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A B S T R A C T   

The paper reports on the behaviour and dynamics of direct current electric arc in an industrial electric arc 
furnace. Electric arcs are intense energy sources involved in many industrial processes. The behaviour of electric 
arc is simulated in a 2D axisymmetric geometry. A 40 kA current flows between two electrodes with a gap of 
0.25 cm. The flow of current creates a very powerful jet up to km/s. Such speeds pose the question of the 
importance of compressibility and what is the extent of the effects of compressibility on arc behaviour. To assess 
the effect of compressibility, two different simulations are performed: an incompressible and a compressible 
simulation. The first simulation considers a temperature-dependent density based on experimental measurement 
whereas the latter adopts the ideal gas law to calculate the density variation of the plasma. The incompressible 
results were previously validated and compared to the well-known results predicted by the literature. The nu-
merical results of the two models are reported and compared in terms of flow, thermal fields, and voltage drop. 
The results show that compressibility affects several aspects of the arc. As expected, the velocity drops when 
compressibility is present, however, the voltage drop increase significantly. Additionally, compressibility in-
troduces a repetitive pattern of voltage drop over time which also depicted in the arc dynamics. The pattern is 
divided into three distinctive dynamics: (1) High-frequency low amplitude instabilities, followed by (2) low low- 
frequency high amplitude instabilities region, and finally, a relatively (3) stable interval of voltage with a bell- 
shaped arc.   

1. Introduction 

Electric arc furnace (EAF) play a crucial role in the metallurgical 
industry. EAF operation utilizes the heat produced by an electric arc to 
melt down ore and scrap materials. Over the past century, the use of EAF 
has experienced exponential growth, making it one of the most widely 
recognized applications in the metallurgical industry. The electric arc 
produces significant thermal energy and generates a powerful electro- 
vortical jet, rapidly melting the charged metal scrap/ore into liquid 
metal. 

In general, the DC-EAF has a single electrode (cathode) mounted 
directly above the metal bath with adjustable height while the anode is 
mounted in the lower part of the crucible (furnace bottom). By applying 
high voltage, electrical breakdown occurs in the gap between the 

cathode electrode and metal scrap. The voltage breakdown results in the 
formation of the arc connecting the upper electrode at the cathode spot 
to the scrap/ore surface. The electric arc reaches temperatures 
exceeding 10 000 K due to Joule heating, ensuring sufficient electrical 
conductivity for its persistence in the gap [1]. As reported by Bowman 
[2], at high temperatures exceeding 10 000 k ionized atoms’ velocity 
reach ranges of km/s, as an example the average velocity of a nitrogen 
atom is 3.5 km/s. Bowman [3] was able to measure the plasma velocity 
generated by a 2160 A DC arc, predicting a velocity of approximately 
1500 m/s for a 0.07 m gap. Due to extreme conditions around the arc, 
experimental measurements for industrial-scale arcs are rare and hardly 
attempted [4,5]. Instead, numerical and mathematical models are more 
favourable tools to help study and understand the arcing phenomenon. 
Several mathematical models have been developed to predict the 
behaviour of high-current density jets. One of the first studies that 
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attempted to understand the electric arc was done by Ushio et al. [6]. 
The study considered turbulent Naiver Stokes, energy equation, and 
Maxwell equations of the arc with some assumptions for current distri-
bution. Szekely et al. [1] used a comparable model and were the first to 
predict the different heat transfer mechanisms from the arc to the metal 
bath by coupling the arc with metal bath regions. Jordan et al. [4] 
conducted measurements on a free-burning DC arc of 10 kA and 
measured several electric properties and cathode spot radius. “The paper 
reported a constant current density of 4.4 × 107 A/m2. Bowman esti-
mated the cathode current density as 3.5 × 107 A/m2 [7]. Both esti-
mations were in the same order of magnitude and are commonly used in 
high-power DC arcs with Local Thermal Equilibrium (LTE) modelling. 
The thermophysical and electrical properties of plasma for several gases 
including air were computed at high temperatures and generally adop-
ted for high DC arc simulation [8,9]. Qian et al. [10] performed a 2D 
axisymmetric study for a DC high-power arc for two different current 
values and arc gaps. The study concluded that arc jet velocity is affected 
more by the applied current while the higher heat transfer to the bath 
area is accomplished for smaller arc gaps. Ramirez [11] developed a 
mathematical model specifically focused on the arc and liquid metal 
bath in a DC-EAF. The model utilized the potential approach to solve the 
electromagnetic field, the electric potential method yielded better 
agreement compared to the magnetic approach, particularly when 
compared with argon arc welding data. The study extensively explored 
various aspects of the arc, including cathode current density, arc jet 
velocity, the impact of compressibility, and the interaction with the 
metal bath. Decoupling the arc and metal bath was considered valid 
since changes in the metal bath temperature had minimal impact on the 
arc. The study highlighted that the key factors influencing the arc’s 
performance were the initial arc gap and the total applied current. A 
significant contribution of the study was the development of dimen-
sionless parameters for characterizing the arc, such as arc shape, mag-
netic flux, axial velocity, and temperature within the arc. Ramírez 
assessed the effect of compressibility in DC industrial arc. The study 
showed that considering compressibility leads to lower arc speed, tem-
perature distribution, and voltage drop, while higher plasma density 
was observed. Wang et al. [12] studied the flow and heat transfer 
coupled with Maxwell’s equation inside the arc region and the molten 
bath. The study concluded that convection and radiation are the main 
modes of heat transfer from the arc to the metal bath. Ramírez [13] 
studied the effect of different gases as an atmosphere for the arc and 
concluded that air is the most efficient gas to heat up the liquid bath. The 
presence of carbon oxides can improve heating efficiency. Reynolds 
et al. [14–16]conducted a scientific investigation in which they devel-
oped numerical models to simulate the behaviour of DC arc plasma in 

both 2D and 3D computational frameworks. The models encompassed 
the behaviour of single-phase arcs, as well as the impact of the arc on the 
underlying slag layer. While the model successfully predicted a transi-
tion between steady and unsteady arc behaviour, it assumed of constant 
arc properties with temperature. Despite this limitation, the simulation 
of multiphase arc impingement demonstrated reasonable agreement 
with experimental measurements. The voltage drop across the domain 
between the computational model and semi-empirical correlations 
extracted from experimental measurements [16]. The voltage drop in 
the simulation was significantly lower than the semi-empirical value, 
but no clear explanation for this difference was provided. Trelles [17] 
investigated the behaviour of a DC arc plasma torch using two temper-
ature models in 3D. The study included the compressibility effect while 
neglecting the impact of turbulence. The study captured several arc 
aspects, including shear-flow instabilities and coherent flow structures. 
Guo et al. [18] examined the behaviour of a non-transferred argon-hy-
drogen DC arc inside a plasma torch. The findings revealed a decrease in 
voltage as the current increased. While the increase in flow rate in-
creases the voltage. It should be noted, however, that the study assumed 
an incompressible flow, despite the predicted high velocity of 1600 m/s 
at the core of the jet. In their study, Murphy et al. [19] determined that 
the influence of compressibility becomes significant in high-velocity and 
turbulent plasmas, particularly when the velocity approaches sonic 
speeds. 

From the stated literature, the influence of compressibility on the 
behaviour of high current density electric arcs remains largely unex-
plored. This study aims to investigate the dynamics of an industrial-scale 
electric arc, with a particular focus on addressing the impact of 
compressibility on flow characteristics. Using a transient 2D axisym-
metric domain, the flow, thermal, and magnetohydrodynamics (MHD) 
fields are solved in a coupled fashion. The study aims to analyse and 
compare incompressible and compressible models, particularly 
regarding the voltage drop. By examining these models, we can gain 
valuable insights into the complex nature of high current density electric 
arcs. 

To achieve these objectives, the paper is organized as follows: Sec-
tion I provides the introduction and objective. Section II covers the 
model formulation, boundary conditions, and the equations solved. 
Section III presents the obtained results for both the incompressible and 
compressible models. Section IV provides a comprehensive discussion 
and analysis of the results, highlighting the observed differences. 
Finally, Section V presents the concluding remarks and key outcomes of 
the study. 

Nomenclature: 

u Velocity (m/s) 
P Pressure (N/m2) 
F Lorentz Force per unit volume (N/m3) 
S Source term per unit volume 
k Turbulence kinetic energy (m2/s2) 
K Thermal conductivity (W/m.K) 
R ideal gas constant (J/mol⋅K) 
Mw molecular weight of the gas 
Pop Operating Pressure(N/m2) 
T Temperature (K) 
cp Specific heat at constant pressure (J/kg.K) 
J Current density (A/m2) 
Radloss Experimental radiation loss (w/m3) 
B Magnetic field (T) 
cv Specific heat at constant volume (J/kg.K) 

I0 Applied current (A) 
dV Control volume 

Greeks 
ρ Density (kg/m3) 
μeff Effective Viscosity (N.s/m2) 
σ Electrical conductivity (S/m) 
ε Turbulence dissipation rate (m2/s3) 
μ0 vacuum permeability (H/m) 
γ ratio of specific heats (cp/cv) 
Δφ Voltage drop (V) 

Subscripts 
z Axial coordinates 
r Radial coordinates 
θ Azimuthal coordinates  
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Fig. 1. (a) 2D axisymmetric Geometry of arc domain; the red part resembles the approximate arc shape. (b) Meshed domain constituted of 40 000 finite volume cells. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 2. Thermo-physical and electrical properties of air as functions of temperature.  
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2. Methodology 

In this study, the physical configuration resembles a 2D axisym-
metric model consisting of a cylindrical container filled with air in direct 
contact with two solid electrodes from top and bottom. The cylinder 
resembles the arc and its microenvironment. Fig. 1 a shows the 2D 
axisymmetric configuration of the domain. The cylinder has a height of 
25 cm (arc gap), and a radius of 30 cm. Simulations are operated under 
the assumption of local thermal equilibrium (LTE) condition. LTE as-
sumptions mean that all particles inside the system are in thermal 
equilibrium thus plasma can be modeled as a single phase using the 
thermodynamic relationships. The current flowing through the arc is 40 
kA. The arc structure shown in Fig. 1 a is a schematic of an approximate 
bell-shaped arc structure. In reality, the arc extremities are defined ac-
cording to the temperature of 10 000 K. This is based on the fact that 
higher than this temperature plasma conductivity is high enough to 
sustain electric current flow. The mesh is structured hexahedral mesh 
consisting of 40 000 finite volume elements Fig. 1 b. 

2.1. Governing equations 

The model is based on a single-phase flow’s local thermal equilib-
rium (LTE) assumption. LTE means that the plasma properties are solely 
a function of temperature. This enables solving the model in the con-
tinuum regime as a single-phase compressible flow in all the domain. 
The model is simulated by solving the continuity, momentum, energy, 
and induction equations. The Induction equation is needed to account 
for the effects of electromagnetism and magnetohydrodynamics (MHD). 
Moreover, due to the high velocity, the turbulence effect is accounted for 
by including the standard K-epsilon (k-ε) turbulence model [20]. The 
numerical simulations were performed using ANSYS Fluent® software. 
The electromagnetic equations and the Lorentz force were computed 
using user-defined functions (UDF). The coupled algorithm was used to 

solve the pressure-velocity coupling. 
Two different simulations are carried out to analyse the effect of 

compressibility on the arc dynamics. The first simulation relates the 
density in addition to thermo-physical and electrical properties to the 
temperature of air [21] Fig. 2. The density was measured at different 
temperatures up to 30 000 K, no link thus is present between pressure 
and the density in the incompressible model. The second simulation 
treats the plasma as an ideal gas. The density is calculated according to 
the state equation and is affected by the pressure and temperature 
(equation (2)). The thermo-physical and electrical properties are 
computed similarly to the first case based on Fig. 2. This enables us to 
assess the effect of compressibility without any other interference from 
different variables. The equations are shown below: 

Continuity Equation: 
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+
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The additional term Fz = JzBθ; Fr = − JzBθ represents the Lorentz 
force, the main driver in the momentum equation inside the arc. The 
Turbulence K-epsilon (k-ε) model is adopted for Turbulence [20]. 

Turbulence model: 
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Energy: 

Table 1 
Shows the boundary conditions of the induction equation inside the domain.  

Boundary Flow Temperature Magnetic Field 

Electrode ur = uz = 0 T = 4000K ∂Bθ

∂z
= 0 

Top air ∂ur

∂z
= 0,uz = 0 

∂T
∂z

= 0 Bθ =
I0μ0
2πr 

Side air ur = uz = 0 ∂T
∂r

= 0 Bθ =
I0μ0
2πr 

Flat and static surface ur = uz = 0 T = 1800K ∂Bθ

∂z
= 0 

Axis of Symmetry ∂uz

∂r
= 0,ur = 0  

∂T
∂r

= 0  Bθ = 0  

Fig. 3. Magnetic field (a) and temperature distribution (a) comparison between Alexis et al. [26] (left half) and time average over 6 ms (right half) [25].  
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Radloss is the radiation loss based on experimental measurements at 
atmospheric pressure [22] Fig. 2. 

Induction Equation: 

∂Bθ
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Current density: 

Jr = −
1
μ0

∂Bθ

∂z
; Jz =

1
μ0r

∂(rBθ)

∂r
(7)  

2.2. Boundary conditions 

The side and top boundaries, except the cathode electrode, are set to 
be thermally adiabatic. The bottom of the domain has a constant tem-
perature of 1800 K, equivalent to the liquid metal’s average tempera-
ture. The temperature of the cathode spot is set to be constant and equal 
to 4000 K. This temperature is below the melting point of graphite and is 
required for high current density [23,24]. The radius of the cathode spot 
is calculated based on the consideration of constant current density 4.4 
× 107 A/m2 [4] for a total current of 40 kA. The electric current flows 
between two solid electrodes in contact with the cylinder’s horizontal 

Fig. 4. Calculated voltage drop incompressible model. Points 1,2 and 3 are the minimum average and max voltage drops, respectively. The left sides show the 
temperature distribution and the right sides show the velocity distribution. The white contour is the isothermal line of 10 000 K. 
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surfaces. The cathode electrode is mounted from the top while the 
bottom resembles the anode surface. The lateral side of the cylinder and 
the top except the cathode electrode are electrically insulated. Table 1 
summarizes the boundary condition of the domain. The position of the 
cathode spot is set to be fixed in the center of the electrode. No external 
magnetic field is present to interact with the applied current. 

3. Results 

The arc is simulated in a transient mode for a significantly long 
duration relative to the arc dynamics approximately 20 ms. The time 
step of choice is set to be very small and equal 10− 7 s to ensure that the 
courant number does not exceed 1 and capture the complex behaviour of 
the arc. The maximum CFL = 1.9 inside the domain for incompressible 
while CFL = 0.7 for compressible simulation. The CFL number or 
(Courant-Friedrichs-Lewy) number is a dimensionless number used to 
ensure the stability and accuracy of solution evolving in time. Mathe-
matically, the CFL number is defined as the product of velocity (v) and 
time step (Δt) divided by the grid size (Δx); CFL=(v*Δt)/Δx. For each 
timestep, the convergence was accomplished when absolute residuals 
drop below 10− 3 for flow and 10− 6 for the energy equation. The wall lift- 
off in the viscous unit (y+) was monitored in the domain. The turbulence 
model used was standard k-epsilon model with standard wall function. 
The values of (y+) ranged between 35 and 62. 

The model was previously validated and compared to previous 
literature [25], the time average results of temperature and magnetic 
field were calculated for the incompressible model. The obtained results 
are compared with the steady state results predicted by Alexis et al. [26]. 
A clear similarity can be observed in Fig. 3 between the results. It is 

important to mention that Alexis et al. [26] used potential method, 
while our model utilizes the induction method. 

3.1. Base case 

The base case considers the flow independent of pressure and solely 
temperature dependent, i.e., incompressible. Fig. 4 shows different time 
snaps of arc thermal and velocity fields using the incompressible 
formulation. The white contour shown is the isothermal line of 10 000 K. 
Most of the current flows inside the region enclosed by this isothermal 
line. The electrical conductivity is high enough to enable high current 
density to flow when density exceeds 10 000 K. The current ingoing to 
the cathode from the arc region interacts with the self-induced magnetic 
field and induces a Lorentz force. This strong force is generated around 
the cathode spot, creating a strong downward jet due to symmetricity 
[27]. The inward radial Lorentz force acting near the cathode spot 
combined with very low gas density (very high temperature of the arc) 
results in a very high speed of up to 9500 m/s (Fig. 4). Small instabilities 
near the cathode spot develop at this critical speed as they travel 
downwards and develop gradually. The initial structure of the arc is 
strongly affected by these instabilities. The instabilities appear near the 
cathode spot and travel downwards along the arc jet [25]. 

The behaviour of the arc motion can be examined by analyzing the 
voltage drop in the arc domain as a function of time Fig. 4. The voltage 
drop across the domain is shown in equation (6) and is equal to the 
current density square J2 divided by the electrical conductivity σ inte-
grated over the domain and divided by the total applied current I0. 

Voltage drop: 

Fig. 5. Incompressible electric arc behaviour in different time snaps. The left sides show the temperature distribution and the right sides show the velocity dis-
tribution. The white contour is the isothermal line of 10 000 K. 
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Δφ=
1
I0

∫
J2

σ dV (9)  

Δφ is the voltage drop across the domain. 
The shape and motion of the arc significantly affect the voltage drop. 

The voltage drop is maximized when the arc holds instabilities or if the 
arc area is spatially changing (expansion or reduction). Many peaks 
appear in the voltage-drop curve (Fig. 4). Sudden jumps or changes in 
voltage indicate the occurrence of instabilities. The graph shows that 
there are three distinctive structures of the arc. The first structure is 
when there is a local minimum of the arc voltage and occurs when the 
arc takes the shape of the well-known bell-shaped structure with trim-
med extremities(legs) at the anode (Fig. 4 point 1). The minimum 
voltage observed implies that the voltage drop is minimized when the 
anode spot area is minimized while conserving the bell shape structure. 
The second structure is the full bell shape of the arc develops with flat 
arc legs as in Fig. 4, point 2, the voltage drop of the arc is around the 
average with a relatively stable arc structure. The third important 
feature is when the instabilities created at the cathode spot grow as they 
travel downwards and create hydrodynamic vortex instabilities (Fig. 4, 
point 3) [2,25]. At this stage, the arc has a local maximum voltage drop. 
The behaviour of the arc is relatively chaotic with frequency oscillation 
between 50 Hz and 40 kHz, and the voltage drop as a function of time 
appears to be random without any global outline. The average voltage 
drop in the arc over the simulation run time (20 ms) was equal to 340 V. 

In the second simulation, the gas density was treated in a 
compressible ideal gas formulation. All the other thermophysical 

properties were computed similarly to the first simulation. Having 
density as the only variable enables assessing compressibility’s effect 
without external factors. Fig. 6 shows different time snapshots of arc 
thermal and velocity fields for the compressible simulation. Similarly, 
the white contour shown is an isothermal line of 10 000 K. The first 
apparent effect of compressibility was the reduction in velocity magni-
tude from around 9500 m/s to about 3500 m/s. However, the general 
geometric structure of the arc is similar to the incompressible model. 
When examining the dynamics and behaviour of the arc, the dynamics 
are slower in time compared to the incompressible case in Figs. 5 and 6. 
For the compressible model, in Fig. 6, at time t = 0.015755 s, a small 
instability is generated near the cathode spot. In contrast to the obser-
vations in the incompressible simulation, the instability is not directly 
drifted downwards. The instability expands and grows in space without 
translating downwards, as shown at t = 0.01615 s. Only after significant 
expansion, the vortex starts to move slowly downward. The vortex 
needed 2.145 ms to reach half the domain, whereas in the incompress-
ible case, it only needed 0.66 ms (approx. three times slower Fig. 5). 

The voltage drop as a function of time for the compressible model is 
shown in Fig. 7. The arc structures closely resemble those in the 
incompressible arc, but some significant differences can be easily 
pointed out. The average voltage drop significantly increases to 445 V 
(105 V higher than in the incompressible arc simulation). The observed 
voltage is very close to what has been measured in an industrial-scale 
furnace of 40 kA (450 V) [5]. This is around a 1% difference. A repeti-
tive pattern appears in the behaviour of the voltage drop as a function of 
time. Initially, very small but fast fluctuations of voltage instabilities 

Fig. 6. Compressible electric arc behaviour using the ideal gas approach in different time snaps. The left sides show the temperature distribution and the right sides 
show the velocity distribution. The white contour is the isothermal line of 10 000 K. 
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occur (Fig. 8 a), followed by more significant amplitude fluctuations but 
with lower frequency (Fig. 8 b). The fluctuations seem to have an 
inversely proportional relationship between their frequency and 
amplitude. The small amplitude fluctuations oscillate at a high fre-
quency of 10–20 kHz (Fig. 8a). The large amplitude fluctuations have a 
frequency of 1–2 kHz (Fig. 8b). This is followed by a relatively stable 
region as shown in Fig. 8.2 c. This pattern is periodic and is repeated 
three times during the simulation time of 20 ms. 

Fig. 9 shows the Mach number distribution for the arc with a bell 
shape in both models. The Mach number = V

C where V is the velocity and 
C is the speed of sound C =

̅̅̅̅̅̅̅̅̅
γRT

√
ϒ is the ratio of specific heats (cp/cv) 

while R is the gas law constant and T is temperature. The Mach number 
inside the incompressible model equals 3, significantly larger than 0.3. 
When the Mach number exceeds 0.3, the flow is considered 

compressible. Compressibility should be taken into account. to prevent 
unphysical speeds inside the domain. The Mach number in the 
compressible model equals to 1.1. The effect of compressibility is 
apparent and shows the importance of compressibility to predict arc 
speeds accurately. 

4. Discussion 

The study shows a noticeable change in the behaviour and dynamics 
of the arc upon applying compressibility in plasma modelling. 
Compressibility cannot be neglected as it alters many critical features 
inside the arc. The most important changes are jet velocity magnitude, 
instability nature and frequency, and voltage drop. The voltage drop is a 
crucial factor as it is very important to accurately estimate the electric 

Fig. 7. Calculated voltage drop compressible model. Points 1,2 and 3 are the minimum average and max voltage drops, respectively. In the arc structure, the left 
sides show the temperature distribution and the right sides show the velocity distribution. The white contour is the isothermal line of 10 000 K. 
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furnace’s active power, efficiency, and operation conditions. Proper 
voltage drop estimation can help validate the numerical results with 
experimental measurements in the future without getting exposed to 
harsh conditions inside the furnace. Ramírez [11] studied the effect of 
compressibility on the arc for similar boundary conditions 40 kA and 25 
cm gap. He concluded that compressibility is very important to be 
considered in arc simulation however, further analyses were disregarded 
due to significant difficulties in convergence. The study predicts that 
compressibility leads to lower arc velocity, increased plasma density, 
and decreased temperature distribution. The main difference with the 
current study is the prediction of lower voltage for compressible 
formulation without any further explanation. Reynolds [16] also noticed 
the voltage difference when comparing incompressible simulation with 
semi-empirical data obtained from measurements. He developed a 
computational model to study the arc-slag interaction in a DC furnace. 
Even though the trends were captured in the incompressible model, he 
noticed that the model predicted much lower voltage than the 

experiment. 
It is important to analyse what physical difference the compress-

ibility introduces compared to the incompressible model to understand 
this difference in voltage drop. Identical thermal and flow conditions 
were imposed for both cases incompressible and compressible. The 
density values of both models are displayed in Fig. 10. The same tem-
perature field leads to different density distributions inside the compu-
tational domain. The compressible formulation leads to a higher density 
than the temperature-dependent (incompressible) model. 

In both compressible and compressible models the specific heat is 
computed similarly based on temperature, so the change in density 
prediction will affect the system’s thermal inertia. In other words, the 
compressible model predicts higher density. The plasma temperature 
will thus be lower for the compressible model compared to the incom-
pressible model. This is observed even though the same global current is 
applied (40 kA). Fig. 11 shows the temperature distribution of the pre-
viously described structures in both incompressible and compressible 

Fig. 8. Calculated voltage drop in the compressible model. (a) is high frequency and low amplitude interval, (b) low frequency and high amplitude interval, and (c) 
arc stable interval. 

Fig. 9. Mach number comparison in incompressible and compressible model.  
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Fig. 10. Comparison between density distribution inside the domain for both models.  

Fig. 11. Temperature distribution and voltage drop for different arc structures for both compressible and incompressible model.  

Fig. 12. Schematic diagram explaining the relation between compressibility and voltage drop.  
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models (Figs. 4 and 7). Comparing similar structures shows that the 
temperature field for incompressible plasma is always higher. Addi-
tionally, the lower voltage drop is always present in the incompressible 
model independent of the arc structure. 

A lower temperature distribution results in lower electrical conduc-
tivity distribution. Fig. 2 shows the variation of electrical conductivity 
with temperature. The electrical conductivity of the plasma depends 
solely on temperature. The voltage drop in the system is calculated ac-
cording to equation (9). The electrical conductivity is inversely pro-
portional to the voltage drop which explains the higher voltage drop in 
the compressible flow. Fig. 12 shows a schematic diagram illustrating 
how compressibility impacts the voltage drop. 

The proper estimation of voltage drop is crucial to understand the 
electric arc behaviour during the operation of a furnace. The higher 
voltage predicted by the compressible model for the same current leads 
to a better understanding of several aspects of EAF. The power efficiency 
in EAF is directly affected by the voltage drop. A proper estimation of 
voltage drop is critical to estimate accurately the power consumption 
inside a furnace and evaluate the efficiency of the process. Moreover, to 
avoid any undesired stresses on the electric circuit and components in-
side the furnace the correct voltage range should be properly known 
before installation. The influence of compressibility extends beyond the 
voltage value, but also the frequency of voltage and its influence on the 
arc behaviour. High frequency of voltage drop can lead to undesirable 
interaction between the arc and furnace circuit and in some extremes 
leads to flickering effect [28]. This can result in unstable operation and 
undesirable effects such as poor power quality and reduced productivity. 

The arc dynamics are also substantially influenced by the voltage 
variation. The high-frequency voltage interval observed in Fig. 8 a in-
dicates very rapid instabilities. While Fig. 8 b shows instabilities that 
have lower frequencies but larger impact on arc structure. The faster 
instabilities can affect the electrical circuit more substantially while the 
lower frequency is linked to hydrodynamic instabilities of the arc. The 
compressibility also affects the arc flow dynamics. The velocity of the 
arc was predicted to drop by one-third of the incompressible model. 
Furthermore, the average temperature distribution is lower in 
compressible arc, however, this does not implicate that we expect the 
arc hydrodynamic effect and thermal effect to be less effective than what 
is predicted by the incompressible model. The decrease in velocity and 
temperature is coupled with higher density. The momentum and ther-
mal inertia are conserved. This was previously shown when considering 
the different densities of plasma for same current [29]. The impinge-
ment depth remained the same for different plasma densities when the 
applied current was constant. 

A direct comparison of the voltage drop between compressible and 
incompressible formulations for the arc modelling is shown in Fig. 13. 
The figure indicates higher voltage when adopting compressibility in 
simulation. The voltage calculated in an operating electric arc furnace 
with 40 kA was equal to 450 V by Jones et al. [5]. The average voltage 
predicted by our compressible model is 445 V which is around 1% dif-
ference which is a good agreement. 

5. Conclusion 

In conclusion, the numerical investigation presented in this study 
focused on analyzing the influence of compressibility on industrial 
electric arcs. The 2D axisymmetric induction-based model simulated the 
electric arc under atmospheric pressure conditions and 40 kA current for 
a 25 cm arc gap. By comparing the compressible and incompressible 
models, valuable insights were gained. 

The finding of the study demonstrates several impacts of compress-
ibility on the electrical properties of the arc. Specifically, compressibility 
results in higher voltage drop across the arc compared to the incom-
pressible model. Moreover, higher voltage frequencies and a repetitive 
pattern in voltage were observed in the compressible model. 

Furthermore, the inclusion of compressibility leads to a substantial 
reduction in the jet velocity of the arc approximately one-third lower 
than the incompressible model prediction. Additionally, lower temper-
ature distribution and higher density within the arc are caused by 
compressibility. 

These findings provide a possible explanation for the voltage 
discrepancy observed between computational models and measured 
data, contributing to more accurate predictions of voltage drop within 
the electric arc. Further improvements of the model can be to consider 
non-equilibrium conditions and variable cathode spot size. 
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