JOM, Vol. 74, No. 4, 2022

https://doi.org/10.1007/s11837-022-05186-3
© 2022 The Minerals, Metals & Materials Society

o)

Check for
updates

COMPUTATIONAL MODELING OF METALLURGICAL FURNACES

Development of an Electric Arc Furnace Simulation Model Using

the Effective Equilibrium Reaction Zone (EERZ) Approach

MARIE-ALINE VAN ENDE!2

1.—Department of Materials Science and Engineering, and Research Institute of Advanced
Materials (RIAM), Seoul National University, Seoul 08826, South  Korea.
2.—e-mail: vanende@snu.ac.kr

The development of a kinetic process model for the electric arc furnace (EAF)
based on the effective equilibrium reaction zone approach is presented. The
model combines kinetic expressions with accurate thermodynamic databases
to predict the evolution of the mass, temperature and composition of the scrap,
liquid metal, slag and gas phase during the process. The model addresses all
the main phenomena occurring during the EAF process using empirical
relations linked to process conditions: charge heating by arc and burners,
scrap melting, C and O, injection, slag-metal-gas reactions and post-com-
bustion. The model can effectively reproduce measured endpoint temperature
and composition of the slag and liquid metal in industrial EAF and illustrates
the benefits of the hot heel practice. The model serves as a tool to assist in the
optimization of the process operation conditions and in the design and eval-

uation of new process scenarios.

INTRODUCTION

The electric arc furnace (EAF) is at the heart of
the electric steelmaking route for producing steel
from recycled scrap metal feedstock. Other iron-
bearing feedstock such as direct reduced iron (DRI),
hot briquetted iron (HBI), pig iron and hot metal are
also charged alone or in combination with scrap in
the EAF to meet the demand for high-quality steel.
The EAF accounted for about 30% of the global
crude steel production in 2019.2 The importance of
the electric steelmaking route is expected to grow
further as a result of the urgent need to reduce the
CO, emissions in the steelmaking industry.

In the EAF process, the iron-bearing material is
melted using energy supplied by electrodes and
supplemented by oxy-fuel burners and chemical
oxidation reactions. The process is divided into four
steps:® (1) charging of the iron-bearing material
mix, flux and sometimes C in the furnace using
several buckets (or baskets); (2) melting of the
charge (ignition, boring and melting phase); (3)
attaining flat bath conditions and refining; (4)
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tapping. Slag foaming practice is commonly used
in the EAF by the injection of C and O, to generate
CO(g) in the slag emulsion, causing the slag to foam
and shield the electric arc. Impurities in the liquid
metal such as P, Mn, C, H, N, etc., are removed
through reactions with the gas and slag, which will
define the quality of the steel produced at the EAF.

As challenges for the steelmaking industry rise
for higher energy efficiencies, lower CO5 emissions,
fluctuating feedstock types and quality and usage of
alternative C sources, process modeling is a crucial
tool to improve the performance, investigate new
strategies and design new operating procedures for
the EAF. Several mathematical models of the EAF
process have been proposed in literature using
diverse approaches.* ' A thorough review of these
models has been recently published.!” However,
limitations exist in the description of the kinetics
and in the thermodynamic description of the phases
in the EAF, especially slag emulsion. Accurate
thermodynamic description of the phases is needed
to determine the heat requirements for heating and
melting the EAF charge, the energy released by the
chemical reactions and the chemical equilibria
among liquid metal, slag and gas phases during
the EAF process.


http://crossmark.crossref.org/dialog/?doi=10.1007/s11837-022-05186-3&amp;domain=pdf
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The present article describes a comprehensive
model for the scrap-based EAF process combining
thermodynamic equilibrium calculations and
kinetic expressions based on the effective equilib-
rium reaction zone (EERZ) approach. The model
predicts the evolution of the temperature and
composition of the liquid metal, slag and gas based
on process conditions by covering all the main
aspects of the EAF process: energy transfer from
arc and burners to the charge, scrap melting and
liquid metal heating, slag formation, C and O,
injection, slag-metal-gas reactions, post-combus-
tion, etc. The model utilizes accurate thermody-
namic databases to compute the necessary energy
requirements and chemical equilibria between
phases. The model predictions are compared with
industrial endpoint data to demonstrate their appli-
cability. The model can be easily expanded to
include the use of DRI, HBI, pig iron and hot metal
as feedstock in the EAF and will be the subject of a
future publication.

MODEL DESCRIPTION

Effective Equilibrium Reaction Zone (EERZ)
Approach

The present kinetic model is developed using the
effective  equilibrium reaction zone (EERZ)
approach.'® The latter consists of dividing a complex
metallurgical process into a finite number of reac-
tion zones in which equilibrium is assumed. The
kinetics are considered by varying the size of the
reaction zones depending on physical descriptions of
the reaction mechanisms, process conditions and
the rate of homogenization in the different phases.
The size of each reaction zone is described with
simplified mathematical functions and empirical
relations derived from simulations, experimental
studies and plant data. This approach combines the
full potential of accurate thermodynamic databases
with kinetic parameters in an easy and effective
way that can be directly applied to actual plant
operation. In addition, the heat generated or
absorbed by the chemical reactions at the interface
can be directly calculated using the thermodynamic
database, enabling accurate heat balance calcula-
tions. The EERZ concept was successfully applied to
simulate the Rurhstahl-Heraeus (RH) vacuum
degassing process,'® hot metal treatment (powder
injection),’® basic oxygen furnace (BOF) pro-
cess,’®?! BOF tapping,”> mold flux composition
changes during the continuous casting process,
ladle furnace process,?* 2" tundish®® and non-metal-
lic inclusion behavior in liquid steel. 293!

Reaction Zones in the EAF Process

The first step in the development of a model using
the EERZ approach is to identify the reaction zones
in a complex metallurgical process. In the EAF
process, reactions between slag (liquid and solid),

liquid metal, scrap, graphite (C), flux, O, and off-gas
are taking place. The process simulation of the EAF
considers the mass and heat balance simultaneously
to predict the evolution of the chemistry and
temperature of the phases during the process.

The EAF process was divided into ten reaction
zones represented in Fig. 1 to consider the main
phenomena taking place in the furnace:

e R1: transfer of heat supplied by burners and
electrodes to the charge

e R2: scrap melting and dissolution and C disso-
lution in liquid metal

e R3: oxidation of the liquid metal surface by Oy
from Oy lance

e R4: dissolution of flux and oxide products from
R3 to the slag

e R5: reaction between O and liquid metal at hot
spot formed under O, lance

e R6: reaction between injected C and liquid slag
R7: reaction between liquid metal and slag

e R8: homogenization of the liquid metal and heat
loss to furnace walls

e R9: post-combustion of the gas, slag homoge-
nization with heat from post-combustion

e RI10: heat transfer between liquid metal and
slag, and slag discharge

All ten reactions are calculated successively at each
time step following the above reaction sequence.
Each of these ten reaction zones has a specific
kinetic expression linked to process conditions to
determine the amount of materials being equili-
brated. In the present model, the time step is fixed
at 1 min. The following assumptions are made:
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Fig. 1. Schematic diagram of the reaction zones in the present EAF
model. The white arrows indicate chemical reactions between the
phases (with heat balance), whereas yellow arrows indicate heat
transfer only between the phases (Color figure online).
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e The liquid metal phase is assumed homogeneous
in composition and temperature at the end of
each time step (i.e., no temperature or composi-
tion gradient in the phase)

e The slag phase is assumed homogeneous in
composition and temperature at the end of each
time step (i.e., no temperature or composition
gradient in the phase). In addition, solids in the
slag emulsion (excluding the undissolved fluxes
and C) are in equilibrium with the liquid slag

e The effects of slag foaming, dust losses, reactions
with refractory and electrodes, and air infiltra-
tion in the furnace are not considered

e Moisture, loss on ignition, volatile material, etc.,
are not considered in the description of the scrap,
flux and C materials

The program to perform the EAF simulations is
written as a C++ console application to calculate the
kinetic expressions and initiate the thermodynamic
equilibrium calculations at each reaction zone, to
manage the flow of materials between the reaction
zones and to iterate the procedure until the end of
the metallurgical process. Thermodynamic equilib-
rium calculations are performed using ChemApp
libraries combined with FactSage thermochemical
databases (version 8.1).>> ChemApp?® is a program-
ming library developed by GTT Technologies (Her-
zogenrath, Germany) consisting of a rich set of
subroutines to perform thermodynamic equilibrium
calculations of complex multicomponent, multi-
phase chemical equilibria and the determination of
the associated energy balances. ChemApp is based
on the same Gibbs energy minimizer as FactSage.
The FactSage commercial databases FactPS,
FToxid, FTmisc and FSstel were selected. The
solutions FTmisc-FeLQ and FToxid-SlagA were
employed to describe the thermodynamic properties
of the liquid metal and liquid slag, respectively.
Pure solids, solid solutions and gaseous species from
the database FactPS and FToxid were selected for
the solid oxide phases equilibrated with liquid slag,
fluxes, C sources and exhaust gas. The solutions
FSstel-FCC_A1 (FCC Fe), FSstel-BCC_A2 (BCC Fe)
and FSstel-CEME (Cementite Fe3C) and pure solids
from the FactPS database were used to describe the
scrap materials. The C++ program interacts with
several Microsoft Excel Worksheets to read simula-
tion input conditions and store calculations results.

Heat Supplied by Electrodes and Burners
to the Charge

The active electrical energy supplied by the
electrodes (provided by an external calculation
method) and the O, and CH,4 flow rates to the oxy-
fuel burners are process conditions provided as
input to the model. At each time step, the electrical
heat, Qe (W = J/s), is transferred to the charge
after applying a certain efficiency. The total energy
supplied by the oxy-fuel burners, @yurner-total (W), is
calculated based on the O, and CH,4 flowrates at the
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given time step and on the flame temperature. The
latter is the combusted gas temperature after
supplying heat to the charge and the surroundings.
In the combustion reaction, it is assumed that the
supplied O, and CH4 are completely consumed. The
burner efficiency suggested by Logar et al.,’ which
accounts for the decreasing transfer of heat from the
burner to the steel with increasing steel tempera-
ture, is employed to calculate the heat transferred
from the burner to the charge, Quurner (W):

Qburner =0.7 (035 + 0.65 tanh (173100 - 1> ) Qburner‘total
ch
(1)

In Eq. (1), Ty, (°C) is the average scrap temper-
ature when the charge is dominated by scrap and is
replaced by the liquid metal temperature when the
liquid metal mass is larger than the scrap mass.

After combustion, the gas leaves the furnace
without taking part in reactions with the charge.
The unused heat affected by the burner efficiency is
assumed lost to the surroundings. The electrode
efficiency and the flame temperature are model
parameters to be adjusted to reproduce the plant
data. The sum of the resulting two energy sources
Qolec and Qpumer 18 subsequently distributed
between the slag emulsion and the metal charge
(scrap or liquid metal) using a model parameter
Dgjag. This model parameter should be a function of
the slag mass and other properties such as arc
length, slag foaming index, conductivity, viscosity,
etc. Due to the complexity in determining these
properties and their relation with arcing, the
parameter Dyg,, is simplified to a function of the
total mass of the slag emulsion (liquid + solids).

Scrap Melting

Scrap melting is implemented in the present
model using the approach described in the studies
of Bekker et al.,* MacRosty and Swartz’ and Logar
et al.? Their approach consists of allocating the
available energy Qio:a1 (W) between heating the
scrap (@neating; W) and melting the scrap (Qmeiting,
W) based on the ratio of the scrap temperature (T,
K) to the scrap melting point (T, K).

T
Qheating = Qtotal (1 - T Sj ) (2)
T
Qmelting = Qtotal (T—c> (3)

However, in the above studies, the scrap mix was
treated as one phase with homogeneous tempera-
ture, composition and physical properties. In the
present study, this approach was modified to treat
individually each scrap material to consider the
differences in size and composition that will affect
their respective melting behavior. The main factor
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influencing the melting behavior of a given scrap is
its size and thereby its surface area. As heat is
transferred through the scrap surface, the scrap
with a larger surface area will take a larger fraction
of the available heat than a scrap with smaller
surface area. Therefore, the fraction of the available
heat Q;.:a1 allocated to each individual scrap mate-
rial, @; (W), is based on their surface area, A; (m?).

A;
Qi = X Qtotal

A:ZAi

i

(4)

where A is the total surface are of all scrap
materials (m?). The surface area of the scrap
material is calculated based on its equivalent thick-
ness®* L; (m), assuming scrap has a plate geometry:

a; a;
Li —ai(l _0'131)7_0'07C_i> (5)
2W;
A= oL (6)

where a;, b; and ¢; are the dimensions of scrap i (a;
< b; < ¢;, m), W; and p; the mass (kg) and density
(kg/m?) of scrap i, respectively.

Combining Egs. (2) to (4), we obtain the heat
distribution between heating and melting of each
scrap i based on their individual values of A;, T ;
and Tgem

Ai Tsc‘i
Qheating,i = XQtotal <1 - Tscm7i> (7)

Ai Tsci
Qmelting,i = XQtotal (T : ) (8)

In the present work, the total energy used to heat
and melt the scrap materials, Qiota1, Originates from
several sources based on the respective amount of
scrap and liquid metal in the furnace. When the
total mass of scrap is larger than that of liquid
metal, the scrap is directly exposed to the arc and
burner heat. Therefore, we assume that the energy
from the burners and the arc is directly transferred
to the scrap. In addition, the liquid metal provides a
certain amount of heat to the scrap in contact with
it. In this case, Qa1 1S equal to:

Qtotal = (1 - Dslag) (Qelec + Qburner) + Qmetal (9)

The heat transferred from the liquid metal to the
scrap charge is calculated based on the equation:
Wmetal
Wscrap

Qmetal =hA (Tbulk - Tint) (10)

where & is the heat transfer coefficient in liquid
metal (W/(m?K)), Weta the mass of liquid metal

(kg), Weerap the total mass of scrap (kg), Thu the
liquid metal temperature (K) and T;,; the liquidus
temperature of the liquid metal at the liquid metal-
scrap interface (K). The factor Wietal/Wserap PTro-
vides a correction to the total scrap surface area A
as the latter is not completely exposed to the liquid
metal.

When the liquid metal mass is larger than the
total mass of scrap, the scrap is partly or entirely
submerged in the liquid metal. In this case, it is
assumed that the heat from burners and arc in
Eq. (9) is transferred to the liquid metal instead of
the scrap mix, increasing the value of Tyu. The
total heat transferred to the scrap mix is therefore
given by Eq. (11).

Qtotal = Qmetal = hA(Tbulk - Tint) (11)

It should be noted that, in our approach, @cta1 1S
capped to prevent the liquid metal from solidifying
in contact with the scrap. The melting point of each
scrap Tsem; and the liquidus temperature of the
liquid metal T}, are determined by a thermody-
namic equilibrium calculation using FactSage ther-
modynamic databases. The calculation of T, is
performed at each time step to consider the changes
in the liquid metal composition.

Once Qi1 is determined, it is distributed among
all the scrap materials based on their relative
surface area (Eq. (4)). The procedure to heat and
melt each scrap is represented in Fig. 2. As depicted
in Fig. 2a, scrap i, initially at temperature T, is
heated using the amount of heat defined in Eq. (7).
The sensible heat of all phases constituting scrap i
is considered in the thermodynamic equilibrium
calculation to obtain an accurate temperature
Tscinew- Then, we determine the mass of scrap i,
initially at temperature Tgc;new, that can melt
based on the amount of heat available for melting
defined in Eq. (8) (Fig. 2b). Again, the sensible heat
of all phases constituting scrap i and the heat of
fusion is included in the thermodynamic equilib-
rium calculation to obtain an accurate value of the
heat requirements for melting. The remaining,
unmelted scrap i remains at Tgc;new, While the
melted part of the scrap at temperature T, ; Will
be incorporated adiabatically to the liquid metal
pool. The procedure in Fig. 2 is repeated for each
scrap individually, so that each scrap may exhibit
different temperature Tsc; new and different melting
rates based on their respective dimensions and
composition. Meanwhile, Qcta1 1S extracted from
the liquid metal, and, if applicable, the heat from
burners and arc is added to the liquid metal.

O; Injection

O, is injected via lances to consume the C
dissolved in the liquid metal and injected in the
slag, to oxidize impurities in liquid metal, to gener-
ate FeO to the slag by oxidation of the liquid metal
surface and to participate in the post-combustion of
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Fig. 2. Schema representing the approach used in the present model for (a) heating and (b) melting a given scrap i.
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Fig. 3. Schema representing the distribution of O, from the O, lance
between the hot spot (direct deC), liquid metal surface (FeO
generation) and post-combustion of the gases.

the off-gases. The division of the injected O, among
these four reactions will depend on various factors
such as the O, flow rate, lance position, C avail-
ability in the liquid metal and slag, metal bath and
slag height, slag foaming, etc. In the present model,
oxidation of the injected C is conducted only via the
slag FeO for simplification reasons, not directly with
the injected O,.

In the present model, the injected O, can there-
fore react at three reaction zones, as illustrated in
Fig. 3. Model parameters are introduced as fraction
of the available O to specify at each time step the
distribution of the injected O, among the three

reaction sites. These model parameters are adjusted
to reproduce the measured C content in liquid metal
and FeO content in slag. When sufficient measure-
ment data are available, correlations can be used to
assign the value of the model parameters based on
the process conditions.

The reactions between injected Os and the liquid
metal are twofold (Fig. 3). First, at the surface of the
liquid metal exposed to Og, a film of oxides (mostly
FeO) is formed because of the local high O, potential
(R3 in Fig. 1). The amount of O, participating in this
reaction is determined by the O, distribution model
parameter, while the amount of liquid metal
exposed to that O, is determined based on the
stoichiometry of the reaction Fe + 0.5 Oy = FeO to
maximize the formation of oxides. This reaction is
performed adiabatically, generating a lot of heat:
the reaction product temperature (gas, liquid metal
and slag) exceeds 2000 °C. The reacted gas is mixed
with the off-gas in R9, the produced liquid slag with
the slag in R4, and the unoxidized liquid metal is
returned to the liquid metal bath (R3).

Second, a depression (cavity) is generated where
the injected Oz impinges on the liquid metal surface
(Fig. 3), creating a hot spot where Oy and liquid
metal are in contact (R5 in Fig. 1). In C-containing
liquid metal, decarburization (deC) is the main
reaction taking place in the hot spot. In studies of
deC by injected O4,**~*7 it is found that the deC rate
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depends on the C content of the liquid metal. When
the C content is high, the deC rate is generally
assumed to be controlled by the O, flow rate. When
the C content is lower than a critical value—the
critical C content—the deC rate decreases drasti-
cally and becomes controlled by the mass transfer of
C in the liquid metal. In the present study, the
following simplified equation is proposed to deter-
mine the amount of liquid metal taking part in R5
over the time interval A¢ (s), AWgs (kg):

200F o, hotspotM (C) At
M (O2)[%Crit]

AWgs = (12)

where Fog nhotspot 1S the Og flow rate dedicated to
the hot spot (kg/s), M(i) the molecular weight of i
(g/mol) and [%C.] the critical C content (wt%).
When the C content in liquid metal is above the
critical C content, Eq. (12) ensures that there is
sufficient C in the liquid metal to consume Fog hotspot
entirely. On the other hand, when the C content is
lower than the critical value, there is more Oy than
the stoichiometric amount required to consume the
amount of C in the liquid metal defined in Eq. (12).
Hence, the deC rate decreases as a function of
[%Cit]. The latter is a model parameter to be
adjusted to reproduce the observed C content
towards the end of the process.

Lastly, in R9, the unused Oy is equilibrated
adiabatically with the gaseous reaction products
from R3 to R8. In this post-combustion reaction, the
CO(g) produced in the previous reaction zones is
oxidized to COx(g). Part of the heat generated by
post-combustion is transferred to the liquid slag in
R9.

C Addition and Flux Dissolution in Slag

C is added during the process in different forms.
It can be charged as a lump in the bucket together
with Fe sources and other additives or directly via a
hopper or injected as a powder through a lance or
injectors. The main purpose of C injection is slag
foaming, which improves the energy efficiency,
burry the arc and protect the furnace shell. Charge
C is also added as carburizer for the liquid metal,
providing chemical heating and contributing to slag
foaming. Slag foaming occurs when the C reacts
with Oy and/or FeO from the slag to produce CO(g).

In the present model, the oxidation of the injected
C is simplified to consider only the oxidation by slag,
not directly by Os. The C material can therefore
react (i) with the slag (FeO) (R6 in Fig. 1) or (ii)
dissolve in the liquid metal (R2 in Fig. 1). Depend-
ing on the type of C, its addition time and method
(bucket, hopper or injection), its reactivity and other
surface properties, the distribution of C between the
two reaction sites will differ. In the present model,
the releasing rate (i.e., the amount of C released in
slag and liquid metal per min) and the distribution
of each C material between the two sites is assigned

by model parameters adjusted to reproduce the
composition of the liquid metal and slag. At each
time step, equilibrium calculations at the two
possible reaction zones are performed as follows:

(i) In the case of the reaction between the C
particle and the slag (R6), it is expected that
only a certain amount of liquid slag sur-
rounding the C particle and only the outer
part of the C particle are taking part in the
reaction, as illustrated in Fig. 4. Two model
parameters are therefore introduced to de-
fine the ratio of liquid slag to C and the
reaction rate of the released C in the slag.
Gaseous products of the reaction are mixed
with the off-gases and participate in the post-
combustion reaction (R9). The reaction be-
tween the defined amount of C and liquid
slag is performed adiabatically. The metal
produced by the reduction of slag components
by C (mostly Fe) is returned adiabatically to
the liquid metal bath. The remaining unre-
acted C stays in the slag for several time
steps until it is completely consumed or
discharged with a fraction of the slag (R10).

(i1)) In the case of C dissolution in liquid metal
(R2), it is assumed that, once released in the
liquid metal, the designated amount of C
(based on the reaction rate and distribution)
dissolves readily in the entire liquid metal
bath. Adiabatic conditions are employed in
the equilibrium calculation.

The ash components of the C materials, consisting
mainly of metal oxides (CaO, Aly,O3, SiO,, FeO,
MnO, MgO, TiO,, P305, V505, Crs0O3 and S), are
included in the description of the C materials. They
participate in the two reaction zones and, along with
all other oxide products of the reactions, are even-
tually mixed adiabatically with the slag in R9.
Flux dissolution in the slag emulsion is
approached using a model parameter defining the
dissolution rate of each flux (kg/min). The latter is
estimated based on the process and slag conditions
at the time of addition. At each time step, the

® Liquid slag

CO(g) bubble

(&)
Liquid slag
reacting with C
C reacting with
liquid slag

Fig. 4. Schema representing the reaction between injected C and
liquid slag with the subsequent formation of CO(g) bubbles
contributing to slag foaming. The red dashed circle in the liquid
slag represents the mass of slag surrounding the C particle that will
take part in the reaction, while the outer part of the C particle
delimited by black dotted circles indicates the mass of C that will take
part in the reaction with the liquid slag (Color figure online).
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determined amount of flux is equilibrated adiabat-
ically with the entire slag (liquid + solids) in R4.

Reaction at the Slag/Metal Interface

The reaction between slag and liquid metal in the
EAF process (R7 in Fig. 1) governs the removal of
impurities such as Si, P, etc., from the liquid metal
to the slag. The kinetics of the reaction at the slag/
metal interface are expressed using mass transfer
rate coefficients in liquid metal, k., (1/s), and in slag,
ks (1/8). In gas-stirred ladles, the mass transfer rate
coefficients are mostly governed by the mixing
intensity in the steel bath, for which an expression
is derived using the mixing energy.?****° However,
an expression of the mixing energy is not readily
available for the EAF. Therefore, in the present
study, the mass transfer coefficients in liquid metal
and slag are evaluated based on the process condi-
tions and on the impurity removal from the liquid
metal (Si, Mn, P, etc.) by slag during the process.
The mass of liquid metal, AWg7 ., (kg), and that of
liquid slag, AWg; (kg), taking part in the slag/
metal reaction during the time interval A¢ (s) are
expressed as follows:

AVVRT,m = kametalAt (13)

AWRrrs = ksWqqagAt (14)

where Wy, is the mass of liquid slag in the EAF
(kg). Like all reactions in the model, the equilibrium
calculation is performed under adiabatic conditions.
Only the liquid slag takes part in the slag/metal
reaction (no solids) and no gas can form (i.e., no deC
is allowed). The metal products of the reaction are
homogenized with the liquid metal at R8, while the
oxide reaction products are mixed with the slag in
R9.

Homogenization and Heat Transfer Between
Slag and Liquid Metal, Slag Discharge

The metallic products of reaction zones R3, R5, R6
and R7 are equilibrated adiabatically with the
remaining liquid metal at reaction zone 8. Heat
loss from the surroundings is also extracted from
the liquid metal in this reaction zone. The heat loss
is estimated to reproduce the liquid metal temper-
ature measurements.

As mentioned earlier, gaseous products from all
reaction zones, except the gas produced by the oxy-
fuel burners in R1, are equilibrated adiabatically
with the unused lance O at reaction zone R9. This
post-combustion reaction produces heat that is
transferred to the slag emulsion. The amount of
heat is determined by a model parameter fixing the
temperature drop of the gas after post-combustion.
All the liquid and solid oxide products from reaction
zones R3 to R7 are equilibrated with the unreacted
slag. If available, the heat provided by the post-
combustion reaction is included in the reaction.

Van Ende

After the homogenization reactions, the slag
emulsion and the liquid metal are usually at
different temperatures, which may trigger a heat
transfer between the two phases (R10 in Fig. 1). The
heat transferred between the slag and the liquid
metal, Qgag-metat (W), is estimated with this
relation:

Qslag—metal = hsmWslag (Tslag - Trnetal) (15)

where hg, is the heat transfer coefficient between
the slag and liquid metal (W/(kgK)).

Toward the end of the process, the slag is
discharged through the slag door prior to the liquid
metal tapping or when the slag height is excessive
during the process. It should be noted that the exact
amount of slag discharged cannot be measured
during plant operation. Hence, an evaluated value
is used in the simulation. Assuming that the slag
phase is homogeneous, solid phases, undissolved
fluxes and unreacted C remaining in the slag
emulsion are discharged from the furnace with the
liquid slag according to their mass fraction in the
emulsion.

SIMULATION RESULTS AND DISCUSSION

The model was validated using industrial EAF
operation data and measurements provided by
companies from the steelmaking consortium led by
Prof. In-Ho Jung at Seoul National University,
Republic of Korea.?® As process details cannot be
provided here, an example of a heat published in the
literature by Logar et al.”'° is used to illustrate the
applicability and appropriateness of the model. In
these publications, details of real plant operations
and plant endpoint measurements based on 40
different heats are provided and employed in the
present study. The process operation data related to
gas flow rates at burners and lances, electrode
energy and heat loss (determined for the present
model) are depicted in Fig. 5a. Figure 5b shows the
feeding rate of dolomite and lime, injection rate of C
and slag discharge rate. The composition of the
input materials for the present simulation is listed
in Table I. In the EAF operation described by Logar
et al.,>'° 85 tons of scrap is charged in three
buckets. An overall scrap composition is provided
(Table I), but no information could be found on the
dimensions and distribution of different types of
scraps in the buckets. To illustrate the influence of
the scrap size on their melting behavior, a mixture
of two scraps with different dimensions was chosen
in the present simulation (Table I), although both
scraps have identical composition. The combustible
components in the scrap (~1.1 wt%) are not
included in the present model. The amounts of
dolomite and lime were evaluated to match the CaO/
Si0, ratio and MgO content in the slag measured at
endpoint.
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Fig. 5. Evolution of (a) the gas flow rates at oxy-fuel burners and O, lance, electrode energy, applied heat loss and (b) material feeding rates and
slag discharge rate used as input simulation conditions in the present simulation.

The model parameters employed in the simula-
tion are listed in Table II. Most of these values are
evaluated to reproduce the measured endpoint
chemistry of the liquid metal and slag as well as
the measured endpoint temperature. As the elec-
trode efficiency cannot be easily evaluated by the
present authors, its value is set as 100%. The flame
temperature at the oxy-fuel burners (Table II), heat
loss (Fig. 5a) and post-combustion gas temperature
(Table II) are adjusted to reproduce the measured
endpoint temperature. The evolution of the heat
loss, which is extracted from the liquid metal in the
present model, follows the general energy loss in
liquid steel calculated by Logar et al.® They
observed a greater loss of energy occurring to the
liquid steel during flat-bath conditions. The value of
the heat transfer coefficient in liquid metal was
fixed at 10,000 W/(m? K), which is consistent with
the values estimated in the studies by Opitz and
Treffinger'! and Li et al.*

Figure 6 depicts the evolution of the composition
of the liquid metal during the course of the EAF
treatment calculated with the present model. The
measured endpoint contents, which are average
values of about 40 heats, are indicated by solid
markers. The standard deviations of the measured
endpoint values are specified with error bars.
During the first 17 min of the process, the compo-
sition of the liquid metal is constant and identical to
that of the scrap (Fig. 6(a)). In that period, the slag
is composed mainly of solid CaO and solid MgO
originating from the fluxes added in the first bucket.
Based on the given process conditions, there is no
possibility of a liquid slag formation with the added
fluxes until the start of Os blowing. Therefore, no
liquid metal refining reaction can take place in that
period. From the 18th min after the start or arcing,
O, is injected in the charge along with C (Fig. 5). As
a result, oxidation of the liquid metal is initiated. It

is clear from Fig. 6a that the first element to be
oxidized is Si. The low temperature conditions and
low C content in liquid metal have favored this
reaction over the oxidation of C. The fast Si
oxidation rate is maintained until the Si content
reaches about 0.1 wt%, after which it slows down.
The liquid Mn is also gradually oxidized, but at a
slower rate than Si. At about 40 min, oxidation of
Mn slows down, giving a predicted final Mn content
of 0.43 wt%, which is in good agreement with the
endpoint measurement. Oxidation of C from the
liquid metal starts at about 27 min. The deC rate is
rather constant until the end of the heat. At
endpoint, the calculated C content is ~670 ppm,
which is consistent with the measured endpoint
value of 600 £+ 90 ppm. The Cr content in liquid
metal remains rather constant during the heat,
although slight oxidation can be noticed after about
30 min, bringing down the Cr content to ~0.157
wt%. The latter concurs with the average measured
Cr endpoint. Figure 6b provides a detailed view of
the calculated P content during the heat as well as
the Si content toward the end of the EAF. At about
30 min, the removal of P from the liquid metal
begins. The removal rate of that element is quite
high. Within 10 min, the P content dropped from
~500 ppm down to ~85 ppm. After a fast oxidation
of P, the P removal slows down when P content
reaches ~100 ppm. During the last few minutes of
the process, the P content is rather stable at about
85 ppm, with a slight tendency to increase. The Si
content continues to decrease until the end of the
heat and reaches about 100 ppm at endpoint. As
seen in Fig. 6a and b, the calculated endpoint
composition of the liquid metal is in very good
agreement with the measurements.

The evolution of the liquid metal and slag tem-
perature predicted by the model is presented in
Fig. 7 along with the endpoint measurement of the
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Table I. Composition of input materials, scrap dimensions and bucket content and charging time for the EAF

simulation

Flux and C composition (wt%)

CaO A1203
Dolomite 57.24 0.45
Lime 100 -

C - -

Si0, MgO C

0.71 40.6 -

Scrap composition (wt%) and dimensions (length x width x thickness, m)

Fe C Cr Mn P Si dimensions
Scrap 1 98.05 0.35 0.19 0.79 0.05 0.57 0.4 x 0.15 x 0.15
Scrap 2 98.05 0.35 0.19 0.79 0.05 0.57 0.1 x 0.1 x 0.1
Bucket content (ton) and charging time (min)

Scrap 1 Scrap 2 Dolomite Lime Charging time

Bucket 1 20 20 1 1 0
Bucket 2 15 10 - - 15
Bucket 3 20 - - - 25

Table II. Model parameters used in the present simulation. W, tota1 is the mass of total slag including liquid

and solids (kg)

Model parameter

Dissolution rate of lime, dolomite and C

Reaction rate of injected C (all reacting with slag)

Ratio slag to C reacting with slag

Arec (electrode) efficiency

Flame temperature (LNG)

Fraction of arc and burner energy to slag (Dgjag)

O, usage
To surface (FeO formation)

Critical carbon content [%C,,;t]

AT post combustion

Mass transfer rate coefficient in metal &,,

Mass transfer rate coefficient in slag k&,

Heat transfer coefficient in liquid metal 2

Heat transfer coefficient between slag and metal Ay,

To hot spot (direct deC)

Value Units
100 kg/min
20 kg/min
30 -
100 %
1500 °C
33310-5 Wslag total -
17-22 %
55-60 %
0.1 wt%
100 °C
0.001-0.005 st
0.001-0.006 st
10,000 W/(m2K)
15 W/(kgK)

liquid metal (with the reported standard deviation).
It should be noted that the temperature shown in
this graph represents the overall liquid metal
temperature, assuming that the entire liquid metal
is homogeneous at the end of each time step. In
addition, solidification of the liquid metal is not
considered in the model. That is, in the simulations,
the liquid metal remains always in liquid state even
when the calculated liquid metal temperature falls
below its liquidus or solidus temperature. As seen in
Fig. 7, the absence of hot heel and residual slag in
the furnace at the beginning of the heat renders the

melting process rather slow and difficult. During
the first 10 min of the heat, the predicted temper-
ature of the liquid metal and slag is well below 1400
°C. That is, part of the liquid metal has solidified
again when coming in contact with cold fluxes and
the furnace lining below. Although the predicted
temperature is below the solidus of the liquid metal,
it does not necessarily mean that the entire liquid
metal has solidified. As mentioned above, this
temperature represents the overall average temper-
ature of the liquid metal pool. In reality, large
temperature variations may exist within the liquid
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Fig. 6. (a) Calculated concentration profile of Mn, Si, C, Cr and P in liquid metal during the EAF process along with endpoint measurements; (b)
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temperature.

metal pool, especially at that period of the heat.
However, such low predicted temperature suggests
that a large part of the liquid metal may have re-
solidified. It takes more than 10 min for the charge
to reach overall temperatures > 1400 °C. During
the O, and C injection period starting at 18 min, the
liquid metal and slag temperature increases slowly
from 1500 to 1560 °C. The scrap melts intensively
during that period and consumes the liquid metal
superheat. Therefore, the liquid metal temperature
hovers a few degrees above its melting temperature.
The slag temperature is higher than the liquid
metal owing to the exothermic oxidation of the
injected C and liquid metal occurring in the slag. At
40 min into the process, the charge temperature
increases significantly. It marks the end of scrap
melting, after which large amount of heat is not
consumed by scrap melting anymore. The endpoint

temperature of the liquid metal obtained with the
simulation is 1684.4°C, which is in good agreement
with the measured endpoint of 1688 + 11°C.

The melting behavior of the scrap charged during
the process calculated with the present model is
shown in Fig. 8. As Fig. 8a shows, the mass of liquid
metal increases continuously for 40 min. The scrap
in the first bucket melts progressively: slowly at
first, then at an increased rate. Figure 8b depicts
the melting behavior of each scrap individually. Due
to its smaller dimensions, scrap 2 in the first bucket
melts much faster than scrap 1. When the second
bucket is charged, about 10 tons of scrap 1 from the
first bucket remained in the furnace. The melting
continues with the remaining scrap 1 and the fresh
scrap from the second bucket. At the third bucket
charging, about 16 ton of scrap from the second
bucket remained. The charged scrap is entirely
melted within 40 min. The simulated scrap melting
progression is in good agreement with that obtained
by Opitz and Treffinger'! while using an average
scrap diameter of 0.125 m and a heat transfer
coefficient in liquid metal of 9000 W/(m? K). It
should be noted that the melting behavior of the
scrap will vary with the scrap dimensions and the
value of the heat transfer coefficient in liquid metal.
While a constant value was used in the present
study, a better expression for the heat transfer
coefficient should be used to consider the effect of
stronger mixing conditions during Os-C injection
and slag foaming.

The evolution of the phases constituting the slag
emulsion during the EAF process calculated with
the current model is depicted in Fig. 9a. As no
residual slag is present in the furnace and no Os is
blown at the beginning of the process, only solid
CaO and solid MgO originating from the lime and
dolomite fluxes are present in the slag emulsion.
Their respective amount increases linearly owing to
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their constant dissolution rate (Table II). Once Oo
injection is initiated at the 18th min, a large amount
of SiO, generated by the oxidation of Si from the
liquid metal (Fig. 6a) and a large amount of FeO
from the oxidation of the liquid metal surface (R3)
accumulate in the slag emulsion, leading to the
formation of solid Ca3SiO5 (C3S) and liquid slag.
The mass of these two phases increases continu-
ously as SiOy and FeO are continuously generated
and solid CaO dissolves in these phases.

The calculated composition of the liquid slag is
provided in Fig. 9b along with the slag endpoint
measurement (with the reported standard devia-
tion). The CaO content in liquid slag is about 50
wt% (CaO saturated conditions), and the FeO and
Si0, contents are in the 25 and 15 wt% range,
respectively. At about 30 min, solid C3S

transitioned to the solid solutions CasSiO4 (C2S)
and CaySi04-CazPs0g (C2S-C3P). C2S-C3P is an
important solid solution in dephosphorization of
liquid steel as it can dissolve a large amount of
P,05***3. As seen in Fig. 6b, the removal of P from
the liquid metal is significantly increased when the
C2S solid solution becomes stable. The CaO content
in the liquid slag (Fig. 9b) remains stable at about
50 wt%. On the other hand, the SiOy and MnO
content in liquid slag increases at the expense of
FeO, which drops down to about 20 wt%. The total
amount of phases in slag increases and reaches a
maximum of 5.4 tons at 32 min (Fiig. 9a), after which
it steadily decreases as the slag is gradually dis-
charged from the furnace (Fig. 5b). The fraction of
liquid slag increases sharply during the last min-
utes of the heat as the slag temperature increases
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Fig. 10. Evolution of (a) the total mass of scrap and liquid metal and average scrap temperature, (b) the temperature profile of the liquid metal
and slag and (c) the liquid metal composition calculated with the current model for the modified EAF process employing 10 tons hot heel.

rapidly (Fig. 7). At endpoint, the slag contains about
1.3 tons of liquid slag and 100 kg of MgO solid
solution (62 wt% MgO). The FeO content in the
liquid slag increases sharply toward the end as the
mass of slag is low and the oxidizable elements in
liquid metal become scarce. As observed in Fig. 9b,
the agreement between the calculated and mea-
sured endpoint slag composition is good. The calcu-
lated MgO content is lower than the measurement,
probably because the slag sampled at the plant
contains some solids. When including the MgO solid
solution in the overall slag composition, the calcu-
lated MgO content reaches ~10 wt%.

As exhibited in Figs. 6, 7, 8 and 9, the model can
successfully reproduce the endpoint measurements
using the industrial process conditions. The present
model was further validated with industrial data
from several other companies. Once validated, the
model can be used to explore new process scenarios
to improve and optimize the operating procedures.

In modern EAF operation, a hot heel practice is
usually employed as it provides several benefits®:
earlier Oy blowing and slag foaming, increased arc
stability, reduction of power-on-time, lower energy
consumption, etc. The hot heel size varies between
10 to 20% of the actual heat size. The effect of
employing a hot heel practice in the above EAF
process is illustrated in Fig. 10. Ten tons of hot heel
at 1650 °C with composition identical to the pro-
duction metal was used in the simulation. The mass
of each scrap was decreased equally in each bucket
to amount to 75 tons in total. As seen in Fig. 10a,
owing to the lower scrap amount in the bucket and
the presence of liquid metal in the furnace, the
scrap is melting faster, which allows to charge the
next buckets earlier. When using the same process
conditions during the first 10 min of the process, the
second bucket could be charged 3 min earlier than
without the hot heel practice (Fig. 8a). The process
time line in Figs. 5a and b was therefore shifted 3
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min earlier just before the second bucket was added.
The lime addition was lowered by about 200 kg to
account for the lower amount of produced SiO, and
maintain the same slag basicity. The advantage of
such practice can be observed in the temperature
profile during the first 10 min of the heat (Fig. 10b).
The liquid metal temperature is much higher (>
1400 °C) and more stable than when a hot heel is
not used (Fig. 7). With such process conditions,
melting of the scrap is completed in 36 min (Fig. 10a)
and end of refining is achieved at 41 min with
endpoint values similar to those of the original
simulation (Fig. 10b and c). Notably, the simulation
in Fig. 10 is only illustrative and the process
operating conditions may be further improved to
take advantage of the melt conditions.

SUMMARY

In the present study, a kinetic process model was
developed for the EAF process based on the EERZ
approach and accurate FactSage thermochemical
databases. The EAF process was divided into ten
reaction zones to account for the main process
phenomena: heating of the charge by arc and
burners, scrap melting, Oy and C injection, flux
dissolution, slag-metal-gas reactions and post-com-
bustion. Empirical relations linked to process con-
ditions and model parameters are employed to
describe each reaction zone. Each type of scrap
forming the scrap mix is treated individually to
account for difference in melting behavior due to
different size and composition. The model can
predict the evolution of the mass, temperature and
chemistry of the scrap, liquid metal, slag and gas
phases based on industrial operation conditions and
model parameters.

Input data and endpoint measurements from
industrial EAFs were employed to determine the
model parameters and validate the model. The
simulation results of a published industrial EAF
show very good agreement with the measured
endpoint composition and temperature of the liquid
metal and slag. The effect and benefit of a hot heel
practice on scrap melting and process performance
are illustrated using the present model. Such pro-
cess models provide an essential tool to assist in the
optimization of the process, design of the operation
practices to improve the performance and compet-
itiveness of the EAF.

The present EAF model can be used to simulate a
wide range of operation conditions to generate
simulated process data. Based on the simulated
data, the level 2 model at the plant can be improved
for more accurate control of EAF operation. As the
present EAF process model can provide the simula-
tion results within 1/5 to 1/10 of real EAF operation
time even by using a conventional desktop com-
puter, a real-time operation guidance in EAF oper-
ation rooms is also possible.

Van Ende
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