually decreased because of the inclusions
floating out, even though the continuously incoming
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tapped steel offers new dissolved oxygen. When the
addition and dissolution of FeMn is completed at
approximately 200 s (Figure 6(a)), the concentrations
of [C] and [Mn] stop rising. The dilution of the tapped
steel leads to a [C] concentration reduction, while the
[Mn] concentration changes slightly owing to the con-
tinuous addition of MnSi. The [Si] concentration keeps
growing until the end of the MnSi addition. Note that
there are considerable increases in the concentrations of
[Mn] and [Si] after tapping because MnSi dissolution
needs time and is only completed during transportation.
Afterwards, the concentrations of [C], [Si] and [Mn]
barely change, and [Al] concentration and total oxygen
content decrease slightly. The predicted steel composi-
tions at the end of the process fit well with the
measurements.

Figure 7 displays the predicted slag composition
change during tapping and the following transportation
process. Figure 8 shows the development of the slag and
inclusion phases. At the beginning of tapping, the slag
composition is identical to the composition of the BOF
slag. In Figure 7(a), the addition and gradual dissolution

of MgO in the slag results in an increase in the MgO
content and a decrease in the percentages of other
components. The MgO content rises even above the
saturation limit in the liquid slag, and solid MgO is
precipitated, as shown in Figure 8(a). The FeO content
(Figure 7(b)) increases before the addition of lime and
other slag formers due to the carryover slag. As
exhibited in Figure 7(a), the Al,O3 content rises sharply
after the addition of Al from 120 to 155 s, and
consequently reduces the percentage of other compo-
nents. The addition of lime and other slag formers (150
s) result in the fast increases in the CaO content. After
the end of Al addition (155 s), Al,O5 content in the slag
starts to lessen. After the complete dissolution of Al,O3
containing slag formers (230 s), the Al,O3 content falls
at a faster speed. CaO content continuously grows until
the complete dissolution of lime. The MgO, SiO, and
FeO (Figure 7(b)) content is decreased in the process.
From 240 s to 360 s (the end of tapping), there is little
change in the MgO, SiO, and FeO content, which results
from the balance of the steel/slag reaction and the
continuous addition of carryover slag. The post slag is
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Fig. 8—The amount of development of (a) the slag and (b) inclusion phases during tapping and the transportation process.

added by the end of tapping, which leads to a sharp
decrease in the Al,O; (Figure 7(a)) content and an
increase in the SiO, and FeO content (Figure 7(b)); the
MgO content remains rather constant and approaches
the saturation limit in the liquid slag, illustrated by the
continuously increased solid MgO amount (Figure 8(a)).
During the transportation, CaO and FeO content
decreases slightly due to the steel/slag interfacial reac-
tion, while the Al,O3 content rises.

Figure 8(a) shows that solid CaO and MgO can be
stable in the slag besides the liquid solution phase. The
slag composition already exceeds the CaO saturation
limit at the beginning of tapping, where the slag
composition is identical to that of the BOF slag (which
is in fact a CaO-saturated slag) and with the increased
MgO content (Figure 7(a)). Combining Figures 7(a) and
8(a), the solid MgO phase starts to precipitate with the
MgO addition; its amount falls with the growing Al,O3
content and rises with the increasing CaO content; the
increase in the amount of solid MgO during transporta-
tion is attributed to the temperature dropping by
approximately 60 °C. In the refining slag formation
process, MgO is added to reach the MgO saturation and
protect the lining of the slag line. From the simulation
results (Figures 7(a) and 8(a)), MgO addition is suffi-
cient and can even be reduced to some extent to save
costs. The liquid slag amount increases during tapping
and changes little during the transportation, while the
liquid slag formation can be later and more complex in
reality.

Figure 8(b) displays the development of the inclusion
phases. The three inclusion phases form a liquid phase
(slag-liq), CaO-6(Al,03) and Al,O3. At the beginning of
tapping, liquid slag inclusions are formed after graphite
addition due to the high C concentration at the interface
reducing Si, Ca, Al and Mg from slag to steel. The main
composition of the slag-liq phase in this period is 5 pct
Al,03-35 pct SiO,-45 pct CaO-6p ct FeO-4 pct MgO.
The content of the slag-liq phase is gradually reduced by
floating before the Al addition. After the Al addition,
the amount of Al,O3 and slag-liquid grows sharply and
the amount of Al,Os is more than 20 times that of the
slag-liquid. The main compositions of the slag-liq phase
are 79 pct Al,O03-9 pct CaO-11 pct MgO. A limited
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Table II. The BOF Steel Composition (Pct)
C Si Mn S P (@)
0.03 0.01 0.1 0.008 0.006 0.08

amount of Ca0O-6(Al,03) also exists. In the following
process, most inclusions are removed by floating.
Finally, there are approximately 50 ppm of Al,Oj3
existing together with a negligible amount of
Ca0-6(Al,05) which is generated due to the steel/slag
reaction before ladle refining.

The predicted and measured compositions of the slag
at the start of the ladle furnace treatment correspond
very well. The development of the composition seems
reasonable. For the inclusion composition, no analytical
results are available. Nevertheless, Al,O; must be the
dominating inclusion type and as the predicted total
oxygen content fits very well with the measured total
oxygen content, the predicted mass fractions must also
be reasonable.

B. Influence of BOF Carryover Slag Amount

Plant B controls slag carryover by applying a slag
detection and slag stopper system. The carryover of
BOF slag is therefore well controlled. However, the
question regarding the influence of a significantly
amount deviation carryover slag on the composition of
the steel and slag after tapping is of interest. The
simulation aims at offering both quality and quantity
impressions of the effects of carryover slag, though a
comprehensive review of this topic has already been
reported.” The input parameters are listed in Tables II
through IV. Table 11 gives the composition of the BOF
steel, Table III that of the BOF slag and Table IV the
assumed input parameters for the performed simula-
tions, not based on industrial data in this case. From
Table IV, it is found that three simulations with different
carryover slag amounts (2, 6 and 10 kg/ton steel which
are typical industrial values®®) were performed for the
Al deoxidation steel, listed in Table I. In the simulations,



the assumed tapping and transportation time was
assumed to be 5 minutes for each one. The simulation
results concerning the influence of carryover slag
amount are summarized in Figures 9 through 11.

Figure 9 displays the influence of the carryover slag
amount on the liquid slag mass and FeO and MnO
content in the liquid slag. As indicated in Figure 9(a),
the liquid slag mass increases from 650 to 875 kg and
1100 kg when the carryover slag amount is increased
from 130 kg (2 kg/ton) to 390 kg (6 kg/ton) and 650 kg

Table IIl.  The BOF Slag Composition (Pct) (10 kg/ton). The bigger carryover slag amount directly
] results in the thicker slag layer and larger interfacial area
FeO MgO  ALO; Si0, P,Os CaO MnO Fe0; of the slag and lining. In the meanwhile, the increased
27 g 1 9 1.5 45 5 3.5 carryover slag leads to the increase in FeO and MnO
content in the refining slag, as displayed in Figure 9(b),
Table IV. The Amount of Additions in the Simulations
Simulations Carryover Slag (kg/Ton Steel) Steel Mass (Ton) Al (kg) Lime (kg) MgO (kg)
A 2 65 200 350 60
B 6
C 10
1200 10
FeO
1000+ o - ///)MnO
2 £z
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Fig. 9—The influence of the carryover slag amount on (a) the liquid slag mass and (b) the FeO and MnO content in the liquid slag.
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which decreases the slag viscosity and increases the
diffusibility of the components®>” Hence, more carry-
over slag enhances the risk of lining corrosion.

From Figure 10(a), it can be seen that Al concentra-
tion is reduced with the increasing carryover slag
amount. In the simulations, Al as the deoxidizer of steel
is further oxidized by the slag through the steel/slag
interfacial reaction. As shown in Figure 9, the growing
carryover slag leads to the higher slag amount and
oxidation ability (FeO and MnO content), which in turn
caused the further loss of deoxidizer. The present
simulation indicates that approximately 20 kg Al can
be saved if the carryover slag amount is reduced from 10
to 2 kg/ton. Figure 10(b) shows that the P reversion rises
from 8 to 30 ppm with the carryover slag amount
growing from 2 to 10 kg/ton, which is in range of the
reported P reversion values.”%** It is well known that
the slag with high FeO content and basicity supports P
holding.”® In the simulations, the BOF slag contains 1.5
pct P,Os under the conditions of 27 pct FeO and
approximately 4.5 basicity, while the ladle slag before
the ladle treatment has an FeO content of 2 to 9 pct
(Figure 9(b)) and a basicity of 1.3 to 1.7. Hence, the
pick-up of P from the slag is attributed to the lowered P
capacity of the slag. Though the FeO content increases
with the larger amount of carryover slag, more carry-
over slag also means more P,Os, leading to an increase
in P reversion. Figure 11 displays that the total oxygen
content in the steel goes up only slightly under the
present assumptions, with the increasing carryover slag
amount and slag oxidation ability. In the present
simulations, the Al,O3 formed due to Al oxidation in
the steel/slag reaction is removed to slag, which can be
small particles known as the inclusions generated from
reoxidation and remained in the steel. In that case, the
total oxygen content increase might be more significant.
As a whole, the simulations illustrate the negative effects
of carryover slag and the necessity to minimize the
amount.
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Fig. 11-—The influence of the carryover slag amount on the total
oxygen content in the steel.
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V. SUMMARY AND OUTLOOK

The BOF tapping process was modeled by addressing
the chemical reactions. In the modeling process, the
thermodynamic calculation was performed using Che-
mApp. The EERZ method was applied to consider the
kinetics of multiphase reactions. The metallurgical
actions of the tapping process, such as the addition of
alloy and slag former, carryover slag entrapment and
inclusion removal, can be considered. The model was
calibrated by comparing the predicted steel and slag
compositions with industrial input data and measure-
ments. The development of the steel, slag and inclusions
during the tapping process was illustrated in detail on
the basis of a single heat. The influence of the BOF
carryover slag amount was studied using the proposed
model. Based on the results, the following conclusions
are drawn:

e The predictions of the steel and slag compositions are
in reasonable agreement with the industrial mea-
surements, illustrating the validity of the model.

e The model can be applied to track the changes in the
steel, slag and inclusions during the tapping process.

e In the simulations with the varied amounts of carry-
over slag, it was demonstrated that more carryover
slag leads to more liquid slag, which increases the
interface area of the lining erosion; higher FeO and
MnO content in the liquid slag which increases the
alloy (Al) consumption and the possibility of reoxi-
dation in the subsequent process; more P reversion
from the BOF slag.

In the future, the model will be coupled with a model
for the ladle refining process and calibrated in a similar
way. The refining process can then be simulated and
investigated, addressing the critical reactions and
phenomena.
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