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Abstract 
This work aims to describe the designing and construction of a 10 kg laboratory scale 
Electric Arc Furnace equipped with a system for measurement of electrical parameters. 
The EAF is used in a research project where the aim is to develop a new online 
measurement system for an optimized steel production with respect to a low energy 
consumption and resource efficiency. The laboratory scale is the first step in the project 
and will be followed by pilot testing and industrial testing, if the results are successful. 
In order to calculate how much energy that is fed into the system, the power and voltage 
were measured. To simplify the system at this initial stage with regard to energy and 
heat losses, the system is limited to treating pre-melted metal. This report provides 
some theoretical background for not only EAF´s, but also induction furnaces. This is due 
to that an induction furnace is used to melt the steel before the laboratory scale EAF is 
used. This report will give some advice based on the experience gained in this study. 
Furthermore, list important things to consider while working with this kind of 
equipment. Also, a system that manages to scale voltage and current signals to more 
easy handled magnitude is presented. The overall conclusion is that it was possible to 
construct an experimental setup, which can be used to perform on-line measurements 
from an electric arc furnace operated with steel and slag. 

Sammanfattning 
Det här arbetet beskriver designen och konstruktionen av en ljusbågsugn i labbskala, för 
10 kg stål, som är utrustad med ett mätsystem för elektriska parametrar. Den här 
ljusbågsugnen används i ett forskningsprojekt som ska utveckla ett nytt uppkopplat 
mätsystem för optimerad stålproduktion med avseende på energi- och 
resurseffektivitet. Experiment i labbskala är det första steget i det här projektet, som 
efterföljs av tester i pilotskala och sedan industriell skala, om resultaten är bra. För att 
kunna räkna ut hur mycket energi som matas in i systemet så mättes ström och 
spänning. För att förenkla systemet i ett initialt skede med avseende på energi- och 
värmeförluster så begränsas systemet till att behandla redan smält metall. Den här 
rapporten tillhandahåller teoretisk bakgrund om inte bara ljusbågsugnar, utan även 
induktionsugnar eftersom att en induktionsugn används för att smälta stålet innan den 
labbskaliga ljusbågsugnen används. Den här rapporten ger råd av erfarenhet från den 
här studien. Vidare listas viktiga saker att ta hänsyn till när man jobbar med sådan här 
utrustning. Ett system som skalar upp och ner signalstyrka vid ström- och 
spänningsmätningar till mer hanterbara storlekar presenteras. Den övergripande 
slutsatsen är att det var möjligt att konstruera en försöksutrustning som kan användas 
till mätningar i ett uppkopplat system i en ljusbågsugn som körs med stål och slagg.  
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Abbreviations  
AC Alternating Current. 
DC Direct Current. 
EAF  Electric Arc Furnace. 
Emf Electromotive force. 
Rms Root mean square value 
VA Volt-ampere 
VAR Volt-amperage reactive 
Variac Variable transformer 
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1 Introduction 
An Electric Arc Furnace (EAF) is an ultra-high powered melting unit, which is used in 
steelmaking. This work aims to design, build and describe a 10 kg EAF in laboratory 
scale and a system to measure the voltage and current in the system during operation 
with steel and slag.  
 
This work was done as a part of an EU project with the title “On-line slag composition 
analysis for electric arc furnaces”. The core of the EU-project is the development and 
industrial testing of a new online measurement system for an optimized steel 
production. The impact of energy and resource efficiency as well as the economic impact 
on the use of a new measurement device in the steel plants will be based on steel plant 
data. This part of the project is the first step, which is focused on laboratory scale 
testing. This will later be followed by tests in a pilot scale and finally by industrial 
testing, if the results are successful. The aim is to optimize the EAF steelmaking process 
with regard to the resource and energy efficiency. During these experiments, Dr. Nils 
Andersson, Dr. Matti Aula and Ph.D. candidate Carrie Jonsson performed 
characterization and result analysis of the slag, and made optical emission spectroscopy 
measurements of evaporated slag to identify the chromium oxide spectrum.  
 
In order to melt the steel before the experiments in the laboratory scale EAF could start, 
an induction furnace was used. That is why induction furnaces also are described in this 
report. Also, this report will give some theoretical background for induction furnaces 
and electric arc furnaces and describe the laboratory scale furnace design as well as the 
construction of the system. Thereafter, some test results are presented. Finally, some 
practical tips for constructing and running these types of equipment will be given.   
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2 Theoretical background 
2.1 Induction furnace 
An induction furnace is an electrical furnace where the heat is applied by induction 
heating. Induction heating is a flame-free non-contact method of heating electrically 
conductive materials. There are two types of induction furnaces. Channel furnaces, that 
only allow charging of liquid metal and coreless induction furnaces that allow cold 
charge melting. Here, only coreless furnaces are described. In the coreless induction 
furnace a spiral shaped hollow coil of copper wire, surrounding the crucible and metal, 
is used. The coil is hollow to allow cooling water to run through and to carry away the 
heat generated in the copper by the induced current [1]. A powerful alternating current 
flows through the wire. Thereby, the coils create rapidly reversing magnetic fields that 
penetrates the metal, as seen in the schematic in figure 1, or in this case a graphite 
crucible. Eddy currents are induced by the magnetic field. The Eddy currents flow 
through the electrical resistance of the bulk metal or graphite crucible and heat it by 
Joule heating. Joule heating is also called a resistive heating or an ohmic heating. This is 
the process where electric energy is converted into heat as the current flows through 
the resistance in a conductor and produces heat.  
 

Ferromagnetic materials may also be heated by magnetic hysteresis, the reversal of the 
molecular magnetic dipoles in the metal [2]. With the principle of electromagnetic 
induction, heat is produced directly from the workpiece. A high voltage electrical source 
from a primary coil induces a low voltage and a high current in the metal. A field induces 
a current in the workpiece, which generates heat. It should also be noted that 
ferromagnetic material heats up much faster than other materials, due to the 
combination of an electric heating and a magnetic heating.  
 
The central principle of electromagnetic induction is based on Faradays law. This law 
relates induced emf, electromotive force, to a changing magnetic field in a loop. Emf is 
the voltage developed by any source of electrical energy. In electromagnetic induction, 
emf can be defined around a closed loop as the electromagnetic work that would be 
done on a charge if it travels once around that loop [3]. A time varying magnetic field can 
act as a source of electric field. Faradays law of induction states that the induced emf in a 

Figure 1. Schematic of an induction furnace. 
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closed loop equals the negative of the time rate of change of magnetic flux through the 
loop. Faradays law in symbols can be seen in equation 1, 
 

Ɛ = −𝑑𝑑ɸ𝐵𝐵
𝑑𝑑𝑑𝑑

,                                                            (1) 
 
where Ɛ is induced emf, ɸ𝐵𝐵 magnetic flux and t is time [4]. Induced emfs are caused by 
changes in magnetic flux. If the flux through a circuit has a constant value, no emf is 
induced [5].  
 
The advantage of the induction furnace is that it is a clean, energy efficient and well-
controllable melting process. The temperature of the material is no higher than what is 
required to melt it, since there is no arc or combustion involved. This can prevent losses 
of valuable alloying elements [6] and can be important in applications where a 
contamination is an issue.  
 

2.1.1 Skin depth 
The skin depth, or skin effect, is a measure of the distance that an alternating current 
can penetrate beneath the surface of a conductor. It is a function of the frequency, 
resistivity and relative permeability. Generally, the smaller the volume of the melt, the 
higher the frequency of the furnace is used. The higher the frequency, the shallower the 
skin depth (less penetration) is for materials with the same conductivity. The current 
density is largest near the surface of the conductor and it decreases with a greater depth 
in the conductor. For alternating current, the current density decreases exponentially 
from the surface into the material. The definition of skin depth is where the current 
density is 1/e of the value of the surface (~37%). It is a function of three variables: 
frequency, resistivity and relative permeability. The electrical resistivity is an insintric 
property that quantifies how strongly a material opposes the flow of electric current. At 
high frequencies, the skin depth becomes smaller than at lower frequencies. This skin 
depth 𝛿𝛿 can be calculated according to equation 2, 
 

𝛿𝛿 = �
𝜌𝜌

𝜋𝜋𝜋𝜋𝜇𝜇𝑟𝑟𝜇𝜇0
  ,  (2) 

 
where ρ is the resistivity [𝛺𝛺𝛺𝛺], f is the signal frequency [𝐻𝐻𝐻𝐻], 𝜇𝜇𝑟𝑟 is the relative 
permeability for the conductor (measure of the magnetism), µ 

𝜇𝜇0
 [1] and 𝜇𝜇0 is the 

permeability of free space,  4π · 10−7[𝐻𝐻
𝑚𝑚

]. 
  
2.2 Electric Arc Furnace 
An EAF is a type of electric furnace, which is used for melting of metals. The operating 
mechanism is that an electrical energy is converted into heat in an electric arc between 
electrodes. This assists in heating and melting of the metal. 
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The electric arc furnace is a relatively energy demanding process. A normal amount of 
energy to melt one ton of crude steel is 550-600 kWh, of which 100 kW can be 
chemically added energy by using burners and injection techniques. The theoretical 
amount of energy needed to melt one ton of crude steel is about 380 kWh. The 
difference is losses in form of exhaust gases, heat transfer and radiation [7]. 
 
Liquid steel is deformable and this has a strong influence on the heat transfer. For solid 
steel, the arc jet is deflected over the surface. However, for liquid steel, the arc jet can 
penetrate into the steel. The arc plasma breaks up into bubbles, which results in a 
generation of an emulsion of liquid and bubbles. This in turn promotes a strong heat 
transfer [8]. The depression in the metal melt is a function of arc stability and distance 
from the liquid surface. A relation between arc length and electrode height above the 
surface would be helpful for electrical control purposes, but the depression in the liquid 
steel caused by the arc jets conceals the true arc length and the actual arc gap. When a 
short-circuited electrode is lifted out of the liquid, an arc can be initiated before the tip 
of the electrode reaches the top level of the liquid due to rapid increase of current 
density in the liquid, sufficient enough to depress the surface. Initiation of an arc is not a 
clear indication that the electrode tip has reached the surface level. When dipping an 
arcing electrode into the liquid to create a shortcut, the reverse procedure results in arc 
extinction at a different, lower level. The arc is already established and has a higher 
current density than when being lifted [9].  
 
Melting of scrap generates slag with a high level of silica from sand and soil from the 
scrap surfaces. Also, sulphur and phosphorus are usually present in the scrap. In order 
to reduce their transfer to the steel a basic slag is needed. It is common to add basic 
materials such as lime and dolomite. The main metallurgical duty for the slag is 
desulfurization according to reaction R1, 

 
CaO+S = CaS+O   (R1) 

 
but it also plays an important physical role as a basic slag improves the arc stability and 
due to that, foaming slag improves thermal efficiency [10]. 
 

2.2.1 Arc 
An arc, in this meaning, is an electrical discharge between electrodes. The current can be 
passed from the electrodes to the metal melt when gas is strongly heated to form a 
plasma. The plasma consists in added gas or metal vapor and is thereby electrically 
conductive. The energy supply must be high enough to maintain a high temperature, so 
that ionization and thus electrical conductivity can be maintained. Electrically charged 
particles carries the electric current. Furthermore, the negatively charged electrons in 
the plasma are drawn toward the positive electrode, which is the anode. Also a small 
part of the current transport occurs by the heavier positive ions that migrate toward the 
negative electrode, which is the cathode. Ionization occurs by particles in the plasma 
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that collides so powerful that free electrons are knocked out. Less severe collisions can 
bring the atom to an excited state, i.e. one of the loosely bound electrons is lifted to a 
higher energy level. When the electron after a short time falls back, the excess energy is 
emitted in the form of a light quantum, which is a photon. This explains the formation of 
the intense arc light. If the arc burns in a multiple atomic gas such as CO2, a dissociation 
also takes place. More specifically, the molecules split into atoms. Dissociation requires 
energy taken from the warmer parts of the arc. It is restored when molecules recombine 
at a lower temperature, which provides a good heat transfer. Therefore, a plasma cannot 
exist if the heat is dissipated.  
  

2.2.2 Power control of arc furnaces 
The choice of transformer voltage tap, reactor tap (meaning more or fewer windings on 
the coil) and the current set point sets the level of power input into an arc furnace. There 
is also an important dependence on the capability of the electrode regulation system to 
maintain the chosen current set point. An automatic regulation system attempts to 
obtain the chosen electrical operating parameters, basically the current, by the vertical 
displacement of the electrodes. This acts directly on the arc gap and its operating 
conditions. The current is normally controlled by thyristor-based rectifiers in DC 
furnaces. They can modify the supplied voltage at high speeds.  
 
Most DC furnaces are operated at a constant current, with the task of the electrode 
regulation system to obtain the desired arc voltage. DC furnaces can also be operated at 
a constant reactive power to reduce flicker, with the aim to obtain the current. For AC 
furnaces, the control over the electrical parameters is obtained by changing the 
transformer voltage tap and/or the reactor tap [11]. 
 
2.3 Measurements 

2.3.1 Current measurement 
Kirchhoff’s first law reads that the current (as a signed quantity) entering any junction is 
equal to the current leaving that junction. Kirchhoff´s law can be seen in equation 3,  
 

i1+i2+i3+…+in=0,  (3) 
 

where i is current. This means that the current is the same throughout the circuit, i.e. the 
current can be measured anywhere in the circuit with the same result. In order to 
determine the current, the method of performing an indirect measurement by 
measuring the voltage drop across a shunt resistor can be used.  
 
A shunt resistor is a well calibrated resistance. Ohms law states that the current passing 
through a conductor between two points is directly proportional to the voltage drop 
across the two points. In symbols, Ohms law is shown in equation 4,  
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I=  𝑉𝑉

𝑅𝑅
 ,  (4) 

 
where I is current, V is voltage and R is resistance. Current is always measured in series 
with the load.  
 

2.3.2 Voltage measurement 
Voltage is the difference of electrical potential between two points in a circuit. It is the 
potential energy of an electric field to cause an electric current in an electrical 
conductor. Since the measurement device is to experience the same voltage as the part 
of the circuit being examined, it must be connected in parallel with that part of the 
circuit.  
 

2.3.3 Power 
Power is the flow rate of energy past a given point in an electric circuit. Volt-ampere is 
the unit of the apparent power in AC circuits. The apparent effect can be written as the 
efficiency values. 
 
For DC, and averaging quantities, rms, Joules law reads that the reactive power is equal 
to rms of voltage times rms of current. Joules law is seen in equation 5,   

 
P=U∙I,  (5) 

 
where P is effect [VA], U is rms of voltage [V] and I is rms of current [A]. 
 
The reactive power in an AC electric power system is expressed in VAR, volt-ampere 
reactive. When the current and voltage in an AC circuit are not in phase, a reactive 
power exists.  
 

2.3.4 Temperature measurement 
A thermocouple consists of two dissimilar metal wires, connected at one end, which is 
called a junction end or a measuring end. The two wires are called thermocouple or legs 
of the thermocouple. The reference end is at the other end of the thermocouple. The 
junction end is immersed in the temperature to be measured, and the reference end is 
held at the ambient temperature. The temperature difference between the measuring 
end and the reference end produces a voltage difference at the reference end, so the 
thermocouple is a temperature- voltage transducer [12]. The voltage produced (Seebeck 
voltage) can be correlated back to the temperature. There are different types of 
thermocouples available, for different applications. 
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3 Method 
An experimental setup consisting of a laboratory scale EAF was constructed. An EAF 
with a system to measure voltage and current was designed, built and initially tested. 
For the experiments, an induction furnace was used to melt the steel prior to the use of 
the EAF. It was also used in the EAF part, but with the induction system turned off. The 
furnace is tiltable and the dimensions can be seen in table 1.  
 
Table 1. Dimensions of the laboratory scale furnace. 

houter [cm] hinner [cm] ᴓouter [cm] ᴓinner [cm] 
51 40 41 28 
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4 Laboratory scale furnace design 
4.1 Welding power supply 
A Tetrix 230 AC/DC Comfort 8PTM welding power supply, with a setting range of 
5A/20.2V–180A/27.2V was connected with cables to electrode holders. The Tetrix was 
replaced by an ESAB LHH 400 Universal power supply, with a setting range of 9A/20V-
400A/36V. 
 
4.2 Equipment stand and electrode holders 
On a stand with lockable wheels, the electrode holders, a unit for height control of the 
electrodes and a box with the electronic equipment for voltage and current 
measurement was mounted.  
 
4.3 Graphite crucible 
A graphite crucible was placed inside the induction furnace. Its role was to keep the 
metal and slag. Graphite is an electrically conductive refractory material, with a higher 
resistivity than metals. This is an asset for Joule heating, where the passage of an electric 
current produces heat in the material. In the first part, prior to the EAF, the graphite 
crucible was heated by induction, and the content of the crucible was heated by thermal 
conduction and radiation from the crucible.  

 
 

The inner part of the crucible was lined with Ankerfix NW60 to avoid carbon 
contamination of metal and slag from the crucible. Datasheet for Ankerfix NW60 can be 
found in appendix A. The crucible needs to be relined for each run, due to thermal 
expansion and cracking when cooling down. 
 
To achieve the right size of the crucible the volume of 10 kg steel was calculated. The 
inner diameter was set to 15 cm and the thickness to 15 mm to fit the furnace and be 
wide enough for the two graphite electrodes. An approximated density of steel was used 
for the calculations. Solid steel: ρsteel (s) = 7200 kg/m3, and liquid steel ρsteel (l) = 6900 
kg/m3. A schematic of the crucible can be seen in figure 2. 
 
The volume of the steel was calculated according to equation 6, 

 

Figure 2. Schematic of the crucible. 
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Vsteel : 𝑉𝑉 = 𝑚𝑚

𝜌𝜌
  ,  (6) 

 
where V is volume, m is mass, and 𝜌𝜌 is density of the steel. 
 
Volume of solid steel :  𝑉𝑉(𝑠𝑠)  = 10 [𝑘𝑘𝑘𝑘]

7200 [𝑘𝑘𝑘𝑘/𝑚𝑚3]
   𝑉𝑉 = 1.39𝑥𝑥10−3 𝛺𝛺3 

 
Volume of liquid steel:  𝑉𝑉(𝑙𝑙) = 10 [𝑘𝑘𝑘𝑘]

6900 [𝑘𝑘𝑘𝑘/𝑚𝑚3]
     𝑉𝑉 = 1.45𝑥𝑥10−3 𝛺𝛺3 

 
Required inner size of crucible was calculated according to equation 7, 
 

𝑉𝑉 = 𝜋𝜋𝑟𝑟2ℎ,   (7) 
 

where V is volume, r is inner radius of the crucible and h is inner height of crucible. 
 

Inner diameter 0.15 𝛺𝛺  r= 0.075 𝛺𝛺. 
 
From equation 7, we get: ℎ = 𝑉𝑉

𝜋𝜋𝑟𝑟2
 

 

Height of steel bath in crucible when steel is melted:   ℎ = 1.45𝑥𝑥10−3[𝑚𝑚3]
𝜋𝜋(0.075)2[𝑚𝑚]

 0.082 𝛺𝛺. 

 
The approximated height of the steel bath is 8 cm if the inner diameter of the crucible is 
15 cm, and the mass of the steel is 10 kg. Additional space is needed for lining and for 
foaming slag, so the inner height of the crucible was set to 20 cm. The required size for 
solid steel is larger than calculated since the shape of the small steel blocks allows a lot 
of space in between the metal pieces. The maximum packing factor possible of the solid 
metal is 0.74, if the solid metal has the shape of spheres [13], and if the radius is small 
compared to the radius of the cylinder. The packing factor is calculated according to 
equation 8, 

 
𝑃𝑃𝑃𝑃 = 𝑉𝑉𝑚𝑚 

𝑉𝑉𝑡𝑡𝑡𝑡𝑡𝑡
,  (8) 

 
where Pf is packing factor, Vm is the volume of metal in the spheres, and Vtcb is the total 
volume of the crucible.  Two or more charges of steel may be required. 
 

4.3.1 Skin depth  
In order to find out if the induction affects the thermocouple used for temperature 
measurement, the skin effect was calculated for three different graphite grades.  
The formula for magnetic susceptibility is seen in equation 9, 
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χm=𝜇𝜇𝑟𝑟 − 1,    (9) 

 
where χm is magnetic susceptibility and 𝜇𝜇𝑟𝑟 is the relative permeability for the material. 
 
From equation 9 we get that  𝜇𝜇𝑟𝑟 = χm+1. 

χm for graphite[14] : −1.6 · 10−5   
Relative permeability 𝜇𝜇𝑟𝑟 = χm+1    𝜇𝜇𝑟𝑟 = −1.6 · 10−5+1 = 0.999 ~1 
 
 
Table 2. Skin depth for three different grades of graphite. 

Graphite 
grade  

 

GSK Sigrafine HLM  
Extruded 

1940 
Isomolded 

Resistivity* 
 

ρ=8.0·10-6 

[𝛺𝛺𝛺𝛺] 
ρ║ =7.2·10-

6 [𝛺𝛺𝛺𝛺] 
ρ┴ =10·10-6  

[𝛺𝛺𝛺𝛺] 
ρ=13.2·10-6 

[𝛺𝛺𝛺𝛺] 
𝜇𝜇𝑟𝑟 [1] 1 1 1 1 

Frequency  
[Hz] 

δ  
[mm] 

δ  
[mm] 

δ 
 [mm] 

δ  
[mm] 

3000 26 25 29 33 
3500 24 23 27 31 
4000 25 21 25 29 
4500 21 20 24 27 
5000 20 19 23 26 

*from manufacturers’ data sheet, see appendix B. 
 
For all three grades presented in table 2, the skin depth is deeper (>20 mm) than the 
thickness of the graphite crucible (15 mm) and an effect on the thermocouple inside the 
crucible from the induction can be expected. The induction furnace was run at ~4500 Hz 
during the experiments. The crucible used in these experiments was GSK, the other 
grades in table 2 are being considered as replacements in combination with thicker 
crucible walls in the future. Data sheets for the three different graphite grades can be 
found in appendix B. 
This is only of interest during the induction melting process of the steel, since the 
induction furnace is not in operation while EAF experiments are performed. 
 
4.4 Thermal insulation 
The sidewalls and the copper coil in the induction furnace were lined with refractory 
mortar. The space between the graphite crucible and the refractory mortar were stuffed 
with ceramic granules, Al2O3, for thermal insulation. This granule layer works both as 
protection from overheating of the copper coils, and to fix the graphite crucible steadily 
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in place when tilting the furnace during tapping of melt. To keep the granules in place, 
the top around the crucible was covered with ceramic mortar. This needs to be done 
every time when changing the crucible. 
 
4.5 Graphite electrodes 
Copper plated carbon electrodes (originally for arc gauging) with a diameter of 13 mm 
and a length of 355 mm were attached to the electrode holders.   
 
4.6 Voltage and current measurement system 
An electrical circuit box with a 400 A, 60 mV shunt resistor and a circuit board with a 
double operational amplifier was designed and constructed. Details about the 
operational amplifier can be found in appendix C. The task for this equipment was to 
adjust the signal strength from the voltage and the current measurement to fit a 
National Instruments data acquisition unit. The unit used was a National Instruments, 
NI9234, 4-channel, ±5𝑉𝑉, 24-bit software selectable IEPE and AC/DC Analog Input 
module. The signal from the shunt resistor and electrodes was amplified to a higher and 
lower strength, respectively. This was done to suite the National Instrument unit where 
the signals were processed, marked A and V in the schematic in figure 3. The preference 
for the input signal to the unit was within ±5𝑉𝑉. A schematic of the electrical system can 
be seen in figure 3. For details how this works, see appendix D. Zener diode voltage 
regulators are placed between the output signal of the operational amplifier and the NI 
module to protect the module from high voltages. 
 
 
 

 
Figure 3. Schematic of the electrical system. 
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The electrical measurement system was tested in a set up with a variable transformer.  
 

4.6.1 Current measurement 
A shunt resistor was placed inside the electric circuit box and it was connected in series 
with the cable from the negative pole on the welding power supply to the electrode 
holder. The voltage drop over the shunt resistor was measured and the signal was sent 
to a double operational amplifier. Thereafter, the output signal from the operational 
amplifier was sent to the Texas Instrument data acquisition unit.  
 

4.6.2 Voltage measurement 
To avoid an influence of the voltage drop across the cables from the welding power 
supply, the voltage was measured at the electrode holders. Cables were attached at the 
electrode holders, going in to the operational amplifier. The output signal from the 
operational amplifier was sent to the Texas Instrument unit.  
 
The electrical equipment and installation was inspected by a certificated electrician. 
 

4.6.3 Temperature measurement 
The temperature in the metal melt was measured with a thermocouple of type B in a 
protective tube. It can be used for temperatures between 0 and 1700 °C. 

 
4.7 Casting box 
Two metal boxes to put casting sand in was constructed by welding. This is where the 
melt was tapped after the experiment was finished.  
 

  



13 
 

5 Experimental setup 
5.1 Material  
The material used for the set up was a laboratory scale induction furnace with induction 
transformer and water cooling system, a graphite crucible lined with ceramic powder 
(Ankerfix NW60). Carbon electrodes for arc gouging, surface coated with copper, 
diameter 13 mm. A stand with holders for two carbon electrodes, height control device 
for the electrodes, and box for voltage and current measurement equipment. A welding 
power supply. Thermocouple of type-B, protected in an Al2O3 tube. Exhausts vent 
(fumex). Metal and slag for the experiments. Oxygen and lance for slag foaming. Metal 
box with casting sand used to tap the liquid steel into after each experiment was 
finished. For personal protection, protective clothing, foundry boots and safety 
equipment. A scale for controlling the amount of metal and slag formers before charged 
into the furnace. A picture of the furnace with the experimental set up is shown in figure 
4. A list of equipment can be found in appendix E. 
 
5.2 Safety 
The need for protective clothing was investigated and clothes, welding helmets and 
personal safety equipment were procured. The safety equipment are listed in appendix 
F.  
 
In order to reduce the risk of stumbling, avoid having cables on the floor. It is preferable 
to place them in the ceiling if possible. This is due to that when wearing the safety 
equipment it decreases visibility and mobility. Thus, it is important to check that the 
safety equipment is up to date and working. Furthermore, to check that emergency exits 
and emergency shower are easy to access, and not blocked.  
 
It is also important to make sure that everyone working with the furnace is updated and 
know where to find and how to use fire blankets, fire distinguisher, eyewash and gas 
mask. Furthermore, to know where the emergency exits and assembly point are located 
in case of emergency and knows what numbers to call if needed. 

 
5.3 Experimental schedule 
The Ankerfix powder was mixed with water to a highly viscous dough-like texture. 
Thereafter, it was applied with a spatula to the inner surface of the graphite crucible. 
 
 A ceramic lid with holes was placed on top of the crucible, a thermocouple was placed 
inside the crucible through a hole in the lid, and the lining was dried with induction 
heating until the water vapor stopped to develop. For the first test runs, the thickness of 
the lining was about 5 mm, which required 15 minutes of drying with induction heating. 
Due to damage of the graphite crucible during the test runs, the thickness of the lining 
was increased to 10 mm. Furthermore, the drying time was two hours when using a 
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lower power to avoid cracking. When the lining was dry and sintered, the cover of the 
crucible was opened. Thereafter, the first charge of steel was gently inserted for melting.  
 
When the first charge of steel was melted, more steel was charged. When the target 
temperature was reached, i.e. all of the steel was melted, slag formers were added. 
Thereafter, the induction transformer was turned off, samples of metal and slag were 
taken. Also, in some test runs oxygen was blown through a lance into the melt to foam 
the slag.  
 
More samples of metal and slag were taken during the experiment. Then, the welding 
power supply was connected and the arc was lit. In this step, the spectroscopy 
measurement was performed. After a sufficient time the arc was turned off. Thereafter, 
samples of steel and slag were taken again. Finally, the melt was tapped from the 
crucible to the casting box by tilting the furnace.  
 
 
 

 
Figure 4. The laboratory scale furnace with some of the parts pointed out. 
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6 Results and Discussion 
6.1 Trimming of operational parameters 
Due to quick solidification of the upper surface of metal and slag as soon as the furnace 
was turned off, and the lid was removed from the crucible, a rapid sampling and/or 
tapping was vital to avoid the need for reheating. A melted surface is strongly preferred 
to achieve an electric arc with this equipment. A well-coordinated scheme was made to 
keep the sampling time down to minimum and avoid risk of accidents. Four persons 
were assigned to different tasks: removing the lid from the crucible, measure 
temperature, take sample of slag, take sample of steel and monitoring the 
spectroscometer. After this procedure, the lid was either put back, or the EAF was 
operated. This procedure had to be done in less than one minute. The sampling devices 
were very hot after sampling and therefore they were kept in a heat-approved area close 
to the furnace. 
 
The graphite crucibles broke after a couple of hours of use. Therefore, liquid metal 
started leak out. For the first runs, a 5 mm thick layer of Ankerfix lining was used. Due to 
the upcome of a hole in the lower part of the crucible, a thicker layer of 10 mm lining 
was applied for the following runs. The following run proved that the action was 
insufficient since the next crucible also broke. The upcome of the hole could be due to 
oxidation when graphite is heated, or the mechanical impact of the solid steel loaded in 
charge number two. Solutions to solve this include the considerations of thicker walls of 
the crucible, anti-oxidation treatment and different, denser, graphite grades for example 
extruded instead of isomolded, or a grade with finer grain. An isopressed graphite grade 
GSK was used in these experiments. Earlier experiments with a denser graphite crucible 
of an unknown grade showed better performances.  
 
For the first test runs a Tetrix 230 AC/DC Comfort 8PTM welding power supply, with a 
setting range of 5A/20.2V-180A/27.2V was used. During the trials problems to get a 
stable arc occurred. It was believed that this was due to a too low supply of power. Due 
to the need of a more powerful power supply, the Tetrix power supply was replaced 
with an ESAB LHH 400 Universal power supply. This welding power supply has a setting 
range of 9A/20V - 400A/36V. During the next trial a much more stable arc was obtained. 
The most stable arc was achieved with a welding current of 200-300A. When the current 
increases, the number of charge carriers, and also the diameter of the arc, increases. At 
low current, the width of the arc is reduced and it is harder to maintain high 
temperature. A higher voltage is then required to achieve sufficient ionization [15]. 
 
The current and voltage measurement system was tested with a variable transformer 
connected to the electrical system. The test results of the signal amplification system for 
voltage are shown in table 3. The measured values for the amplification of the voltage 
measurement signal were the same as the calculated values, but the values for the 
current measurements differed from the calculated values. 
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6.2 Results voltage measurements 
In figure 5, the measured input voltage signal from the variable transformer are plotted 
against the output voltage from the operational amplifier. The slope of the curve is 0.02 
and this equals the calculated amplification value. A comparison of the measured scaling 
factor and the calculated scaling factor shows that it is consistent, as can be seen in table 
3. 

 
Figure 5. Voltage amplification in the operational amplifier as a linear function. The input voltage is the signal from the 
variac, and the output voltage is the signal from the operational amplifier. 

 
Table 3. Comparison of measured scaling factor and calculated scaling factor for the signal amplification system for 
voltage measurements. 

Input signal 
from variac 

[V] 
 

Output signal from 
Op. Amp. 

[V] 

Scaling factor 
Measured 
(𝐕𝐕 𝐨𝐨𝐨𝐨𝐨𝐨𝐨𝐨𝐨𝐨𝐨𝐨 
𝐕𝐕 𝐢𝐢𝐢𝐢𝐨𝐨𝐨𝐨𝐨𝐨

) 

Scaling factor 
Calculated 

 

45.1 0.87 0.02  
50.1 0.97 0.02  
55.3 1.07 0.02  
60.0 1.16 0.02 0.02 
65.0 1.25 0.02 (same for all) 
70.5 1.36 0.02  
75.8 1.46 0.02  
80.3 1.55 0.02  
85.2 1.64 0.02  
90.2 1.74 0.02  
95.0 1.83 0.02  
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6.3 Results current measurements 
In figure 6, the measured input voltage signal from the shunt resistor are plotted against 
the output voltage from the operational amplifier. The slope of the curve is not a straight 
line. A comparison of the measured scaling factor and the calculated scaling factor 
shows that it is not the same, as can be seen in table 4. The expected amplification was 
56 times of the input voltage, and the measured amplification was 73-110 times the 
input voltage. Furthermore, the variation width was 110-83=27. This gives an average of 
85 times of the input voltage and a standard deviation of 12. The measured values can 
be seen in table 4. A possible cause for this can be that the zener diode voltage 
regulators uses power, which affects the measurements. The initial measurements 
before the zener diodes was mounted on the circuit board indicated that the 
amplification was consistent with the calculated value. However, the later 
measurements when the diodes were mounted shows that it is not consistent. This 
suggests that it can depend on the choice of diodes, but needs to be investigated in a 
future study. 
 

 
Figure 6. Voltage amplification in the operational amplifier. The input signal is the voltage from the shunt resistor, and 
the output voltage is the signal from the operational amplifier. 
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Table 4. Comparison of measured scaling factor and calculated scaling factor for the signal amplification system for 
current measurements. 

Voltage 
from variac 

[V] 

Input signal 
from shunt 

resistor 
[V] 

Output signal 
from Op.Amp.  

[V] 

Scaling factor 
Measured 

( 𝐕𝐕 𝐎𝐎𝐨𝐨.𝐀𝐀𝐀𝐀𝐨𝐨 
𝐕𝐕 𝐬𝐬𝐬𝐬𝐨𝐨𝐢𝐢𝐨𝐨 𝐫𝐫𝐫𝐫𝐬𝐬𝐢𝐢𝐬𝐬𝐨𝐨𝐨𝐨𝐫𝐫

) 

Scaling factor 
calculated 

10 0.000020 0.0022 110  
20 0.000026 0.0025 96  
30 0.000030 0.0027 90 56 
40 0.000035 0.0029 83 (same for all) 
50 0.000039 0.0030 77  
60 0.000042 0.0032 76  
70 0.000046 0.0034 74  
80 0.000049 0.0036 73  
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7 Conclusion 
A well-functioning laboratory scale electric arc furnace with an integrated voltage-
current measuring system was built and initially tested. The equipment fulfilled its 
purpose to perform laboratory tests with as an EAF, and for measuring voltage. The 
measurement system for current need further work to function well. 
 
The specific conclusions from this study may be summarized as follows: 

• An electric arc furnace in laboratory scale was constructed. 
• A voltage and current measurement system was developed.  
• Temperatures in the melt can be determined in the range 0 to 1700⁰C. 
• It was possible to carry out experiments where a foaming slag could be obtained. 
• The most stable arc was achieved with a welding current of 200-300 A. 
• A different graphite grade than the one used for the crucible is needed to avoid 

holes and leakage of  metal melt. 
 

The overall conclusion is that it is possible to construct an experimental setup, which 
can be used to perform on-line measurements from an electric arc furnace operated 
with steel and slag.  
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8 Future work 
Another method to measure temperature is needed. The thermocouple is assumed to be 
affected by the induction, and cannot be used when the arc is running. 
The signal interference for the current measurements need to be investigated. 
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Appendices 
 

Appendix A: Data sheet Ankerfix NW60 
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Appendix B: Data sheet graphite grades 
Graphite grade GSK  
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Graphite grade Signafine HLM 
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Graphite grade 1940 
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Appendix C: Operational amplifier 
 

Operational amplifier 
The voltage subtractor operational amplifier is also called a differential amplifier. It uses 
both the inverting and non-inverting inputs to produce an output signal which is the 
difference between the two input voltages V1 and V2 allowing one signal to be 
subtracted from another.  
To calculate Vout, the following equation can be used1 
 

𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 = −𝑉𝑉1 �
𝑅𝑅𝑅𝑅
𝑅𝑅
� + 𝑉𝑉2(

𝑅𝑅4
𝑅𝑅3 + 𝑅𝑅4

)(
𝑅𝑅 + 𝑅𝑅𝑅𝑅
𝑅𝑅

) 

 
When 𝑅𝑅𝑅𝑅

𝑅𝑅
 =  𝑅𝑅4

𝑅𝑅3
 , the gain is: G=- 𝑅𝑅𝑅𝑅

𝑅𝑅
 

 
OPA2227 Voltage subtractor circuit 

 
OPA2227 Top view 

 
 

OPA2227 Specification 
The double operational amplifier has two sections; here one was used for the signal for 
current measurements and one for voltage measurements.  

                                                        
1  “Electronic Tutorials." AspenCore, 2017. Web. 11 June 2017 
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OPA2227 Pin functions 
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Appendix D: Circuit board layout for signal amplification 
 

 
 

Resistances on the circuit board 
 

 Current measurement Voltage measurement 
Resistance Value [𝒌𝒌𝜴𝜴] Value [𝒌𝒌𝜴𝜴] 

R 0.995 47.4 
RA 56.0 0.994 
R3 0.991 56.1 
R4 56.2 0.991 

Gain= RA/R 56 0.02 
All used resistances have 1% tolerance. 
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Appendix E: List of equipment  
• Induction furnace 
• Graphite crucible with thermally insulating lid 
• Ankerfix lining for graphite crucible and to build a spout for tapping 
• Al2O3 granules for thermal insulation of copper wires inside induction furnace 
• Refractory mortar to keep Al2O3 granules in place when tilting furnace 
• Pliers to remove lid from crucible 
• Tools to handle materials and sampling 
• Slag rake  
• Thermocouple or other temperature measurement device 
• Material to melt 
• Slag formers 
• Oxygen gas and lance for foaming of slag 
• Exhaust vent 
• Stand with electrode holders and carbon electrodes, box with shunt resistor and 

electrical measurement equipment, device for height adjustment of electrodes 
• Welding power supply 
• Box with casting sand to empty the metal melt and slag in after experiments 
• Extension cables 
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Appendix F: Safety equipment 
• Welding helmet 
• Welding gloves 
• Foundry boots 
• Hearing protection and ear plugs 
• Protective eyewear 
• Flame retardant clothing 
• Aluminizing heat protective clothing 
• Combined particle and gas filter mask, needed mainly to protect from carbon 

particles and volatiles from industry slag  
• Facemask for working with Al2O3 granules to protect from dust 
• CO-detector 
• Fire blankets 
• Fire distinguisher 
• Eyewash 
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Abstract

This work aims to describe the designing and construction of a 10 kg laboratory scale Electric Arc Furnace equipped with a system for measurement of electrical parameters. The EAF is used in a research project where the aim is to develop a new online measurement system for an optimized steel production with respect to a low energy consumption and resource efficiency. The laboratory scale is the first step in the project and will be followed by pilot testing and industrial testing, if the results are successful. In order to calculate how much energy that is fed into the system, the power and voltage were measured. To simplify the system at this initial stage with regard to energy and heat losses, the system is limited to treating pre-melted metal. This report provides some theoretical background for not only EAF´s, but also induction furnaces. This is due to that an induction furnace is used to melt the steel before the laboratory scale EAF is used. This report will give some advice based on the experience gained in this study. Furthermore, list important things to consider while working with this kind of equipment. Also, a system that manages to scale voltage and current signals to more easy handled magnitude is presented. The overall conclusion is that it was possible to construct an experimental setup, which can be used to perform on-line measurements from an electric arc furnace operated with steel and slag.

Sammanfattning

Det här arbetet beskriver designen och konstruktionen av en ljusbågsugn i labbskala, för 10 kg stål, som är utrustad med ett mätsystem för elektriska parametrar. Den här ljusbågsugnen används i ett forskningsprojekt som ska utveckla ett nytt uppkopplat mätsystem för optimerad stålproduktion med avseende på energi- och resurseffektivitet. Experiment i labbskala är det första steget i det här projektet, som efterföljs av tester i pilotskala och sedan industriell skala, om resultaten är bra. För att kunna räkna ut hur mycket energi som matas in i systemet så mättes ström och spänning. För att förenkla systemet i ett initialt skede med avseende på energi- och värmeförluster så begränsas systemet till att behandla redan smält metall. Den här rapporten tillhandahåller teoretisk bakgrund om inte bara ljusbågsugnar, utan även induktionsugnar eftersom att en induktionsugn används för att smälta stålet innan den labbskaliga ljusbågsugnen används. Den här rapporten ger råd av erfarenhet från den här studien. Vidare listas viktiga saker att ta hänsyn till när man jobbar med sådan här utrustning. Ett system som skalar upp och ner signalstyrka vid ström- och spänningsmätningar till mer hanterbara storlekar presenteras. Den övergripande slutsatsen är att det var möjligt att konstruera en försöksutrustning som kan användas till mätningar i ett uppkopplat system i en ljusbågsugn som körs med stål och slagg. 
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Abbreviations 

AC	Alternating Current.

DC	Direct Current.

EAF 	Electric Arc Furnace.

Emf	Electromotive force.

Rms	Root mean square value

VA	Volt-ampere

VAR	Volt-amperage reactive

Variac	Variable transformer
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Introduction

An Electric Arc Furnace (EAF) is an ultra-high powered melting unit, which is used in steelmaking. This work aims to design, build and describe a 10 kg EAF in laboratory scale and a system to measure the voltage and current in the system during operation with steel and slag. 



This work was done as a part of an EU project with the title “On-line slag composition analysis for electric arc furnaces”. The core of the EU-project is the development and industrial testing of a new online measurement system for an optimized steel production. The impact of energy and resource efficiency as well as the economic impact on the use of a new measurement device in the steel plants will be based on steel plant data. This part of the project is the first step, which is focused on laboratory scale testing. This will later be followed by tests in a pilot scale and finally by industrial testing, if the results are successful. The aim is to optimize the EAF steelmaking process with regard to the resource and energy efficiency. During these experiments, Dr. Nils Andersson, Dr. Matti Aula and Ph.D. candidate Carrie Jonsson performed characterization and result analysis of the slag, and made optical emission spectroscopy measurements of evaporated slag to identify the chromium oxide spectrum. 



In order to melt the steel before the experiments in the laboratory scale EAF could start, an induction furnace was used. That is why induction furnaces also are described in this report. Also, this report will give some theoretical background for induction furnaces and electric arc furnaces and describe the laboratory scale furnace design as well as the construction of the system. Thereafter, some test results are presented. Finally, some practical tips for constructing and running these types of equipment will be given.  




Theoretical background

Induction furnace

An induction furnace is an electrical furnace where the heat is applied by induction heating. Induction heating is a flame-free non-contact method of heating electrically conductive materials. There are two types of induction furnaces. Channel furnaces, that only allow charging of liquid metal and coreless induction furnaces that allow cold charge melting. Here, only coreless furnaces are described. In the coreless induction furnace a spiral shaped hollow coil of copper wire, surrounding the crucible and metal, is used. The coil is hollow to allow cooling water to run through and to carry away the heat generated in the copper by the induced current [1]. A powerful alternating current flows through the wire. Thereby, the coils create rapidly reversing magnetic fields that penetrates the metal, as seen in the schematic in figure 1, or in this case a graphite crucible. Eddy currents are induced by the magnetic field. The Eddy currents flow through the electrical resistance of the bulk metal or graphite crucible and heat it by Joule heating. Joule heating is also called a resistive heating or an ohmic heating. This is the process where electric energy is converted into heat as the current flows through the resistance in a conductor and produces heat. 

Figure 1. Schematic of an induction furnace.



Ferromagnetic materials may also be heated by magnetic hysteresis, the reversal of the molecular magnetic dipoles in the metal [2]. With the principle of electromagnetic induction, heat is produced directly from the workpiece. A high voltage electrical source from a primary coil induces a low voltage and a high current in the metal. A field induces a current in the workpiece, which generates heat. It should also be noted that ferromagnetic material heats up much faster than other materials, due to the combination of an electric heating and a magnetic heating. 



The central principle of electromagnetic induction is based on Faradays law. This law relates induced emf, electromotive force, to a changing magnetic field in a loop. Emf is the voltage developed by any source of electrical energy. In electromagnetic induction, emf can be defined around a closed loop as the electromagnetic work that would be done on a charge if it travels once around that loop [3]. A time varying magnetic field can act as a source of electric field. Faradays law of induction states that the induced emf in a closed loop equals the negative of the time rate of change of magnetic flux through the loop. Faradays law in symbols can be seen in equation 1,



,                                                            (1)



where Ɛ is induced emf,  magnetic flux and t is time [4]. Induced emfs are caused by changes in magnetic flux. If the flux through a circuit has a constant value, no emf is induced [5]. 



The advantage of the induction furnace is that it is a clean, energy efficient and well-controllable melting process. The temperature of the material is no higher than what is required to melt it, since there is no arc or combustion involved. This can prevent losses of valuable alloying elements [6] and can be important in applications where a contamination is an issue. 



Skin depth

The skin depth, or skin effect, is a measure of the distance that an alternating current can penetrate beneath the surface of a conductor. It is a function of the frequency, resistivity and relative permeability. Generally, the smaller the volume of the melt, the higher the frequency of the furnace is used. The higher the frequency, the shallower the skin depth (less penetration) is for materials with the same conductivity. The current density is largest near the surface of the conductor and it decreases with a greater depth in the conductor. For alternating current, the current density decreases exponentially from the surface into the material. The definition of skin depth is where the current density is 1/e of the value of the surface (~37%). It is a function of three variables: frequency, resistivity and relative permeability. The electrical resistivity is an insintric property that quantifies how strongly a material opposes the flow of electric current. At high frequencies, the skin depth becomes smaller than at lower frequencies. This skin depth can be calculated according to equation 2,



,		(2)



where ρ is the resistivity [], f is the signal frequency ,  is the relative permeability for the conductor (measure of the magnetism),   and  is the permeability of free space, .

	

Electric Arc Furnace

An EAF is a type of electric furnace, which is used for melting of metals. The operating mechanism is that an electrical energy is converted into heat in an electric arc between electrodes. This assists in heating and melting of the metal.

The electric arc furnace is a relatively energy demanding process. A normal amount of energy to melt one ton of crude steel is 550-600 kWh, of which 100 kW can be chemically added energy by using burners and injection techniques. The theoretical amount of energy needed to melt one ton of crude steel is about 380 kWh. The difference is losses in form of exhaust gases, heat transfer and radiation [7].



Liquid steel is deformable and this has a strong influence on the heat transfer. For solid steel, the arc jet is deflected over the surface. However, for liquid steel, the arc jet can penetrate into the steel. The arc plasma breaks up into bubbles, which results in a generation of an emulsion of liquid and bubbles. This in turn promotes a strong heat transfer [8]. The depression in the metal melt is a function of arc stability and distance from the liquid surface. A relation between arc length and electrode height above the surface would be helpful for electrical control purposes, but the depression in the liquid steel caused by the arc jets conceals the true arc length and the actual arc gap. When a short-circuited electrode is lifted out of the liquid, an arc can be initiated before the tip of the electrode reaches the top level of the liquid due to rapid increase of current density in the liquid, sufficient enough to depress the surface. Initiation of an arc is not a clear indication that the electrode tip has reached the surface level. When dipping an arcing electrode into the liquid to create a shortcut, the reverse procedure results in arc extinction at a different, lower level. The arc is already established and has a higher current density than when being lifted [9]. 



Melting of scrap generates slag with a high level of silica from sand and soil from the scrap surfaces. Also, sulphur and phosphorus are usually present in the scrap. In order to reduce their transfer to the steel a basic slag is needed. It is common to add basic materials such as lime and dolomite. The main metallurgical duty for the slag is desulfurization according to reaction R1,



CaO+S = CaS+O 		(R1)



but it also plays an important physical role as a basic slag improves the arc stability and due to that, foaming slag improves thermal efficiency [10].



Arc

An arc, in this meaning, is an electrical discharge between electrodes. The current can be passed from the electrodes to the metal melt when gas is strongly heated to form a plasma. The plasma consists in added gas or metal vapor and is thereby electrically conductive. The energy supply must be high enough to maintain a high temperature, so that ionization and thus electrical conductivity can be maintained. Electrically charged particles carries the electric current. Furthermore, the negatively charged electrons in the plasma are drawn toward the positive electrode, which is the anode. Also a small part of the current transport occurs by the heavier positive ions that migrate toward the negative electrode, which is the cathode. Ionization occurs by particles in the plasma that collides so powerful that free electrons are knocked out. Less severe collisions can bring the atom to an excited state, i.e. one of the loosely bound electrons is lifted to a higher energy level. When the electron after a short time falls back, the excess energy is emitted in the form of a light quantum, which is a photon. This explains the formation of the intense arc light. If the arc burns in a multiple atomic gas such as CO2, a dissociation also takes place. More specifically, the molecules split into atoms. Dissociation requires energy taken from the warmer parts of the arc. It is restored when molecules recombine at a lower temperature, which provides a good heat transfer. Therefore, a plasma cannot exist if the heat is dissipated. 

	

Power control of arc furnaces

The choice of transformer voltage tap, reactor tap (meaning more or fewer windings on the coil) and the current set point sets the level of power input into an arc furnace. There is also an important dependence on the capability of the electrode regulation system to maintain the chosen current set point. An automatic regulation system attempts to obtain the chosen electrical operating parameters, basically the current, by the vertical displacement of the electrodes. This acts directly on the arc gap and its operating conditions. The current is normally controlled by thyristor-based rectifiers in DC furnaces. They can modify the supplied voltage at high speeds. 



Most DC furnaces are operated at a constant current, with the task of the electrode regulation system to obtain the desired arc voltage. DC furnaces can also be operated at a constant reactive power to reduce flicker, with the aim to obtain the current. For AC furnaces, the control over the electrical parameters is obtained by changing the transformer voltage tap and/or the reactor tap [11].



Measurements

Current measurement

Kirchhoff’s first law reads that the current (as a signed quantity) entering any junction is equal to the current leaving that junction. Kirchhoff´s law can be seen in equation 3, 



i1+i2+i3+…+in=0,		(3)



where i is current. This means that the current is the same throughout the circuit, i.e. the current can be measured anywhere in the circuit with the same result. In order to determine the current, the method of performing an indirect measurement by measuring the voltage drop across a shunt resistor can be used. 



A shunt resistor is a well calibrated resistance. Ohms law states that the current passing through a conductor between two points is directly proportional to the voltage drop across the two points. In symbols, Ohms law is shown in equation 4, 





I ,		(4)



where I is current, V is voltage and R is resistance. Current is always measured in series with the load. 



Voltage measurement

Voltage is the difference of electrical potential between two points in a circuit. It is the potential energy of an electric field to cause an electric current in an electrical conductor. Since the measurement device is to experience the same voltage as the part of the circuit being examined, it must be connected in parallel with that part of the circuit. 



Power

Power is the flow rate of energy past a given point in an electric circuit. Volt-ampere is the unit of the apparent power in AC circuits. The apparent effect can be written as the efficiency values.



For DC, and averaging quantities, rms, Joules law reads that the reactive power is equal to rms of voltage times rms of current. Joules law is seen in equation 5,  



P=U∙I,		(5)



where P is effect [VA], U is rms of voltage [V] and I is rms of current [A].



The reactive power in an AC electric power system is expressed in VAR, volt-ampere reactive. When the current and voltage in an AC circuit are not in phase, a reactive power exists. 



Temperature measurement

A thermocouple consists of two dissimilar metal wires, connected at one end, which is called a junction end or a measuring end. The two wires are called thermocouple or legs of the thermocouple. The reference end is at the other end of the thermocouple. The junction end is immersed in the temperature to be measured, and the reference end is held at the ambient temperature. The temperature difference between the measuring end and the reference end produces a voltage difference at the reference end, so the thermocouple is a temperature- voltage transducer [12]. The voltage produced (Seebeck voltage) can be correlated back to the temperature. There are different types of thermocouples available, for different applications.




Method

An experimental setup consisting of a laboratory scale EAF was constructed. An EAF with a system to measure voltage and current was designed, built and initially tested. For the experiments, an induction furnace was used to melt the steel prior to the use of the EAF. It was also used in the EAF part, but with the induction system turned off. The furnace is tiltable and the dimensions can be seen in table 1. 



Table 1. Dimensions of the laboratory scale furnace.

		houter [cm]

		hinner [cm]

		ᴓouter [cm]

		ᴓinner [cm]



		51

		40

		41

		28










Laboratory scale furnace design

Welding power supply

A Tetrix 230 AC/DC Comfort 8PTM welding power supply, with a setting range of 5A/20.2V–180A/27.2V was connected with cables to electrode holders. The Tetrix was replaced by an ESAB LHH 400 Universal power supply, with a setting range of 9A/20V-400A/36V.



Equipment stand and electrode holders

On a stand with lockable wheels, the electrode holders, a unit for height control of the electrodes and a box with the electronic equipment for voltage and current measurement was mounted. 



Graphite crucible

A graphite crucible was placed inside the induction furnace. Its role was to keep the metal and slag. Graphite is an electrically conductive refractory material, with a higher resistivity than metals. This is an asset for Joule heating, where the passage of an electric current produces heat in the material. In the first part, prior to the EAF, the graphite crucible was heated by induction, and the content of the crucible was heated by thermal conduction and radiation from the crucible. Figure 2. Schematic of the crucible.









The inner part of the crucible was lined with Ankerfix NW60 to avoid carbon contamination of metal and slag from the crucible. Datasheet for Ankerfix NW60 can be found in appendix A. The crucible needs to be relined for each run, due to thermal expansion and cracking when cooling down.



To achieve the right size of the crucible the volume of 10 kg steel was calculated. The inner diameter was set to 15 cm and the thickness to 15 mm to fit the furnace and be wide enough for the two graphite electrodes. An approximated density of steel was used for the calculations. Solid steel: ρsteel (s) = 7200 kg/m3, and liquid steel ρsteel (l) = 6900 kg/m3. A schematic of the crucible can be seen in figure 2.



The volume of the steel was calculated according to equation 6,

	

Vsteel :   ,		(6)



where V is volume, m is mass, and  is density of the steel.



Volume of solid steel : 	 		



Volume of liquid steel:	  	 	 



Required inner size of crucible was calculated according to equation 7,



			(7)



where V is volume, r is inner radius of the crucible and h is inner height of crucible.



Inner diameter 0.15  r.



From equation 7, we get: 



Height of steel bath in crucible when steel is melted:    0.082.



The approximated height of the steel bath is 8 cm if the inner diameter of the crucible is 15 cm, and the mass of the steel is 10 kg. Additional space is needed for lining and for foaming slag, so the inner height of the crucible was set to 20 cm. The required size for solid steel is larger than calculated since the shape of the small steel blocks allows a lot of space in between the metal pieces. The maximum packing factor possible of the solid metal is 0.74, if the solid metal has the shape of spheres [13], and if the radius is small compared to the radius of the cylinder. The packing factor is calculated according to equation 8,



,		(8)



where Pf is packing factor, Vm is the volume of metal in the spheres, and Vtcb is the total volume of the crucible.  Two or more charges of steel may be required.



Skin depth	

In order to find out if the induction affects the thermocouple used for temperature measurement, the skin effect was calculated for three different graphite grades. 

The formula for magnetic susceptibility is seen in equation 9,





χm=  		(9)



where χm is magnetic susceptibility and  is the relative permeability for the material.



From equation 9 we get that   χm+1.

χm for graphite[14] :   

Relative permeability  χm+1 		  +1 = 0.999 ~1





Table 2. Skin depth for three different grades of graphite.

		Graphite grade 



		GSK

		Sigrafine HLM 

Extruded

		1940

Isomolded



		Resistivity*



		ρ=8.0·10-6

[]

		ρ║ =7.2·10-6 []

		ρ┴ =10·10-6  []

		ρ=13.2·10-6

[]



		 

		1

		1

		1

		1



		Frequency 

[Hz]

		δ 

[mm]

		δ 

[mm]

		δ

 [mm]

		δ 

[mm]



		3000

		26

		25

		29

		33



		3500

		24

		23

		27

		31



		4000

		25

		21

		25

		29



		4500

		21

		20

		24

		27



		5000

		20

		19

		23

		26





*from manufacturers’ data sheet, see appendix B.



For all three grades presented in table 2, the skin depth is deeper (>20 mm) than the thickness of the graphite crucible (15 mm) and an effect on the thermocouple inside the crucible from the induction can be expected. The induction furnace was run at ~4500 Hz during the experiments. The crucible used in these experiments was GSK, the other grades in table 2 are being considered as replacements in combination with thicker crucible walls in the future. Data sheets for the three different graphite grades can be found in appendix B.

This is only of interest during the induction melting process of the steel, since the induction furnace is not in operation while EAF experiments are performed.



Thermal insulation

The sidewalls and the copper coil in the induction furnace were lined with refractory mortar. The space between the graphite crucible and the refractory mortar were stuffed with ceramic granules, Al2O3, for thermal insulation. This granule layer works both as protection from overheating of the copper coils, and to fix the graphite crucible steadily in place when tilting the furnace during tapping of melt. To keep the granules in place, the top around the crucible was covered with ceramic mortar. This needs to be done every time when changing the crucible.



Graphite electrodes

Copper plated carbon electrodes (originally for arc gauging) with a diameter of 13 mm and a length of 355 mm were attached to the electrode holders.  



Voltage and current measurement system

An electrical circuit box with a 400 A, 60 mV shunt resistor and a circuit board with a double operational amplifier was designed and constructed. Details about the operational amplifier can be found in appendix C. The task for this equipment was to adjust the signal strength from the voltage and the current measurement to fit a National Instruments data acquisition unit. The unit used was a National Instruments, NI9234, 4-channel, , 24-bit software selectable IEPE and AC/DC Analog Input module. The signal from the shunt resistor and electrodes was amplified to a higher and lower strength, respectively. This was done to suite the National Instrument unit where the signals were processed, marked A and V in the schematic in figure 3. The preference for the input signal to the unit was within A schematic of the electrical system can be seen in figure 3. For details how this works, see appendix D. Zener diode voltage regulators are placed between the output signal of the operational amplifier and the NI module to protect the module from high voltages.









Figure 3. Schematic of the electrical system.

The electrical measurement system was tested in a set up with a variable transformer. 



Current measurement

A shunt resistor was placed inside the electric circuit box and it was connected in series with the cable from the negative pole on the welding power supply to the electrode holder. The voltage drop over the shunt resistor was measured and the signal was sent to a double operational amplifier. Thereafter, the output signal from the operational amplifier was sent to the Texas Instrument data acquisition unit. 



Voltage measurement

To avoid an influence of the voltage drop across the cables from the welding power supply, the voltage was measured at the electrode holders. Cables were attached at the electrode holders, going in to the operational amplifier. The output signal from the operational amplifier was sent to the Texas Instrument unit. 



The electrical equipment and installation was inspected by a certificated electrician.



Temperature measurement

The temperature in the metal melt was measured with a thermocouple of type B in a protective tube. It can be used for temperatures between 0 and 1700 °C.



Casting box

Two metal boxes to put casting sand in was constructed by welding. This is where the melt was tapped after the experiment was finished. 






Experimental setup

Material 

The material used for the set up was a laboratory scale induction furnace with induction transformer and water cooling system, a graphite crucible lined with ceramic powder (Ankerfix NW60). Carbon electrodes for arc gouging, surface coated with copper, diameter 13 mm. A stand with holders for two carbon electrodes, height control device for the electrodes, and box for voltage and current measurement equipment. A welding power supply. Thermocouple of type-B, protected in an Al2O3 tube. Exhausts vent (fumex). Metal and slag for the experiments. Oxygen and lance for slag foaming. Metal box with casting sand used to tap the liquid steel into after each experiment was finished. For personal protection, protective clothing, foundry boots and safety equipment. A scale for controlling the amount of metal and slag formers before charged into the furnace. A picture of the furnace with the experimental set up is shown in figure 4. A list of equipment can be found in appendix E.



Safety

The need for protective clothing was investigated and clothes, welding helmets and personal safety equipment were procured. The safety equipment are listed in appendix F. 



In order to reduce the risk of stumbling, avoid having cables on the floor. It is preferable to place them in the ceiling if possible. This is due to that when wearing the safety equipment it decreases visibility and mobility. Thus, it is important to check that the safety equipment is up to date and working. Furthermore, to check that emergency exits and emergency shower are easy to access, and not blocked. 



It is also important to make sure that everyone working with the furnace is updated and know where to find and how to use fire blankets, fire distinguisher, eyewash and gas mask. Furthermore, to know where the emergency exits and assembly point are located in case of emergency and knows what numbers to call if needed.



Experimental schedule

The Ankerfix powder was mixed with water to a highly viscous dough-like texture. Thereafter, it was applied with a spatula to the inner surface of the graphite crucible.



 A ceramic lid with holes was placed on top of the crucible, a thermocouple was placed inside the crucible through a hole in the lid, and the lining was dried with induction heating until the water vapor stopped to develop. For the first test runs, the thickness of the lining was about 5 mm, which required 15 minutes of drying with induction heating. Due to damage of the graphite crucible during the test runs, the thickness of the lining was increased to 10 mm. Furthermore, the drying time was two hours when using a lower power to avoid cracking. When the lining was dry and sintered, the cover of the crucible was opened. Thereafter, the first charge of steel was gently inserted for melting. 



When the first charge of steel was melted, more steel was charged. When the target temperature was reached, i.e. all of the steel was melted, slag formers were added. Thereafter, the induction transformer was turned off, samples of metal and slag were taken. Also, in some test runs oxygen was blown through a lance into the melt to foam the slag. 



More samples of metal and slag were taken during the experiment. Then, the welding power supply was connected and the arc was lit. In this step, the spectroscopy measurement was performed. After a sufficient time the arc was turned off. Thereafter, samples of steel and slag were taken again. Finally, the melt was tapped from the crucible to the casting box by tilting the furnace. 









Figure 4. The laboratory scale furnace with some of the parts pointed out.






Results and Discussion

Trimming of operational parameters

Due to quick solidification of the upper surface of metal and slag as soon as the furnace was turned off, and the lid was removed from the crucible, a rapid sampling and/or tapping was vital to avoid the need for reheating. A melted surface is strongly preferred to achieve an electric arc with this equipment. A well-coordinated scheme was made to keep the sampling time down to minimum and avoid risk of accidents. Four persons were assigned to different tasks: removing the lid from the crucible, measure temperature, take sample of slag, take sample of steel and monitoring the spectroscometer. After this procedure, the lid was either put back, or the EAF was operated. This procedure had to be done in less than one minute. The sampling devices were very hot after sampling and therefore they were kept in a heat-approved area close to the furnace.



The graphite crucibles broke after a couple of hours of use. Therefore, liquid metal started leak out. For the first runs, a 5 mm thick layer of Ankerfix lining was used. Due to the upcome of a hole in the lower part of the crucible, a thicker layer of 10 mm lining was applied for the following runs. The following run proved that the action was insufficient since the next crucible also broke. The upcome of the hole could be due to oxidation when graphite is heated, or the mechanical impact of the solid steel loaded in charge number two. Solutions to solve this include the considerations of thicker walls of the crucible, anti-oxidation treatment and different, denser, graphite grades for example extruded instead of isomolded, or a grade with finer grain. An isopressed graphite grade GSK was used in these experiments. Earlier experiments with a denser graphite crucible of an unknown grade showed better performances. 



For the first test runs a Tetrix 230 AC/DC Comfort 8PTM welding power supply, with a setting range of 5A/20.2V-180A/27.2V was used. During the trials problems to get a stable arc occurred. It was believed that this was due to a too low supply of power. Due to the need of a more powerful power supply, the Tetrix power supply was replaced with an ESAB LHH 400 Universal power supply. This welding power supply has a setting range of 9A/20V - 400A/36V. During the next trial a much more stable arc was obtained. The most stable arc was achieved with a welding current of 200-300A. When the current increases, the number of charge carriers, and also the diameter of the arc, increases. At low current, the width of the arc is reduced and it is harder to maintain high temperature. A higher voltage is then required to achieve sufficient ionization [15].



The current and voltage measurement system was tested with a variable transformer connected to the electrical system. The test results of the signal amplification system for voltage are shown in table 3. The measured values for the amplification of the voltage measurement signal were the same as the calculated values, but the values for the current measurements differed from the calculated values.



Results voltage measurements

In figure 5, the measured input voltage signal from the variable transformer are plotted against the output voltage from the operational amplifier. The slope of the curve is 0.02 and this equals the calculated amplification value. A comparison of the measured scaling factor and the calculated scaling factor shows that it is consistent, as can be seen in table 3.



Figure 5. Voltage amplification in the operational amplifier as a linear function. The input voltage is the signal from the variac, and the output voltage is the signal from the operational amplifier.



Table 3. Comparison of measured scaling factor and calculated scaling factor for the signal amplification system for voltage measurements.

		Input signal from variac

[V]



		Output signal from Op. Amp.

[V]

		Scaling factor

Measured

()

		Scaling factor

Calculated





		45.1

		0.87

		0.02

		



		50.1

		0.97

		0.02

		



		55.3

		1.07

		0.02

		



		60.0

		1.16

		0.02

		0.02



		65.0

		1.25

		0.02

		(same for all)



		70.5

		1.36

		0.02

		



		75.8

		1.46

		0.02

		



		80.3

		1.55

		0.02

		



		85.2

		1.64

		0.02

		



		90.2

		1.74

		0.02

		



		95.0

		1.83

		0.02

		





Results current measurements

In figure 6, the measured input voltage signal from the shunt resistor are plotted against the output voltage from the operational amplifier. The slope of the curve is not a straight line. A comparison of the measured scaling factor and the calculated scaling factor shows that it is not the same, as can be seen in table 4. The expected amplification was 56 times of the input voltage, and the measured amplification was 73-110 times the input voltage. Furthermore, the variation width was 110-83=27. This gives an average of 85 times of the input voltage and a standard deviation of 12. The measured values can be seen in table 4. A possible cause for this can be that the zener diode voltage regulators uses power, which affects the measurements. The initial measurements before the zener diodes was mounted on the circuit board indicated that the amplification was consistent with the calculated value. However, the later measurements when the diodes were mounted shows that it is not consistent. This suggests that it can depend on the choice of diodes, but needs to be investigated in a future study.





Figure 6. Voltage amplification in the operational amplifier. The input signal is the voltage from the shunt resistor, and the output voltage is the signal from the operational amplifier.

























Table 4. Comparison of measured scaling factor and calculated scaling factor for the signal amplification system for current measurements.

		Voltage from variac

[V]

		Input signal from shunt resistor

[V]

		Output signal from Op.Amp. 

[V]

		Scaling factor

Measured

()

		Scaling factor

calculated



		10

		0.000020

		0.0022

		110

		



		20

		0.000026

		0.0025

		96

		



		30

		0.000030

		0.0027

		90

		56



		40

		0.000035

		0.0029

		83

		(same for all)



		50

		0.000039

		0.0030

		77

		



		60

		0.000042

		0.0032

		76

		



		70

		0.000046

		0.0034

		74

		



		80

		0.000049

		0.0036

		73

		










Conclusion

A well-functioning laboratory scale electric arc furnace with an integrated voltage-current measuring system was built and initially tested. The equipment fulfilled its purpose to perform laboratory tests with as an EAF, and for measuring voltage. The measurement system for current need further work to function well.



The specific conclusions from this study may be summarized as follows:

· An electric arc furnace in laboratory scale was constructed.

· A voltage and current measurement system was developed. 

· Temperatures in the melt can be determined in the range 0 to 1700⁰C.

· It was possible to carry out experiments where a foaming slag could be obtained.

· The most stable arc was achieved with a welding current of 200-300 A.

· A different graphite grade than the one used for the crucible is needed to avoid holes and leakage of  metal melt.



The overall conclusion is that it is possible to construct an experimental setup, which can be used to perform on-line measurements from an electric arc furnace operated with steel and slag.


Future work

Another method to measure temperature is needed. The thermocouple is assumed to be affected by the induction, and cannot be used when the arc is running.

The signal interference for the current measurements need to be investigated.
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Appendices



Appendix A: Data sheet Ankerfix NW60



Appendix B: Data sheet graphite grades

Graphite grade GSK 






Graphite grade Signafine HLM






Graphite grade 1940










Appendix C: Operational amplifier



Operational amplifier

The voltage subtractor operational amplifier is also called a differential amplifier. It uses both the inverting and non-inverting inputs to produce an output signal which is the difference between the two input voltages V1 and V2 allowing one signal to be subtracted from another. 

To calculate Vout, the following equation can be used[footnoteRef:1] [1:  “Electronic Tutorials." AspenCore, 2017. Web. 11 June 2017
] 








When =  , the gain is: G=- 



OPA2227 Voltage subtractor circuit



OPA2227 Top view





OPA2227 Specification

The double operational amplifier has two sections; here one was used for the signal for current measurements and one for voltage measurements. 



OPA2227 Pin functions






Appendix D: Circuit board layout for signal amplification







Resistances on the circuit board



		

		Current measurement

		Voltage measurement



		Resistance

		Value []

		Value []



		R

		0.995

		47.4



		RA

		56.0

		0.994



		R3

		0.991

		56.1



		R4

		56.2

		0.991



		Gain= RA/R

		56

		0.02





All used resistances have 1% tolerance.






Appendix E: List of equipment 

· Induction furnace

· Graphite crucible with thermally insulating lid

· Ankerfix lining for graphite crucible and to build a spout for tapping

· Al2O3 granules for thermal insulation of copper wires inside induction furnace

· Refractory mortar to keep Al2O3 granules in place when tilting furnace

· Pliers to remove lid from crucible

· Tools to handle materials and sampling

· Slag rake 

· Thermocouple or other temperature measurement device

· Material to melt

· Slag formers

· Oxygen gas and lance for foaming of slag

· Exhaust vent

· Stand with electrode holders and carbon electrodes, box with shunt resistor and electrical measurement equipment, device for height adjustment of electrodes

· Welding power supply

· Box with casting sand to empty the metal melt and slag in after experiments

· Extension cables






Appendix F: Safety equipment

· Welding helmet

· Welding gloves

· Foundry boots

· Hearing protection and ear plugs

· Protective eyewear

· Flame retardant clothing

· Aluminizing heat protective clothing

· Combined particle and gas filter mask, needed mainly to protect from carbon particles and volatiles from industry slag 

· Facemask for working with Al2O3 granules to protect from dust

· CO-detector

· Fire blankets

· Fire distinguisher

· Eyewash
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