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1. Introduction

The tapping process is the critical first step in ladle treatment,
which involves transferring crude steel from the basic oxygen
furnace (BOF) to the ladle until the start of secondary steelmak-
ing. At this process step, deoxidizers, alloying elements, and slag
formers are added to achieve the initial target steel composition.
However, the condition of the melt at the end of the process is
subject to process fluctuations in terms of temperature, oxygen

content of the melt, and thus also the FeO
content of the slag. This has a major influ-
ence on the oxygen balance of the melt after
tapping, as a portion of the carryover slag is
also tapped along with the steel,[1] which
not only affects the composition of the steel
but also increases the inclusion content.
Undesirable phenomena, such as nitrogen
and oxygen pick-up from the surrounding
atmosphere into the steel bath, in addition,
can complicate further processing.[2] Due
to the dynamic conditions, direct sampling
during the process of tapping is not feasi-
ble, making it difficult to monitor the
change in the chemical composition of
both the steel and slag.

Thermodynamic-kinetic modeling of
tapping allows for a clearer understanding
of the chemical composition changes but
also provides insights into the reactions
that occur during the tapping process

and represents the first step in building a comprehensive
through-process model for steelmaking.

Ding et al.[3] first established a VOD dynamic model using the
reaction equilibrium model method. Based on the method of
Ding et al., Van Ende et al.[4] successfully introduced the effective
equilibrium reaction zone (EERZ) concept to develop a Ladle
Furnace (LF) model, which was validated across different steel
grades. Based on this approach, numerous models have been
established using the EERZmethod to simulate steelmaking pro-
cesses, such as BOF, electric arc furnace (EAF), tapping, LF, RH
and continuous casting process and others.[5–14] In this context,
two main kinetic reaction models for the tapping process were
developed. Haidar et al.[15] modeled the 350-ton tapping process
by the EERZ method to predict the amount of carryover slag. In
their study, alloys (320 kg C, 3339 kg HCFeMn and 704 kg Al)
and slag former (2348 kg Lime) were considered. They assumed
a constant temperature drop of 4.2 °Cmin�1 and 1.44 °Cmin�1

during the tapping and transportation processes, respectively.
The overall steel mass transfer coefficient was set at 0.008m s�1

during tapping and 0.004m s�1 during transportation. After
comparing the steel and slag concentrations, the carryover slag
amount was determined to be 1250 kg. The authors observed
that, except for the P content, which was 40% higher than the
experimental measurement, the other calculated results aligned
well with experimental data. You et al.[16] used the EERZ method
to establish a comprehensive kinetic model for the tapping pro-
cess, considering the interactions between steel, slag, refractory
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Coupling advanced computational thermodynamics with kinetic modeling is a
leading approach in studying the chemical composition of steel and slag in the
steelmaking process. In this study, the effective equilibrium reaction zone
method is employed to establish a tapping model by implementing the con-
tinuous reactions in the last stage of the basic oxygen furnace (BOF) process.
Plant trials are performed during the tapping process by measuring the steel and
slag composition before and after tapping, alongside recording relevant opera-
tional data. The initial steel and slag compositions before tapping are found to be
near equilibrium (NE) and far from equilibrium (FFE). When FFE initial conditions
are considered, the accuracy of phosphorus (P) content predictions improved
compared to the model previously reported in the literature, while both models
showed accurate predictions under the NE initial conditions. Further analysis
confirmed that the dephosphorization reaction in the BOF continued throughout
the tapping process, which should be considered in developing the tapping
process model.
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materials, inclusions, alloy additions, slag former additions, air
pick-up and carryover slag entrapment. The model was calibrated
using data from five heats of 65 t and five heats of 170 t industrial
experiments. The mass transfer coefficients of the steel in the
two plants were different due to the different ladle sizes and pro-
cess operations and were 0.003m s�1 and 0.0038m s�1, respec-
tively. The author found that the predicted steel and slag
compositions were in good agreement with measurements.
However, in the range of measured P content of about 60 to
120 ppm, the maximum predicted P was 30 ppm higher than
the measurement.

In the BOF process, the degree of steel–slag equilibrium
before tapping varies depending on production conditions.
Producing an appropriate slag at an early stage and in sufficient
quantity allows a longer steel–slag reaction time, enabling their
compositions to approach equilibrium, while the opposite leads
to a state far from equilibrium (FFE). In this study, heats are clas-
sified as near equilibrium (NE) or FFE according to the deviation
between the measured P content and the equilibrium P content
calculated by FactSage. Based on the analysis of 20 industrial
heats produced under FFE process conditions, the minimum
observed deviation was 0.0065%; therefore, heats with a devia-
tion greater than 0.0065% are regarded as FFE, while smaller
deviations are considered NE. Further analysis of the measured
steel and slag compositions before tapping reveals that their ini-
tial conditions were found to be NE. In the latter case, the pre-
dicted P content by published models will typically be higher
than the measured value.

This discrepancy likely arises because the tapping models
overlook the ongoing reactions inside the BOF during the tap-
ping period, which were typically neglected. These models are
referred to as “reference model” in the present study. By incor-
porating the kinetic reactions occurring within the BOF during
tapping—an addition to the “reference model”—an “extended
model” can be developed to better represent the measured value
under FFE conditions. Unlike previous tapping models, the pres-
ent study develops the extended model that explicitly considers
the ongoing reactions inside the BOF during the tapping period.

In the present work, the EERZmethod was employed to estab-
lish the “extended model”. To validate its accuracy, tapping pro-
cess experiments were conducted under FFE initial conditions
with 210 tons of steel across 3 heats in the steel plant, and all
operating data from the start of tapping to argon blowing station
(ABS) were recorded in detail. In addition, data from 1 heat of
350 tons of steel under NE initial conditions were selected from
the literature,[15] which included all operations from the start of
tapping to the beginning of LF. First, multiple simulations were
performed to obtain consistent model parameters by calibration
with measured values. The results of simulating a heat of tapping
process using the current approach were critically compared with
the “reference model” of You et al.[16]

2. Experiments and Methods

2.1. Experiments

Production data and samples from three heats were collected at
the Hunan Valin Lianyuan Steel Plant between the start of

tapping and the ABS. The production schedule is illustrated
in Figure 1; the other heats followed a similar pattern. Before
tapping, the temperature and oxygen content of the steel in
the BOF were measured, and a steel sample was taken. The com-
position of this sample was used to represent the initial steel
composition of tapping. Then the converter was immediately
rotated to tap steel, and a few seconds later, a slag sample
was taken from the converter, and the slag composition was used
to represent the initial slag composition of tapping. During the
transportation, the alloy and slag formers were added to the ladle.
At the ABS, the temperature was measured, and again, steel, and
slag samples were collected. The ladle has two porous plugs, with
a purging rate of �60 Nm3/hr/plug during tapping.

For critical evaluation, production data from one heat during
the tapping process as reported in literature under NE initial con-
ditions was used.[15] All operation data from the start of tapping
to the beginning of LF were reported in detail. The tapping sched-
ule was similar to the experiments, including measurements of
steel and slag composition before and after tapping, the temper-
ature and oxygen content of the steel before tapping, and adding
alloys and slag formers during the process, and all operations
were the same.

Further, comprehensive process data of all three experiment
heats in the converter were collected, covering the period from
the start of blowing to the start of tapping. The data included the
initial steel composition before blowing, the types and amounts
of all materials added during the blowing process, and the com-
positions of steel and slag before tapping. Combining the process
data and the experimental data from tapping, the steel yield and
slag ratio for each heat were calculated. The steel yield was
defined as the total mass of steel transported to the ladle during
the tapping process divided by the mass of steel at the end of
BOF. The slag ratio was defined as the ratio of total slag mass
to the total mass at the end of the BOF. The average steel yield
and average slag ratio at the end of BOF were calculated with the
data from the 3 heats and applied in tapping model simulations.
Based on the two values, the mass of steel and slag at the end of

Figure 1. The schedule for one of the industrial experiments during the
tapping process.
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BOF could be estimated based on the mass of steel during tap-
ping, thereby significantly reducing the input data required from
the blowing stage. The detailed calculation method will be intro-
duced in Section 2.4. All the steel composition was analyzed
using optical emission spectrometry, while the slag composition
was measured using X-ray fluorescence spectroscopy.

2.2. Modeling Approach

The proposed tapping model was implemented in Python. For
calculating the phase equilibria, the model can be linked to
the thermodynamic databases of FactSage 8.2 via ChemApp.
FactSage and ChemApp are products of GTT Technologies,
Herzogenrath, Germany. ChemApp is a programming interface
for equilibrium calculations, applied for solution phases and stoi-
chiometric reactions. Equilibrium calculations can be user-
defined and called an unlimited number of times by
ChemApp. Thus, once the amount of all reactants is known,
the amount of all equilibrium products can be determined.

The EERZ method was applied in the present model. This
approach simplifies the complex process by dividing it into mul-
tiple reaction zones and calculating the equilibrium of each zone
separately. The kinetics are taken into account by changing the
amount of the reaction zones according to the homogenization
rate of the different phases and the process conditions. Following
the concept proposed by Van Ende et al.,[4] the amount of solu-
tion participating in the reaction at the interface per time step
was calculated using Equation (1). This approach combines
kinetic changes with chemical reaction calculations from an
accurate thermodynamic database in an effective and simple way.

msolution ¼ ðkρAÞsolutionΔt (1)

where msolution represents the mass of the solution participating
in the reaction at the interface per time step, kg; k denotes the
overall mass transfer coefficient of the solution, m s�1; ρ is the
density of the given solution, kgm�3; A represents the contact
area of the two reaction solutions, m2; the time step Δt was
set to 5 s according to You et al.[16]

In the present model, the tapping process was divided into
nine reaction zones according to the different reactants involved
and the reaction locations, as shown in Figure 2, in order to
account for the main occurring phenomena.

Zone 1: Interface between steel and slag in the BOF.
Equilibrium reactions among the floating inclusions, steel,
and slag were taken into consideration, altering the compositions
of steel and slag in the BOF.

Zone 2: In the steel bulk zone of the BOF, reactions were cal-
culated between the residual steel (after partial tapping), inclu-
sions, and the steel products from Zone 1, renewing the steel
composition.

Zone 3: In the slag bulk zone of the BOF, equilibrium reac-
tions between slag and the inclusion products from Zone 1 were
taken into account, updating the slag composition.

Zone 4: Interface between steel and slag in the ladle.
Consideration was given to the equilibrium reactions of the float-
ing inclusions, added low-density alloys (such as Al and C alloys),
steel and slag, and altering the steel and slag compositions in
the ladle.

Zone 5: Interface between liquid slag and refractory in the
ladle. The equilibrium reactions between the participating liquid
slag and refractory dissolved into the liquid slag were considered.
Refractory erosion at the slag–refractory interface modified the
slag composition.

Zone 6: Interface between steel and refractory in the ladle. The
equilibrium reactions between the participating steel and dis-
solved refractory were taken into consideration, changing the
steel compositions.

Zone 7: Interface between steel and all inclusions in the ladle.
Equilibrium reactions between the participating steel and inclu-
sions were calculated, modifying the compositions of steel and
inclusions.

Zone 8: In the steel bulk zone of the ladle, reactions were con-
sidered among unreacted steel, added alloys, added steel, and
absorbed nitrogen and oxygen during tapping. After the reaction,
the resulting products were assumed to mix uniformly with all
the products from zone 6 and zone 7, the steel generated, and the
entrapped inclusions from zone 4, thereby renewing the steel
composition.

Zone 9: In the slag bulk zone, the equilibrium reactions were
taken into account between the unreacted slag, carryover slag, not
entrapped inclusions from zone 4 products, and added slag for-
mers, updating the slag composition.

At each time step, the thermodynamic equilibrium reactions
in each zone are described in detail as follows.

In zone 1, to simplify the calculation of the contact area
between steel and slag in the converter and obtain the changing
contact area, the converter was assumed to be cylindrical and
maintained in a horizontal position during tapping. The con-
verter was modeled with a diameter of 5.8 m and a height of
8.41m. Although the converter has an inclination angle of less
than 8° in the horizontal direction during the tapping process, it
is gradually rotated in actual production, and the angle decreases
over time. To quantitatively assess this effect, a geometric esti-
mation was performed, showing that an 8° inclination increases
the steel–slag contact area by �1.01 times compared with the
horizontal condition. Simulation of the Heat 1 data under this
maximum inclination angle indicated that the final phosphorus

Figure 2. Schematic of the tapping process.
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content differed by only 0.000068%. Hence, the simplified
assumption of a horizontal contact area is reasonable. Given
the total steel mass in the converter and the tapping rate of steel
transported into the ladle, the remaining steel mass at each time
step can be determined, and the corresponding steel–slag contact
area can be calculated using geometric methods. This simplifi-
cation, while introducing minor deviations, enables more effi-
cient estimation of the progressive reduction in contact area
during tapping. In the BOF, the initial inclusion content was
assumed to be 0 before tapping. After that, as the generated
inclusion content in the steel is low, it was assumed that the
inclusion removal coefficient at each step was equal to the ratio
of the steel participating in the effective reaction zone to the total
mass in the steel bulk zone, following the method described by
Shin et al.[17] The overall mass transfer coefficient of steel in the
ladle is an adjustable parameter and calibrated based on plant
measurements. The overall steel mass transfer coefficient in both
the BOF and ladle was set to be the same during the tapping
period. During the transportation process, the steel mass transfer
coefficient was reduced to one-fifth of its value during tapping.[16]

The slag mass transfer coefficient was set to 1/20 of the steel’s
value, Van Ende et al.[4] reported this ratio to be 0.1 to 0.05. With
the contact area between steel and slag and the mass transfer
coefficient of steel and slag in the BOF, the amount of steel
and slag participating in the reaction at the interface can be cal-
culated by Equation (1), along with the amount of inclusions
floating from the steel bulk zone. Thermodynamic equilibrium
reaction products are easily obtained. The steel products returned
to the steel bulk zone, and the inclusions returned to the slag
bulk zone.

In zones 2 and 3, the mass of steel and carryover slag for tap-
ping at each time step was first determined; the methods will be
introduced in the following Section 2.3. The total steel and slag
masses in the BOF before tapping were calculated using the
approach described in Section 2.4. The unreacted amount in
the steel and slag bulk zone, the amount transported into the
ladle during tapping, and the amount of products returned from
the interface were all determined, obtaining the compositions
after thermodynamic equilibrium reaction in each bulk zone.
Currently, no data are available regarding the dissolution of
refractory materials in the BOF, and since MgO and Al2O3

are already present in the initial BOF slag, the dissolution of
the refractory during the short tapping period of about 4min
can be neglected compared with the total process time.
Hence, this aspect was not considered in the present model
but should be addressed in future research. The new composi-
tions of steel and slag in the BOF were used as the steel and car-
ryover slag compositions in tapping.

In zone 4, which represents the interface between steel and
slag in the ladle, the calculation method was the same as in the
zone 1 except the inclusion treatment. The flotation rate of
inclusions from steel was set at 4% per second in the ladle,[16]

and the floating rate during the tapping process was assumed to
be the same with strong stirring. After equilibrium calculation,
the generated inclusions were entrained into the steel bulk
zone; the entrainment rate was assumed to be 0.04% per
second.[16]

In zone 5, there was an interface between the liquid slag and
refractory; the reaction amount of liquid slag could be calculated

by Equation (1). Only MgO was considered as the dissolving
refractory component. At each time step, MgO was assumed
to dissolve until its content in the liquid slag participating in
the reaction reached saturation. The saturated MgO concentra-
tion in liquid slag is calculated according to the method reported
by Shin et al.[17] This approach allowed for the calculation of the
MgO dissolution amount. Following equilibrium calculations, all
products were returned to the slag bulk zone in the ladle.

In zone 6, the refractory material was assumed to dissolve into
the steel at a constant rate. In zone 7, all remaining inclusions,
excluding those that floated to the interface, reacted with the
steel. The inclusions were assumed to be spherical particles with
a diameter of 10 μm.[18] The amount of remaining inclusions was
known, the contact area between inclusions and steel could be
easily calculated, and then the amount of steel participating in
the reaction can be determined by Equation (1). All products
from zone 6 and zone 7 returned to the steel bulk zone in
the ladle.

In zone 8, the remaining steel in the steel bulk zone—after
accounting for participation in previous zones—was assumed
to react with the added alloys, the newly added steel, and the
absorbed nitrogen and oxygen when the tapping was not com-
pleted. All reaction products were then mixed evenly with all
the components, which returned to the steel bulk zone in the
ladle, and the new steel composition was determined. During
the tapping period, oxygen and nitrogen were absorbed at a con-
stant rate with the steel flow. Both alloys and slag formers were
assumed to dissolve at constant rates: 4 kg s�1 for Al and FeSi
alloys, while others dissolved at 2 kg s�1. By the best knowledge
of the authors, these parameters are not available from literature
yet and represent initial values for future research. Alloys were
added to the steel bulk zone at a constant recovery rate, with the
unrecovered portion being oxidized into the slag bulk zone. Slag
formers were added to the slag bulk zone.

In zone 9, except for the reaction of slag participating in the
previous zones, the remaining slag in the slag bulk zone, the
added slag formers, and all the components returning to the slag
bulk zone in the ladle reacted to equilibrium. Then the new slag
composition was determined.

2.3. Determination of Carryover Slag Mass

The carryover slag possesses strong oxidizing properties, which
impact the alloy recovery rate, inclusion formation, and the
model predictive power. Therefore, accurately determining
the mass of carryover slag is crucial. Several researchers had
estimated the amount of carryover slag using the mass balance
method.[19–22] The mass of carryover slag can be calculated by
Equation (2) to (4), a method that had been employed and veri-
fied for its accuracy by various studies.[23–25] Then the total steel
mass is calculated by Equation (2)–(6). For a better overview, the
notations of variables in Equation (2)–(6) are given in the
Appendix.

ωAr
Al2O3

¼
�
mAl2O3

sl þml
sl � ωLF

Al2O3
þmr st

sl � ωr st
Al2O3

�
,(

mt
sl �

Xn
k¼1

h
mk

slf � ð1� rkÞ
i) (2)
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mc
sl ¼ mt

sl �
Xn
k¼1

mk
slf �mAl2O3

sl �ml
sl �mr sl

sl �mr sl
sl (3)

mAl2O3
sl ¼

�
mt

Al �mAr
Al

�
�MAl2O3

=2MAl (4)

D2
i ¼

"
mtt

i þ
Xn
j¼1

�
mj � ωi

j

�
þ
Xn
k¼1

�
mk � ωi

k � rk
�
�mtar

i

#
2

(5)

min
hX�

D2
Si þD2

Mn þ D2
Al þD2

Ca

�i
(6)

Yan et al.[26] measured the average dissolution rate of ladle
refractory materials, reporting that the Mg-C bricks dissolved
at an average rate of 1.2mm per heat, while corundum bricks
dissolved at 0.55mm per heat. Due to the strong oxidizing prop-
erty of slag during the tapping, along with the high temperature
difference and thermal stress on the ladle refractory, it was
assumed that the refractory dissolved during the tapping process
accounts for half of the refractory dissolved in one heat cycle.
Consequently, the mass of refractory dissolved into the steel
and slag during the tapping process was estimated to be 23 kg
and 25 kg, respectively.

Using Equation (6) and the Solver function in Excel, the mass
of carryover slag and the total steel mass flowed into the ladle
during tapping can be determined. The mass distribution of
the carryover slag was set as in the report by You et al.:[16] 5%
preslag, 15% vortex slag and 80% post slag. Assume that the steel
and vortex slag were transferred into the ladle at a uniform rate
during the tapping process. Based on the tapping time for each
heat, the mass of steel and carryover slag transported into the
ladle per time step can be determined.

2.4. Determination of Steel and Slag Mass at the End of BOF

Based on mass balance, the mass of the steel and slag at the end
of BOF can be calculated by Equation (7) to (9)

msl ¼ mother þ ωFeO �msl (7)

msl ¼
mother

1� ωFeO
(8)

mst ¼ madd
all þmpick

O �mloss
C �msl (9)

where mst and msl represents the total steel and slag mass at the
end of the BOF process in kg; mother represents the mass of all
slag excluding FeO in kg, which includes the mass of all slag
formers added during BOF smelting, as well as the oxidized
mass of elements such as Si, Mn, and P; ωFeO is the mass fraction
of FeO at the end of BOF slag;madd

all denotes the mass of all mate-

rials added during BOF smelting in kg; mpick
O is the mass of O

absorbed during BOF smelting in kg, primarily considering the
oxygen absorbed through the oxidation of Si, Mn, P, and Fe ele-
ments; mloss

C and denotes the mass of C lost as CO during the
oxidation of carbon in BOF smelting in kg.

The data from the three heats were first processed to calculate
the total amount of steel and slag in the BOF for each heat using
Equation (7) to (9). The total amount of steel transferred into the

ladle was determined based on the method described in
Section 2.3. For each heat, the total mass of steel flowing into
the ladle was divided by the total mass of steel in the BOF to
obtain the steel yield. The average steel yield across the three
heats was then calculated. Similarly, the slag ratio for each heat
was determined by dividing the total slag amount in the BOF by
the combined amount of steel and slag, and the average slag ratio
was subsequently calculated. The average steel yield was 97.03%
(with single values of 98, 94.85, and 98,24%). The average slag
ratio at the end of BOF was 7.05% (with single values of 7.40,
6.91, and 6.85%). These results were directly used in the
“extended model” and are consistent with previously reported
values.[27,28] Once the amount of steel transferred to the ladle dur-
ing tapping is known, the total masses of steel and slag in the
BOF before tapping can be determined.

2.5. Flow Chart of Tapping Process Model

The flow chart of the tapping process model is shown in
Figure 3. The model first simulates the tapping process, which
includes the reactions in the BOF during the tapping period and
the reactions in the ladle. After tapping, the simulation continues
with the transportation process, including the reactions in the
ladle. In the BOF, first calculate the floating amount of inclu-
sions. Then the equilibrium reaction between steel, slag, and
floating inclusions at the interface is calculated. If gas is gener-
ated at the interface, it is assumed that all the gas has escaped
from the system. After distributing the products of the interface
equilibrium reaction, the equilibrium reactions of the steel bulk
zone and the slag bulk zone are calculated to obtain the new com-
position of steel and slag in the BOF. Again, it is assumed that all
the gas generated escapes. Part of the steel and slag is transferred
into the ladle, and the remaining steel and slag enter the next
cycle calculation in the BOF.

In the ladle, similar to BOF, the amount of inclusion floating
and the equilibrium reaction at the interface are also calculated
first, and the generated gas escapes. Then the equilibrium reac-
tions between liquid slag and refractory, steel and refractory,
and steel and inclusions are calculated. Finally, the equilibrium
reactions in the steel bulk zone and slag bulk zone are calcu-
lated to obtain the new compositions of the steel and slag.
The new steel and slag enter the next cycle calculation in the
ladle. If the tapping is finished, the new steel and slag compo-
sition is used as the initial composition of the steel and slag in
the ladle during the transportation process. During the trans-
portation process, the reaction in the ladle is almost the same
as that in the ladle during the tapping process, except that
there is no amount of steel and carryover slag transferred into
the ladle from the converter, and no oxygen and nitrogen
absorbed by the steel flow. Therefore, the reactions in the ladle
during the transportation process are no longer described.
Likewise, all the gas produced is considered to escape. When
the simulation time reaches the end time of all processes,
the simulation is completed.

In the present study, the FSstel database was used to describe
liquid steel and CaS,[16,29] the FToxid database was used to
describe oxide solution,[30,31] and the FactPS database was used
to describe FeO and the gas phase.[16]
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3. Model Validation

The adjustable parameters of each heat were calibrated sepa-
rately by comparing the predicted values with the measured val-
ues of 3 heat experiments through multiple model calculations,
and the average values represent the final model parameters.
The mass transfer coefficient was adjusted by comparing the
P content in the steel and the Al2O3, MnO content in the liquid
slag. The aluminum alloy recovery rate was corrected by com-
paring the total Al in the steel. The recovery rates of other alloys
were validated by comparing the respective elemental compo-
sitions in the steel. The average values of the calibrated param-
eters are provided in Table 1. Notably, the mass transfer
coefficient values are comparable to those observed in inten-
sively stirred ladles.[4,16,32,33] Since the tapping is controlled
manually, differences in operation methods of different work-
ers will lead to different masses of carryover slag, such as the
control of the end time of tapping, the time node of the rotating
converter, etc. Therefore, the carryover slag of each heat is dif-
ferent, and it is therefore reasonable to calculate the carryover
slag separately. The carryover slag coefficient (CSC) is defined
as the average mass of carryover slag entrained into the ladle per
ton of steel during the tapping process, kg/(ton of steel), the
average CSC is the average value of the 3 heats from the per-
formed plant trials.

The comparison between predicted and measured steel and
slag compositions is presented in Figure 4 and Figure 5. In
the heat from the reference, the Mn concentration is 0.07 wt%
lower than the measured value, while the MnO content is higher.

Table 1. The mean value of the calibrated parameters.

Parameters Mass transfer coefficient of steel
[kst, m s�1]

Floating rate
[fl, s�1]

Al alloy recovery rate
(re_Al)

Mn alloy recovery rate
(re_Mn)

Si alloy recovery rate
(re_Si)

Average CSC

Value 0.005 0.04 0.68 0.61 0.92 4.55

Figure 3. Flow chart of the tapping process model.

Figure 4. Comparison between predicted and measured compositions of
steel at the ABS.
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This discrepancy may arise because the mass of the steel in this
heat is 350 tons with a bottom blowingflow rate of 100Nm3/hr/plug,
and the same parameters were used as those for the 210-ton
heat with a bottom blowing flow rate of 60 Nm3/hr/plug.
However, for the sake of consistency, this model parameter
was kept unchanged. Overall, the predicted compositions of
the steel and slag matched well with the measured compositions,
demonstrating the model’s accuracy in predicting production
outcomes, irrespective of whether the initial steel and slag com-
positions are in NE or FFE conditions. In particular, the P con-
tent in steel is accurately predicted under varying conditions,
which will be discussed in detail in a subsequent chapter.

4. Results and Discussion

The previous section demonstrated that the tapping process
model’s predictions align well with the measured results, indi-
cating the reliability of the calibrated model. In the following sec-
tion, a detailed comparative analysis of the differences and
reasons for predicting P content under NE and FFE initial con-
ditions between the two models are presented.

4.1. Comparison Between “Reference Model” and Present
Approach for the Tapping Process

Figure 6 shows a comparison of the extended and reference
model predictions of P content at the ABS. To better understand
the initial conditions, the thermodynamic equilibrium was calcu-
lated by FactSage between steel and slag at the end of the BOF,
the equilibrium P content for each heat is shown in Figure 6. In
heats 1 to 3, the P content at the end of the BOF is FFE condition,
the differences between the initial P content and the equilibrium
P content were 0.0141, 0.0104 and 0.0134%, respectively,
whereas in heat 4, the P content is NE condition, the different
is 0.0052%. For heats 1 to 3, the measured P content decreases

from BOF to ABS, whereas for heat 4,[15] the P content remains
unchanged. When comparing the predicted P content in the ABS
for heats 1 to 3, the extended model’s predictions align more
closely with the measured values. In heats 1 to 3, the mean abso-
lute error of the P content predicted by the “extended model” is
14 ppm, while the “reference model” is 48 ppm. In contrast, the
“extended model” demonstrates a smaller deviation across these
heats. For heat 4, both the extended and reference models’ pre-
dictions of P content are close to the measured value. In sum-
mary, the extended model developed in this study can
accurately predict the initial conditions of NE and FFE.

In the BOF, due to the high oxidizing property and large
amount of the slag, including the high oxygen content in the
steel, the dephosphorization reaction is mainly based on
Equation (10)–(12)[34–36]

2½P� þ 5½O� ¼ ðP2O5Þ (10)

2½P� þ 5ðFeOÞ ¼ ðP2O5Þ þ 5½Fe� (11)

ðP2O5Þ þ 3ðCaOÞ ¼ ð3CaO•P2O5Þ (12)

However, after tapping, the amount of slag in the ladle is min-
imal. When the steel and slag are FFE condition at the end of
BOF, the slag still retains a small dephosphorization capacity.[37]

When the compositions are close to equilibrium, the P content
either remains unchanged or slightly increases due to the addi-
tion of deoxidizing alloys, and the following reaction occurs by
Equation (13) and (14).[38]

2ð3CaO•P2O5Þ þ 5½Si� ⇌ 4½P� þ 5ðSiO2Þ þ 6ðCaOÞ (13)

3ð3CaO•P2O5Þ þ 10½Al� ⇌ 6½P� þ 5ðAl2O3Þ þ 9ðCaOÞ (14)

During tapping, the steel and slag compositions were FFE con-
dition in the BOF, allowing the dephosphorization reaction to
continue. This explains why the P content decreases from the
BOF to the ABS in heats 1 to 3. The extended tapping model

Figure 5. Comparison between predicted and measured compositions of
slag at the ABS.

Figure 6. Comparison of the “extended model” and the “reference model”
in predicting the P content at the ABS.

www.advancedsciencenews.com
l

www.steel-research.de

steel research int. 2026, 97, 3474–3484 3480 © 2026 The Author(s). Steel Research International published by Wiley-VCH GmbH

 1869344x, 2026, 7, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/srin.202501048 by C

ochraneA
ustria, W

iley O
nline L

ibrary on [20/07/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.steel-research.de


accounts for this continued dephosphorization, leading to predic-
tion results close to the measurements. In contrast, the “refer-
ence model“[16] does not consider the ongoing reactions
within the BOF during tapping, which sometimes results in large
discrepancies in the predicted P content. For heat 4, where the P
content was NE condition at the end of the BOF, the continued
reaction inside the BOF had minimal impact on the P content
during tapping.

4.2. Effects of Model Parameters on P Content Calculation
Results

To understand the effects of different parameters on P content
and to determine whether it is the choice of parameter values that
causes the predictions of the “extended model” to be closer to the
measured values than the predictions of the “reference model”,
choose heat 1 from the experiments which the steel and slag
compositions at the end of the BOF are FFE condition. The tap-
ping process schedule refers to Figure 1. The input data are listed
in Table 2–4. Table 2 shows the steel composition at the end of
BOF, and Table 3 provides the slag composition. In Table 4
details on the mass of different materials are added. The tapping
time is 220 s, and the transportation time is 315 s. This data was
simulated in both the extended and the reference tapping process
models.

Figure 7 illustrates the effect of various parameters on the P
content prediction at the ABS as calculated by both models. The
parameters compared include the mass transfer coefficient of
steel (k), the floating rate of inclusions ( fl), the recovery rate
of aluminum (re_Al) and manganese (re_Mn) alloys. Bothmodels
show similar patterns in terms of parameter influence on P con-
tent. The mass transfer coefficient of steel has a significant
impact on the calculated P content, whereas the other parameters
exert minimal influence. Since the effects of various parameters
are similar in both the extended and reference models, the sen-
sitivity of different parameters in the extended model to P con-
tent was calculated in detail. When the k increased from 0.003 to
0.005, the P content decreased by 22 ppm. Increasing the Al

recovery rate from 0.2 to 0.4 led to a 0.20 ppm increase in P con-
tent, while an increase in the Mn recovery rate from 0.3 to 0.9
resulted in a 1.5 ppm increase. In contrast, when the fl increased
from 0.02 to 0.2, the P content decreased by 1.2 ppm. As themass
transfer coefficient increases, the calculated P content at the ABS
decreases until it eventually stabilizes. Regardless of the choice of
parameters, the P content predicted by the “extended model” is
closer to the measurement than the P content predicted by the
“reference model”.

An increase in the mass transfer coefficient corresponds to an
accelerated reaction rate between the steel and slag. According to
the “reference model” results, when the steel and slag composi-
tions are FFE condition at the end of the BOF, some dephospho-
rization still occurs in the ladle. However, after the steel and slag
have fully reached the equilibrium, further increases in the reac-
tion rate do not affect the P content at the ABS. This is because
the amount of slag in the ladle is limited, and the concentrations
of P and O in the steel and the FeO and CaO in the slag reach
equilibrium, and the slag no longer has the ability to remove P.

The influence of the steel mass transfer coefficient on the
“extended model” is consistent with the “reference model”
and will not be discussed further. It should be noted that in
the “extended model”, accelerating the reaction rate between
the steel and slag improves the dephosphorization capability both
inside the BOF and in the ladle.

Increasing the recovery rate of Al alloy raises the Al content in
the steel, shifting the reaction in Equation (14) to the right. This
leads to a slight increase in the P content in the steel, as also
observed in Figure 7. With the increase in the inclusion floating
rate, more inclusions are absorbed into the slag, leading to a
reduction in the P2O5 concentration and thus to a lower amount
of phosphorus being reintroduced into the steel melt (Figure 7).

There is an interesting phenomenon from Figure 7 that the P
content slightly increases with the increase of re_Mn. This occurs
because a low re_Mn results in a higher MnO concentration in

Table 2. Steel composition at the end of BOF (Wt.-%).

C Si Mn P S

0.0334 0.0006 0.0407 0.0221 0.0334

Table 3. Slag composition at the end of BOF (Wt.-%).

Total Fe CaO SiO2 P2O5 Al2O3 MgO MnO

25.40 37.78 17.34 1.86 2.96 6.92 4.88

Table 4. Mass of added materials.

C
[kg]

Al
[kg]

MnSi
[kg]

FeSi
[kg]

Lime
[kg]

Carryover slag
[kg Ton�1 steel]

Total mass of
Steel and slag

[Ton]

300 100 190 190 500 5.24 194.15

Figure 7. Comparison of the influence of different parameters on the P
content at the ABS calculated by the “extended model” and the “reference
model”.
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the slag, causing Al to reduce MnO, thus shifting the reaction in
Equation (14) to the left and lowering the P content. However,
when the re_Mn is high, Al mainly reduces P2O5, thus having
little effect on the P content.

4.3. The Evolution of the Compositions in Steel and Slag

In order to more intuitively understand the evolution of P and the
main compositions of the added alloy in steel and slag, the data
from heat 1 will be used for further analysis.

Figure 8 illustrates the evolution of P content in steel and P2O5

content in slag during the tapping and transportation processes
in both the ladle and the BOF. During the tapping, the P content
in the steel decreases gradually in both the ladle and BOF, with a
faster decline observed in the BOF. Simultaneously, the P2O5

content in the BOF slag steadily increases, while in the ladle,
it rises rapidly at first and then decreases gradually. At the
end of tapping, due to a sudden large amount of carryover slag
entrainment, the P2O5 content in the ladle drops sharply. During

transportation, the P content in the ladle decreases slowly, and
the P2O5 content increases slowly first. After alloy additions, the
P content in the ladle gradually increases, and the P2O5 content
correspondingly decreases.

During tapping, as the steel and slag compositions are FFE
condition and the oxygen content in the steel is high, the P con-
tent in the steel gradually decreases, and the P2O5 content in the
slag increases. Because the BOF contains a larger amount of slag
with higher dephosphorization capacity, the P content in the
BOF decreases faster than in the ladle, and the P2O5 content
in the BOF rises more slowly compared to the ladle. Due to
the addition of lime in the ladle and the entrainment of low
P2O5 content of carryover slag, the rapidly decreasing P2O5 con-
tent in the ladle begins to increase gradually. After alloy addition,
deoxidation occurs rapidly in the steel, and the reduction reac-
tions of Equation (13) and (14) occur, causing the P content
in the ladle to increase and the P2O5 content to decrease further.

Figure 9 illustrates the evolution of Si, Mn and total Al con-
centrations in steel, as well as SiO2, MnO and Al2O3 content in
slag during the tapping and transportation processes in the ladle.
From Figure 9a it can be observed that during tapping, the Mn
concentration in the steel increases gradually, while the MnO
content in the ladle decreases. At the end of tapping, due to a
sudden large amount of carryover slag entrainment, the SiO2

and MnO content in the ladle increases. After alloy additions,
MnO content increases, while the Mn concentration decreases
first and then increases. The Si concentration increases and
the SiO2 content decreases first and then increases. Figure 9b
shows that before alloy additions, both total Al and Al2O3 con-
tents are low. After alloying, the total Al concentration in the steel
increases rapidly, and then gradually decreases, while the Al2O3

content initially increases rapidly and then more gradually.
As the initial concentration between steel and slag has not

reached equilibrium, C reduces MnO to Mn, resulting in a
decrease in MnO content and a corresponding increase in Mn
content during the tapping. After adding C, Al, FeSi, and
MnSi alloys, the high Al concentration in steel initially reduces
SiO2. However, due to the high O content in the steel, the Si in
the steel is oxidized again, causing the SiO2 content to first

Figure 8. The evolution of P in steel and P2O5 in slag.

Figure 9. The evolution of a) Si and Mn concentrations in steel and SiO2 and MnO contents in slag, and b) total Al concentration in steel and Al2O3

content in slag.
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decrease and then increase. Since the MnO content is very low,
there is an equilibrium reaction of Equation (15) after adding
alloy due to the low Al content and high Al2O3 content, making
the reaction direction proceed to the left, so theMn concentration
decreases first, the reactions last a short time. Then, with further
alloy additions and MnO reduction, the Mn concentration
increases.

2½Al� þ 3ðMnOÞ ⇌ ðAl2O3Þ þ 3½Mn� (15)

After alloy additions, the Al concentration increases rapidly.
Due to the high O content in the steel, Al is oxidized, forming
inclusions that gradually float into the slag. Therefore, the Al con-
centration first increases rapidly and then gradually decreases;
the Al2O3 content increases rapidly and continues to increase
slowly.

Although some discrepancies exist between the predicted and
measured compositions of steel and slag, the prediction errors
remain within an acceptable range. Therefore, the model can
be used to track the evolution of the steel and slag compositions
during the tapping process.

5. Summary and Outlook

The EERZ method was used to establish a kinetic multiphase
tapping by considering the chemical reactions between slag-steel,
slag-refractory, steel-refractory, steel-inclusions, and all metallur-
gical actions during the tapping process. The model was cali-
brated by comparing its predicted results with measurements
from industrial experiments under NE and FFE initial conditions
of steel and slag. Based on industrial experiments data, a detailed
comparison and analysis of the differences and reasons in pre-
dicting P content at the ABS between the “extended model” and
the “reference model” by You et al.[16] was conducted. The main
conclusions of the study are as follows: 1) During the tapping
period, dephosphorization continues in the BOF when the initial
steel and slag compositions deviate from thermodynamic equi-
librium. The mass transfer coefficient of steel significantly influ-
ences dephosphorization. As the mass transfer coefficient
increases, the P content in the steel decreases. The flotation rate
of inclusions and the recovery rates of Al alloy and Mn alloy have
minimal impact on the P content in the steel; 2) The prediction
results of the current tapping model were in good agreement
with the measured values, validating the model’s accuracy.
The “extended model” takes into account the continued reaction
between steel and slag in the BOF during the tapping process,
making the model more accurate in predicting the P content
under both NE and FFE initial conditions of steel and slag. To
develop the tapping process model, the continued reaction inside
the BOF should be considered; and 3) The model can be used to
track the evolution of steel and slag composition during the tap-
ping process. However, as many input parameters have only
been validated using a limited set of my plant data, further veri-
fication is required when applying the model under different pro-
duction conditions or for various steel grades, representing a
hybrid approach as proposed in the literature. In this framework,
model parameters can be derived from statistical learning meth-
ods by analyzing comprehensive data from process operation.

In the future, the tapping model will be further optimized to
improve its accuracy and use the model to solve key phenomena
in metallurgical reactions, ultimately aiding in the optimization
of production operations.

Appendix

ωAr
Al2O3

mass fraction of Al2O3 in slag at ABS;

ωLF
Al2O3

mass fraction of Al2O3 in slag at the end of LF, use an average
value 23.6%;

mAl2O3
sl

mass of alumina formed after deoxidation, kg;

ml
sl

slag mass remained from last heat, set the value as 100 kg, the same
setting with Sahoo;[24]

mr st
sl ,mr sl

sl
mass of refractory dissolved into steel and slag respectively, kg;

ωr st
Al2O3

mass fraction of Al2O3 in refractory, set the value as 0.938;[26]

mt
sl total slag mass in ABS, kg;

mk
slf

slag former k mass added during tapping, kg;

rk melting rate of slag former k;

mc
sl mass of carryover slag;

mt
Al,m

Ar
Al mass of total Al added during tapping and Al dissolved in liquid steel at

ABS respectively, kg;

MAl2O3
,MAl molar mass of Al2O3 and Al;

mtt
i ,m

tar
i total mass of element i in steel before tapping and at ABS

respectively, kg;

mj ,mk mass of alloy j and slag former k added during tapping respectively, kg;

ωi
j ,ω

i
k

mass fraction of element i in alloy j and slag former k;

D2
i squared error of element i;

Acknowledgements
P.C. gratefully acknowledges the funding support of the China Scholarship
Council (CSC) for this project. P.C. is also deeply grateful to Professor
Christian Bernhard, Montanuniversität Leoben, Austria, for his guidance
on the project and his support in the use of the ChemApp for Python ther-
modynamic software, which has been of great significance to the develop-
ment of the tapping model. D.K. gratefully acknowledges the funding
support of K1-MET GmbH, metallurgical competence center. The research
program of the K1-MET competence center is supported by COMET
(Competence Center for Excellent Technologies), the Austrian program
for competence centers. COMET is funded by the Federal Ministry for
Climate Action, Environment, Energy, Mobility, Innovation and
Technology, the Federal Ministry for Labor and Economy, the Federal
States of Upper Austria, Tyrol and Styria as well as the Styrian
Business Promotion Agency (SFG) and the Standortagentur Tyrol.
Furthermore, Upper Austrian Research GmbH continuously supports
K1-MET. Besides the public funding from COMET, this research project
is partially financed by the Technical University of Leoben and the indus-
trial partners Primetals Technologies Austria, RHI Magnesita, voestalpine
Stahl, and voestalpine Stahl Donawitz.

Open Access funding provided by Montanuniversitat Leoben/KEMÖ.

Conflict of Interest
The authors declare no conflict of interest.

www.advancedsciencenews.com
l

www.steel-research.de

steel research int. 2026, 97, 3474–3484 3483 © 2026 The Author(s). Steel Research International published by Wiley-VCH GmbH

 1869344x, 2026, 7, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/srin.202501048 by C

ochraneA
ustria, W

iley O
nline L

ibrary on [20/07/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.steel-research.de


Author Contributions
Puhong Cheng: data curation (lead); formal analysis (lead); methodology
(lead); validation (lead); writing—original draft (lead); writing—review and
editing (equal). Christian Bernhard: resources (lead); software (lead);
supervision (lead); writing review and editing (equal). Michael
Bernhard: formal analysis (equal); software (equal); writing—review and
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