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Modeling of the BOF Tapping Process: The
Reactions in the Ladle
DALI YOU, CHRISTIAN BERNHARD, PETER MAYER, JOSEF FASCHING,
GERALD KLOESCH, ROMAN RÖSSLER, and RAINER AMMER
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 control. The reﬁning slag is formed from the addition of
slag formers, BOF carryover slag and separated inclusions during steel tapping. Steelmakers intend to minimize the amount of BOF carryover slag due to its
negative eﬀects. The chemical composition and qualities
of the reﬁning slag further inﬂuence the steel composition 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 et al.[1] proposed a thermodynamic model on
steel deoxidation processes during tapping and reﬁning.
In the model, the thermodynamic equilibrium of inclusion 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.[2] Besides the thermodynamic reactions, the ﬂuid ﬂow of steel and alloy
additions and alloy dissolution in the tapping ladle were
studied separately.[3,4] However, comprehensive modeling 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.[5]
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;[6–9] the ladle reﬁning and

Ruhrstahl–Heraeus (RH) models were constructed and
validated through comparing the reported industrial
practice.[5,10]
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 thermodynamic library—ChemApp.[11] The eﬀective equilibrium reaction zone (EERZ) method was applied to
describe the steel/slag interfacial reaction.[12,13] 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 measurements from a total of 10 heats from two plants. The
composition developments of the steel, slag and inclusions 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, Germany. The program language of the model is
FORTRAN.

The schematic of the present model is displayed in
Figure 1. In the tapping process of steel, liquid steel with
a mass of DmBOFst (Eq. [1]) is tapped from the BOF to
the ladle at each time step (Dt). The tapping ﬂow rate
(Vst ) 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.[14–17] 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 (Dmst ) and slag
(Dmsl ) present in the interfacial reaction per time step is
calculated based on the mass transfer coeﬃcient
(kst and ksl ), as given in Eqs. [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.[18] 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 (rfl ) 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.

Fig. 1—Schematic of the tapping process model.
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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 proportions of total carryover slag depend on the tapping
practice of a steel plant.[19,20] It is assumed that the
pre-slag (mpresl ) is added to the ladle before tapping; the
vortex slag is added in a mass of DmBOFsl (Eqs. [6] and
[7]) at each calculation step; the post slag (mpostsl ) is
added after the end of tapping. The chemical composition 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 (Vsl ) 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.[21] 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
(rreX ) and oxidizing during addition (1  rreX ). 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 Eqs. [9] and [10], respectively. At each time step,
the mass of one alloy and the corresponding oxidation
products is DmX and DmXO as given in Eqs. [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 (VX ): 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 (VXO ) 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 mFeMn 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
Eqs. [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 (Dmlinst ) and slag (Dmlinsl ) as well as air pick-up
ðDmO and DmN Þ by the steel stream is simply treated by
rate parameters, as presented in Eqs. [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: Al2O3 is added to
the steel and MgO is added to the slag; other components 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.
DmBOFst ¼ Vst Dt

Vst ¼

mBOFst
ttap

½1

½2

Dmst ¼ kst Aqst Dt

½3

Dmsl ¼ ksl Aqsl Dt

½4

Dmincl ¼ rfl mincl Dt

½5

DmBOFsl ¼ VBOFsl Dt

½6

VBOFsl ¼

mvorsl
ttap

½7

DmslX ¼ Vsl Dt

½8

mXst ¼ mX rreX

½9

mXO ¼ mX ð1  rreX Þ

MXO
MO

½10

DmX ¼ VX Dt

½11

DmXO ¼ VXO Dt

½12

mMnFeMn ¼ 0:78mFeMn rreFeMn

½13

mFeFeMn ¼ 0:14mFeMn rreFeMn

½14

mCFeMn ¼ 0:08mFeMn rreFeMn

½15

mMnOFeMn ¼ 0:78mFeMn ð1  rreFeMn Þ

MMnO
MMn

½16

DmO ¼ rO Dt

½17

DmN ¼ rN Dt

½18

Dmlinst ¼ rlinst Dt

½19

Dmlinsl ¼ rlinsl Dt

½20

where DmBOFst is the mass of steel tapped from the
BOF into the ladle at each time step Dt; Vst is the tapping rate of steel; mBOFst is the tapping mass of the
BOF steel; ttap is the tapping time; subscripts of st, sl
and incl mean steel, slag and inclusion in Eqs. [3]
through [5], respectively; Dm is the mass present in the
interfacial reaction at each time step Dt; k denotes the
mass transfer coeﬃcient; A is the interface area of the
steel and slag; q is the density; rfl is the inclusion ﬂoating rate;DmBOFsl is the mass of the vortex slag added
at each time step; VBOFsl is the cover rate of the vortex BOF slag during tapping; mvorsl is the mass of the
vortex BOF slag; DmslX is the dissolved mass of slag
former X at each calculation step; Vsl is the dissolution
rate of the slag formers; in Eqs. [9] through [12], X, O
and XO stand for alloy X, oxygen O and the oxide
XO formed during alloying; m and mst are the total
mass and the mass dissolved into the steel; rreX is the
recovery rate of alloy X; M is the molar mass; Dm and
V are the dissolved mass and dissolution rate at each
time step; mMnFeMn , mFeFeMn and mCFeMn are the
mass of Mn, Fe and C added to the steel when adding
the FeMn alloy; mFeMn is the mass of the FeMn alloy
added; rreFeMn is the recovery rate of the FeMn alloy;
mMnOFeMn is the mass of MnO, which is the oxidation
product of the FeMn addition; MMn and MMnO are
the molar mass of Mn and MnO, respectively; O, N,
lin-st and lin-sl mean oxygen, nitrogen, lining dissolution into the steel and slag in Eqs. [17] through [20];
Dm 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 (Dmincl ), buoyant alloys, steel
(Dmst ) and slag (Dmsl ) transferred into the interfacial
reaction zone are deﬁned and the multiphase equilibrium 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, Al2O3,
SiO2, P2O5, CaO, MnO, Cr2O3, Fe2O3, Mn2O3,
MgAl2O4, CaAl2O4, CaAl4O7, CaAl2SiO6 and
CaAl12O19 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 experimental 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 boundary 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 compositions 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
Al2O3 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 concentration 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 ðrO and rN Þ and addition
rate of lining wear (rlinst and rlinsl ) 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 waiting 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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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.[16,22,23] The comparison of the predicted steel and
slag compositions using the mean value listed in Table I
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

Fig. 3—The tapping schedule of the selected heats from Plants A and B.

Table I.
Plants
Plant A
(65-Ton
Ladle)
Plant B
(170-Ton
Ladle)

The Mean Value of the Calibrated Parameters

Mass Transfer Coefficient of
Steel (kst , m/s)

Floating Rate
(rfl ;/s)

Al Recovery Rate
(rreAl )

Mn Recovery Rate
(rreFeMn andrreMnSi )

BOF Slag
(msl , kg)

0.0030

0.020

0.730

0.991

350

0.0038

0.028

0.668

0.977

510

diﬀerence in the predicted total oxygen content, dissolved 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
Al2O3 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, SiO2 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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Fig. 4—Comparison of the predicted steel compositions and the measurements before LF reﬁning (a) [C], [Si], [Mn] and [Al] and (b) [O], [S] and
[P] (‘[]’ indicates the dissolved value).

Fig. 5—Comparison of the predicted slag compositions and the measurements before LF reﬁning (a) CaO and Al2O3 and (b) FeO, MnO, SiO2
and MgO.

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
METALLURGICAL AND MATERIALS TRANSACTIONS B

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

Fig. 6—Development of the steel compositions during tapping and the transportation process (a) [C], [Si] and [Mn] and (b) [Al] and total oxygen
(O) (‘[]’ indicates dissolved value).

Fig. 7—Development of the slag compositions during tapping and the transportation process (a) Al2O3, CaO and MgO and (b) FeO and SiO2.

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 continuous 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 compositions 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 Al2O3 content rises sharply
after the addition of Al from 120 to 155 s, and
consequently reduces the percentage of other components. 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), Al2O3 content in the slag
starts to lessen. After the complete dissolution of Al2O3
containing slag formers (230 s), the Al2O3 content falls
at a faster speed. CaO content continuously grows until
the complete dissolution of lime. The MgO, SiO2 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, SiO2 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 Al2O3 (Figure 7(a)) content and an
increase in the SiO2 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 reaction, while the Al2O3 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 Al2O3
content and rises with the increasing CaO content; the
increase in the amount of solid MgO during transportation 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 suﬃcient 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), CaOÆ6(Al2O3) and Al2O3. 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
Al2O3-35 pct SiO2-45 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 Al2O3 and slag-liquid grows sharply and
the amount of Al2O3 is more than 20 times that of the
slag-liquid. The main compositions of the slag-liq phase
are 79 pct Al2O3-9 pct CaO-11 pct MgO. A limited
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Table II.
C
0.03

The BOF Steel Composition (Pct)

Si

Mn

S

P

O

0.01

0.1

0.008

0.006

0.08

amount of CaOÆ6(Al2O3) also exists. In the following
process, most inclusions are removed by ﬂoating.
Finally, there are approximately 50 ppm of Al2O3
existing together with a negligible amount of
CaOÆ6(Al2O3) 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, Al2O3 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.[24] The input parameters are listed in Tables II
through IV. Table II gives the composition of the BOF
steel, Table III that of the BOF slag and Table IV the
assumed input parameters for the performed simulations, 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[25]) 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.
Table III.
FeO

MgO

27

8

The BOF Slag Composition (Pct)
Al2O3 SiO2 P2O5 CaO MnO Fe2O3
1

9

1.5

45

5

3.5

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
(10 kg/ton). The bigger carryover slag amount directly
results in the thicker slag layer and larger interfacial area
of the slag and lining. In the meanwhile, the increased
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
A
B
C

Carryover Slag (kg/Ton Steel)

Steel Mass (Ton)

Al (kg)

Lime (kg)

MgO (kg)

2
6
10

65

200

350

60

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.

Fig. 10—The inﬂuence of the carryover slag amount on the (a) Al and (b) P concentration in the steel.
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which decreases the slag viscosity and increases the
diﬀusibility of the components[26,27] Hence, more carryover slag enhances the risk of lining corrosion.
From Figure 10(a), it can be seen that Al concentration 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.[20,24] It is well known that
the slag with high FeO content and basicity supports P
holding.[28] In the simulations, the BOF slag contains 1.5
pct P2O5 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 carryover slag also means more P2O5, 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 Al2O3 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.

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 ChemApp. 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 measurements. 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:

 The predictions of the steel and slag compositions are
in reasonable agreement with the industrial measurements, illustrating the validity of the model.
 The model can be applied to track the changes in the
steel, slag and inclusions during the tapping process.
 In the simulations with the varied amounts of carryover 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 reoxidation 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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Viertauer: RHI Magnesita Worldwide, 2017, pp.76–81.
21. A. Harada, N. Maruoka, H. Shibata, and S. Kitamura: ISIJ Int.,
2013, vol. 53, pp. 2110–17.
22. J. Peter, K. D. Peaslee, D. G. C. Robertson, M. Hall and B. G.
Thomas: Proc. AISTech 2005, Vol. 1, Association for Iron & Steel
Technology, Warrendale, 2005, pp. 959–73.
23. K. J. Graham and G. A. Irons, Proc. AISTech 2009, Vol. 1,
Association for Iron & Steel Technology, Warrendale, 2009, pp.
1003–14.
24. P.C. Pistorius: J. S. Afr. Inst. Min. Metall., 2019, vol. 119, pp. 557–
61.
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