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Abstract: The Linz–Donawitz (LD) converter is still the dominant process for converting hot metal
into crude steel with the help of technically pure oxygen. Beside hot metal, scrap is the most important
charging material which acts as an additional iron source and coolant. Because of the irrevocable
importance of the process, there is continued interest in a dynamic simulation of the LD process,
especially regarding the savings of material and process costs with optimized process times. Based on
a thermodynamic and kinetic Matlab®coded model, the influences of several scrap parameters
on its melting and dissolution behavior were determined, with a special focus on establishing the
importance of specific factors on the crude steel composition and bath temperature after a defined
blowing period to increase the accuracy of the process model. The calculations reported clearly
indicate that the dynamic converter model reacts very sensitively to the chemical composition of the
scrap as well as the charged scrap mass and size. Those results reflect the importance of experiments
for validation on the diffusive scrap melting model in further research work. Based on that, reliable
conclusions could be drawn to improve the theoretical and practical description of the dissolution
and melting behavior of scrap in dynamic converter modelling.
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1. Introduction

The Linz–Donawitz (LD) converter steelmaking process was patented in Austria in the early
1950s. The invention of the LD converter enabled the refinement of hot metal to crude steel in short
blowing periods of around 20 min, enabling the high productivity of the steelmaking industry today.
Technically pure oxygen is blown onto the surface of the liquid melt inside the vessel, which leads
to an increase of the reaction surface through the ejection of iron droplets and further to a stronger
oxidation of the dissolved elements like carbon, silicon, manganese and phosphorus. These chemical
reactions are exothermic, which results in a sharp temperature rise. As a coolant, steel scrap is added
at the beginning of each blowing period [1–5].

As process and material costs are getting more important, the modelling of the process is crucial.
Several authors gave different approaches for modelling the scrap melting during the LD converter
process e.g., by Kruskopf in [6–8], Guo in [9] and Sethi and Shukla et al. in [10–12]. In previous

Processes 2019, 7, 186; doi:10.3390/pr7040186 www.mdpi.com/journal/processes

http://www.mdpi.com/journal/processes
http://www.mdpi.com
https://orcid.org/0000-0002-0646-0329
https://orcid.org/0000-0002-4401-1284
http://www.mdpi.com/2227-9717/7/4/186?type=check_update&version=1
http://dx.doi.org/10.3390/pr7040186
http://www.mdpi.com/journal/processes


Processes 2019, 7, 186 2 of 15

publications by Y. Lytvynyuk et al. [13,14], a single reaction zone model was developed. This paper
should point out the sensitivity of various scrap parameters on the simulation results. Therefore,
the only parameters which will be changed are scrap parameters.

2. Description of the Dynamic LD Converter Model

Lytvynyuk’s model is based on thermodynamic and kinetic calculations [13,14]. It is assumed that
in the heterogeneous thermodynamic reaction zone, all components can be conveyed between the slag
and metal phases except carbon, which is oxidized to become gaseous carbon monoxide. The chemical
oxidation reactions are assumed to be simultaneous at the interfacial surface between the slag and
metal phases, whereby the oxidized carbon is removed instantly, and the equilibrium thermodynamics
of the post combustion is neglected according to a non-reversible oxidation process. The flowsheet of
the LD converter model is presented in Figure 1. Two simulation targets can be attained. During the
main calculation loop, the mass and heat balances are calculated. Every single element is considered
due to the results of chemical reactions, the consumption of the blown oxygen and the heating and
melting of the charged materials. In the heat balance the consumed and generated heats are considered.
Additionally, a structure of sub models will be solved during the main calculation loop. In this paper
only the sub model of the scrap melting will be explained in detail. A more detailed description of the
whole model is given in [4,13,15,16].
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Figure 1. Flow sheet of the Linz–Donawitz (LD) converter model.

During the entire process, the chemical composition of the metal and slag phases changes due
to the blowing oxygen consumption theory by V.E. Grum-Grzhimaylo for Bessemer converters [17].
In this theory, it is assumed that only iron is oxidized by blown oxygen and the remaining elements in
the metal phase react with the iron oxide. The slag phase is formed by chemical reactions, melting and
dissolution of charge materials and iron oxide, which is generated in the hot spot as a result of iron
burning. Beside the oxidation, the dissolution and melting behavior of all charged materials influences
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the melt and slag composition during the entire blowing period. It is considered that the metal phase
consists of the charged hot metal. Further, the solid scrap will be dissolved only in the hot metal due
to its higher density. The other materials, which able to be charged, like lime, pellets, magnesia or
dolomite, are assumed to dissolve only in the slag phase. They can be charged in portions during the
heat [13,14].

The coupled reaction model published by Ohguchi et al. in [18] is used to describe the
concurrent oxidation–reduction reactions between slag and metal, which is commonly utilized for the
determination of the influence of kinetic parameters on chemical reaction rates and dephosphorization
processes. [18–25]. In the present model, the simultaneous chemical reactions between the two different
phases of the heterogeneous thermodynamic system can be determined by the system of chemical
reactions listed in Equation (1). The reactions take place on the interfacial area between the slag and
metal phase. Hess´s law is utilized for all calculated reactions. [13] In Equations (1) and (2) following
metallurgical convention was used: [], () and {} indicate the metal, slag and gas phases, respectively.

[Si] + 2[O] ↔ (SiO2)

[Mn] + [O] ↔ (MnO)

[P] + 2.5[O] ↔ (PO2.5)

[Ti] + 2[O] ↔ (TiO2)

[V] + 1.5[O] ↔ (VO1.5)

[Fe] + [O] ↔ (FeO)

[C] + [O] ↔ {CO}

(1)

For example, the oxidation of phosphorus by iron oxide is expressed by combining two reactions of
Equation (1), which will result in Equation (2).

−
{

[P] + 2.5[O] ↔ (PO2.5)

2.5[Fe] + [O] ↔ (FeO)

[P]− 2.5[Fe]− 2.5[O] + 2.5[O] = (PO2.5)− 2.5(FeO)

[P] + 2.5(FeO) = (PO2.5) + 2.5 [Fe]

(2)

By the use of the system of the chemical reactions, any change of one component parameter,
e.g., the concentration or the activity coefficient, will lead to a change in the whole system of the
considered chemical reactions. [13,14,26].

The dynamic LD converter model used is mainly focused on cost reduction due to shorter
process times and specified amounts of charged materials. This parameter study on scrap melting and
dissolution behavior was performed since alterations in component parameters influence the whole
system because of the thermodynamic and kinetic principles of the model and its equation of oxygen
balance. For all mathematical and chemical expressions, the following assumptions were taken into
account:

• At the interfacial surface all reactions are expeditious and equilibrated at each time step.
• The mass transfer kinetics in the metal and slag phases are the limitation for reaction rates.
• Fluctuations in iron concentration as well as lime concentrations are neglected [13,27].

The fundamental equation to solve the calculation is one algebraic equation, which includes the
bulk chemical compositions of the metal and the slag phases as well as thermodynamic and kinetic
parameters. The flowchart of the reaction model is given in Figure 2. Further descriptions of the kinetic
and thermodynamic calculations and for the melting behavior of slag formers, pellets and FeSi were
published by Lytvynyuk et al. [13,26].
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To receive the effective equilibrium constant E of the oxidation reaction as a result of the
thermodynamic calculation, the equilibrium constants, as well as the activity coefficients of the
hot metal components, γHM and the slag components γS have to be determined. [26] Thus will result
in Equation (3). The activity coefficients of the slag components are calculated by the collective electron
theory described by Grigoryan et al. in [28] or Kolesnikova et al. in [29]. For the determination of the
activity coefficients the Wagner–Lupis–Elliot method was chosen, published by Sigworth and Elliott
in [30].

E =
K× γHM

γS
(3)

The equilibrium constant K for example for the oxidation reaction of phosphorus was derived from
Equation (4). [28]

log K =
27050

T
− 14.25 (4)

The model of Lytvynyuk et al. was validated based on the output parameters of a commercial 170 t
converter, which was published by Lytvynyuk et al. in [31]. The model was in a good agreement
with the measured industrial data. The behavior of the temperature, the composition of the metal and
slag phases, as well as the melting and dissolution of charge materials requires shutdowns during a
converter heat. This kind of research is difficult to realize, due to the high costs incurred by the loss of
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production. The trends of the temperature or the off gas composition as well as the composition of
the metal and slag phases is comparable by information from literature. Lytvynyuk also carried out a
validation in this direction and could present in [14] and [31] a good agreement between the model
and literature-based information.

3. Mechanisms of Scrap Melting in the LD Model

Two mechanisms describe the scrap melting and dissolution behavior in the LD model used.
The scrap is charged into the vessel at the beginning of the process. The scrap geometry is assumed
to be spherical. It is also possible to define the scrap to be cylindrical in shape, but in this case a
melting only in radial direction can be simulated. Further, a manipulation of the overall surface of the
scrap particle can be executed by introducing the form factor sphericity. The sphericity of a particle
is defined as the ratio of the surface area of a sphere to the surface area of the particle, whereby the
sphere has the same volume as the given particle. [32,33] In this work only a spherical shaped scrap is
determined. A study on the differences between cylindrical, spherical and particles manipulated by
the use of sphericity was published by the authors in [27] to give a first estimation on scrap melting
behavior on the influence of heat balance. For simplification, it is assumed that the surface temperature
of the scrap is equal to the hot metal temperature and that the scrap is heated up through thermal
conduction. Due to the fact that the solid scrap is denser than hot metal, it assumed that the scrap is
covered by liquid hot metal. Therefore, the influence of radiation can be neglected [1,4,34,35].

Forced or convective scrap melting appears if the melt temperature exceeds the melting point of
the scrap and diffusive scrap melting occurs at temperatures below the scrap melt point. Forced scrap
melting controls the scrap dissolution in the final stage of the LD converter process and the temperature
difference between hot metal and scrap acts as the driving force. In this case, heat transfer determines
the scrap melting [34,35]. Equation (5) characterizes the model for forced scrap melting of a spherical
scrap particle:

− ∂r/∂t = hmet ×
(

THM − Tliq

)
/
(

L +
(

H
(
Tscrap

)
−H

(
Tliq

)))
× ρscrap (5)

The scrap particle´s radius is r in unit (m). The heat transfer coefficient in the metal phase is hmet

in (W m−2 K−1) and the density of the scrap is ρscrap in (kg m−3). The latent heat of scrap melting is L
in (J kg−1). THM and Tliq are the temperatures of the metal phase and the liquidus temperature of the
scrap in (K) [13,31]. H(Tscrap) is the specific enthalpy of scrap at the actual temperature of the scrap
surface and H(Tliq) is the specific enthalpy of the scrap melting point, both in (J kg−1) [4,27].

Equation (6) describes the diffusive melting of a spherical scrap particle, where the driving force
is the difference of carbon concentration in the liquid phase and the scrap. It is strongly dependent on
the mass transfer coefficient of the system. According to the binary Fe-Fe3C diagram, low carbon scrap
has a higher melting point than hot metal, with around 4.5 wt.% of carbon. [3]

− ∂r/∂t = kmet × ln
((

%CHM −%Cliq

)
× ρliquid/

(
%Cliq −%Cscrap

)
× ρscrap + 1

)
(6)

The mass transfer coefficient in the metal phase is kmet in (m s−1). Cscrap and CHM are the carbon
concentrations in the scrap and hot metal in (wt.%). Cliq describes the carbon concentration on
the liquidus line. The density of the liquid hot metal is ρliquid and of the scrap is ρscrap, both in
(kg m−3) [3,27]. The values for the liquidus lines are approximated by a database of Fe-Fe3C-Si-Mn
diagrams, generated by the FactSageTM FSstel database (licensed to Montanuniversität Leoben,
Department Metallurgie; Version 7.1, ©Thermfact and GTT-Technologies, Montreal, Canada and
Herzogenrath, Germany) [13,36].

The specific mixing power, which is created by bottom stirring and oxygen blowing, provides the
basis for the mass transfer coefficient in the metal phase. The mass transfer coefficient is calculated
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through a function of the total mixing power including the bath depth, the converter geometry, position
and geometry of the oxygen lance and the number of bottom-stirring nozzles as well as the flow rate
of oxygen and bottom-stirring gas [14,26]. The heat transfer coefficient of the metal phase is defined by
the function given in Equation (7), which is dependent on the specific mixing power

.
ε [35]. According

to Lytvynyuk et al. the total mixing power is a sum of the mixing power by top-blown oxygen and the
mixing power by bottom-blown gas [13].

hmet = 5000× .
ε

0.3 (7)

4. Simulation Parameters

Based on industrial materials and their chemical composition, the influence of small adjustments
in carbon, phosphorus and silicon contents as well as the size and charged mass of scrap were
investigated. The variations of the carbon and silicon contents were taken according to their quantity
in scrap. The phosphorus content is rather small in common steels; still, through the scrap melting,
small quantities of phosphorus are always delivered through to the liquid melt and may influence the
final phosphorus content. The aim is to clarify the relevance of the obtained deviation in comparison to
the adjustments to maintain the future focus on the detailed description of the melting and dissolution
behavior of scrap in an LD converter. In particular, it is necessary to evaluate the sensitivity of the
dynamic LD converter model on the adjusted charged scrap for further purposes.

The input parameters are listed in Table 1; Table 2. For modelling, a common rail steel grade was
used. It has to be mentioned that the blowing time was fixed at 12.6 min and the amount of blown
oxygen was also constant. Hot metal, scrap, solid LD slag and sand are charged at the beginning of the
blowing period, whereby for simplification, only lime is charged stepwise during the entire process
time. In Table 1, the initial composition, the charged mass and charging temperature of the hot metal
and scrap are listed. The charged mass of scrap and the hot metal are constant for all investigations
except when the scrap mass was modified.

Table 1. Charging parameters of the hot metal and the standard scrap used.

Definition Unit Hot Metal Standard Scrap

Carbon content wt.% 4.536 0.737
Silicon content wt.% 0.410 0.349

Manganese content wt.% 1.171 1.060
Phosphorus content wt.% 0.100 0.013

Iron content wt.% 93.783 97.841
Mass t 53.60 15.72

Temperature ◦C 1318 20

Table 2. Selected chemistry of added slag, sand and lime.

Name Unit Initial Slag Dust Pellets Sand Lime

SiO2 content wt.% 11.32 - 92.79 0.980
MnO content wt.% 11.93 2.960 - -
P2O5 content wt.% 1.330 - - -
FeO content wt.% 29.66 - - -
CaO content wt.% 40.08 7.320 - 92.37
MgO content wt.% 4.380 4.580 - 3.080
CO2 content wt.% - - - 2.400
H2O content wt.% - - - 0.170

Fe2O3 content wt.% - 67.88 - -
Fe content wt.% - 11.09 - -

Amount of charged material t 0.001 1.000 0.172 2.800



Processes 2019, 7, 186 7 of 15

The chemistry of the initial slag as well as their compositions and the amounts of the charged
dust pellets, sand and the added lime are shown in Table 2.

The standard scrap parameters from Table 1 were adjusted to analyze the melting and dissolution
behavior of scrap in the BOF process. The phosphorus content in the scrap is very low, at 0.013 wt.%.
The adjustment of the phosphorus was therefore set only to a higher content than usual, for example,
which can be found in weathering steel. The changed values are listed in Table 3 and their percentage
relative adjustment in comparison to the standard scrap is noted. It is assumed that the shape of the
scrap is a sphere, whereby the size is defined to be its radius.

Table 3. Variation of the initial parameters of the scrap and their percentage.

Name and Unit Standard Scrap Lower Value Higher Value

Carbon content (wt.%) 0.7370 0.40 −45.7% 1.00 35.68%
Silicon content (wt.%) 0.3488 0.10 −71.3% 0.70 100.7%

Phosphorus content (wt.%) 0.0130 - - 0.05 273.1%
Size (m) 0.1 0.08 −20.0% 0.12 20.00%
Mass (t) 15.72 13.0 −17.3% 17.0 %

5. Results and Discussion

This publication displays in the following illustrations of the scrap melting and dissolution
behavior during the LD process with the aforementioned parameters. The calculated influence of the
adjusted parameters is also shown by the trajectories of carbon, phosphorus and the melt temperature.

5.1. Influence on the Melting and Dissolution Behavior of Scrap

In Figures 3 and 4, the dissolution and melting behavior of scrap is pointed out. Between minutes
8 and 10, a kink occurs in all figures, resulting from the change between diffusive and forced scrap
melting. At this point, the melt temperature exceeds the melting temperature of the scrap. Under real
process conditions, a smooth transition between the two melting mechanisms will take place. While
the melting takes place under real conditions in the two-phase area between the solidus and liquidus
lines, in this model, the assumption is used that the melting point of scrap is specific to the liquidus
line [27].

It is illustrated in Figure 3 that the rate of diffusive melting is faster for higher carbon content in
the scrap. In the model, the denominator of the logarithmic term in Equation (4) decreases, since the
difference of %Cliq and %Cscrap becomes smaller in comparison to the standard case. A lower carbon
content results in the opposite. Also, a higher silicon content in the scrap leads to faster diffusive
melting. The effect of the higher silicon content is a decrease of %Cliq, which also reduces the value of
the denominator of the logarithmic term in Equation (4). Changes in the phosphorus contents do not
show a big difference, because they are already too small to influence the melting behavior of scrap.

In Figure 4, it is shown that low-dimension scrap melts a little bit slower in the initial phase of
melting because of the higher cooling effect due to a higher specific surface. Once the low-dimension
scrap is heated up—between minutes three and four—the melting of low dimension scrap accelerates.
The complete melting time of the big dimension scrap with a radius of 0.12 m is higher; however,
the time difference is about 1 min in comparison to the low dimension scrap with a radius of 0.08 m.
It is obvious that the amount of scrap has an influence on the trajectories of melting behavior. There is
a strong increase in the scrap melting of high scrap amounts shortly before the transition point
between diffusive and forced scrap melting. This is explainable through Equation (6), where the
logarithmic term increases in value. According to the increasing temperatures and decreasing carbon
concentrations in the hot metal at this stage of the process, the denominator of the logarithm decreases
faster than the numerator.
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5.2. Influence on the Final Crude Steel Temperature

Influenced by the varying melting behavior, the calculated final temperature of the liquid crude
steel changes slightly. As shown in Figure 5, the highest influence on the final temperature will be
reached if the mass of charged scrap is modified. Due to the energy balance, less energy for heating the
scrap will be needed with decreasing scrap amounts, which will result in higher tapping temperatures.
But in comparison to the relative adjustments used, the influence on the final temperature is still small,
whereby 1% means 16 ◦C.
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Decarburization is one of the two main tasks of an LD converter. How strongly the calculated 
final carbon content is influenced by the assumed modifications is shown in Figure 7 and 8. What is 
interesting to mention is that lower silicon contents in the scrap have a positive effect on 
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The influence of the mass and the scrap size can be seen in Figure 6. It is obvious that a lower
charged mass of scrap will consume less heat from the system, resulting in a higher final temperature.
The variation of the scrap size will only influence the melt temperature in the initial stages of the
blowing period. Due to the higher overall surface of small scale scrap (0.08 m in diameter) the
exchange area of heat is increasing. This fact results in a higher cooling effect at the beginning of the
blowing period.
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5.3. Influence on the Final Carbon Content

Decarburization is one of the two main tasks of an LD converter. How strongly the calculated
final carbon content is influenced by the assumed modifications is shown in Figures 7 and 8. What is
interesting to mention is that lower silicon contents in the scrap have a positive effect on decarburization
and result in, besides low carbon contents in the scrap, lower final carbon contents in the liquid melt
(Figure 7). In Figure 8, it is shown that a lower mass and therefore a lower input of carbon through
scrap will also result in lower final values. The same behavior was determined for silicon. There is no
large effect of the scrap size and the scrap phosphorus content on the final carbon content visible.
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liquid crude steel.

Even though the difference seems to be small in the final carbon content, it has to be carefully
analyzed because a discrepancy of around 50% in the scrap carbon composition results in a final
deviation of 40% in the final melt carbon composition. Similar values are detected in variations of
the silicon content of the scrap and the scrap mass, as shown in Figure 9. A discrepancy in the final
carbon composition of 50.67% was detected, if less scrap is charged. This high value results in the
chosen rail scrap with a carbon content of 0.737 wt.%. Due to the faster melting of the reduced scrap
mass, less carbon is transported into the melt and therefore lower amounts can be reached in the final
content. The phosphorus content in the scrap and the particle size show no significant influence.
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5.4. Influence on the Final Phosphorus Content

The second main task of an LD converter is dephosphorization, and the aim of each operator
is to reach low phosphorus contents in the tapped crude steel. As shown in Figures 10 and 11,
the trajectories of the phosphorus content in the melt are influenced during the entire blowing period
through the adjusted parameters. The interaction between an increasing amount of carbon, silicon and
phosphorus in the scrap leads to higher final phosphorus contents in the tapped crude steel (Figure 10).
Due to the still relatively high carbon activity and the increasing bath temperatures during the process,
the stable oxides of manganese and phosphorus will be reduced. In the final stages of the blowing
period, low amounts of carbon and silicon lead to an early carbon activity decrease. This results in an
earlier resumption of the phosphorus oxidation.Processes 2019, 7, x FOR PEER REVIEW 12 of 15 
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the liquid crude steel.

Because of the strong influence on the melt temperature, the slag composition and the melting
behavior of low-charged scrap amounts lead to higher calculated final phosphorus contents, as pointed
out in Figure 11. In the main dephosphorization period at the beginning of the process, the temperature
of the melt rises faster if there is less scrap or high volume scrap charged. Therefore, the point of
re-phosphorization will start earlier and this causes higher final phosphorus contents in the melt.
A possibility to counteract this behavior would be a different charging concept for lime and a modified
slag metallurgy.

The percentage of influence on the final phosphorus content in the liquid melt according to the
adjusted parameters is shown in Figure 12. It shows that the dynamic LD converter model reacts
sensitively to the final phosphorus contents on variations in the chemical scrap composition and
charged scrap mass.
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6. Conclusions

The present study was done to clarify the relevance of the obtained deviations for the final
temperature, composition and scrap melting behavior. Therefore, adjustments in chemical composition,
size and mass of charged scrap were considered. The aim was to focus on the detailed description
of the melting and dissolution behavior of scrap during the LD converter process for future work.
The BOF model used was coded in MatLab® (R2014b, MathWorks Inc., Natick, MA, USA) and
describes the behavior of the metal and slag phases during the blowing period of the BOF process
using thermodynamic and kinetic equations.

The LD converter model used includes literature-based scrap melting equations. In the literature
they are discussed, but insufficient validation reports are available. The model calculations show
that around three quarters of the blowing process are dominated by diffusive scrap melting. A faster
melting of the scrap could be indicated if the carbon or silicon content of the scrap were increased in
comparison to the standard composition. This behavior is based on a lower melting point of scrap due
to the higher contents of those elements. In this research, the phosphorus content of the scrap was also
investigated. It has to be mentioned that it has no influence on the melting behavior of the scrap, but
with increasing phosphorus in the scrap, the final phosphorus content in the liquid crude steel will
also increase. It was shown that the amount of charged material has a very strong influence on the
melting behavior as well as the final compositions of carbon and phosphorus. The scrap size changes
those values solely in a small frame. It is worth pointing out that particularly low contents of carbon
and silicon in the scrap also lower the final phosphorus and carbon content in the melt.

To sum up, the calculations reported in this paper clearly indicate that the dynamic BOF model
reacts very sensitively to the chemical composition of the scrap as well as the charged scrap mass and
size and therefore, the whole melting and dissolution behavior of scrap. Experiments will be necessary
for validation of the diffusive scrap melting model. Based on that, reliable conclusions could be drawn
to improve the theoretical and practical description of the dissolution and melting behavior of scrap.
This description should be as precise as possible if it is necessary to be able to implement a complete
dynamic LD converter model for usage in the industry.
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