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Jesiki acieKTH Y BUPOOHMITBI CTAJ B €JIEKTPOAYTOBHUX MeYax

Abstract. The electric arc furnace (EAF) is the initial aggregate and the key point in many carbon steel and in most
stainless-steel melting plants. In the article new solutions in construction, technology, operations and control, used in
modern steelmaking plant, will be presented. On literature background the results of author’s investigation in electric
steelmaking area will be showed. Special attention will be paid on the foaming slag technology used for thermal efficiency
increase which means a low cost operation. New elaborated and patented method of stainless-steel slag foaming tech-
nology will be described. With slag foaming is connected the optimization procedure concern on minimum the electrical
energy consumption and tap-to-tap time. Industrial application in this area will be presented. As a separate chapter the
solution in environmental protection during EAF production will be described.
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Anomauis. Enekmpodyzosa niy (EAI) € no4yamkosuMm azpezamom ma Kiito408UM efieMeHmom Ha baeambox nidnpuem-
cmeax 3 surisiasku 8yareuesoi cmarni ma Ha 6inbwocmi nidnpuemcme 3 surniasku Hepxasiroyoi cmarni. Y crmammi nped-
cmaserieHi Ho8i pilleHHs1 8 KOHCMPYKUi, mexHooeil, ekcrinyamauii ma yrnpaeriHHi, Wo 8UKOpUCMOo8yombCs Ha cydac-
HOMY cmanernnasunbHoMy 3a800i. Ha ocHoei nimepamypHux 0)epers rnoka3aHi pedyrnbmamu en1acHuUx 00cnioxeHb as-
mopa 8 2anysi enekmpomemanypeii. Ocobnusy ysazy npudineHo mexHonoeii CriH8aHHs1 wraKy, sika 8UKopucCmo-
8yembcs Orisi nid8ULEHHST MenIo8oi eghekmusHOCMI, W0 03HavYae HU3bKy cobieapmicme pobomu. OnucaHo Hogull po-
3pobrnieHuli ma 3anameHmosgaHuli Memod MmexHOosoeii CriH8aHHs WiaKy npu eupobHUUMei Hepxasito4doi cmani. 3i
CriiHO8aHHAM wWiiaKy rnos'asaxHa npoyedypa onmumiszayii wodo MiHiMI3auii crioxusaHHs1 efeKmpuyHoi eHepaii ma yacy
nnasku. [pedcmaesneHo nPoOMUCIO8e 3acmocy8aHHs CriiHIo8aHHs wnaky. Okpemum po3dioM onucaHo piueHHs1 wodo

3axucmy HasKonuwHb020 cepedosulya rid Yac supobHuymea e EAI.
Knrouoei cnosa: E[][1, cniHeHul winak, enekmpuyHa eHepeis, aupobHUymeo cmarii.

1. Introduction

The electric arc furnace (EAF) is used to steel pro-
duction about one hundred years. Meantime from
simply construction and not complicated production
technology to present state of art the furnace was con-
tinuously developed. Nevertheless the modern fur-
nace is still based on the classical formulation, enough
close to the original idea, obviously technologically and
economically improved to make the EAF faster and
more efficient.

Steel is currently produced using a two-stage tech-
nology. During the first stage liquid metal bath is ob-
tained in the steelmaking furnace (the electric arc fur-
nace as well as the oxygen converter). During the sec-
ond stage the metal bath is subjected to refinement in
the process of the off-furnace steel metallurgy (also
known as the ladle metallurgy). The aim of the refine-
ment is to obtain a chemical composition and metallur-
gical quality which are appropriate for the produced
grade of steel. The goal is also to obtain the tempera-
ture which would enable proper casting.

The electric furnace steelmaking has been in-
creased continuously in recent years, except last year.
This trend is friendly for the environment if one consid-
ers that the EAF route facilitates the recycling of steel
scrap, the conservation of resources, and the reduction
of CO2 emissions from steelmaking. Among the avail-
able tools for metal bath creating, the electric arc

furnace seems the highest flexibility with respect to the
selection of charge materials and their structure. This
particular feature of the EAF allows to select the most
convenient charge mix which is less dependent on the
level of the market price fluctuations. The feasibility of
using steel scrap, DRI and hot metal in a range of 0 —
100% has been already confirmed by a large number
of existing installations.

The developments in electric steel making show the
big steps to reach the today's high standard. Im-
portance was the competition to the established AC
electric arc furnaces with high transformer perfor-
mance (SUHP furnaces) by the direct current DC arc
furnaces. With these furnaces the repercussion in the
mains voltage, the electrode consumption and the
noise emission was reduced remarkably. The DC elec-
tric arc furnace operates with just one graphite elec-
trode in the roof operating as the cathode, and a bot-
tom anode in the bottom.

Process modeling is often used for the observation
and control of the EAF process. Online process mod-
els allow the calculation of values incapable of meas-
urement like the actual liquid and solid steel and slag
mass in the furnace or the permanent monitoring of the
actual mean temperature of the liquid steel.

Two particular solutions to modern electric arc fur-
nace steelmaking are presented below.
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2. The foaming slag techology

Since many years the foaming slag practice in the
EAF is well established in low alloyed steel production.
It improves thermal efficiency of the melting, lowers re-
fractory and electrode consumptions, and provides a
stable arcing at lower noise level. Good foaming effect
is attainable by suitable slag viscosity strong affected
by iron oxide content in the slag as well as permanent
iron oxidation and iron oxide reduction by injected ox-
ygen and carbon into the metal bath and slag, respec-
tively. In case of high alloyed steels with high chro-
mium content the preconditions for slag foaming effect
are diametrical different. Oxygen injected into the steel
produces mainly chromium oxide with totally different
properties in comparison with iron oxide, it changes
significantly the slag viscosity. The solubility of chro-
mium oxide in the slag is considerable weaker in com-
parison with that of iron oxide at the same thermal and
basicity conditions. Also the reduction of chromium ox-
ide by carbon does not attain such intensity as the re-
duction of iron oxide. The gas generation is poor. The
oxygen/carbon injection technique in the high chro-
mium alloyed steel production is due to the chemical
and physical conditions evidently hazardous and
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difficult in operation. The risk of uncontrolled oxidation
of chromium is pronounced, resulting in high chromium
losses and poor foaming.

The novel technology distinguishes principal from
the conventional one, which uses injection of oxygen
and carbon via manipulator lances. The new technique
bases on the reduction of iron and chromium oxide by
carbon as well as on the thermal dissociation of lime
stone contained in a small dimensioned briquette. Spe-
cific density of the briquettes is assorted to have value
between slag and metal. Its introduction into the melt
causes placing exactly on the slag and metal bound-
ary - optimal place for the requested gas generated re-
action.

2.1. Idea of slag foaming formation

Two factors define the foamy slag formation: the
foaming material with the corresponding reacting com-
ponents, which produce gaseous products, and the
slag viscosity dependent on the chemistry and temper-
ature. A liquid slag is for the foam formation a prereqg-
uisite.

The principal reaction that creates gas bubbles in
the slag is the reduction of iron and chromium oxides
are given by the following stoichiometry:

(Fe0) + Cparticle—or—dissolved = [Fe] + {CO} (1)

(Cr,0,)+3C

The reaction (1) in carbon steelmaking is the prin-
ciple and iron oxide is the major component in the slag.
When the slag viscosity is suitable for sustaining foam,
then the simple carbon injection into the slag causes
the foaming effect. Other situation is in case of stain-
less steel slag. The major components are CaO, SiO2
and Cr20s. The SiOz is a fluxing component, while the
Cr20s stiffens the slag. Due to the higher chromium af-
finity to oxygen the Cr203 generation takes place pref-
erentially in comparison with FeO. Therefore it is im-
portant to control the chromium oxide content and the
slag basicity, responsible for the viscosity, which con-
strains gas bubbles to temporary detainment in the
slag layer.

The bubble forming phenomenon is a process of
formation new surface area by the mechanical force
resolved by reaction gas. In the presented technology
this gas is effective for the reduction reaction of metal
oxides by carbon taking place in a briquette or pellet
introduced into the metal bath. Buoyancy forces of
bubbles crack the slag surface saturating temporarily
the top layer to create the foam. With a sustained gas
flow coming from the reacting briquettes the population
of the bubble aggregation as foam continues to grow.
As a consequence of it, the height of the foam layer
increases. Importance for such mechanism is the opti-
mal placing of the briquettes to get the maximum foam-
ing effectiveness. It is the boundary between the slag
layer and liquid metal. With the control of the briquette
density, corresponding to the range between that of
slag and metal (3-7 t/m?3) such placing is always reach-
able. The foam height increases with the increase of

particle-or—dissolved —

= 2[Cr] + 3{CO} 2)

the gas flow rate; it is directly proportional to the foam-
ing material rate.
Fig. 1 illustrates the principle of the slag foaming.

Theoretical considerations and laboratory tests

The aim of this laboratory experiment was to estab-
lish adequate forms and chemical compositions of the
materials for effective foaming of high chromium oxide
slag. The materials were supposed to contain iron ox-
ide scales, carbon carriers, and high-carbon ferrochro-
mium as weighting agent as well as possibly calcium
carbonate as additional producer of gas for foaming
process. As to the form of the foaming materials either
briquettes or pellets of different sizes were considered.
Furthermore, the research study was carried out by
making laboratory heats, sampling metal and slag
phases for chemical analysis in order to optimize the
foam ability.

In the first stage of the work, the most promising
materials for foaming were selected based on theoret-
ical considerations. A model for computation of the
specific densities of the foaming mixtures was applied.

In the second stage of the work, the foaming mix-
tures were prepared in forms of briquettes and pellets
of different sizes. A number of 40 heats were per-
formed in a laboratory arc furnace to investigate the
impact of various parameters on the height and stabil-
ity of the generated foams [1].

In the third stage, the experimentally obtained re-
sults were analysed and the final conclusions and tech-
nological recommendations as to the optimal condi-
tions for the slag foaming were established.
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Figure 1. Principle of foaming slag formation by briquette.

Results indicate that the highest foamability was
obtained for the pellets of a 8-10 mm diameter, while
the lowest for those of a 2-5 mm diameter. The effect
is due to the fact that small pellets do not sink trough
the slag layer down but float up to the slag surface. The
phenomenon is caused by the interfacial tension
forces at the pellet/liquid slag boundary. While floating
on the slag surface, the bubbles formed in the pellets
do not go into the slag layer but go into the ambient
atmosphere. For pellets, the foaming time was lower
than this for briquettes. It can be explained by the kind
of their structure. Briquettes which are compressed
materials have lower porosity. Decreased contact sur-
face with liquid slag causes slower heat transfer,
slower reduction of the iron oxides in the briquettes and
in consequence lower gas rate. Only briquettes were
selected for industrial examination.

Industrial tests

On the base of the above described laboratory test
the industrial test of foamy slag at high Cr-oxide in an
EAF was carried out to prove its industrial functionality
as well as viability. The EAF-AC with the capacity be-
tween 25-35t and transformer of 32 MVA is designed
for pre-metal production of austenitic and ferritic steel
grades in common operation with the down stream op-
erating 80t AOD-L and MRP-L converters.

The test being integrated into the current production
consisted of 45 austenitic and 15 ferritic heats. The test
procedure distinguishes from the normal operation,
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Figure 2. Standardized slag diagram.
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where oxygen is blown during the whole super heating
period. The reason of such procedure was to separate
the oxygen effect on the carbon and metal oxidation,
additional generation of CO bubbles, as well as impact
effect of the gas stream. Several heats were tested un-
der normal operational conditions.

As the test results show, the foaming of a Cr20s rich
EAF slag is a difficult but under controlled slag condi-
tions possible task. Results of this industrial test con-
firm the correct recipe of the foaming material and the
optimal reacting place of the briquettes. Further expe-
riences of the test show also dependences between
the initial slag amount and its foamability. Intensive gas
development in combination with the slag mass and
the desired low viscosity allows slag generations with
sufficient height for complete cover of the electric arcs.
The optimal initial slag amount fluctuates in the range
68-72 kg/tsteel. Fig. 2 illustrates areas of slag composi-
tion after briquette additions. It can be seen, that the
most slags were good reduced. The average residual
Cr20s3 in the slag was indicated by 4,2%. Also the ba-
sicity in the range 1,3-1,35 was established as optimal.
This part of the slag system must be considered to be
the optimum area. The viscosity is in this part low, how-
ever, partly undissolved lime and higher Cr.0O3 content
increases the viscosity. Fig.3 illustrates a typical slag
height development of a AISI 304 heat. The slag
heights were measured with a reference to the elec-
trode diameter.
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Figure 3. Slag height course.



As the curve shows, after approx. 2 minutes the
slag reached the adequate height suitable for the elec-
tric arc cover. During the next 4 minutes this level was
established, leaving the required range after 4 —
5 minutes. It should be mentioned, that since the
3.5 minutes an overflow of the slag through the furnace
door was observed. The slag mass was relating to this
continuous reduction until a stable level was reached.
It was observed in other tests with oxygen blowing, that
the oxygen stream support in the receipt of the foaming
layer. In view on the electrode consumption the foamy
slag has an undisputed significance.

All tests demonstrate that the new foaming slag
technology for stainless steelmaking in EAF which is
carried out by foaming materials containing scale, car-
bon and ballast materials, introduced into the furnace
in briquettes form with a special defined density and in
combination with a controlled slag viscosity implicates
sufficient foaming quality and its height. The slag
height is controllable by intensity and duration of addi-
tions.

3. The optimisation of the electric energy con-
sumption in the EAF

The aim of steel production in the arc furnace is ob-
taining the liquid metal bath from the scrap metal as
quickly as possible and using as low costs as possible.
The structure and the construction of the furnace is
subordinate to the aim. So it is the technological
method of running the process. The technology of the
process encompasses proper preparation and loading
of the charge materials (scrap, slag forming materials,
carburizing materials) as well as their melting by
means of electric energy transformed into heat in the
electric arc. The optimal control of the work of an arc
furnace with the alternating current is a complex pro-
cess due to the quantity and variety of the working pa-
rameters. Many physical phenomena as well as chem-
ical reactions take place during the melting process.

Parameters of EAF’s work
coming from industrial condi-
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Their precise mathematical description does not seem
possible. At the same time the competition at the steel
market requires the furnace to work economically
which is tantamount to a decrease in production costs.
It is impossible to optimize the furnace work in a way
that would decrease the costs and produce high quality
steel in a universal way at the same time. Different pro-
ducers apply different methods of controlling the pro-
duction costs.

Therefore, an attempt has been made to optimize
the demand for electric energy used in the production
process in the arc furnace. The used energy is one of
the most important components of the production
costs. If one plans such parametres of the furnace that
would optimize the use of energy, the costs will go
down.

3.1. The concept of the model

Many physical and chemical phenomena, which
take place during the steel melting process in the
electric arc furnace, can be presented by means of the
physical and chemical models decribing these
phenomena. One of such phenomena is calculating
the demand for electric energy. Preparing a model of
electric energy demand will enable the optimisation of
the electric energy consumption. So far many models
used in industrial practice have been described in
literature [2-5]. The most often used methods included
the method of selecting the equation’s form and
determining the facors. The use of modelling based on
the physical chemistry of the process is a difficult task
on account of a large amount of simultaneous physical
and chemical phenomena requiring a complex
mathematical description. Therefore, an attempt was
made to use a method based on the calculus of
probability. The genetic algorithm method was used in
order to identify the available statistical equations
describing the use of electric energy in the arc furnace
(Figure 4).

Optimal parameters of genetic
algorithm’s work

Genetic algorithm

Equations for electric
energy demand pro-
posed by literature
T

The limits set by the
construction and the
technology used in
the analyzed aggre-
he EAF’s work parameters gates

enabling a decrease in electric

energy use

Figure 4: A schematic diagram of the proposed model

3.2. The obtained results

Elaborated software was used to calculate such
factors of the melting process that would ensure mini-
mal demand for the electric energy. The obtained re-
sults were compared with minimal, maximal and me-
dium values from the actual real melts.

The developed software AGEAF was used to cal-
culate the optimal demand for electric energy in the
steelmaking process in the electric arc furnace. The
real parameters describing the steelmaking process
with values ranging from the minimal to maximal val-
ues were used as the entry data. The values of the
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parameters were established according to the AGEAF
algorithm in order to obtain minimal demand for electric
energy. The energy was calculated by mean of differ-
ent equations, detailed described in literature [6].

Table 1. The average values from real melts and the obtained factor values which enabled minimal energy consumption and

which were calculated the AGEAF software use.

The obtained results, as an example, and average val-
ues for the real melting processes are shown in

Table 1.

Average Predicted values
Factor's name alues of

\rleaLIJ melts Equation a Equation b Equation ¢ Equation d
Calculated value of the electric energy de-
mand, kWhiMg 396 294 273 293 285
Weight of metallic charge, Mg met- 157 151 145 153 159
alicznego, Mg
Weight of melted metal, Mg 140 145 148 149 152
Weight of remaining metal, Mg 10 6.2 4.6 7.6 3.0
Slag weight, Mg 10 10 10 10 10
Oxygen used for the process, m3/Mg Mg | 33 33,5 35 32 34
Gas used for the process, m3/Mg 34 2.8 2.15 35 4.9
;ﬁ]rgpféature of the metal bath before tap- 1609 1609 1609 1609 1609
Tap to tap time, min 52 58 53 55 61
Time of. energy consumption by the fur- 40 35 40 44 42
nace, min

" - detailed description of equations (a) + (d) is included in literature [6]

The minimal demand for electric energy calculated
on the basis of equations is in each case smaller than
that for the real melting processes. Consequently, it is
possible to select such values of particular factors that
would lower the demand for electric energy. The anal-
ysis of particular values of different factors led to the
conclusion that equation (b) best reflects the real work-
ing conditions of the investigated arc furnace. In order
to optimize the demand for energy, it is advised to use
the above mentioned equation. As can be seen from
the data in Table 2, the calculated values of particular
factors are different from the average values from real
melting processes. The smallest difference that can be
noticed is that in the time from one melt to another and
the biggest difference is that in the melted metal
weight. Such results show that the time from one melt

to another has the biggest influence on the energy de-
mand. The factor showing the biggest difference from
the average real value has the least significance when
it comes to energy demand. Similar relations were ob-
tained as far as other analyzed equations are con-
cerned.

The analysis of the results shows that the quality of
the database used for optimizing the energy demand
is not the best. It can be said that the minimal and max-
imal values used in optimizing the energy demand
were coincidental to a large extent. That is why theo-
retical minimal and maximal values of particular factors
were assumed. They were prepared on the basis of the
furnace’s construction parameters and technological
data and are shown in Table 2.

Table 2. Theoretical parameters for the optimization process in AGEAF software for the furnace.

Factor's name Values
Minimal Maximal
Weight of the metallic charge, Mg 140 165
Weight of melted metal, Mg 120 162
Weight of remaining metal, Mg 0 10
Slag weight, Mg 8 12
Oxygen used for the process, m3/Mg 0 50
Gas used for the process, m3/Mg 0 10
Temperature of the metal bath before tapping, °C 1590 1610
Tap to tap time, min 45 55
Time of energy consumption by the furnace, min 35 45
DRI weight 0 5
HBI weight 0 5
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AGEAF software was again used to calculate the
electric energy demand on the basis of minimal and
maximal values from Table 2. The results are pre-
sented in Table 3. The results show that the calculated
value of optimal, i.e. minimal, demand for energy as-
sessed on the basis of equations (a) + (d) differs
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depending on the equation. The smallest value was
obtained in the case of equations (a) and (d). Higher
values were obtained in the case of equations (b) and
(c). It means that for such working conditions it is good
to use equations (a) and (d).

Table 3. The factor values which enabled minimal energy consumption and which were calculated he AGEAF software use.

Factor's name Predicted values

Equation a Equation b Equation ¢ Equation d
calculated value of electric energy demand, kWh/Mg 297 349 350 298
Weight of the metallic charge, Mg 144 151 159 150
Weight of melted metal, Mg 141 146 147 142
Weight of remaining metal, Mg 8 4.9 9.0 7.7
Slag weight, Mg 10 10 10 10
Oxygen used for the process, m3/Mg 42,36 32 32,9 40
Gas used for the process, m3/Mg 3.8 2.7 8.2 7.3
Temperature of the metal bath before tapping, °C 1600 1600 1600 1600
Tap to tap time, min 52,9 50 52 46,5
Time of energy consumption by the furnace, min 38 37,6 38 38
DRI weight - 4,47 - 2,65
HBI weight - 1 - 2

" - detailed description of equations (a) + (d) is included in literature [6]

The values of the factors which cause the optimal
energy consumption show that it is recommended to
work on the melting technology. It is recommended to
develop such technologies that would use those fac-
tors that make the energy demand optimal.

4. Conclusions

Steel is sometimes produced using a two-stage
technology. During the first stage liquid metal bath is
obtained in the steelmaking furnace but during the sec-
ond stage the metal bath is subjected to refinement in
the process of the ladle metallurgy. Among the availa-
ble tools for metal bath creating, the electric arc fur-
nace seems the highest flexibility with respect to the
selection of charge materials and their structure. This
particular feature of the EAF allows to select the most

convenient charge mix. Process modeling is often
used for the observation and control of the EAF pro-
cess. Online process models allow the calculation of
values incapable of measurement like the actual liquid
and solid steel and slag mass in the furnace or the per-
manent monitoring of the actual mean temperature of
the liquid steel.

Two particular solutions to modern electric arc fur-
nace steelmaking are presented in the article:

the foaming slag technology used in case of high
alloyed steels with high chromium content and

the developed software used to calculate the opti-
mal demand for electric energy in the steelmaking pro-
cess in the electric arc furnace.
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