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Abstract

The main cause of temperature and composition fluctuations in the electric arc furnace (EAF)
process is the scrap used as a raw material. Process conditions in EAF can vary significantly from
heat to heat because there is no accurate information of scrap composition. Due to harsh process
conditions, there are currently few sensors available for direct on-line measurement of the EAF
process.

In this work new information about stainless steelmaking EAF process conditions is sought
with optical emission spectrum measurement. The measurement system relies on transportation of
the light emitted from the measured furnace to a remotely situated spectrometer.

Analysing the slag composition from the arc emission spectrum was tested in the laboratory
and on a pilot scale. The laboratory measurements indicate that the composition ratios including
CrO, or MnO have the highest correlations to the XRF analysed slag composition. The pilot scale
measurements show that the Cr,O3 content of the slag can be measured from the arc emission
spectrum using suitable reference lines with an average absolute error of 0.62 %-points and a
standard deviation of 0.49 %-points.

The results from measurements at Outokumpu Stainless Oy, Tornio Works, indicate that
measurement of the optical emission spectrum from industrial EAF is feasible in a practical sense,
and can be used in analysing of EAF atmosphere, scrap melting and slag surface. Furthermore, the
results of industrial measurements indicate that the atoms in the arc plasma mainly originate from
the slag. The measurement of scrap melting could be potentially used in EAF control in
optimization of arc voltages and second scrap bucket charging. The potential use of slag CrOy
measurements is in optimization of reductant additions as well as defining the further processing
of EAF slag.

Keywords: EAF, in situ, measurement, OES, on-line, plasma diagnostics, process
conditions, slag composition
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Tiivistelma

Valokaariuunien ohjaus on perinteisesti ollut uunioperaattorin késisséa. Valokaariuuniprosessin
on-line mittaukseen on olevassa vahadn menetelmia johtuen uunin hyvin haastavaista olosuhteis-
ta.

Téssa tydssa on tutkittu optiseen emissiospektroskopiaan perustuvaa menetelmda uuden jat-
kuva-aikaisen tiedon tuottamisessa valokaariuuniprosessista. Mittausjarjestelméd perustuu valon
kerdédmiseen mitattavasta uunista valokuidun avulla, joka johtaa valon analysoitavaksi etdélle
prosessista sijoitettuun spektrometriin. Mittauksia suoritettiin laboratorio-, pilot- ja tehdasmitta-
kaavassa.

Valokaariuunin kuonan koostumuksen analysointia testattiin laboratorio- ja pilot-mittakaa-
van uuneilla. Laboratoriomittaukset osoittivat ettéd koostumussuhteilla, joissa oli mukana CrO,
tai MnO, oli suurin korrelaatio kuonan XRF-analyysilla mitattuun koostumukseen. Pilot-mitta-
kaavan kokeissa havaittiin, ettd kuonan Cr,Os-pitoisuutta voidaan mitata valokaaren emissios-
pektristd 0,62 %-yksikdn keskimaaraisella absoluuttisella virheella ja 0,49 %-yksikkon keskiha-
jonnalla.

Teollisella valokaariuunilla suoritetuista mittauksista havaittiin, ettd optisen emissiospektrin
mittaus voidaan suorittaa ilman ylitsepddsemattomié teknisia esteitd. Mittauksen tuloksia voi-
daan puolestaan kéyttad kaasufaasin reaktioiden, romun sulamisen ja kuonapinnan ominaisuuk-
sien arvioinnissa. Valokaaren emissiospektrin analyysi osoitti, ettd valokaaren plasman kompo-
nentit ovat padosin perdisin kuonasta, joka mahdollistaa kuonan koostumuksen arvioinnin valo-
kaaren emissiospektrin perusteella. Romun sulamisen mittausta voidaan prosessinohjauksessa
kayttaa janniteportaiden ja toisen korin panostuksen optimointiin. Kuonan kromipitoisuuden
mittaamista voidaan puolestaan kaytt&a pelkistinaineiden lisdyksen optimointiin ja kuonan jatko-
kasittelyn valintaan.

Asiasanat: EAF, in situ, kuonan koostumus, mittaus, OES, on-line,
plasmadiagnostiikka, prosessiolosuhteet
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1 Introduction

1.1 Context — Electric arc furnace steelmaking

Steel scrap is used as a raw material in electrical steelmaking. The scrap inserted
into an electric arc furnace (EAF) is melted with electricity. The electricity is
supplied via the electrodes to the scrap charge. Finally the liquid steel is tapped out
for further processing.

The most challenging aspect of EAF steelmaking is the varying attributes of
the steel scrap. The density, size and composition of scrap all vary depending on
where the scrap originates from and how the scrap has been separated. Different
types of steel scrap are separated into different categories, but to know exactly what
the scrap contains would mean there would have to be as many scrap categories
should be employed as there are sources of scrap. No scrap supplier uses this
tedious classification practice. The consequence is that a certain scrap category
always contains scrap pieces of different origins and the characteristics of the EAF
charge vary.

1.2 Objectives and scope

Recently, the focus in EAF development has been switched towards dynamic
control, which gives the operator new possibilities to monitor and adjust the EAF
process during the heat [1]. On the other hand, there are too few sensors that can
withstanding the harsh process conditions of EAF. The lack of on-line data
combined with no accurate information of scrap composition cause significant
variance in tapping temperature, metal yield and energy efficiency, which are in the
worst case only observed after the tapping.

The aim of this thesis is to introduce a new method for analysing EAF process
conditions based on on-line in situ optical emission spectrometry and to report its
advantages and limitations. The focus of this thesis is in stainless steelmaking
because poor process control in EAF can cause losses of valuable elements like Ni
and Cr, and the fluctuation in the content of other elements in scrap can have a
significant effect on the process phenomena.

The original papers and their relations to the analysed phenomena and to the
scale of the measurements are presented in Table 1. The original publications in
this thesis are ordered based on the scale of the furnace from which the optical
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emission spectra were measured. Measurements were conducted in a laboratory
furnace (Paper ), in a pilot EAF (Paper 1) and in an industrial furnace (Papers 111
and I'V).

The three main topics of the original papers were characteristics of EAF plasma,
EAF slag composition and EAF process conditions. The characteristics of EAF
plasma were analysed to provide better understanding of composition and optical
thickness of EAF arc plasma, which can be used to make better assumptions in
plasma modelling. EAF slag composition was analysed because it is affects slag
foaming and chromium losses in stainless steelmaking EAF. The aim of measuring
EAF process conditions was to provide new dynamic information about scrap
melting, post combustion in EAF atmosphere and heat transfer between the roof
and the slag surface.

This dissertation consists of a description of methods, an introduction to EAF
steelmaking and optical characteristics of EAF, a description of the experiments
reported in the original papers, a summary of results obtained from the
measurements and a discussion about the industrial relevance of the findings. The
original papers are reprinted at the end of this dissertation.

Table 1. Original papers and their relation to the analysed phenomena and to the scale
of the measurements.

Scale Characteristics of EAF arc plasma  EAF slag composition EAF process conditions
Laboratory Paper | Paper | Not applicable
Pilot Paper Il Paper Il Paper Il
Industrial Paper Il In future Papers Il and IV

16



2 Methods

21 Optical emission spectrum

Emission spectrum describes the intensity of electromagnetic radiation as a
function of wavelength. The term “optical” refers to electromagnetic radiation of
wavelengths visible to the human eye. Many different mechanisms produce
electromagnetic radiation, but in the context of the electric arc furnace and visible
wavelengths, the two main mechanisms are atomic or ionic emissions and thermal
motion of particles.

2.1.1 Atomic and ionic emissions

Atomic and ionic emissions are caused by the movement of electrons between
different energy states. The schematic illustration of atomic emission is presented
in Figure 1. Atomic emission is preceded by the movement of electron to higher
energy levels due to the absorption of energy (while still being bound). When the
electron returns to lower energy levels, electromagnetic radiation is emitted. The
wavelength of the radiation is proportional to the difference between the two energy
levels, which means that since orbital configurations of all atoms are unique, so are
the wavelengths of atomic emissions. The wavelengths of the atomic emissions are
generally in the visible spectrum, while the ionic emissions are generally in lower
wavelengths.

17
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Spontaneous emission

Fig. 1. Subsequent absorption and spontaneous emission.

2.1.2 Thermal radiation

Thermal radiation is electromagnetic radiation arising as a result of microscopic
thermal activities in a material approximately in local equilibrium [2]. The thermal
radiation emitted by the material contains photons of multiple wavelengths; in
black body conditions the intensity of the thermal radiation depends only on the
temperature of the material. In practice, the surface properties affect the intensity
of the emitted radiation. The ratio of the emitted radiation of a certain wavelength
to black body radiation can be expressed by emissivity. The thermal radiation can
be simplified with grey body assumption, which assumes that the emissivity is
constant in all wavelengths, i.e. the wavelength distribution of the thermal radiation
is equivalent to that of black body radiation. In steelmaking, liquid steel and slag
are often assumed to emit thermal radiation as a grey body. The difference between
the liquid steel and slag surface is that slag has much higher emissivity.

2.2 Optical emission spectrometry

Using electricity to generate atomic excitation is one of the oldest material
characterization methods based on optical emission spectrometry (OES). The
amount of analysed element is calculated from the ratio of atomic emission lines.

18



The atomic emission lines of the analysed components are compared to the atomic
emission lines of the reference component, of which the amount in the material is
known. The comparison of atomic emission lines makes the measurement free of
the changes in overall intensity levels of the spectrum.

The use of OES in the measurement of industrial processes can be regarded as
on-line OES, to separate it from traditional laboratory OES analysis. The on-line
OES differs from analytic OES in the sense that it needs to be more robust to
changes in excitation conditions because the economics of the process define the
energy input. This means that the accuracy of on-line OES is inherently lower than
analytic OES.

On-line OES has been employed in control of processes employing lasers or
thermal plasma. With on-line OES it is possible to measure and correct deviations
from the optimal laser welding parameters [3]. On-line OES has been used for
control purposes, for example, in plasma spraying process [4], metal deposition
process [5].

In steelmaking, the attempts to use on-line OES have been focused on the
converter process. It has been used in analysing particle temperature and optical
thickness of the EAF off-gas [6], as well as in the measurement of steel manganese
content from the lance hot-spot [7]. In electric arc furnace steelmaking, two
different optical emission spectrum measurements have been reported: in pilot
scale ilmenite smelting [8] and in industrial DC EAF [9].

2.3 Plasma diagnostics of LTE plasma

To understand the effect of changing excitation conditions, the characteristics of
the emitting material have to be defined. Fluctuation excitation conditions change
the relative excitation probabilities of atoms, since the excitation levels of all atoms
are unique. These changes can be modelled when the characteristics of the emitting
material are well known.

The normal definition of temperature describing the thermal movement of
particles is not valid in plasma because a major part of the energy is transferred
through collisions of electrons. Therefore, a better description of the energetic
qualities of plasma is obtained by measuring the density and temperature of the
electrons. The electron temperature is often called plasma temperature, which
should not confused with particle temperature.

Most methods of plasma diagnostics rely on the plasma being in local
thermodynamic equilibrium (LTE). There are many definitions of LTE, but the
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general principle is that the collisional processes dominate the heat transfer in
plasma. If the radiative processes are dominant, the intensity source function is no
longer function of local electron temperature but depends on the radiative flux from
the other parts of plasma [10].

Another assumption that can be made in plasma diagnostics is to assume the
low optical thickness of plasma. In optically thick conditions, the spectral lines are
affected by absorption of the cooler outer region of plasma. Most widely used
methods for determination of plasma parameters rely on optically thin spectral lines

[11].

2.3.1 Plasma temperature in LTE plasma

In LTE plasma the population densities of exited energy levels and electron
temperature 7 is related through the Boltzmann function:

5

z kT
o M)

N U

where N is the number density, gj is the degeneracy of the upper level, E;Z is the
energy of the upper level, U?(T) is the partition function and & is the Boltzmann
constant [12]. The consequence of the Boltzmann function is that the wavelength-
integrated emissivity 6‘; , for a transition of a given emitting species, can be
expressed as:

N heN*
)=———Ej +In(C———) )

In(
4,8, kT 47U (T)

where A,-j is the transition probability, A is the transition wavelength, /4 is the
Planck’s constant, ¢ is the speed of light [13]. When the left hand side of the
equation is plotted against excitation energy for all selected atomic emission lines
of a single emitting species, a straight line yielding plasma temperature as its slope
is expected. The term in the far right in the equation can be neglected because it is
constant at a fixed plasma temperature. This method, in which electron temperature
is calculated from relative line strengths, is called the Boltzmann plot method.
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3 Electric arc furnace steelmaking

3.1 Electric arc furnace

EAFs generally consist of a furnace mantle, refractory lining, an off-gas duct,
electrodes and an electrode arm. The energy is supplied to the electrodes via
electrode arms from the EAF transformer, which is located nearby the furnace. A
schematic picture of EAF is presented in Figure 2.

Off-gas evacuation hood

Electrodes Refractory mass —

Water-cooled panels gip

s L o
=_ Refractory bricks -

Tapping spout

Fig. 2. Schematic picture of EAF (furnace shell omitted, modified from [14]).

The EAF mantel gives an EAF its shape. The next layer inside the mantel is the
water-cooled panels, which ensure the mantel withstands the high temperatures of
the EAF process. The furnace bottom and lower part of the furnace sides are
protected with a ceramic lining, for example, carbon-magnesia bricks or refractory
mass. The lining prevents direct contact between the liquid steel and the furnace
mantel. The upper side of the EAF and furnace roof do not generally have refractory
lining, but water-cooled panels are coated by an autogenous slag lining, which is
generated by the splashing of the slag on the water cooled panels. In the centre of
the EAF roof, around the electrodes, is a ceramic lining that insulates the electrodes
from each other and the furnace mantel.
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The electrical furnaces can be divided into two main categories: alternate
current (AC) and direct current (DC) furnaces. AC furnaces differ from DC
furnaces in current supply and in distribution of current inside the furnace. In AC
furnaces, the current flows between the electrodes on the top of the steel melt, while
in DC furnaces the current flows from the electrode on top of the melt to the
electrode on the bottom of the furnace.

3.2 Main process periods in EAF steelmaking

The EAF process can be divided to four main process periods: 1. Charging period
2. Melting periods 3. Heating period and 4. Tapping period. Electricity is introduced
to EAF in melting and heating periods, while charging and tapping periods are
related to the movement of metal to and from the EAF.

The EAF process starts with the loading of scrap into the EAF. The loading is
conducted with a scrap bucket, which is emptied into the EAF. The scrap bucket
also contains slag formers and other additions to the furnace. The scrap can be
preheated to remove the excess moisture from the scrap, which poses a safety risk
in EAF processing.

After the scrap is loaded, the electrodes are lowered into the scrap and the arc
is initiated. A schematic figure of scrap melting in diametrical furnace section is
presented in Figure 3.
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Fig. 3. Melting profiles for a diametrical section through the centre phase (modified from
[15], process periods labelled from a to I).

Arc voltage is kept low at the beginning of the melting when the arc is on the top
of the scrap (Figure 3 a). The electrodes are lowered continuously when the scrap
melts under the electrodes, which causes the arc to be immersed in the scrap (Figure
3 b —e). The movement of the electrodes is controlled to maintain a fixed arc length.
When the electrodes are bored inside the scrap, the arc power can be increased
because the radiating energy is absorbed by the scrap around the arc. When the
electrodes gets near the EAF bottom lining, a liquid pool starts to form on the
bottom of the EAF. When the arc reaches the liquid pool, the boredown of the
electrodes stop (Figure 3 f). In this phase the maximum arc power can be used
because the arc is completely shrouded by scrap and the stability of the arc is
ensured by the liquid pool.

After the boredown, the liquid pool forming on the furnace bottom melts the
scrap (Figure 3 g). Local scrap melting conditions depend on the number of
electrodes; with a three electrode AC furnace the scrap melts first from the three
hot-spots between the electrodes and the furnace lining. With multiple electrodes,
the arcs curve away from the furnace centre. Between the electrodes and the furnace
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lining are the so-called cold-spots, which are not heated as intensely by the arcs as
the hot-spots. The movement of arcs in EAF due electromagnetic forces is
presented in Figure 4.

Force
vectors

Fig. 4. Electromagnetic forces in an AC electric arc furnace (modified from [14]).

When scrap melts in the hot-spots, the electric arcs become visible from the furnace
sides (Figure 3 i). This phenomenon increases the radiation losses, increases
refractory wear and decreases the energy efficiency, since a higher amount of
energy is transported to water-cooled panels. To decrease thermal load on side
panels, the length of the electric arcs is shortened by decreasing the arc power [14].
The heat transfer between arc and furnace sides can also be reduced by immersing
the arc in foaming slag. When most of the scrap is already melted, the steel melt is
heated to the tapping temperature with low power.

When the scrap charge has melted and reached tapping temperature (Figure 3
1), the melt can be poured out of the furnace to the transfer ladle. Slag can be blown
out of the slag door before EAF tapping or tapped in together with steel. The
tapping can be conducted through the tapping hole in the furnace side or in the
furnace bottom; in stainless steelmaking tapping through side holes is more
common than bottom tapping since side tapping increases mixing between slag and
steel and promotes reduction of Cr,O; in slag [16].
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3.3 EAF auxiliary equipment

EAF auxiliary equipment is usually used to inject solids or gases to EAF [14].
Injection is conducted with a manipulator through the furnace door or with sidewall
mounted fixed injectors.

In high productivity EAF process, a part of the inserted energy is supplied as a
chemical energy to reduce the electricity consumption and to decrease tap-to-tap
times. Chemical energy can be inserted by two methods, by using natural gas
burners or oxygen blowing. Burners are typically installed on the furnace sides and
the natural gas is injected through a hole in the cooling water panels [1]. Burners
are used in the early periods of EAF process to heat the scrap in the cold-spots near
the melting point. The input of energy on the cold-spot reduces the melting times
of the scrap in places where it last melts, thus reducing the differences between
melting of the scrap in the different parts of EAF.

The second method to introduce chemical energy to EAF is to blow oxygen
into liquid steel in order to obtain a reaction with dissolved carbon. Oxygen
blowing can be conducted using the same equipment as natural gas injection or
with a separate oxygen lance through the slag door or tapping hole. Oxygen
injection is started after a liquid pool has been formed. Oxygen is injected through
the slag into the steel melt, where it reacts with dissolved carbon generating carbon
monoxide bubbles. Oxygen blowing also locally oxidizes iron in the steel melt
generating FeO, which is reduced by dissolved carbon to further enhance CO
generation [17]. Carbon monoxide enters the furnace atmosphere when the bubbles
reach the top of the slag and burst.

Blowing oxygen and carbon into carbon steel melt promotes slag foaming.
When the generation of carbon monoxide is high enough and properties of the slag
are optimal, foam bubbles are formed on a solid layer of slag [17]. The foaming
slag has a higher volume than original slag, which causes the slag level to rise and
the electric arc submerges in the slag layer. The submerged arc has high energy
efficiency, because the radiation from the arc is intercepted by the foaming slag.
Therefore, foaming slag enables the use of high arc power even in the later stages
of the EAF process, when the scrap has already melted. By stable foaming it is
possible to achieve much lower tap-to-tap times while still maintaining high energy
efficiency and low refractory wear.

In order to generate foaming slag, the capability of the slag to withhold gas
bubbles has to be sufficient, which can be described by the foaming index of the
slag. Foaming index can be defined as the change of foam height divided by the
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change in the actual gas velocity that is causing the foaming [18]. The most
important property affecting the foaming index is the viscosity of the slag; with too
low viscosity carbon monoxide bubbles have low residence time in slag. On the
other hand, too high viscosity indicates presence of solid particles in the slag, which
in excessive amounts break the foam bubbles [19].

3.4 Stainless steelmaking EAF

The main difference between producing carbon and stainless steel grades in EAF
is the presence of chromium in stainless steel melt. Chromium has a higher affinity
to oxygen than iron, which causes it to react with oxygen when the carbon and
silicon levels of the steel melt are locally low enough. This causes the stainless steel
slag in the EAF to have chromium oxides in it, which affects the properties of the
slag. The solubility of chromium oxides in slag is low, which produces solid
precipitates containing CrOx in slag [20]. The presence of solid particles increases
the apparent viscosity of the slag. A small increase in apparent viscosity will
increase the foaming index of the slag, but a large amount of CrOy particles will
decrease the foaming index [21].

As the foaming index of the slag depends on the amount of solid CrOy particles
in slag, using the foaming slag practice in stainless steelmaking requires good
control of the slag’s mineralogical composition [22]. The narrow mineralogical
window for optimum foaming index combined with relative slow CO generation in
CrOxy reduction [21] makes slag foaming with carbon and oxygen blowing difficult
in stainless steelmaking.

3.5 On-line data of EAF

On-line data of the EAF process can be acquired, for example, by measuring
thermal conditions of water-cooled panes, arc voltage, off-gas temperature,
electrode position, off-gas composition, acoustic emissions or by using sampling
probes. The main difficulty in obtaining on-line data of EAF is that the maintenance
requirement of sensors can be high, as the EAF environment is very hazardous to
measurement equipment. In addition, the current methods cannot reliably measure
the most important metallurgical process indicators, i.e. on-line steel temperature
or on-line slag composition [1].
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Immersion type thermocouples and sampling probes

The traditional method for obtaining information on steel temperature, steel
composition and slag composition during the EAF process is the use of immersion
type thermocouples and sample probes. Sample or temperature probes are
immersed into the melt to obtain discrete information of the said EAF process
parameters. The challenge in using sample probes is that the samples are usually
not analysed in situ, which makes the analysis times usually so long that the results
of the composition analysis cannot be used in process control. Recently, robotic
systems to conduct temperature measurements have been proposed [23]. One
method to obtain a sample of EAF slag is to take the sample from the ladle after
EAF tapping. However, the slag composition after tapping does not reflect slag
composition in EAF, as reduction of CrOx occurs in tapping [24].

Thermal conditions in water-cooled side panels

The upper parts of the EAF walls and EAF roof do not have any lining, but are
lined with water-cooled panels. Measuring the temperature increase of cooling
water enables the analysis of furnace heat transfer. The heat transfer to water-cooled
side panels is highest when there is no scrap or foaming slag between the arc and
side panels. On the other hand, the response time of the cooling water temperature
measurements is often long, since the slag accumulating on panels causes a kinetic
barrier in heat transfer between the cooling water and slag surface. For example, in
analysing scrap melting and slag foaming for burner optimization, the response
time of cooling water temperature has been deemed too high [25]. Furthermore, the
thermal conditions of water-cooled panels may be considerably affected by
refractory wear and post-combustion of CO [15].

Although the cooling water energy increase has some delay, it provides
valuable information for the analysis of scrap melting and slag foaming. It is one
of the most reliable methods to analyse scrap melting in the EAF, because the
temperature sensors in cooling water stream require only little maintenance.

Off-gas analysis

EAF off-gas composition can be used in analysing EAF process conditions because
it reflects the gas generation conditions in EAF, which in turn are related to
combustion and oxidation-reduction reactions occurring inside the furnace. The
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off-gas composition can be analysed for example with mass spectrometry [26],
tunable diode laser measurement [27], infrared absorption or paramagnetism [28].
In the analysis of oxidation-deoxidation reactions, the most important off-gas
components for process monitoring are CO and CO,. O, content of the off-gas is
especially important in the analysis of combustion reactions and oxygen injection.
On the other hand, nitrogen and argon content of the off gas can be used to evaluate
the volume rate of off-gas and air leaks. [26]

Acoustic measurements

Acoustic and acceleration sensors measure the noise or vibration of the EAF vessel
generated by the electric arc and its turbulent plasma jet. Acceleration sensors for
measuring structure-born acoustic emission must be attached to the furnace mantel,
while acoustic sensors do not need direct contact with the mantel.

The signal of acoustic and acceleration sensors are related to the noise
generation in arc, as well as the acoustic damping conditions inside the furnace.
The acoustic emissions are loudest in the start of the boredown period when the arc
is on top of the scrap and unstable. When electrodes bore deeper into the scrap and
the arc stabilizes due to formation of liquid slag and the electrode heating up, the
acoustic emissions decrease. [15]

When scrap melts, the attenuation by the scrap charge decreases and the
intensity of sound emissions reaching the furnace shell increases. Therefore, the
structure-born sound emissions can be used to measure scrap melting in EAF [29].
In order to gain an accurate signal of scrap melting, the changes induced by changes
in arc voltage have to be compensated with appropriate models.

When a flat bath is formed, slag foaming has a substantial effect on sound
emissions. In carbon steelmaking, the starting of slag foaming can be immediately
observed from reduced furnace noise even from the operator room. Because slag
foaming affects sound emissions, a system for controlling slag foaming based on
sound emissions have been proposed [30].

Electrical parameters of the furnace power circuit

Another method to measure changes in arc characteristics is to measure the
electrical parameters of the EAF power system. Phase-to-phase voltage and current
can be measured from either the primary or secondary system with transformers
[15]. Active power can be calculated from voltage and current signals. The
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electrical parameters of the arc furnace circuit can be used to assess the arc
characteristics, since the arc characteristics dominate the changes in electrical
circuit parameters. Approximately 95% of the power taken from the utility is
released in the arc [14].

The electrical parameters of furnace circuits are mainly affected by three
factors: power supply set-point, the conductivity of the arc plasma and the length
of the arc. The effect of arc voltage or current set-point is easy to distinguish since
a fixed set-point is used over a certain process period. During melting periods the
arc length has the most substantial effect on the electrical parameters of the arc.
Since arc length is affected by the distance between the electrode and steel bath,
the electrical parameters of the arc are closely related to the electrode position
control.

Electrode position

The position of the electrode is controlled by the movement of the electrode mast.
The electrode position is controlled to minimize the changes in a set point of
selected electrical parameter, for example, arc voltage or arc current. With fixed
set-point and slag foaming conditions, the electrode regulation system minimizes
the changes in arc length. The automatic control of electrodes is especially
important in the boredown period, when the occasional collapsing of scrap can
cause a short circuit. [31] Electrode positions can be controlled by proportional
controllers, while also more sophisticated neural network based control systems
have been proposed [32].

Electrode position is one of the few measurements that gives information about
scrap melting in the EAF. The length of the boredown period can be approximated
from the movement of the electrodes since electrode movement towards the furnace
bottom stops after the liquid pool is reached. However, the electrode position is not
necessarily stable in the main melting period because the electrode regulation
system reacts to short circuiting caused by falling scrap [15]. The connection to
falling scrap enables the electrode position signal to be used to assess how close
the scrap melting conditions are to the flat bath.

In flat bath conditions, the electrode position is related to the arc length set-
point as well as slag foaming. CO bubbles formed in steel melt during slag foaming
can raise steel volume and affect the steel surface [15]. Slag foaming also increases
the electrical conductivity of the arc, which means that to maintain constant arc
voltage during slag foaming, the length of the arc is increased. Due to the
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connection between conductivity of the plasma and electrical parameters, a system
for measuring slag compositions based on electrical parameters has been proposed
for ladle furnaces [33].
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4 Optical conditions inside industrial EAFs

The optical conditions of EAF are important in the analysis of the optical emission
spectrum since it defines what part of the EAF emits the measured optical radiation.
The transporting medium can be called optically thick when optical depth t, which
is an integral of absorption coefficient over unit length, is much higher than 1 [10].
If the transmitting medium is optically thick, it can affect the optical emission
spectrum by absorbing the optical radiation emitted farther away from the
measurement head or emit radiation of its own.

The radiation from the core of the electric arc must pass through the cooler
outer plasma of the electric arc and EAF atmosphere to reach the furnace sides. In
these two regions the main mechanism of absorption and emission differs; in the
arc plasma the main absorption mechanism is the absorption of atomic emission
lines by cooler atoms in the outer plasma, while in the EAF atmosphere the
absorption is caused by dust particles.

4.1 Gas composition of EAF atmosphere

Large amounts of gas molecules and dust particles are generated in the EAF process.
Particles small enough to be suspended by the gases are called fume [15]. To
prevent the off-gas from entering the factory atmosphere, the generated gases are
being drawn out of the furnace through a hole in the furnace roof with an off-gas
evacuation system [14]. Operating the furnace in low pressure causes the leak air
to enter the EAF through openings in the furnace mantel, therefore the EAF
atmosphere is a mixture of gases and fumes generated in EAF furnace and the leak
air [1].

The temperature and composition of the EAF atmosphere vary in the course of
the EAF process. In the early stages of melting, the temperature and composition
of EAF atmosphere is mainly affected by the generation of combustible gases
originating from the contaminants in the scrap charge and the possible use of
natural gas in scrap heating [26]. Scrap charge contains organic compounds, for
example oils or greases, which generate volatile organic compounds (VOC) when
the temperature of scrap charge increases [14]. The generated VOCs can combust
in the presence of leak air, thus increasing the temperature of the EAF atmosphere.
Another common contaminant in scrap charge is water, which can directly vaporize
to EAF atmosphere or create H, gas by reacting with dissolved carbon or various
carbon bearing materials charged in the furnace.
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In the later stages of EAF processing, the composition of the EAF atmosphere
is affected by carbon and oxygen injection. Carbon injection increases the ratio of
CO/CO; in off-gas, while oxygen injection decreases it. Distinguishing the effect
of a single operational parameter in off-gas composition can be challenging because
the effects of different operational parameters and process phenomena superimpose
each other [26].

The gas molecules inside EAF absorb radiation due to vibration or rotation of
their molecular bonds. The absorption of gas molecules is influenced by the
temperature and composition of the gas medium. However, the effect of absorption
by gas volume on the heat transfer in the CO-rich atmosphere is small [34]. The
absorption of gas volume can be neglected when furnace atmosphere contains a
significant amount of dust and fume [15, 35].

4.2 EAF Dust

The optical properties of EAF dust is affected by its particle size. Particles with
small diameter, especially those of below 1 micron, are effective in scattering and
absorbing radiation because of their large surface area to mass ratio. Larger
diameter particles are relatively ineffective in scattering and absorption. [15]
Therefore, the optical thickness of EAF atmosphere depends both on the amount
and particle size of the dust generated in the furnace.

EAF dust can be analysed by taking samples from the EAF off-gas filter system.
Chemical composition, mineralogy and particle size of EAF filter dust has been
reported in many papers [36 — 40]. Unfortunately, the samples gathered from the
filter system do not represent the dust in the EAF atmosphere, as dust particles
gathered from off-gas filters can be in liquid form in the EAF atmosphere and the
particles have been observed to agglomerate in the off-gas system [15]. The particle
size and composition of EAF dust depends on the operational parameters of EAF.
The chemical composition of EAF dust varies significantly depending on the
reference, as can be observed from Table 2.
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Table 2. Chemical composition of EAF dust in various references [41].

Component Chemical composition by reference

[36] [42] [38] [43] [39] [44] [45] [37] [46]
Zn 33 29 11.12-26.9 248 19.4 31.2 13.6 12.2 20.5
Fe 26 25 24.9-46.9 32 248 18.3 29.8 371 21
Pb 3.05 4 1.09 - 3.81 184 45 1.02 0.69 172 4
SiO2 3.15 3 - 1.4 3.41 - - 0.4
Cu 0.24 0.3 0.06 —2.32 0.02 - - - 0.17 0.38
Cd 0.05 0.07 0.03-0.15 0.03 - - 0.02 0.01 0.18
Cr 0.24 - 0.06 — 0.58 - - 0.19 0.09 0.22 0.19
Al 0.6 - - - - 068 - 0.41 0.6
Mn 1.83 3 246-4.6 3.31 - 2.2 - - 225
Ca 2.9 - 1.85-10 408 - 156 - - 12.5
Na 1.03 - 0.29-2.31 - - 3.8 - - 1
K 0.85 - 0.06 — 1.12 - - 067 - - 0.68
Sn 0.024 - - - - - - - -
Sb 0.06 - - - - - - - -
Cl 0.011 4 0.51-2.36 - - - - - 3.8
F 0.073 — 0.01-0.88 - — - — — -

4.2.1 Dust generation

The generation mechanism, particle size and amount of EAF dust differs in scrap
melting, liquid bath and foaming slag conditions. The formation mechanisms of
EAF dust are [47]:

Volatilization by arc or oxygen jet zone
Emission of droplets by the arc or oxygen jet
Projection of droplets by bursting of CO bubbles
Bursting of droplets in EAF atmosphere

Direct fly-off

M

Visual observations indicate that the densest fume is generated in the scrap
boredown and melting period [15]. The predominant mechanism of dust generation
in the boredown period is proposed to be the interaction between the arc jet and the
melting material, which produces liquid iron droplets that later oxidize to iron
oxides. The fumes generated in the initial scrap bucket charging originate from the
organic material in the scrap charge or fine particles already present in the scrap
charge being lifted by charging plume and off-gas evacuation. [15] Incorrect
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charging of slag formers and other charge material with small particle size can
increase the amount of dust entering off-gas evacuation system [40].

In flat bath or partly covered arc conditions, the predominant cause for dust
generation are the gas jets produced by the arcs, burners and oxygen lances, which
generate splashes of metal and slag. The smallest particles generated in the
splashing exit the furnace via off-gas evacuation system and the larger particles fall
back to the melt. [15] The gas jets increase the amount of gas bubbles in the slag
and steel, which significantly increases the dust formation because the bursting of
gas bubbles on the steel surface is the main dust formation mechanism in EAF [47].

In foaming slag conditions, the splashing caused by the arc, burners and
oxygen lances is suppressed by the high volume of slag. Dust particles are being
generated due to bursting of bubbles in the foaming slag, but the fume density has
been observed to be the lowest in foaming slag conditions. [15]

4.2.2 Optical thickness of EAF atmosphere

With high fuming conditions, the EAF atmosphere is optically thick, which means
that photons travel only a small distance in the EAF atmosphere before being
affected by the collisions with the particles in the atmosphere. Therefore, in
optically thick conditions, the measured optical emission only represents the EAF
atmosphere close to the device gathering the optical emissions from the furnace.
The high optical thickness of the EAF atmosphere prevents the optical emission
from scrap, slag or arc from reaching the analysis equipment.

The optical thickness of the EAF atmosphere has not been extensively studied,
although it has a significant effect on heat transfer in the EAF atmosphere.
Calculations made by Bowman [15] indicate that the absorption depth, i.c. the
distance in which the radiation has been decreased to 37% of its initial value, is in
order of 1 m, which means that there is no direct heat transfer between the arc and
sidewalls. It can be observed in Table 3 illustrating the effect of fume on power
transfer in EAF that the high fuming conditions can reduce the power loss of the
bath more than 71%. However, many of the proposed heat transfer models assume
that the EAF atmosphere being optically thin [48 — 50], while few include the
absorption of furnace atmosphere [15, 35].
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Table 3. Effect of fume and post combustion (PC) on heat transfer between different
parts of the furnace [15].

State of interior Bath (MW) Roof (MW) Walls (MW)
No fume -7.3 3.3 4.0
Fume at 16.5 g/m® -6.2 3.3 5.0
Fume at 49.5 g/m® -2.1 1.2 1.7
Fume at 16.5 g/m® + PC -3.2 0.4 9.0
Fume at 49.5 g/m® + PC 0.9 4.2 5.7

Combustion reactions in the EAF atmosphere can affect the measured optical
emission through high optical thickness or through generation of heat during
combustion. Flames with high optical thickness absorb the optical radiation emitted
from the hot steel and slag, while also emitting a high amount of thermal radiation.
This causes the optical signal emitted from the furnace to mainly reflect the thermal
radiation from the flame.

In order for the flame to be optically thick, solid or liquid surfaces have to be
present in the flame. Simple gaseous compounds only absorb radiation of
wavelengths specific to the excitation of their molecular bonds, which causes the
photons of wavelengths different from these energy levels to pass the material.
Optical thickness of flame is increased by the dust particles and the products of
incomplete combustion entering the flame, which means that all flames in the EAF
are not necessarily optically thick. It is possible for the natural gas flames of the
burners to have low optical thickness because of complete combustion due to
simultaneous injection of oxygen. On the other hand, the flames related to the
combustion of CO have high optical thickness, since the formation mechanism of
CO includes the bursting of CO bubbles on the steel surface, which is an important
dust formation mechanism.

When the temperature of a flame is high enough, it can affect the measured
optical emission spectrum even if the optical thickness of the flame is not high.
With a high enough temperature, even the few particles in the relatively optically
thin flame will emit a high amount of thermal radiation, which will affect the
measured optical emission spectrum.

As discussed earlier, the requirement for the high optical thickness in the EAF
atmosphere is the presence of dust particles. This means that the changes in dust
generation during the EAF process affect the optical thickness of the EAF
atmosphere during different process periods. The dense fumes formed in the
boredown period and early main melting period can be completely opaque to

35



wavelengths of visible light, thus blocking the optical emissions from the EAF
completely. The exact phenomena causing the formation of dense fume is not
known; it has been suggested that it originates from interaction between the arc jet
and solid scrap, as well as formation of soot in incomplete combustion of VOCs
[15].

4.2.3 Significance of optical thickness in optical measurements

The optical thickness of the EAF atmosphere limits the optical measurements of
the arc, slag and scrap in the early process periods when the fume formation is high.
Previously, the problem of flames with high optical thickness has been solved by
measuring infrared wavelengths, which have higher optical depth than visible
wavelengths in flames with high amount of dust [51]. On the other hand, it is very
difficult to measure the optical depth, as the fuming conditions change from EAF
to EAF and from process period to another. In basic oxygen converters, the particle
emissivity of the off-gas has been found to fluctuate between approximately 0.2
and nearly 1 depending on the temperature and the amount of carbon in steel [6].
Earlier studies by Bowman [15] have suggested that the optical depth of the EAF
atmosphere is much lower than the diameter of the EAF, thus in effect blocking a
major amount of radiation emitted by the arc. However, this was not found to be
the case in industrial DC arc furnace measurements conducted by Block [9], in
which optically thin Fe I lines were used in plasma temperature calculations. In
conclusion, the optical thickness of EAF atmosphere can vary significantly, and
optical thickness of the EAF atmosphere must be taken in account if the optical
emission spectrum measured from slag or scrap is analysed.
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4.3 EAF arc plasma

Arc plasma generated between the carbon electrode and steel bath can be described
as a cylinder shape, in which the temperature is highest in the middle and is lower
in the outer edges of plasma. An AC arc fluctuates according to the sinusoidal
changes in power supply, which usually occur at a frequency of 50 Hz. During each
cycle, the arc will initiate and fade. On the other hand, the static expression of
electric arc plasma is not accurate even for static power supply DC arc plasma, as
demonstrated by Jones et al [52]. Arc plasmas of different shapes can be observed

in Figure 5.

Violent splashing Thick arc with splashing

Three simultaneous arcs Diffuse arc

Fig. 5. Examples of different arc shapes observed in DC arc furnace (modified from [52]).
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4.3.1 Validity of LTE assumption in industrial furnaces

Validity of the LTE assumption is important in selecting an appropriate model for
the arc plasma. In LTE plasma collisions with electrons must dominate radiative
processes, which require sufficiently high electron density [11]. The assumption
holds in the core of the arc plasma, but it does not hold at the outer edges of arc
plasma, near cathode and anode regions or anywhere in AC arc when the arc current
passes zero [53, 54]. In plasma modelling, the non-LTE conditions in cathode and
anode regions can be modelled by using sub-models suitable for non-LTE
conditions [55]. On the other hand, it is not reasonable to use non LTE methods
with simple measurement of line intensities when plasma characteristics are
calculated from the optical emission spectrum [56].

4.3.2 Plasma temperature

Electron temperature is the most important parameters of the arc plasma when the
optical properties of arc plasma are studied. It significantly affects the absolute and
relative line intensities of atomic and ionic emission lines. Electron density affects
the shape of the atomic and ionic emission lines through line broadening. The
temperature distribution of the EAF arc plasma has been calculated in numerous
studies for AC and DC arcs using various models [54, 55, 57 — 61]. An example of
calculated temperature distribution of the arc plasma is presented in Figure 6.
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Fig. 6. Example of modelled temperature distribution in dc arc plasma (modified from
[59]).

4.3.3 Optical thickness of arc plasma

Optical thickness of the arc plasma affects the heat transfer from plasma to furnace
sides. Optical emissions from the plasma core can be absorbed or scattered in the
cooler outer edge of the plasma. Absorption and scattering are caused by many
different phenomena related to the interaction of emitted photons with the matter
and other photons in the outer edge of plasma. High optical thickness of plasma
changes the amount and wavelength of photons emitted from the core of plasma
and causes the optical emission spectrum of arc to describe the optical emission
spectrum of the outer arc plasma (Figure 7). High optical thickness of arc plasma
is beneficial to EAF process because it prevents direct heat transfer between the
core of the plasma and furnace sides.
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Fig. 7. Optically thin (left), partially optically thick (middle) and optically thick (right)
plasma (modified from [15]).

The high electron temperature of the plasma causes more photons to be emitted and
increases the probability of photons undergoing collisions in the outer plasma.
Therefore, the optical thickness of the plasma will increase as the plasma
temperature increases. However, absorption probabilities are different for all
atomic emission lines because the amount of emitting species in plasma and the
transition probability of atomic emission lines affect the absorption probabilities.
Because the amount of atoms of emitting species is difficult to measure, the main
focus in measuring the optical thickness of arc plasma has been in defining the
plasma temperature limit of optically thin conditions in arc plasma. Even these
kinds of measurements and models studying the optical thickness of the plasma are
scarce and contradictory. The cross-over between optically thick and thin
conditions for Fe I lines have been calculated to happen between 3000 K and 7000
K by Bowman [62]. On the other hand, the plasma temperature in an industrial DC
furnace has been calculated as between 7400 K and 9700 K from Fe I lines with
low uncertainty, which suggests that Fe I lines can be at least somewhat optically
thin in these temperatures [9]. The possible explanation for these seemingly
contradictory results would be the optical thickness depending highly on the
position of the arc, which has been observed by Veilette & Simard [8] in ilmenite
smelting DC furnaces.

4.3.4 Modelling heat transfer from arc plasma

The heat transfer from electric arc plasma can be simplified in heat transfer models
by assuming it emits thermal radiation as a grey body and is optically thin [58, 63].
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While the grey body assumption greatly simplifies the heat transfer, it is not
completely accurate since the emissivity of varies significantly between different
wavelengths, because a major part of the radiation is emitted through the atomic
emissions. Recently, in some EAF plasma models the radiation from the atomic
emission lines of iron has been included by using a net emission coefficient [62,
64]. The Fe I net emissions coefficient describes the sum of radiative power from
Fe I lines over the whole wavelength range. Line radiation from other atoms have
been included in radiation models for ferrosilicon production furnaces [65, 66]. To
the knowledge of the author, no EAF arc plasma models have included the effect
of other metallic vapours besides iron.
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5 Experiments

The use of optical emission spectrometry in on-line in situ process control was
studied by conducting tests in laboratory, pilot and industrial furnaces. The
laboratory furnace used in the measurements reported in Paper I was situated in the
laboratory of the Electron Spectroscopy Group, University of Oulu. The pilot AC
furnace used in measurements reported in paper II was situated at the Department
of Industrial Furnaces and Heat Engineering, RWTH Aachen University. The
industrial measurements reported in papers III and IV were conducted at
Outokumpu Stainless Oy, Tornio Works, EAF 2.

5.1 Laboratory furnace

In Paper I, the EAF slag emission spectrum was measured from a laboratory version
of a DC arc furnace. The furnace configuration is shown in Figure 8. The arc was
produced between two graphite electrodes fixed to water-cooled copper conductors.
The sample was placed in a graphite crucible and inserted into the furnace from
below. Light passed through a fused silica furnace window and was collected with
an optic fibre.

Electrode distance manipulator

Water cooled
copper conductors

—7 Optic fiber

\
o

Electrodes
m\:

@
e

Sample crucible

| |4/ Sample position manipulator

Fig. 8. Schematic figure of laboratory furnace [Paper |, reprinted by permission of
Applied Spectroscopy].
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A Kemp Stick Master 1400 welding machine was used as the power source for the
arc. The welding machine enabled control of the arc current, but the arc voltage
varied depending on the distance between the electrodes. Voltage fluctuations were
induced by selecting a fixed arc current and changing the electrode distance
manually. The voltage fluctuations were simulated in the fixed arc currents of 50,
75 and 100 A.

The furnace chamber was purged with argon gas. The measurements were
conducted by first initiating the arc with a short electrode distance and then
increasing it. After increasing the electrode distance the sample crucible was raised
to the arc. The device is described in detail by Mékinen [67].

5.1.1 Measurement equipment

A commercial Czerny-Turner spectrometer Andor Shamrock 1500 with the grating
enabling measurement of the widest possible spectral range (245 — 610 mm) was
used in the measurements. The selected grating had 150 lines/mm (300 nm blaze)
and it was used with a 10um slit. This grating along with CCD provided a pixel to
pixel resolution of 0.1782 nm and an optical resolution of 0.525 nm. The widest
possible spectral range was chosen since gaining information about as many atomic
emission lines as possible was deemed more important than the accuracy of a single
atomic emission line. The spectrometer was used in high-capacity readout mode
which provided a readout rate of 50 kHz at 16-bit. Integration time was set to
0.0021 s.

5.1.2 EAF slag samples

The measurements reported in Paper I were conducted on samples of industrial slag.
The EAF slag samples were obtained from the two EAFs at Outokumpu Stainless
Oy, Tornio Works. The samples were taken from the ladle after the EAF tapping
and crushed to maximum grain size of 10 mm.

The particle size and mineralogy of the samples was found to vary significantly.
Some samples had shards of nearly one centimetre in length while some were the
size of very fine sand, as can be observed in Figure 9.
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Fig. 9. Macroscopic observations of slag samples (a) shards (b) sand [Paper I, reprinted

by permission of Applied Spectroscopy].

Five of the samples were obtained from production line 1 and the rest from line 2.

Table 4 shows the X-ray fluorescence (XRF) analysis of slag composition. All

oxides of iron and chromium with different oxidization states are summed to the

amount of Fe,O3 and Cr,O3. Minor slag components have been removed from the

results of the analysis.

Table 4. XRF analysis of slag samples [Paper |, reprinted by permission of Applied

Spectroscopy].

Production Sample Cr203 Fe203 Al2O3 MgO CaO SiO2 MnO TiO2

line number
1 1 7.8 15 3.8 6.3 44.4 28.1 3.0 1.7
1 2 8.6 15 4.6 4.1 39.7 325 4.4 2.2
1 3 5.2 1.7 9.4 9.8 30.4 31.4 2.7 29
1 4 7.6 1.6 7.8 8.6 31.8 31.1 4.4 21
1 5 5.4 1.3 4.4 6.3 42.5 30.5 29 21
2 6 2.1 1.3 10.0 4.4 53.5 23.4 0.7 29
2 7 2.0 1.4 10.1 4.3 53.4 23.6 0.6 2.4
2 8 2.3 1.2 14.4 5.3 43.3 25.3 1.5 2.7
2 9 8.6 1.3 14.3 3.9 39.6 235 3.3 22
2 10 8.5 1.4 15.8 3.7 39.8 22.7 3.1 2.2
2 11 8.0 1.4 15.4 3.9 39.6 235 3.0 2.3
2 12 5.6 1.5 10.5 4.6 447 24.4 2.6 2.0
2 13 7.9 1.6 9.1 4.8 46.1 23.3 2.3 1.9
2 14 2.5 1.2 9.5 5.5 47.9 25.9 1.4 1.9
2 15 2.5 1.3 16.8 6.1 40.7 24.5 1.4 2.2
2 16 5.0 1.5 9.5 8.0 40.3 26.1 1.8 1.8
2 17 4.7 1.3 8.4 7.7 41.3 27.0 2.3 2.0
2 18 2.2 1.3 11.8 9.1 37.4 27.2 1.5 3.1
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5.1.3 Correction of spectral data

The spectrum obtained from the spectrometer contains distortions caused by the
quantum efficiency of the CCD, the efficiency of the grating and the transmission
of the optic cable. These were corrected according to data provided by the
manufacturers of the equipment. Also, due to the dark current in CCD, a certain
background intensity can be observed even if there is no light coming to the
spectrometer. The removal of the dark current was performed by measuring the
spectrum with the aperture closed and removing the reference spectrum from all
the measured spectra of the electric arc. The thermal radiation was removed by
approximating it with a fit curve and subtracting the curve from the spectrum. The
photon flux caused by thermal radiation was approximated with the equation:

27mc

where M is the photon flux, T is the temperature in degrees Kelvin, h is the Planck
constant, c is the speed of light, A is the wavelength in nm and k is the Boltzmann
constant [68]. It is difficult to estimate the average temperature near the electric arc,
so the photon flux curves were calculated for different temperatures according to
Eq. 1 and the best fitting curve was selected. The photon flux curves were
calculated with temperature interval of 5 K. The selection of the best fit curve was
performed by proportioning the curve to the local minimum near 509 nm and
selecting the fit curve with the lowest sum of square differences of minimums in
the wavelength ranges 465 — 482 nm, 425 — 445 nm and 515 — 526 nm. Figure 10
presents an example of a raw spectrum for 75 A measurements and its photon flux
fit. The average of the last 15 corrected frames was deemed to represent each
sample in the correlation analysis.
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Fig. 10. An example of fitting photon flux curve to emission spectrum [Paper |, reprinted
by permission of Applied Spectroscopy].

5.2 Pilot-scale EAF

5.2.1 Furnace description

The experiments reported in Paper Il were performed at an airtight pilot arc furnace
which simulates the operation conditions of industrial scaled arc furnaces. The pilot
furnace was situated at Aachen RWTH University in Germany. The furnace is
water-cooled and it consists of a fixed top reactor and a moveable crucible with a
maximum capacity of about 200 kg of steel melt. It is possible to operate the
furnace in AC-mode with two electrodes or in DC-mode with one top electrode and
an anode in the bottom of the crucible. In AC-mode the maximum active power is
600 kW and in DC-mode 300 kW. The experiments in Paper II were carried out
using the AC-mode. The furnace transformer has a rated power of 850 kVA, the
secondary voltage is adjustable in 10 steps from 250 to 850 V and the maximum
arc current is 2 kA.

5.2.2 Measurement system description

The measurement system consisted of a measurement head, an optical fibre
approximately 10 metres in length, a spectrometer and an analysis computer. The
measurement head was an approximately twenty centimetre long stainless steel
pipe with an aperture for the optical fibre. The measurement head was installed in
the injection tube in the furnace shell, which had direct vision to the other electric
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arcs. The position of the arc was verified through visual observations. The
measurement configuration yielded a measurement cone of 15 cm in the
approximate position of the electric arc.

A Thorlabs 600 um fibre 10 metres in length was used in the measuring system.
The spectrometer used was Avantes Avaspec ULS3648 with a 10 um slit, 500 nm
blaze and spectral range of 400 nm to 900 nm. The spectrometer configuration had
an optical resolution of 0.3 — 0.36 nm, and the integration time was 5 ms or 10 ms
depending on how much light was emitted from the arc. CCD based averaging to
500 ms was used to reduce dark noise.

5.2.3 Test period description

Two heats with varying CrOx content of the slag were measured. The furnace was
first loaded with stainless steel and carbon steel scrap, anthracite and slag formers.
After the first batch was partially melted, more stainless steel scrap and more slag
formers were charged in furnace. After the second batch of scrap had completely
melted, the actual measurements were started. During the measurements the optical
emission spectrum of the electric arc was continuously measured while the CrOy
content of the slag was increased by subsequent additions of Cr,O3; powder. The
additions were conducted by opening the furnace and mixing Cr,Os powder to the
slag. Before each addition of Cr,03, a slag sample was taken with a sampling cup
and cast to a sample holder. In between Cr,O3 additions the melt was heated for
approximately seven minutes to supply the energy lost in opening the furnace and
to let the Cr,O3 powder to mix and dissolve to slag.

The same amount of slag formers were added to both test heats. The aim of the
starting slag composition was MgO 10.0 wt-%, Al,O3 19.0 wt-%, SiO, 29.0 wt-%,
CaO 42.0 wt-%. The XRF analysed slag compositions are presented in Table 5. The
slag composition was defined so that low viscosity slag with low melting point was
obtained along with sufficiently high basicity. The slag formed in the beginning of
heat was defined to have liquidus temperature below 1500 °C. It can be observed
in Table 5 that the Cr,O3 content of the slag increases during the heats, which was
the purpose of the Cr,O3 additions. It is interesting to note that the amount of FeO
in slag differs in both heats. This is likely caused by differences in steel composition
and varying amounts of anthracite additions.
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Table 5. Aim of the starting slag composition and the results of XRF analysis (wt-%)
[modified from Paper II].

Heat — Sample MgO Al203 SiO2 CaO Cr203 MnO FeO
Heat 1 — Sample 1 8.50 15.00 30.88 35.70 3.44 2.65 1.79
Heat 1 — Sample 2 8.54 15.03 30.76 35.29 4.37 2.73 1.75
Heat 1 — Sample 3 8.61 14.93 30.67 35.10 5.10 2.76 1.56
Heat 1 — Sample 4 8.44 14.69 30.62 34.39 6.62 2.78 1.66
Heat 1 — Sample 5 8.37 14.46 29.94 33.49 8.59 2.79 1.95
Heat 2 — Sample 1 8.97 15.10 29.18 33.88 7.03 2.31 2.51
Heat 2 — Sample 2 9.10 14.62 29.22 33.43 7.69 2.37 2.71
Heat 2 — Sample 3 8.91 14.42 29.02 33.32 8.29 2.36 2.77
Heat 2 — Sample 4 9.02 14.21 28.65 32.75 9.23 2.33 2.92
Heat 2 — Sample 5 8.71 13.96 28.89 33.08 9.25 2.29 2.95
Heat 2 — Sample 6 9.1 13.75 27.92 31.91 11.3 2.27 3.03

5.2.4 Data handling

Data was acquired by an in-house spectrum analysis software EAFSA. This
analysis software makes use of a prebuilt ROOT library [69]. Spectral distortions
were removed according to the data provided by the manufacturers of the optical
components. The atomic emission lines were approximated by Gaussian functions.
Background curve was subtracted by approximating it with liner fit calculated to
the spectrum range near the measured lines.

5.3 Industrial EAF

The measurements conducted in Papers III and IV were conducted at EAF 2 in
Outokumpu Stainless Oy, Tornio works. EAF 2 is a 140t AC EAF with bottom gas
purging, several burners and an injection lance operated through the tapping hole.
During the measurements bottom purging, the burners and injection lance were not
used. This minimized the dust and CO generation in the furnace atmosphere and
kept the furnace atmosphere as optically thin as possible. The studied production
line mainly produces austenitic stainless steels. The compositions of the steel and
slag samples obtained from the studied heats are presented in Table 6 and Table 7.
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Table 6. XRF analysis of slag samples obtained from the measured heats [Paper i,
reprinted by permission of Metallurgical and Materials Transactions B].

Heat Cr203 Fe20s3 Al,O3 MgO CaO SiO2 MnO TiO2
1 6.6 1.3 6.2 6.1 43.1 26.9 3.6 1.8
2 6.2 1.4 4.9 5.0 43.2 29.9 35 1.9
3 12.4 1.6 7.5 4.3 40.8 23.5 4.1 24
4 9.3 1.4 8.0 4.0 41.9 25.0 4.1 27
5 8.4 1.4 5.8 4.8 42.4 259 4.1 23
6 13.2 2.0 4.5 5.0 37.2 29.7 4.7 1.4
7 13 1.9 5.3 6.2 38.0 26.7 3.9 1.6
8 9.7 2.6 4.8 7.5 36.7 27.4 3.2 1.6
9 14 1.8 5.9 6.0 32.7 291 4.8 2.0
10 11.9 1.9 5.8 5.8 35.1 28.8 4.7 2.0
1" 11.3 1.8 54 5.7 36.7 291 45 1.8
12 11.9 1.8 5.1 5.8 36.9 28.8 4.2 1.7
13 9.0 1.6 5.2 6.1 38.7 29.2 4.3 1.8
14 6.7 1.0 6.6 5.7 38.5 30.7 3.7 2.0
15 6.9 1.6 7.5 6.0 38.5 28.4 3.1 24
16 5.9 1.4 12.5 5.8 40.6 24.4 3.2 1.6
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Table 7. OES/XRF analysis of steel samples obtained from the measured heats [Paper
Ill, reprinted by permission of Metallurgical and Materials Transactions B].

Heat C Si Mn P S Cr Ni Mo
1 1.283 0.02 1.08 0.04 0.0212 17.73 9.01 1.77
2 0.865 0.03 0.85 0.031 0.0229 17.85 8.27 2.26
3 1.029 0.18 0.89 0.031 0.0298 17.36 9.28 1.43
4 1.099 0.05 0.92 0.031 0.0257 18.06 9.28 1.52
5 1.160 0.09 0.95 0.037 0.0214 17.72 8.28 1.64
6 0.908 0.33 0.87 0.035 0.024 16.66 8.90 1.82
7 0.489 0.11 0.81 0.033 0.0278 16.29 9.92 1.95
8 1.053 0.18 0.96 0.034 0.0251 16.58 8.87 1.72
9 1.123 0.15 0.68 0.038 0.0472 16.41 9.58 1.99
10 1.164 0.18 0.87 0.034 0.0387 17.88 9.90 2.00
11 1.244 0.07 0.71 0.034 0.0395 17.50 9.02 1.94
12 1.451 0.43 0.82 0.034 0.0377 18.01 8.69 1.79
13 1.191 0.05 0.91 0.034 0.0318 18.39 9.33 1.93
14 1.233 0.23 0.94 0.036 0.0341 18.68 9.32 1.97
15 1.394 0.29 1.01 0.034 0.0342 18.75 9.36 1.94
16 0.993 0.22 1.22 0.03 0.0137 18.90 7.85 0.46

The measurements reported in paper III were conducted in February 2012. The
measurement period lasted four days, in which 16 different heats were measured.
The measurements reported in paper IV were about one and half year later in July
2013. In the latter, measurements from 70 heats were analysed over a period of one
month.

5.3.1 Measurement system

The measurement system for obtaining optical emission spectra from an industrial
EAF was roughly similar in both measurements reported in papers III and IV. The
schematic picture of the measurement systems for these two measurement periods
are presented in Figure 11. The configuration of the measurements systems used in
the two measurements are presented in Table 8.
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Spectrometer

Measurement head

Fig. 11. Schematic presentation of measurement system [Paper IV, [70], reprinted by
permission of ISIJ International].

Table 8. Summary of equipment and software used in paper lll and IV.

Paper Measurement Optical fibre Spectrometer Software

number head

Paper 1l 3 mm aperture Ocean Optics 600 Andor shamrock Andor Solis and In-house
um 500i software

Paper IV 5 mm aperture Ocean Optics 600 AvaSpec-ULS3648 In-house software

pm

The measurement head was installed on the EAF roof in the unused lime injection
collar, on the outer edge of the furnace. The same measurement head placement
was used in both measurements reported in Papers III and IV. The protection tube
was inserted about 10 cm below the top of the lime injection collar.

The measurement head was a steel pipe holding the end of the optical fibre in
the middle of it (Figure 12). The hole in the end of the measurement head acted as
an aperture for the measurement cone.
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Viewing cone Aperture Jacket Optic fiber

Fig. 12. Schematic picture of measurement head [Paper lll, reprinted by permission of
Metallurgical and Materials Transactions B].

Air was also blown through the aperture to prevent dust from gathering, to cool the
measurement head and to keep slag splashes from reaching the optical fibre. In the
measurements reported in paper III the measurement head also had a separate
cooling of jacket.

The measured area was defined by the diameter of the aperture in the
measurement head and the distance between the hole and the optical fibre. The
distance between the optical fibre and the slag surface was approximately four
metres. In the Paper III the aperture had a diameter of 3 mm, which yielded a
measuring area of approximately 10 centimetres on the slag surface. The hole used
in the measurements reported in Paper IV was of 5 mm diameter and the distance
to the optical fibre was 15 cm. This configuration provided an optical fibre viewing
spot of 15 cm diameter on the slag surface. The aperture was kept small to ensure
high air flow without blowing an excessive amount of leak air into the EAF.

The measurement system was found to function well throughout both
measuring periods. The protection pipe provided sufficient protection from EAF
atmosphere for the optic fibre. Air purging kept the aperture free of slag and the
protection tube cold enough to keep the optic fibre intact. No visible wear of the
measurement head was observed during the measurement period and slag did not
accumulate on it. The good durability of the measurement head was attributed to
the lime injection collar being situated near the furnace sides, which are protected
by scrap during the boredown period when the splashing of steel and slag are
intense. Also, it is worth to noting that the spectrometer and the laptop computer
endured strong magnetic fields in the maintenance room under the EAF transformer.

In the longer measurement period reported Paper IV, the only operational
problem was the accumulation of slag on the lime injection collar. The accumulated
slag created an arch on the lime injection collar and blocked the view to the furnace.
The slag blocking the view could only be removed during weekly maintenance.

An Ocean Optics 600 um optic fibre for ultraviolet (UV) and visible (VIS)
wavelengths was used in both the measurements. The spectrometers used in the
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measurements was situated at the end of a 30-meter-long optic fibre, which enabled
the placement of spectrometer well away from the EAF.

In paper III, the measurements were conducted with an Andor shamrock 5001
spectrometer along with a Newton DU940N CCD-camera, which was the same
configuration as in Paper I. The CCD was cooled to —50 °C to ensure low dark
current. A grating with 150 lines/mm and 300 nm blaze was used in together with
a 10pm slit. A grating with as broad a spectral range as possible was used to gain
information on the overall characteristics of the emission spectra. The spectrometer
setup offered an optical resolution of 0.525 nm, which is reasonable considering
the wide wavelength range measured (318 — 680 nm). The integration time of each
spectrum was 0.5 s, and the kinetic cycle of the measurement was 0.552 s. The
integration time being 0.5 s means that a single measured spectrum frame is an
average of many supply voltage cycles (about 28 with 50 Hz power supply).

In the measurements reported in Paper IV, an AvaSpec-ULS3648 high-
resolution spectrometer was used with 600 I/mm grating (500 nm blaze) and entry
slit width of 10 pm. The wavelength range of the spectrometer configuration was
300 — 800 nm. The AvaSpec-ULS3648 was chosen instead of the Andor 1500
because spectral imaging and changeable grating were not required. In this
application, AvaSpec spectrometer provided superior optical resolution (0.3 mm)
combined with a simpler spectrometer configuration. The measurements were
conducted with a 150 millisecond integration time and an average of 8 frames,
which results in a kinetic cycle of 1.2 seconds. Averaging was used to reduce dark
noise, which was considerable due to the lack of CCD cooling.

5.3.2 Emission spectrum analysis

The data obtained from the measurements reported in papers III and IV were
processed with the same in-house spectral analysis software as in Paper II. The data
was analysed by calculating spectrum indicators which approximate the most
important spectrum features, namely the average temperature of the viewing cone
and the of alkali emission lines. Different indicators and their descriptions are
presented in Table 9.

The measured raw spectra contain systematic distortions caused by the
transmission of the optical cable, the quantum efficiency of the CCD and the
efficiency of the grating. These effects were corrected by normalizing the spectra
according to data provided by the manufacturers of the optic cable and the
spectrometer.
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Table 9. Indicators calculated from the spectrum and their descriptions.

Indicator name Description Related process phenomena
Two-point Temperature of emitting material calculated Average temperature of the
temperature from relative intensities of two wavelengths material in the measuring area

Spectrum average  Average intensity of the whole spectral range  Relative amount of the hot material
intensity in the viewing cone and it's emitting

Alkali line intensity ~ Area of Voigtian of Gaussian function fitted to  Excitation conditions in the
an alkali peak measuring area

Alkali line FWHM Width of the peak calculated at half of the Magnitude of the line broadening
maximum peak intensity

Alkali line absorption Area of the negative Voigtian peak fitted toa  Absorption by sodium containing
coefficient 589 nm area fumes in the EAF atmosphere

The spectrum indicator describing the average temperature of the viewing cone was
based on the assumption of the material in the viewing cone being a grey body. The
temperature of the emitting material was calculated according to Eq. 4, which can
be derived from the ratio of the intensities of different wavelengths according to
Wien’s law.

helk

1 1
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where A, is the wavelength of the second measured intensity band, A; is the
wavelength of the first measured intensity band, % is the Planck constant and R is
the intensity ratio. The average temperature was calculated according to relative
differences in average intensities of 600 nm and 800 nm. The average temperature
of the emitting material calculated from the intensities of two wavelengths provides
a fast tool for analysing relative differences in spectrum temperature. However, the
absolute accuracy of the calculated temperatures relies on the accuracy of the grey
body assumption and correction factors of fibre transmission, grating transmission
and CCD quantum efficiency. While the optical characteristics of the measurement
system are documented by the equipment manufacturers, the accuracy of the grey
body assumption is difficult to measure because it requires prior information about
the optical characteristics of the slag surface and EAF atmosphere. Because of these
uncertainties in the validity of the grey body assumption, the emphasis of the
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temperature analysis is on the relative changes of temperature and not the absolute
values of the calculated temperatures.

Average spectrum intensity is calculated from intensities of all wavelength
bands over the full spectrum range. The average spectrum intensity describes how
much light is emitted from the measured area, which is relative to the amount of
high temperature matter in the viewing cone. With spectrum intensity and two-point
temperature it is possible to draw conclusions about the spatial differences in the
temperature of the measured area. For example, high spectrum temperature
combined with low average intensity indicates that the high temperature matter
encompasses only a small part of the measurement area.

The third indicator in Table 9 approximates the intensity of the atomic alkali
excitation lines. The high temperature inside EAFs causes excitation of alkali
metals, especially in flames. The alkali lines were approximated with Voigtian or
Gaussian functions and the intensity of the excitation lines was measured by
calculating areas of the fit curves. The width of the alkali emission lines was
approximated by calculating the full width at half maximum (FWHM).

The shape of alkali emission line can be affected by absorption in the furnace
atmosphere, which has to be approximated to enable comparison of alkali peaks
shapes. The degree of absorption is approximated by fitting a negative Gaussian
curve in the middle of the 589 nm region. This method creates some errors in the
calculation of absolute line intensities, it but provides a fast tool for analysing
relative line shapes.
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6 Results and discussion

This study focusses on three different aspects of stainless steelmaking in EAF,
which are the analysis of slag composition, characteristics of arc plasma and EAF
process conditions. The relation of original papers of this dissertation and their
relation to the studied topics are presented in Table 10. The main findings of this
work are:

1. Chromium content of the slag can be analysed from the optical emission
spectrum of the electric arc in laboratory and pilot scale.

2. Measurement of the optical emission spectrum on an industrial scale is feasible.

3. The optical emission spectrum of the electric arc mainly originates from the
vaporized slag components.

4. Ca I emission lines from arc plasma can be optically thin to temperatures of
7 000 K.

5. Optical emission spectrum can be used to evaluate the gas-phase and slag
surface conditions in industrial EAFs.

On-line measurement of EAF slag composition from the optical emission spectrum
was studied because it would allow dynamic control of slag CrOx content in
stainless steelmaking EAF. Slag composition analysis is supported by obtaining a
better understanding of EAF plasma characteristics, which affect the optical
emission spectrum obtained. Better understanding of the optical properties of the
electric arc also enable accurate modelling of electric arc heat transfer since the
optical thickness of the plasma significantly affects the accuracy of heat radiation
models. The third topic of the analysis is EAF process conditions. By obtaining
information of scrap melting and slag foaming, it is possible to compensate the
changes in scrap composition by for example adjusting the arc voltages.

57



Table 10. Topics of the original papers.

Scale Characteristics of EAF arc EAF slag composition EAF process conditions
plasma
Laboratory Paper | — Analysis of atomic ~ Paper | — Analysis of Not applicable
emission lines feasibility of slag
composition ratios
Pilot Paper Il — Analysis of atomic  Paper Il — Accuracy of Paper Il — Connection between
emission lines analysing slag Cr203 slag composition ratios and
content chromium in slag
Industrial Paper Il — Calculation of Paper Il — Feasibility of Paper Il — Evolution of optical
plasma temperature, using optical emission emission spectrum during EAF
approximating plasma spectra of arc to measure process
thickness and composition slag composition Paper IV — Optical emission
spectrum in analysis of EAF
atmosphere, slag surface and
scrap melting conditions
6.1 Characteristics of EAF arc plasma

Obtaining more accurate description of the characteristics of arc plasma enables

more accurate modelling of heat transfer in plasma. The optical emission spectrum

measurements conducted in paper III were the first measurements of optical

emission spectra from industrial AC EAF, and provided a new insight on the EAF

arc plasma. The optical emission spectra of laboratory, pilot and industrial EAFs

are shown in Figure 13. The similarities of the three spectra obvious, the largest

difference is that the lines are slightly broader in the spectrum from pilot EAF. This

can be attributed to different spectrometer used in the pilot measurements.
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Fig. 13. Optical emission spectrum of laboratory, pilot and industrial EAF.

Measurements on industrial and pilot furnaces show that in naked arc conditions
the emitting components in the plasma mainly originate from the slag. Most of the
measured lines are related to Ca I, Cr [, Mg I, Mn I or Fe 1. Atomic emission lines
of alkali metals are also observed. The atoms originating from slag components
enter the arc plasma when the high temperature of the electric arc vaporizes and
decomposes the slag components.

The presence of other atoms besides iron in arc plasma indicates that the
accuracy of plasma heat transfer models could be improved by implementing net
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emission coefficients of other atomic species. A substantial amount of the heat of
the arc is emitted from the transitions of Ca I, Cr I, Mn I and atomic emissions of
alkali metals. The presence of different atoms in arc plasma can have a significant
effect on plasma temperature since the energy of plasma is dissipated by atomic
line emissions. It has been demonstrated that the when the amount of iron in plasma
increases, the plasma column is substantially cooled due to increased radiative
energy loss [71]. The cooling effect of different slag components depend on
intensity and amount of their optical emission lines. The cooling effect is increased
by the endothermic vaporization and decomposition of slag components in the
edges of the arc.

In addition, the composition of arc plasma has a significant effect on the optical
thickness of the plasma. Since the line radiation has been previously assumed to be
mostly emitted by iron, only the optical thickness of Fe I lines has been studied. In
measurements conducted in Paper III, the Ca I lines emitted from the arc plasma
have been defined as optically thin when the electron temperature is below 7000 K.
The low optical thickness was defined from the accuracy of the Boltzmann plot.
An example of the effect of increasing plasma temperature on the accuracy of the
Boltzmann plot is presented in Figure 14.
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Fig. 14. Histogram of all plasma temperatures and accurate plasma temperatures for an
example heat calculated from Ca | lines [Paper lll, reprinted by permission of
Metallurgical and Materials Transactions B].

6.2 EAF slag composition

EAF slag composition was analysed from the relative intensities of different atomic
components in the arc emission spectra. The focus of the analysis was in the CrOx
content of the slag because it affects the amount of solid chromium containing
precipitates in slag and influences the reduction of chromium in tapping [20].

6.2.1 Feasibility of analysing slag composition ratios with fluctuating
arc length

The first requirement of using the optical emission spectrum in EAF slag
composition analysis is that the atoms and ions in the arc plasma originate from the
slag. This assumption is valid in industrial EAFs, as discussed earlier chapter in 5.
The main difficulty in measuring the EAF slag composition is that the position of
the electric arc is in constant change. The optical emission of the arc obtained from
EAF will describe different parts of the arc plasma. As the electron temperature of
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the plasma changes, the number density and probability of atomic excitation will
change.

The feasibility of analysing slag composition from optical emission of
fluctuating electric arc was studied by measuring optical emission spectra of
industrial slag samples in the laboratory furnace described in chapter 5.1. These
measurements were reported in Paper I. The arc length was varied by changing the
distance of the electrodes by manually. The results were analysed by calculating
the Pearson product momentum correlation between all combinations of peak ratios
between 251 measured optical emission lines to the slag composition ratios.

The results of the correlation analysis showed that every line ratio with high
correlation to slag composition ratio contains either slag components Cr,O3 or MnO.
The correlation analysis was verified by comparing the optical emission lines with
high correlations to the NIST documented line positions [72]. NIST verification
indicates that due to high correlation between Cr,O3 and MnO, Cr I lines and Mn |
lines were somewhat mixed in the correlation analysis.

Cr;0; and MnO being in every line ratio with high correlation to slag
composition indicates that fluctuation of these components are the most accurately
described by the optical emission spectrum. CrO3/FeO ratio could be
approximated with relative error between 11 and 14% depending on the arc voltage
and had linear regression of 0.95 — 0.96 to slag composition. The results showed
that measuring the change in relative content Cr,O3; and MnO in slag from arc
optical emission spectrum is feasible on the laboratory scale.

6.2.2 Accuracy of analysing slag CrOx content

As good results of analysing slag CrOx content were obtained from laboratory EAF,
further measurements on the accuracy of measuring CrOy content were conducted
with the pilot scale EAF. In the pilot EAF, the furnace configuration resembles
industrial EAF better and slag is more inhomogeneous than in the laboratory
furnace. The details of the pilot furnace and the test practice were presented in
chapter 5.2 and reported in Paper II. The Cr,O;3 content of the slag was gradually
increased with Cr,O3; powder additions and the measured emission spectra were
compared to the slag composition measured with XRF analysis.

The highest linear regression R? values for different component ratios in
laboratory and pilot measurements are presented in Table 11. The results are in line
with the laboratory measurements, the highest linear regressions to slag
composition ratios were obtained for line ratios Cr I/Ca I, Cr I/Fe I and C I/Mn L.
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The highest linear regression R? values were lower than in laboratory
measurements; slag Cr,O3/FeO could be approximately with linear regression R?
of 0.95 in laboratory measurements.

Table 11. Linear regression between the line ratios and the respective slag composition
ratios [modified from Paper II].

Reference - Mg | Cal Fel Mn |
The highest R? 0.61 0.74 0.85 0.84 0.86
Average of five highest R? 0.59 0.74 0.83 0.78 0.80
Count of over 0.75 R? 0 0 8 3 12

The slag Cr,O3 content was analysed by combining the line ratios of Cr I/Ca I, Cr
I/Fe I and C I/Mn 1. The analysis relies on the line ratios being dominated by
changes in slag Cr,O3 content. The ratios were first modified to relative form by
dividing them with maximum of the line ratio and then combined by calculating
mean of relative line ratios. With the mean of relative line ratios, the slag Cr,O3
content could be approximated with an average absolute error of 0.62%-points and
standard deviation of 0.49%-points. The median of relative line ratios and median
absolute deviation from median (MAD) are presented in Figure 15. MAD was
selected as a description of variability instead of standard deviation because it
represents data with outliers better than standard deviation.

63



09 r

0,7

0,4 - ° °

Relative Cr,0, conten of slag

O 1 1 1 1 1 1 1 1 1 1
2 3 4 5 6 7 8 9 10 11 12
XRF analyzed Cr,0, content of slag

Fig. 15. Linear approximation of slag Cr.O; content with average of relative line ratios
[modified from Paper Il].

6.3 EAF process conditions

The connections between industrial EAF emission spectrum and EAF process
conditions was studied in Papers III and IV. The optical emission spectra measured
from EAF can be divided to four different categories presented in Figure 16.
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Fig. 16. Different types of spectra observed in industrial EAF [Paper lll, reprinted by
permission of Metallurgical and Materials Transactions B].

The analysis of process conditions mainly focused on analysing the spectrum types
dominated by dark current, thermal radiation and alkali transitions. These three
types of spectra can be used in analysing gas phase reactions, as well as surface
conditions of slag and steel scrap. The arc emission spectra were not compared to
process conditions because arc emission spectra was measured only for a low
amount of heats due to changes in arc position and visibility. According to the
results presented in Paper IV, the behaviour of emission spectra varies between
different process periods. By analysing the evolution of spectrum indicators during
different process periods, the optical emission spectra were found to relate to the
volatilization of scrap contaminants, scrap melting, arc voltage set-point,
momentary high CO generation and changes in characteristics of the slag surface.
The occurrence of these phenomena during an example heat is presented in Figure
17.

65



—— Na I 589 nm intensity
Average spectrum intensity

—— Arc power
120 - - 50000

- 45000 &

100 - 11 5
- 40000 35
2 801 M S0 B3
g | - 30000 ZE
< 60 g%
5 - 25000 =
z 40 £ E
2 - 20000 =8
2 s 7
< 20 | | 111 - 15000 & 2
11 vl IV L 10000 'SMS S

i o
0 A L I s s LM,WW Ts000 £
JINE M\ ity ULy bt T h S =
N / Ao b | 22
20 : . , ' ' 0 % =
25 30 35 40 45 50 55 =

[a]

z.

Time (minutes after the first bucket arc initiation)

Fig. 17. Occurrence of the studied phenomena during an example heat (l. Volatilization
of scrap contaminants Il. Scrap melting lll. Spontaneous CO generation IV. Slag surface
conditions) [Paper IV, reprinted by permission of ISIJ International].

6.3.1 Volatilization of scrap contaminants

During early process periods, optical emission spectra with a high spectrum
temperature can be observed. These high temperature emission spectra can appear
and disappear in the course of minutes or last for a good part of the early melting
periods. The early occurrence, high spectrum temperature and high average
intensity suggest that these emission spectra are related to the combustion of
volatile gases in the EAF. The correlation can be verified from visual observations
of flames escaping the EAF. These flames are also related to the intensity of alkali
emission lines in the spectra. During early process periods, the optical thickness of
EAF atmosphere is very high, which means that not all combustion occurring in
the EAF atmosphere can be observed in the emission spectra.
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6.3.2 Spontaneous generation of CO

When scrap melts in the EAF, the combustion of volatile components decreases
and high spectrum temperatures and the intensity of alkali emission lines are related
to the CO generation occurring in the EAF. The connection between sodium 589
nm line intensity and off-gas composition is presented in Figure 18. The
spontaneous CO generation is not limited to melting periods of EAF, but happens
also in the heating period.
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Fig. 18. Intensity of Na | line and off-gas mass spectrometry (MS) analysis [Paper IV,
reprinted by permission of ISIJ International].

The increase in CO generation is most likely caused by a combination of initial
generation of CO and increased mixing due to generation of CO bubbles. The
reactions between slag and steel are limited by mass transfer in slag due to high
viscosity of CrOx containing slag, which causes concentration gradients in the slag.
High CO generation can cause momentary foaming or introduce steel droplets to
slag, which can increase the mass transfer in slag and interfacial area between steel
and slag. The increased reaction area and mass transfer cause more intense
oxidation-reactions, which further promote the generation of CO.

Initially, CO is generated when the solid scrap accumulated on the furnace
sides collapses into the steel melt. This introduces oxidic contaminants of the scrap
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to the steel melt and increases mixing between steel and slag. The effect of
increased mixing on CO generation depends on the inhomogeneity of the steel melt
and slag, as well as deviation from the thermodynamic equilibrium between steel
and slag. However, it is not clear if the spontaneous CO generation actually requires
scrap collapse with high enough slag inhomogeneity. In the main melting period,
scrap collapses are more frequent and their effect is probably more pronounced.
Material can also fall from the sides when the furnace is tilted in EAF tapping.

6.3.3 Scrap melting

During early EAF process periods, the cold scrap obstructs the view to the furnace.
When the scrap in the viewing cone starts to melt, the hot scrap near the slag starts
to appear under the solid scrap layer and the intensity of the light emitted from the
measured area increases. However, the combustion of volatile gases can also
increase the intensity of the optical emission spectrum, which means that the effect
of flames must be removed in order to gain accurate information on scrap melting.

The analysis of scrap melting in Paper IV is simplified by the lack of burner
flames during the measurement period, which means that the flames affecting the
measured spectra originate from the volatile components and generation of CO.
The flames caused by volatile components and CO generation can be removed by
analysing the intensity of the alkali transitions and the temperature of the optical
emission spectra. As discussed earlier, the flames increase spectrum temperature
and are related to the high intensity of alkali optical emission lines.

By defining an indicator for scrap melting and removing the effect of flames it
is possible to analyse the timing of scrap melting in different heats. In Paper IV the
scrap melting was deemed to have progressed to a certain stage when the average
intensity of the 60 last frames first increases over 600 counts. The effect of flames
was removed by setting a criterion of spectrum temperature being below 1600 C
and the linear fit of last 10 frames of spectrum temperature being positive. The
value of scrap melting indicator is arbitrary, as it is not certain how the indicator is
related to the specific stage of scrap melting. The purpose of the indicator is to
provide a tool for analysing relative changes in melting during different heats.

The variation in the scrap melting during different heats can be compared by
calculating the time when the optical emission spectrum meets the scrap melting
criterion. A better description of the state of the EAF process can be obtained when
time is replaced with the energy inserted to the EAF. This removes the effect of
changing voltage set-points. The ratio of energy inserted after the scrap melting
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criterion is fulfilled to the total inserted energy is presented in Figure 19. It can be
observed in that most of the heats have the ratio in range of 0.2 to 0.5. In some
cases the scrap melting is observed much later, approximately 27% of the heats
have over 0.5 of the energy inserted in flat bath conditions. The results indicate that
there is significant variation in the scrap melting during different heats.
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Fig. 19. Histogram of ratios between inserted energy in flat bath conditions and total
inserted energy [Paper IV, reprinted by permission of ISIJ International].

6.3.4 Slag surface conditions

The changes in energy input are reflected in spectrum indicators. The decrease of
voltage ramp decrease the spectrum intensity and temperature measured from
electrode hot-spot. In some rare cases it can also have had a reverse effect on the
spectrum temperature. The decrease of spectrum temperature can be explained by
decrease of arc length in arc voltage change. The heat transfer between slag surface
and the electric arc is significantly affected by arc length. Sanchez et al [73]
demonstrated that when the electrode is over 11.25 cm over the slag surface rather
than 22.5 cm, it reduced average incident radiation on the slag surface by 12.5%.
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As emissivity (and absorptivity) of slag can be as high as 0.9 [74]), the incident
radiation results in increased slag surface temperature.

Spectrum temperature is also observed to change during the heating period
when the arc voltage set-point is constant. The trend in 70% of the measured heats
was towards higher temperatures, which suggests that the increase in steel melt
temperature in the heating period has some effect on slag surface temperature. An
example of slag surface temperature evolution during the heating period of the EAF
process is presented in Figure 20. On the other hand, the effect is not always
straightforward, as in 9% of the measured heats the trend of decreasing slag surface
conditions can be observed. In 51% of the measured heats there is no clear
temperature trend or the length of the heating period is not long enough to analyse
long-term trends. Nevertheless, it seems that especially in the heating period, the
optical emission spectrum is related to the surface temperature and possibly to
emissivity of slag.
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Fig. 20. An example of temperature evolution during a heating period [Paper IV,
reprinted by permission of ISIJ International].
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7 Industrial relevance

The most promising potential uses of emission spectrum measurement in
monitoring of industrial stainless steelmaking EAFs are slag composition analysis
and analysis of scrap melting. In addition, the results can be used to make more
valid assumptions in EAF heat transfer modelling.

7.1 Slag composition calculated from arc emission spectrum

As demonstrated in paper III, most of the atomic emission lines originate from the
components of the slag. This indicates that there is a connection between EAF slag
composition and arc emission spectrum. In the laboratory and pilot furnace
measurements promising results were obtained for analysis of CrO/FeO and
CrO/MnO ratios of the slag. With selection of a narrower spectral band, it could
be possible to increase the accuracy and analyse also other slag components.

The CrO/MnO and CrO./FeO ratios of the slag could be used in mitigation of
slag CrOx content. Because the amounts of CrOx, MnO and FeO are influenced by
the oxidation—reduction reactions in the furnace, the levels of CrOx, MnO and FeO
in slag are linked. This correlation reduces the effect of other process parameters
e.g. slag amount and charge composition on the CrOx/MnO and CrO/FeO ratios.
The connection between slag CrOx, MnO and FeO also causes the ratios of
CrO«/MnO and CrO,/FeO to mainly reflect the changes in oxidation conditions,
which in turn means that these component ratios can be used to assess how far the
CrOy oxidation has progressed and evaluate what is the level of CrOy in the slag.

In pilot EAF measurements the accuracy of measuring slag CrOx content could
be increased by combining multiple component ratios. The average absolute error
of 0.62%-points in slag CrOx content analysis would be acceptable in industrial
EAF considering there is currently no information of slag CrOx content. The slag
samples taken from an industrial EAF showed that the level of slag Cr,O3 content
in that EAF varied between 7 and 14 wt-% [22], which means that the variation of
slag Cr,Os3 content is significantly higher than the average absolute error level in
pilot measurements.

The analysis of CrOx in the EAF slag would allow mitigation of ladle slag
CrOy content. The high CrOy content in EAF slag indicates high ladle CrOy because
high CrOy increases the amount of chromium containing precipitates, which have
high incubation time for chromium reduction. If the high CrOy content of the slag
is measured early enough, it would be possible to make necessary additions of
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reducing agents to steel to promote the CrOy reduction in the heating period and
tapping, or promote slag mixing with various stirring methods.

Another way to use information on slag high CrOy content would be to process
the high CrOy slag in a different way after the tapping compared to normal slag.
One method would be to introduce reducing agents straight to the slag ladle. In
addition, the increased viscosity of slag with high CrOy content increases the
residence times of metal droplets in slag, which means that slag with high CrOy
content has higher amount of metal droplets in it. Therefore, slag with high CrOy
would require more efficient recovery of metals trapped in the slag matrix.

7.2 Average scrap melting

One of the most promising future applications of optical emission spectrometry is
the analysis of local scrap melting. Currently, the methods to measure scrap melting
are very limited, although the local scrap melting conditions have a substantial
effect on arc efficiency and charging practice of EAF. Currently, the state of the art
method to analyse local scrap melting conditions is to measure energy loss to water-
cooled side panels. However, the temperature increase in side panel cooling water
has a delay depending on the thickness of slag layer on the furnace side panels.
Reliable on-line scrap melting analysis would provide a method to compensate the
changes in scrap melting between different heats.

The signal of scrap melting would make it possible to optimize the scrap
buckets to reduce the variation in scrap volume inside the furnace after charging.
This could be achieved by defining the evolution of local scrap melting and by
using it to assess how large free volume there is in furnace. Better control of
charging would reduce under- and overcharging. Overcharging can cause
significant delay in the EAF process while undercharging loses process time and
energy due to input of energy due to early occurrence of flat bath conditions.

During the melting periods the combustion of the scrap contaminants is often
observed in the emission spectrum. In analysis of local scrap melting the largest
challenge is how to differentiate between the emission spectrum being emitted by
the flames or by hot slag appearing in the view. The conditions can be differentiated
by some degree with spectrum diagnostics, but the most accurate expression of
scrap melting can be obtained by combining the emission spectrum measurement
with other measurements less affected by combustion of contaminants, namely the
electrode position and cooling water energy increase.
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7.3 Optimization of arc voltage

The local scrap melting signal would be beneficial in control of arc voltage in
stainless steelmaking EAF. When scrap in an electrode hot-spot is melted, the
energy efficiency of the arc is decreases. This should be compensated by decrease
in arc length to reduce the view factor between arc and refractories. On the other
hand, if the melting in a certain electrode hot-spot is observed later than normal,
the high electrode voltage could be maintained longer. The advantages of local
scrap melting signal depends on the fact that the modification of voltage of single
electrode is possible in furnace in question.

The use of optical emission spectrum in arc voltage optimization would require
information of local scrap melting conditions, which could be acquired by using
multiple optical fibres and measurement heads. While the furnace charging
optimization requires information of scrap melting averaged over whole furnace,
the energy efficiency of a single electrode depends on the local scrap melting
conditions. It is not certain how uniform the scrap melting is near different
electrodes.

The connection between arc voltage changes and spectrum temperature
suggests that emission spectrum measurement can be also used in analysis of heat
transfer from slag surface to refractories. High spectrum intensity and temperature
with constant arc voltage suggests that the difference between slag height and
electrode tip is high and arc length should be reduced. The optimal use of the slag
surface heat transfer analysis would require defining a certain threshold for
emission intensity, over which the refractory wear becomes too high. The threshold
depends on the requirement of furnace productivity. If the EAF is the bottleneck of
the process, as usually is the case in stainless steelmaking, the threshold should be
set so high that it the system reacts only when the refractory wear is unacceptable.

In the production of carbon steel grades, the scrap melting signal could be used
in assessment of slag foaming. If the scrap melts early, the carbon injection could
be also started earlier. The first measurements in carbon steelmaking EAF [75],
suggests that with optimized carbon injection significant increase in energy
efficiency could be obtained.
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7.4 Assumptions of EAF heat transfer models

The results reported in this work can be used to validate the assumptions of EAF
heat transfer models. The observation of atomic components originating from the
slag in the arc plasma suggests that the accuracy of plasma models only considering
iron vapour in plasma could be improved. The measurement of optically thin
plasma emission spectrum in heating period suggests that in later periods of EAF
processing, the EAF atmosphere can be optically thin, which means that the
radiation from the arc can reach the furnace sides unchanged. This highlights the
importance of considering the radiation from the arc plasma generated by the
atomic emissions. In order to gain a more accurate description of arc heat transfer,
further measurements of the composition of industrial EAF arc plasma are required.

7.5 Implications for the development in the future

From perspective of novelty, the most interesting finding of this dissertation is that
the slag chromium composition can be estimated from the optical emission
spectrum of the electric arc. As the CrOx analysis of stainless steelmaking slags
have been tested in laboratory and pilot furnaces, the emphasis in further
development should be on the implementation of these methods in industrial
furnaces. In case of carbon steelmaking, more information on the arc emission
spectrum is still required. In its implementation in the industrial EAF, the most
important aspects are how to acquire high quality optical emission spectra of the
electric arc continuously and to evaluate the effect of inhomogeneity of the slag to
the measurement results. Also, using the measurement system in routine process
control requires the availability of the measurements system to be enhanced,
especially concerning the accumulation of slag in the measurement hole. Industrial
trials on slag composition measurement are being planned as this dissertation is
being published.

Concerning the scrap melting and slag surface conditions, industrial
applications are already on the horizon. To obtain accurate information of EAF
process conditions, the data from optical emission spectrum measurement should
be combined to other on-line process data on the EAF. Optical emission spectrum
measurement would complement the scrap melting data obtained from water-
cooled copper panel temperatures, as there is the problem of delay.
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8 Summary

The aim of the thesis was to use optical emission spectrometry to analyse EAF arc
plasma characteristics, slag composition and process conditions. Optical emission
spectra from laboratory, pilot and industrial scale furnaces were measured and
analysed.

The analysis of atomic emission lines in optical emission spectra indicate that
the arc plasma in an industrial EAF contains atoms originating from the
vaporization of slag. The results show the accuracy of EAF heat transfer models
could be increased by employing net emission coefficients of these atoms. The
atoms in EAF arc plasma originating from the slag indicates that slag composition
can affect arc composition. Electron temperature calculations of measured emission
spectra show that Ca I lines used in Boltzmann plot are optically thin to 7000 K.
The low scatter in Boltzmann plots calculated from the measured optical emission
spectra indicate that in the late periods of EAF processing the optical emissions
from can reach furnace sides without undergoing absorption.

Slag composition was analysed by measuring the optical emission spectrum of
electric arc in the laboratory and pilot scale furnaces. The laboratory analysis shows
that composition ratios of MnO and CrOx can be measured most accurately.
Analysing the CrOx content of the slag was further studied by conducting
measurements on the arc emission spectrum of the pilot scale furnace. By
combining composition ratios of multiple components it was possible to estimate
the Cr,O3 content of the slag with average absolute error of 0.62%-points.

The optical emission spectrum measured from industrial EAF was found to
relate to the EAF process conditions. Combustion of volatile components in the
scrap charge and generation of CO was found to correlate to spectrum temperature
and the intensity of alkali emission lines. The optical emission spectrum was also
found to be affected by the melting of the scrap and surface conditions of the slag
in late process periods.

The results indicate that the method could be used in process control for
analysing scrap melting and the amount of CrOy in slag. However, industrial trials
of CrOx analysis are still required. Accurate determination of local scrap melting in
stainless steelmaking EAF allows better control of arc voltage, which can increase
productivity and decrease refractory wear. Analysing CrOx content of the slag
allows the optimization of reducing agent additions and mixing to reduce the
amount of CrOy in slag after EAF tapping.
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