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a

Abstract

The developments in computational thermodynamics (CT) in the last decades have made possible not only the 
understanding of many aspects of steel behavior during processing and application but also opened the avenue for “Integrated 
Computational Materials Engineering” which is fast becoming reality. When it comes to the processes that lead to the 
initial shape and composition of the products, significant advances have also been made on the design of solidification 
processing, from foundry to continuous and ingot casting as well as additive manufacturing. On the other hand, progress in 
developing a better understanding of liquid steel processing and of extrapolating this knowledge to design better and more 
efficient processes has evolved at a relatively slower pace. While most of the thermodynamics needed to understand and 
control liquid steelmaking operations are well established and consolidated in databases, there is considerable uncertainty 
on the conditions for mass transfer and their relations to the operational parameters (such as injected gas flow in ladle 
metallurgy, blow conditions in converter or tapping conditions both in converter and electric furnace) during steelmaking 
processes and this requires additional investigation and improved sampling. This has led to three main approaches to 
process control and development: (a) handling of “big data” to derive predictive models (within the bounds of available 
data) which is extremely useful for process control (b) physico-chemistry based models supported by CT that may be 
useful for process development and (c) physico-chemistry based models with the use of “big data” for adjustment of some 
parameters and partially or totally supported by CT which may or may not be useful in process development. In the present 
paper, we present some recent efforts and results in this area, and highlight the difficulties, limitations and advantages 
of using models based essentially on physical chemistry fundamentals. We also discuss the possibility of using different 
approaches, by presenting and comparing selected examples using the three main approaches mentioned above. We try 
to further the discussion about which would be the more promising approaches both for control and for development of 
liquid steel processing operations.
Keywords: Steelmaking; Ladle metallurgy; EERZ; Mass transfer; Kinetics.

1 Introduction

In 1876, eleven years after Sir Henry Bessemer 
patented [1] his converter and started the development of 
tonnage steel production, JW Gibbs, published a framework 
adequate to properly predict the equilibrium of substances [2]. 
Many authors were studying the question of chemical 
equilibrium at the time (e.g. [3]) and some published their 
concepts before Gibbs, but the complete formulation of 
Gibbs is probably the first time the complete problem was 
faced and solved. Brooklyn bridge, a massive structure 
hanging from steel cables was inaugurated in 1883 [4], 
about fourteen years before Sir William Chandler Roberts-
Austen published the first reasonable attempt at an Fe-C 
“phase diagram” (with the title “freezing point curves of 
carburized iron”) [5]. After the work of Gibbs started to 
be understood, the use of thermodynamics in metallurgy 
and chemistry evolved very quickly. Around 1910 Howe 
published the first Fe-C phase diagram that obeyed Gibbs 

phase rule [6]. In 1913 Lewis formulated the equation we 
have used for many decades, relating the Gibbs free energy 
change of a reaction to its change in the “standard states” and 
the activities (or fugacities) of reactants and products. This 
has opened a wide avenue of applications of thermodynamics 
in metallurgy, that will be reviewed elsewhere [7]. Here we 
briefly focus on the evolution as applied to steelmaking. 
Concerning this progress, it is sufficient to say that after a 
considerable volume of very relevant publications, notably 
by Charles Herty, Jr. [8] at the US Bureau of Mines [9] and 
also sponsored by the Carnegie Institute [10], the 1944 edition 
of the AIME classical book “Open Hearth Steelmaking”, 
included a chapter by John Chipman [11] detailing the 
thermodynamic treatment of compound formation, activities 
in dilute solutions, deoxidation reactions in steels, among 
other most relevant topics. During the next decades there were 
significant developments in understanding slags, measuring 
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theory rests on a completely solid basis. This is far from the 
case with kinetic data and even kinetic theory.” In the last 
decades significant progress has happened in the application 
of transport phenomena theory to steelmaking. As in chemical 
engineering [55], metallurgical engineering has opted to treat 
momentum, heat and mass transfer as one single discipline, 
in view of the similarities in the mathematical framework 
for the treatment of these phenomena [55]. In metallurgy, 
pioneering work on transport phenomena was performed 
mostly by N Themelis, J Szekely and JK Brimacombe, 
in the 1970s [56-60]. Mass transfer between two phases, 
however, continues to be a very complicated phenomenon 
to handle. All descriptions of kinetic processes happening at 
interfaces (such as slag-metal) in steelmaking and processing 
are fundamentally phenomenological. Even when the 
temperature is high enough that reaction kinetics does not 
has a significant role in the kinetics of the heterogeneous 
processes – i.e. those that happen at the interface between 
phases – that dominate steelmaking and refining, transport 
phenomena are handled via phenomenological descriptions [15]. 
These descriptions are frequently used, even if they deviate 
from our physical observations, provided they are useful in 
reaching results. Thus, the flux of a given species in phase, 
across the interface would be given by Equation 1 where 

sk  is the mass transfer of the species in this phase bulk
sC  is 

the concentration of species s  in the bulk of the phase and 
interface
sC  is the concentration of species s  at the interface. It 

is evident that the units of the mass transfer coefficient will 
depend on the concentration unit chosen. If one uses mass/
volume as a concentration unit, then sk  will be expressed 

in length
 time

 units (e.g. /m s ). This is a first complicating issue 
when comparing mass transfer data from different authors.

( )bulk interfacemass
area time
  = −  

s s s sJ k C C   (1)

Three main theories have been formulated to predict 
values of the mass transfer coefficient, sk . The film theory, 
developed in the 1920s, in which a stagnant film of the fluid 
would exist at the interface and mass transport through this 
stagnant film would be controlled by diffusion [61,62] (one 
should note that the first to formulate this model, remarked 
in his paper: “The gas and liquid films at the boundary can 
be indicated as having a definite thickness, although actually 
no such sharp demarcation exists” [61] . Two variations of 
a model developed in 1935 in which eddies are considered 
to reach the interface, stay there for a given volume of time 
and, during this time, exchange matter with the other phase 
via diffusion [63,64]. All theories modify the specie diffusion 
coefficient in the phase by a factor: either a hypothetical 
diffusion distance or a hypothetical time of residence or 
a hypothetical distribution of residence times. A skeptic 
might consider that, in most cases, the theories replace one 
unknown ( )sk  by other unknown(s).

and modeling their properties and extending the knowledge 
about the behavior and interactions of a considerable number 
of solutes in iron as well as slag-steel equilibrium. This data 
has been summarized in many accessible and important 
publications (e.g. [12-14]). During the second half of the 
XXth Century many important steelmaking questions were 
solved using thermodynamics, especially in situations where 
equilibrium is approached. Thus, as reviewed elsewhere [15], 
many steelmaking and refining processes were understood 
and improved using thermodynamics. Some examples are: 
the proper control of deoxidation, in special with aluminum, 
was established [16,17]; the conditions to produce spring 
and tire cord wires with highly deformable inclusions, 
leading to outstanding fatigue life and processability were 
identified [18-20]; the use of calcium for avoiding nozzle 
clogging and produce isotropic structural steels [21-24] as 
well as significant improvements to achieve high cleanliness 
in bearing steels (e.g. [25]) as well as a number of other 
improvements in slag and process design were made. Around 
1960 Larry Kaufman [26-28] established the foundations of 
the CALPHAD (Computer Calculation of Phase Diagrams) 
approach and started computational thermodynamics. Many 
thermodynamic problems that previously required substantial 
simplification or difficult calculations became amenable 
to treatment by this technique. Perhaps not surprisingly, 
in view of the progress already achieved in the use of 
thermodynamics in steelmaking, the complexity associated 
with properly modeling the thermodynamics of slags [29-33] 
and the importance of especially high accuracy in the dilute 
solute range, for the liquid metal [34], the method found 
much faster acceptance and expansion in the area of physical 
metallurgy [28,35-37]. In any case, soon the application of the 
CALPHAD method to steelmaking became very important too 
[34,38-40]. Using either the (modified) associated model for the 
slag [41,42] as in FactSage [43], or a cell model [38,44] as in 
CEQCSI [45], that evolved from the IRSID model (e.g. [46]) 
or the ionic liquid model [47,48] used by Thermo-calc [49], 
among other software and well developed thermodynamic 
databases, the applications of computational thermodynamics 
to steelmaking flourished starting on the beginning of the XXIst 
Century [46,50-52]. The fundamental aspects of the method, 
as applied to steelmaking problems, will be briefly presented 
in the next section.

Thermodynamics lays on a solid foundation and 
uses sound and consistent methods to solve many important 
problems in steelmaking while in other cases, by indicating 
the end state, helps one understand the driving forces and the 
general trends of the system. One of the reasons why this is 
true is the fact that the mechanism of the process needs not 
to be known to properly apply thermodynamics. When one 
tries to incorporate the changes that the material undergoes 
with time, during a process, and enter the realm of kinetics, 
the situation is less well defined. As LS Darken stated in 
the 1950-60 [53,54] “the methods of kinetics, however, are 
step-by-step in which a knowledge of the detailed reaction 
mechanism is essential. [The thermodynamic] underlying 
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If one considers that mass transport in this single 
phase controls the process and, for simplification, assumes 
that the interface concentration of the transported species 
does not change with time a mass balance on the phase 
under consideration can be performed. The result of the 
mass balance will depend on the concentration units used, as 
shown in Equation 2 and Equation 3 (for detailed derivations 
see one of the cited textbooks, e.g. [15,56,59])

( ) ( ) ( )( )100
= − −S is

S S
d% t Ak

% t % t
dt W

  (2)

( ) ( ) ( )( )= − −S is
S S

dC t Ak
C t C t

dt V
  (3)

In both Equation 3 and Equation 2 the mass transfer 
coefficient appears together with the area. For a considerable 
time [62,65] it has been observed that the lumped variable 

sAk , the volumetric mass transfer coefficient, may be very 
useful, in special in situations where the system is agitated, 
since both the mass transfer coefficient and the effective 
interfacial area are affected by the agitation and it is usually 
impossible to separate the individual effects in the kinetics 
of mass transfer [65,66]. Unfortunately, sAk , may also be 
expressed in different units, depending on the units used in 
the investigation by different authors.

In the last decades, efforts have concentrated on 
finding correlations between either the mass transfer 
coefficient or the volumetric mass transfer coefficients and 
other parameters related to the process. This includes the use 
of dimensionless numbers [67-69] or other data calculated 
from process parameters such as dissipated stirring energy, 
for instance [70-72]. Some of the important correlations 
between stirring energy and mass transfer between two liquid 
phases will be discussed in the next sections.

2 Thermodynamic and kinetic techniques

2.1 Thermodynamic techniques

Beyond the limitations due to the complexity of using 
Wagner formalism [15,73], thermodynamic solutions that 
did not involve computational thermodynamic had to rely on 
some sort of model or equations for the activity of oxides in the 
slag, which can be very complex. The use of simple models as 
proposed by Ban-ya [74,75] has given reasonable approximation 
and many good regression equations are available in systems 
of interest for steelmaking, most of them developed by Ohta 
and Suito [76-78] among other. The efficacy of the use of 
this approach has been demonstrated (see for instance [79]), 
albeit it involves considerable work and has limitations due 
to the interpolation characteristics of the equations. The use 
of computational thermodynamics eliminates most of these 
difficulties [28], as long as reliable database are available, in 

special for the oxides, sulfides and fluorides in slag. As discussed 
above, these databases are available from more than one source. 
Hence, the calculations of thermodynamic equilibrium can be 
achieved with little effort with the proper computer, software 
and database, by the minimization of the Gibbs energy of the 
system for a set of conditions. The complexity in the use of 
computational thermodynamics lies in properly identifying the 
conditions and the correct interpretation of the results in relation 
to the problem considered. This has been discussed in detail in 
many previous publications (e.g. [15,50,80]) and will not be 
discussed here. Equilibrium calculations are needed to determine 
the final state of systems but also to determine conditions at 
interfaces, in kinetic problems in which the reaction is sufficiently 
rapid to maintain equilibrium at the interface [15]. The use of 
computational thermodynamics software coupled with kinetic 
models has become a reality in many areas [81] of material 
and metallurgical engineering, including steelmaking [82]. 
In most cases, however, specific software had to be written 
for the kinetic part of the model, which somehow limited the 
wider application of this approach. Some of the solutions to 
this problem are discussed in the next section.

2.2 Kinetic modeling techniques

In this section we review selected topics on kinetic 
modeling techniques, emphasizing information required 
to highlight what we considered current opportunities and 
challenges in the area, rather than presenting a complete review.

2.2.1 Interfacial concentrations

Under the premise of equilibrium at interface relatively 
simple solutions, including analytical solutions, can be 
formulated when only one element is transported through a 
two-phase interface [15]. Similarly, when two elements react 
at the interface forming a compound in the second phase, 
analytical solutions may be possible too [83]. Robertson and 
collaborators formulated a model considering the coupling 
of fluxes of many species reacting or transferring at an 
interface [84] which has been extensively adapted and used 
(see the review by Kitamura [85] for uses and evolution). 
This was an important contribution that made possible the 
solution of many kinetic modeling problems in steelmaking.

2.2.1.1 Mass transfer coefficient, volumetric mass 
transfer coefficient and other kinetic parameters

As mentioned in the introduction, the mass transfer 

coefficient of a given specie is sk , expressed in length
 time

 units. 
Since the group sAk , frequently appears together in kinetic 
equations, it is frequently called volumetric mass transfer 

coefficient and should be expressed in volume
 time

 units. This is 
especially useful as agitation, which increases sk  normally 
also increases the effective area of an interface between 
two phases A  and it is not simple to separate these effects. 
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Furthermore, once the mass balances (expressed similarly 
to the form of Equations 2 and 3) is integrated, “simple” 
equations such as shown in Figure 1 can be obtained.

In the Japanese literature the variable K, obtained in 
the description of the overall integral kinetics (as in Figure 1) 
is frequently called mass transfer coefficient, and has the 

units of 1
 time

 [67,87]. The normal result of the integration 
when the transport in a single phase controls the process 
would be either Equations 4 or 5 and the density of the phase 
may need to be included in the equivalent of Equation 5, 
depending on the units of sk  in that case.

100
= sAk

K
W

  (4)

= sAk
K

V
  (5)

To avoid this confusion, Graham [88] called this 
coefficient “mass transfer capacity coefficient”. In this paper, 
we follow the Japanese terminology and use mass transfer 

coefficient for sk  length
 time

 and volumetric mass transport 

coefficient for K  1
 time

 . No “mass transfer” coefficient 

expressed in volume
 time

 is employed, as used, for instance, by 
Conejo and collaborators [70].

2.2.2 The EERZ (Effective Equilibrium 
Reaction Zone) model

In recent years, an ingenious approach was developed 
to couple equilibrium thermodynamics with kinetics in a 
relatively simple way. By combining the circulation model 
concept probably first proposed by Hsieh and collaborators [89] 
and Oeters and collaborators [90] with classical kinetic models 
such as the one presented in Equation 1 it was possible to use 

computational thermodynamics to do successive equilibrium 
calculations to simulate mass transfer. The various contributions 
to this development are reviewed by van Ende et al. [91] 
and this type of model was named “Effective Equilibrium 
Reaction Zone”, or EERZ. The essential point, as will be seen 
in the next section, is that by using the proper adjustment of 
the circulation parameters in a model such as Hsieh´s, it is 
possible to calculate the kinetic evolution of a system by (a) 
calculating the equilibration of defined volumes of the system 
that would react at each moment (b) keeping track of the 
changes of each phase caused by the successive equilibration 
of these volumes, as will be detailed in the next section. This 
has made possible the creation of modules or routines in 
computational thermodynamics that made possible their simpler 
application to industrial applications, and they proliferated 
in the last decades (e.g. [91-97]). There are, however, still 
some important limitations to the modeling of steelmaking 
processes and that will be discussed next, together with some 
of the possibilities of circumventing them.

Hsieh and collaborators observed that if a phase p 
circulates with a given rate q , between a reservoir and a reactor 
which it leaves, after reaction with composition i

SC  of the specie 
s , a mass balance of s  in the reservoir results in Equation 6.

( ) ( ) ( )( )= − −S i
S S

dC t q C t C t
dt V

  (6)

A comparison of Equation 3 and Equation 4 indicates that:

= sAkq
V V

  (7)

Thus, Equation 7 indicates that an apparent circulation 
rate can promote the same changes as mass flux in the 
conventional kinetic approach using a model as presented 
schematically in Figure 2. The equilibrated masses at each 
time interval ∆t , indicated by and s mm  m  can be used to 

Figure 1. Kinetics of removal of oxygen from ladle during ladle furnace 

treatment. Three different kinetic constants ( )1 K s−  were derived by 
the authors. One to describe the early stages of inclusion removal (red), 
another for the overall process and one for the final stages of the process 
(blue). See original reference for discussion. Adapted from [86].

Figure 2. Schematic summary of the EERZ model. (See refs. [15, 93] 
for detailed discussion).
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calculate in according to Equation 5 (using the mass of 
the phases and their mass concentrations, instead of their 
volumes). This makes possible to calculate the evolution 
of the compositions of two phase reacting at an interface 
with mass transfer control, using precise computational 
thermodynamic calculations.

2.2.3 Mass transfer coefficients

As discussed in the introduction, the three theories 
formulated to directly calculate mass transfer coefficients are 
of limited applicability in real problems and depend on the 
knowledge of other variables that are difficult to measure. In 
1975, Nakanishi and Szekely proposed a correlation between 
the stirring energy dissipated in a phase and the mixing time 
in that phase [71] as shown in Figure 3.

In the same work they derived a formulation for 
calculating the stirring energy of a ladle subjected to 
gas stirring. It soon became evident that there should be 
a correlation between stirring energy and mass transfer 
coefficients as pointed out by Ishida and collaborators [87] 
who observed that the mass transfer coefficient in ladle 
desulfurization in gas agitated ladles correlate with gas flow 
rate, as shown in Figure 4.

Nakanishi proposed one of the first formulas for the 
stirring energy of a gas injected in a ladle. This was discussed by 
Mori and Sano [98] who considered the individual contributions 
of the injected gas on ladle stirring in different parcels of 
works (expansion due to pressure, due to temperature, transfer 
of kinetic energy…). Many authors reviewed or presented 
modified formulations of the stirring energy associated to gas 
injection, as briefly summarized in a paper by Conejo and 
coworkers [99] (and more recently in [70]) who compared 
12 different formulas and found that six gave very consistent 
results, as the example of Figure 5 shows.

Attempts to correlate the stirring energy or the gas flow 
rate in industrial processes with the mass transfer coefficients 

met with variable success (e.g. [88,102]), however, as the 
two examples in Figure 6 show.

Observing this information, it seems that relatively 
good correlations between stirring power or gas flow rate 
with mass transfer coefficients can be obtained when results 
represent a limited number of tests or heats (e.g. Figure 4 or 
the various correlations reviewed by Ogawa [104]). However, 
when many heats are considered, even in the same equipment, 

Figure 3. Homogenization time of a steel bath in a vessel as a function 
of the stirring energy density (Adapted from [71]).

Figure 4. Volumetric mass transfer coefficient during desulfurization trials 
in a 2.5t laboratory ladle furnace as a function of argon rate of injection at 
the bottom of the furnace (Adapted from Ishida [87]). Straight lines and 
slope correlations proposed by [67]. Change of slope is explained as start 
of slag emulsification in metal, due to strong agitation.

Figure 5. Calculated stirring energy in a 50t ladle, 1.78m deep, as 
a function of argon rate of injection at the ladle bottom. Calculated 
with the formulas proposed by Nakanishi et al. [71], Conejo and 
collaborators [99] and Asai and collaborators [67]. Formulas consider 
expansion of gas due to pressure change and temperature change (gas 
kinetic energy is not relevant [98,100]). The reader is cautioned since 
a significant number of formulas are given in the literature and many 
are equal (e.g. [71,101]) or have minimum differences between them.



Silva

6/14Tecnol Metal Mater Min., São Paulo, 2025;22:e3256

there seems to be more significant variations and discrepancies 
(e.g. Figure 6,[105]) and the variations become even more 
significant when different equipment or processes are 
considered (e.g. Figure 7, [103,106]).

3 Discussion

3.1 Mass transfer and stirring correlations

Recent attempts at modeling processes in the ladle 
furnace using the EERZ indicated reasonable correlations 
between the volumetric mass transfer coefficients and the 
argon flow rate for the individual plants, as discussed above. 
There was, however, considerable variation between the results 
obtained at different plants and in their comparison with other 
modeling efforts (Figure 8), as shown in the previous item.

While the measurement or calculation of the stirring 
energy in electromagnetic stirred ladles is relatively precise 
when based on the proper data and theory [57,109] the 
calculation of the stirring energy in gas stirred ladles depends 
on the correct measurement and control of the Argon flowrate. 
This measurement is known to be quite difficult, dependent of 
eventual leakages, plug behavior and other process variables. 
For this reason, there is intense research on how to properly 
characterize stirring, eye opening and similar phenomena in 
gas stirred ladles [110-112]. Currently the most promising 
techniques appear to be image analysis of the bath surface [111] 
(which was used in the ladle studied by Graham [88] and 
ladle vibration monitoring [110]. Thus, while it can be 
expected that gas flow values will be reasonably consistent 
within heats of the same plant, when the operating practices 
are consistent, and reliable in laboratory conditions, it is not 
unexpected that actual values will vary between different 
plants, depending on the plant specifics. Furthermore, values 

Figure 6. De-S volumetric mass transfer as a function of stirring power or argon flow rate in ladle furnace. (a) Values obtained by Graham [88] in 165t 
ladle. (b) Values reported by Pistorius as box plots [102] for a 250t ladle furnace, compared with correlation proposed by Ishii and coworkers [103].

Figure 7.Comparison of volumetric mass transfer coefficients correlated 
with stirring energy, as determined by various authors (Adapted from 
[88]). Graham [88], Peter et al. [107], Asai et al. [67] (or Ishida et al. 
[87], Figure 4).

Figure 8. Comparison of volumetric mass transfer coefficients 
correlated with argon flow rate adjusted in recent studies, compared 
to the data of Asai et al. [67] (or Ishida et al. [87], Figure 4). Goulart 
and collaborators [93], Toledo [107] and Kavic and collaborators [97].
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on the same plant may be less than completely reliable (see 
the results in Figure 6b, for instance).

3.2 Model complexity

Many models used to describe the ladle furnace process 
focus on mass transfer at the slag-metal interface and the effects 
of heating, stirring and alloy and slag forming additions (e.g. 
[88,92,95,96]). When using the EERZ model, some software, 
such as Thermo-calc (Process metallurgy module in version 
2025a), have presently limitation of using a single EERZ 
interface. FACTSAGE allows the definition of more complex 
representations (e.g. More than one EERZ reaction interface, 
as in [93] or in [97] who also considered multiple zones, as 
summarized in Table 1 but using a more complex procedure [113]. 
A more user friendly interface for multiple EERZ interfaces 
is currently under development in FACTSAGE [114]. Table 1 
focuses only on multiple zones applying the EERZ concept 
in the two selected examples. Heat losses, heat input, oxygen 
pickup by open eye, metal or slag homogenization, formation 
of non-metallic inclusions in equilibrium with the liquid metal 
and additions to metal or slag are not considered EERZ specific 
and hence not included in Table 1.

Some models consider alloy addition yield explicitly 
[96,97]. However, if one considers that most alloys will 
either dissolve in the steel or oxidize and incorporate to the 

slag as oxides, one should assume that “yields” should only 
be considered in the cases of vaporization of additions (e.g. 
Calcium in some forms of addition) or fine powder loss to 
the exhaust system depending on the grain size distribution 
of the material being added. Other considerations of “yield” 
may behave as extra adjustable parameters of the model that 
can be relatively complex to evaluate and predict based on 
metallurgical knowledge.

3.3 Reproduction and prediction of actual plant results

A considerable number of publications that present 
ladle furnace kinetic model compare the model results 
to a very limited number of actual industrial results (e.g. 
[93,95,99]). In some cases, even, results used to “validate” 
one model are repeated in publications of a different model 
by a different author. Some recent publications [92,108] have 
attempted to adjust the models (and hence the mass transfer 
coefficients) using a number of heats and then to test the 
model using another set of heats (e.g. Figure 9).

The results obtained with a limited number of heats 
can be promising when it comes to improving and developing 
practices such as deoxidation sequence and ladle additions [115] 
without going through extensive industrial tests.

3.4 Process control

Since at least the development of the EERZ model 
some attempts have been made to develop online versions 
to aid in process control of the ladle refining operation. 
Thermo-Calc [116] has reported work in collaboration with 
Georgsmarienhütte GmbH (GMH) introducing their EERZ 
model to the ladle furnace (Figure 10). As other authors, 
they remarked that some of the parameters that must be 
adjusted (beyond mass transfer coefficients) are complex 
(e.g. Air pickup [92,108] and seem not to be amenable to a 

Table 1. Examples of EERZ interfaces considered in different models

Ladle furnace model by  
van Ende and Jung [93]

Secondary refining model by 
Bernhard and collaborators [97]

Slag/steel reaction Slag/steel reaction
Inclusion/steel reaction Refractory dissolution into slag

Refractory dissolution into slag Refractory dissolution into steel
refractory (ladle glaze) 
interaction with steel

Figure 9. Comparison of the %Si in steel at the arrival at ladle furnace (modeled starting with EAF values and tapping additions) (a) Heats used 
to adjust the mass transfer coefficients (b) Test heats[92].
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treatment based on “purely data-driven approaches such as 
machine learning”.

The information that is currently available, however, 
does not allow one to evaluate how the model was adjusted to 
the process or if the adjustment includes any sort of feedback 
and information from previous heats is not known since the 
complete work is proprietary [116].

In view of the current limitations of adjusting a 
model using only predicted or measured process variables 
and metallurgical theory, Bernhard and collaborators [97] 
incorporated statistical analysis of the production data in 
the model. The authors mention “alloy addition yield” and 
carbon pickup from electrodes as examples of variables that 
were adjusted using this procedure. Apparently more than 
25 variables were included in the statistical analysis which 
comprised a very extensive analysis of more than 10000 heats 
selected from one year production at VoestAlpine Stahl GmbH.

One example of results obtained by the model formulated 
as combination of metallurgical theory using computational 

thermodynamics databases and the EERZ approach for the 
description of kinetics and including the statistical analysis 
of the production data are shown in Figure 11.

3.5 Modeling strategies

3.5.1 Regression, machine learning, “big data”

Results of models using powerful data analysis 
techniques and educated guesses of the correlated variables 
produce very good results for process control applications, 
when mostly interpolation is performed [117]. It is well 
known that these techniques have limited extrapolation 
power and may even lead to erroneous results when used 
with data that is not covered in the range of the “learning” 
or fitting stage. Furthermore, the ability to gain insights into 
process improvement is also limited to the use of the model 
withing the fitting range. Should be population be very large 
and cover a wide range of conditions, there is a possibility 

Figure 10. Calculated versus measured values in ladle furnace processing at a German mill, four years in use [116]. “Scales omitted in the 
publication for proprietary reasons”, according to [116].

Figure 11. Calculated versus measured values in secondary metallurgy processing at VoestAlpine Stahl GmbH. Figure adapted from [97] 
(Standard deviations and variations shown do not represent the acceptable range of variation specified by VoestAlpine Stahl GmbH [97]).
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that the model may produce insights, provided the variables 
included in the regression or in the model are, indeed, guessed 
in an educated way, i.e. there is some fundamental basis to 
assume that they may indeed be theoretically related to the 
variables being modeled.

3.5.2 Fundamental models

There are currently very few completely fundamental 
models. Even the simplest of models that incorporate mass 
transfer must rely on some regression or correlation to derive 
some of the important model variables. Assuming that these 
are kept to a minimum and are used/fitted respecting the 
physico-chemical aspects that govern them, these models 
have a good potential to explore “what-if” situations, even 
extrapolations within reasonable ranges and help prevent an 
extensive number of trial-and-error experiments in actual 
plant conditions. They are, however, at this point in time, 
limited in the extent to which they may be used even to 
support process control decisions.

3.5.3 Fundamental models with significant 
adjustments (“learning”, fitting last results, etc.)

It seems that fundamental models can have some 
parameters fitted in order to achieve good or very good 
descriptions of processes (e.g. [97,116]). However, as these 
models involve the direct interests of the companies using/ 
developing them as well as the commercial interests of 
some software houses, in some cases, the exact parameters 
that are fitted or adjusted are not readily informed in the 
publications. Furthermore, there may be some doubts about 
the exact method or mathematical formulations used to 
perform this adjustment. So, at this point, even with very 
promised results published, it is somewhat difficult to judge 
how efficiently the models would be in another situation. 
It does seem, however, that this technique may have great 
potential, if sensible and open adjustments are made and 
are made known to all parties involved in using the model. 
This would make it possible to judge, for instance, the 
extrapolation potential of the model. Thus, at this point, 
it seems like companies are either bound to use the two 

approaches described above or enter in a partnership with 
a software house for their model development.

4 Summary and conclusions

Even with a very advanced knowledge of the 
thermodynamics of steelmaking and refining processes, there 
are still significant difficulties in modeling the kinetics of 
these processes. In some cases, the fundamental physico-
chemistry of mass transfer may be reasonably established 
but depends on parameters that are very hard to accurately 
measure in industrial conditions. Models that use the 
interpolation, learning or adjustment of a large, properly 
curated database and try to establish correlations with 
variables in accordance with metallurgical theory principles 
have been shown to be extremely effective in process control. 
They are limited when it comes to extrapolating from the 
ranges of the database used to adjust the model, however. 
Models that use sound principles, including computational 
thermodynamics still rely on some empirical adjustments 
of factors such as mass transfer coefficients, air pickup, 
etc. as discussed above. They have a great potential to give 
good insight to process development but are not accurate 
enough to be used for process control. This situation may 
persist for some time. Finally, using sound principles and 
a more extended number of adjustable parameters may 
be the most promising solution for process control and 
development, presently. However, this has to be carefully 
tested, since most publications of models that follow this 
approach omit important information, either because of 
proprietary information from the steelmaker or based in a 
common decision between user a developer.
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