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ABSTRACT 

The electric arc furnace (EAF) is one of the most widely-used steelmaking process recycling the 

scrap as the raw material. Electric arc furnace steelmaking is a material-dependent and energy-

consuming process. The electricity is utilized as the main heat source to melt the scrap by the 

electric arc discharging from the graphite electrodes. Since the plasma arc weld has the very similar 

heat transfer mechanism and melting phenomenon comparing with the scrap melting in EAF 

process, the model development for the free-burning arc, the arc-metal heat transfer, and the metal 

melting will refer to the research of plasma arc weld field and start with a relatively small scale. 

In this study, a comprehensive computational dynamics (CFD) model was developed to predict 

the heat transfer from the electric arc to the metal anode, which is composed of the DC electric arc 

model, solidification and melting model, and the arc-metal heat transfer model. The validation of 

the CFD models has been conducted utilizing the experimental data and simulation results in other 

literature. The commercial software, ANSYS FLUENT®, was employed with the User-Defined 

Function scripts and the User-Defined Scalar to model the magnetic field, comprehensive flow 

field, and high temperature field. Furthermore, the parametric studies for the process of the anode 

melted by the plasma arc were performed to investigate the effects of the arc current and the initial 

anode temperature on the anode melting. The results reveal that the value of the arc current has a 

positive correlation with the arc temperature and velocity but has negative correlation with the 

penetration time of the anode. Meanwhile, with the increase of anode initial temperature, the metal 

penetrate time will decrease.
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CHAPTER 1. INTRODUCTION 

1.1 Electric Arc Furnace Steelmaking – Development and Industrial Process 

The steel industry plays a critical role to the United States. As the raw material of traditional 

manufacturing, transportation, construction and kinds of consumer merchandise, steel is also 

widely used in the modern petrochemical industry, marine development, etc. In 2011, the U.S. 

steel industry produced commercial products of which the value was estimated as $103 billion, 

which represented worldwide 6% of crude steel production. Due to the strength, steel became the 

most popular recycled material and a huge amount of it is produced by the scrap in the United 

States. However, the electric arc furnace (EAF) is one of the most representative steelmaking 

processes recycling the scrap as the raw material. The scrap as one of the raw materials plays a 

crucial role for the charged material because of the flexibility in material utilization and is also less 

capital intensive. During the past 60 years, steel scrap consumed by EAFs has increased rapidly. 

In 2013, EAFs have contributed approximately 30 percent to the steel production worldwide [1]. 

The productivity of crude steel from EAFs is expected to keep increasing to reach 872 million tons 

in 2050 [2].  

 

 
Figure 1. Scrap consumption trends in steel and foundry sectors [20]. 
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Figure 2. Crude steel production by processes [20]. 

 

Héroult in France developed the alternative energy source of coal from the arc high temperature 

of the electrode from 1888 to 1892, and invented the electric arc furnace of industrial direct 

smelting. At first, the electric arc furnace was only used for the production of calcium carbide and 

ferroalloys. It was not until 1906 that EAFs were developed for steelmaking, which enabled the 

recycling of scrap steel to be economical and large-scale. The electric arc furnace converts 

electrical energy into heat by an arc occurring between the end of the graphite electrode and the 

charged materials. Then the charged materials will be melted and the subsequent 

thermometallurgical reaction is completed. With the development of the power industry, the 

continuous improvement of process equipment and smelting technology, the application of electric 

arc furnaces is becoming more and more extensive.  

 

The production capacity and scale are increasing as well. In the 1930s, the maximum capacity of 

the electric arc furnace was 100t. In the early 1970s, a 400t electric arc furnace was put into 

production. Especially in the past 50 years, the technical performance of electric arc steelmaking 

furnace has gradually improved and the production cost has dropped significantly. The proportion 

of electric arc furnace steelmaking in developed countries in Europe and America has exceeded 

50%. Generally, there are two types of EAF, which are DC EAF and AC EAF. They both use 

electric arc to melt the scrap. DC EAF has some advantages over an AC EAF. The first is the arc 

is more stable and concentrated, which leads less erosion of the furnace wall. The temperature 

distribution in the furnace is more even. The second is the fluctuations of current and voltage is 
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weaker, which prolongs the cable life. The third is the reduction of the electrodes’ consumption. 

However, DC EAF has been suffering from the inability to obtain high-power DC power source, 

which greatly limits its development.  

 

 
Figure 3. A typical AC EAF process [19]. 

 

The EAF steelmaking process can be crudely divided into four stages: furnace charging, melting, 

refining, and tapping. This operation cycle is also known as the tap to tap cycle. The melting stage 

and refining stage are the primary productive process. After the scrap charging, the electrodes are 

lowered and an intermediate voltage tap is applied until the electrodes has bored into the scrap. 

Approximately 15% of the scrap can be melted during the initial bore-in period [3]. Later, when 

the electrodes penetrate the scrap, voltage tap is able to be applied without worrying about the 
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damage of the arc to the roof and furnace walls. During this process, the electrode breaks down 

the air and generate the electric arc between the electrodes’ tip and the scrap. The energy is 

transferred from the electrode tip to the scrap so that it can be heated. Generally, approximately 

50% to 60% of the energy which is used to melt the scrap is supplied by the electrical energy. In 

addition, the behavior of the arc and its stability has a great influence to the productive efficiency 

and quality, even more on the safety of the entire production process. About 18 to 20 minutes later, 

most scrap is melted and the refining stage starts. During refining stage, the decarburization and 

other impurities removal by injected oxygen will be more focused on. 

1.2 Electric Arc and its Heat Transfer Mechanism 

Electric arc is a gas discharge phenomenon as well as an instantaneous spark generated by an 

electric current through some insulating media such as argon and air, which is also a plasma. The 

plasma is the fourth state of the substance juxtaposed with solids, liquids, and gases.  Usually, the 

plasma arc is divided into an arc column region, a cathode region, and an anode region.  The 

cathode region connects the cathode and the arc column, which contains an ionization region and 

a cathode sheath. The charged particle is generated in the ionization region and the cathode sheath 

is a significant place which maintains the electric conductivity in the cathode region. Vast electrons 

are emitted from the cathode spot. While the arc is discharging, not all the cathode participates in 

the discharge process. The discharge happens on the cathode surface and is only concentrated on 

a small area called the cathode spot. The cathode spot with a very large current density is the source 

of powerful electron flow in arc discharge, which is very bright and concentrated. In the arc column, 

the medium particles collide with each other to produce free electrons and positive ions. 

Simultaneously, some electrons and positive ions recombine into neutral particles or diffuse 

outside the arc column.  

 

Arc thermal plasma generally follows the thermodynamic state: the complete thermodynamic 

equilibrium state, the local thermodynamic equilibrium (LTE) state, and the double-temperature 

plasma. The complete thermodynamic equilibrium state is an ideal thermodynamic state that is 

difficult to achieve in practical experiments and industry. Double-temperature plasma means that 

because the electron temperature is low or the concentration gradient is large, the electrons cannot 

diffuse sufficiently and the energy of the electrons cannot be transmitted by the collision, which 
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means the electron temperature is significantly higher than the heavy particle temperature. The arc 

column generally satisfies the local thermodynamic equilibrium state, which means the 

temperature of each particle in the arc is uniform. In the anode region, the anode spot like the 

cathode spot is also existing on the anode surface.  Not only are the electrons collected by the 

anode through the anode spot, but also the metal vapor is produced by the anode surface which 

can supply the charged particle to the arc column [4]. 

 

 

Figure 4. Schematic diagram of the heat transfer mechanism between the arc and anode. 

 

The heat transfer between the electric arc and the metal anode mainly happens on the anode spot, 

which is contributed by the convective heat transfer, conductive heat transfer, and radiative 

interchange heat transfer because of the electron flow and the heat loss due to metal vaporization. 
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Mckelliget and Szekely [5] investigated the mechanisms of heat and momentum transferring from 

plasma arc to anode boundary layer. In the classical theory of the heat transfer from the plasma arc 

to the anode, a positive voltage drop (the anode fall voltage) exists. The electron heat flow to the 

anode is consisted of random thermal energy transport of electrons, Thomson effect, and 

condensation heat transfer (anode fall and work function), which can be expressed as: 

𝑄𝑄𝐸𝐸 =
�5

2 + 𝑒𝑒𝑒𝑒
𝐾𝐾𝐵𝐵𝜎𝜎

� 𝐽𝐽𝑎𝑎𝐾𝐾𝐵𝐵𝑇𝑇𝑒𝑒,𝑎𝑎

𝑒𝑒
+ 𝐽𝐽𝑎𝑎𝑉𝑉𝑤𝑤 + 𝐽𝐽𝑎𝑎𝑉𝑉𝑎𝑎 [ 1 ] 

where e is electron charge, 𝜙𝜙 is coefficient of thermal diffusion of electrons, KB is Boltzmann’s 

constant, 𝑇𝑇𝑒𝑒,𝑎𝑎 is the temperature of the plasma column adjacent to the electrode, 𝜎𝜎 is electrical 

conductivity of plasma, 𝐽𝐽𝑎𝑎  is current density, 𝑉𝑉𝑤𝑤  is anode work function, 𝑉𝑉𝑎𝑎  is the anode fall 

voltage. 

 

The convective heat transfer term is combined with a real convective heat transfer due to the 

motion of the plasma impacting the anode and a pure conduction, which can be expressed as: 

𝑄𝑄𝑐𝑐 =
𝐶𝐶1
𝑃𝑃𝑃𝑃𝑎𝑎

�
𝜌𝜌𝑏𝑏𝜇𝜇𝑏𝑏
𝜌𝜌𝑎𝑎𝜇𝜇𝑎𝑎

�
𝐶𝐶2
�𝜌𝜌𝑎𝑎𝜇𝜇𝑎𝑎

𝑑𝑑𝑑𝑑𝑟𝑟
𝑑𝑑𝑑𝑑

�
0.5

(ℎ𝑏𝑏 − ℎ𝑎𝑎) [ 2 ] 

where 𝐶𝐶1 and 𝐶𝐶2 are constant coefficients which are 0.515 and 0.11, respectively. 𝑃𝑃𝑃𝑃𝑎𝑎 is Prandtl 

number, 𝜌𝜌 is density, 𝜇𝜇 is viscosity, 𝑣𝑣𝑟𝑟 is the radial velocity, ℎ is enthalpy, the subscript a denotes 

values at the anode surface and b denotes values at the edge of boundary layer in plasma. 

 

The radiation heat transfer from plasma arc to the anode is calculated by approximate view factors. 

The radiative heat flux emitted from the volume element 𝑗𝑗  to the surface element 𝑖𝑖  can be 

described as: 

𝑄𝑄𝑟𝑟 = �
𝑆𝑆𝑟𝑟,𝑗𝑗 ∙ cos𝜓𝜓𝑖𝑖

4𝜋𝜋𝑟𝑟𝑖𝑖,𝑗𝑗2
∙ ∆𝑉𝑉𝑗𝑗 [ 3 ] 

where 𝑆𝑆𝑟𝑟,𝑗𝑗 is the radiation loss from volume element ∆𝑉𝑉𝑗𝑗 in the arc column to the anode surface 𝑖𝑖, 

𝑟𝑟𝑖𝑖,𝑗𝑗 is the vector joining the surface 𝑖𝑖 and volume 𝑗𝑗, 𝜓𝜓𝑖𝑖 is the angle between 𝑟𝑟𝑖𝑖,𝑗𝑗 and the normal 

vector of the surface. 

 

The final contribution of the heat transfer at the anode surface needed to be considered is the metal 

vaporization heat loss, which is described as [43]: 
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𝑄𝑄𝑣𝑣 = 𝑊𝑊𝑒𝑒𝐿𝐿𝑣𝑣 [ 4 ] 

where 𝑊𝑊𝑒𝑒 is the mass evaporation rate and 𝐿𝐿𝑣𝑣 is the latent heat of vaporization. 

 

In conclusion, the heat transfer happening at the anode surface can be written in a simplified form: 

𝑄𝑄𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 = 𝑄𝑄𝐸𝐸 + 𝑄𝑄𝑐𝑐 + 𝑄𝑄𝑟𝑟 − 𝑄𝑄𝑣𝑣 [ 5 ] 

1.3 Objective 

This thesis intends to develop a reliable computational fluid dynamics (CFD) model of electric arc 

and its heat transfer for a full-scale industrial EAF, which can be used to predict the electric arc 

behavior and the phenomenon of scrap melting by the electric arc in the future. The primary 

content in this research is as follows: 

1. To develop a comprehensive free-burning arc CFD model including the geometry and related 

mesh establishment for the free-burning arc and its interaction with the anode. 

2. To couple the free-burning arc model with the arc-metal heat transfer model and the melting 

model in order to capture the phenomenon of the anode melted by the plasma arc. 

3. To conduct a model validation through comparing the simulation results with the experiment 

data in order to prove the accuracy of developed model. 

4. To conduct parametric studies and perform evaluations of the impact factors for the developed 

model, such as the quantity of the current, initial anode temperature. 
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CHAPTER 2. LITERATURE REVIEW 

2.1 Electric Arc 

2.1.1 Free-burning Argon Arc Plasma 

The high-intensity free-burning argon arc has been learned and widely applied on electric arc 

melting, plasma cutting, plasma arc welding (PAW) and so on. In order to have a better 

understanding and improve industrial application of arc, the comprehensive mathematic and 

numerical model of electric arc is required. However, the extremely high temperature of the 

electric arc plasma which could reach up to 23000K and the interaction among electromagnetic 

field, thermal effect and fluid dynamic hampered development of the comprehensive modeling of 

the arc. Fortunately, after many researchers' efforts, the arc plasma model has made a major 

breakthrough in the past three decades. Hsu et al. [8] studied the free-burning high-intensity argon 

arc and developed an experimental work to investigate the arc behavior. A 2D steady-state model 

was also developed by solving the mass, momentum, energy, and current conservation equations. 

The “bell” shape of the arc as well as the temperature profile were obtained and shown in Figure 

6, which corresponds to the experimental photograph shown in Figure 7. Through this 2D model, 

the effect of different current on the arc behavior was investigated as well. The most critical 

boundary condition for this model is the current density distribution along the boundary AD shown 

in Figure 5. Due to the limitation of the measurement, a reasonable profile was postulated and the 

form was assumed as: 

𝑗𝑗(𝑟𝑟) = 𝐽𝐽𝑚𝑚𝑚𝑚𝑚𝑚 exp(−𝑏𝑏𝑏𝑏) [ 6 ] 

𝐽𝐽𝑚𝑚𝑚𝑚𝑚𝑚 =
𝐼𝐼

2𝜋𝜋𝑟𝑟ℎ2
[ 7 ] 

where 𝐽𝐽𝑚𝑚𝑚𝑚𝑚𝑚  and 𝑏𝑏  are constant, 𝐼𝐼  is the arc current, 𝑟𝑟ℎ  is the radius of the “white hot” which 

approximately equal to 0.51 mm with 200 A current. 
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Figure 5. 2D Computation Domain [8]. 

 

 
Figure 6. Comparison of temperature distribution between the simulation results and 

experimental measurement [8]. 
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Figure 7. Photograph of the DC arc plasma in experiment [8]. 

 

2.1.2 Local Thermodynamic Equilibrium (LTE) 

For the ionization of a gas atom, an ion or a molecule, if the number of heavy ions leaving a certain 

energy level per unit time is equal to the number of such particles reaching this energy level and 

the number of particles arriving at this level by a certain process is equal to the number of particles 

leaving the level at the opposite end of the process, this system is a global thermal equilibrium 

(GTE) system. However, in the spectral analysis, due to the presence of radiation exchange 

between light source (or atomizer, ionizer) and outside, the GTE is extremely difficult to achieve. 

Therefore, for any point, if the substance has the same temperature or the temperature is varying 

very slowly which can be negligible, one can assume the substance is in local thermodynamic 

equilibrium. LTE is a very popular assumption used for the electric arc prediction, which can 

simplify the computational process and greatly reduce computational time. Sansonnens [9] 

investigated the effects of non-LTE on a two-dimensional electric arc calculation. Lowke et al. [10] 

proposed a ‘LTE-diffusion approximation’ for the properties prediction of electric arc and 

compared with full diffusion calculation as well as the experimental data. With this approximation, 

the issues, which the equilibrium electrical conductivity of the arc around the electron is extremely 
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small, can be overcome. Figure 8 shows that the ‘LTE-diffusion approximation’ has very close 

agreement with the more accurate full diffusion method and the experimental data.  

 

 
Figure 8. Comparison of the calculated heat flux densities at a copper anode for a 150A arc [10]. 

 

2.2 Heat Transfer between Electric Arc and Anode 

2.2.1 Coupled Plasma-anode Model 

Lago et al. and Gonzalez [11,12] developed a two dimensional model and a three dimensional 

model to simulate the arc behavior and its interaction with the anode. Besides, the effect of the 

metal vaporization of anode surface and the external forces on the arc column has been investigated. 

In order to sustain the current and energy conservation between the anode and the arc plasma, the 

corresponding relations was applied and expressed as follows: 

�−𝑘𝑘
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
�
𝑚𝑚𝑚𝑚𝑚𝑚

= �−𝑘𝑘
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
�
𝑝𝑝𝑝𝑝𝑝𝑝

+ 𝑗𝑗𝑧𝑧 �
5𝐾𝐾𝐵𝐵
2𝑒𝑒

�𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚 − 𝑇𝑇𝑝𝑝𝑝𝑝𝑝𝑝� + 𝑉𝑉𝑎𝑎 + 𝑉𝑉𝑤𝑤� − 𝐿𝐿𝑚𝑚𝑚𝑚𝑚𝑚𝜙𝜙𝑉𝑉 [ 8 ] 

�−𝜎𝜎
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
�
𝑚𝑚𝑚𝑚𝑚𝑚

= �−𝜎𝜎
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
�
𝑝𝑝𝑝𝑝𝑝𝑝

[ 9 ] 
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𝜙𝜙𝑉𝑉 =
1

1 − (𝜒𝜒𝑖𝑖)0
(𝜌𝜌𝜌𝜌)0 �

𝜕𝜕𝜒𝜒𝑖𝑖
𝜕𝜕𝜕𝜕

�
0

[ 10 ] 

𝜒𝜒𝑖𝑖 =
𝑃𝑃𝑣𝑣𝑀𝑀𝑚𝑚𝑚𝑚𝑚𝑚

𝑃𝑃𝑣𝑣𝑀𝑀𝑚𝑚𝑚𝑚𝑚𝑚 + (1 − 𝑃𝑃𝑣𝑣)𝑀𝑀𝑝𝑝𝑝𝑝𝑝𝑝
[ 11 ] 

where KB is Boltzmann’s constant, e is electron charge, 𝑉𝑉𝑎𝑎 is anode fall, 𝑉𝑉𝑤𝑤 is the anode work 

function, 𝐿𝐿 is the latent heat of the meatal vaporization, 𝜙𝜙𝑉𝑉 is the metal vaporization rate from the 

anode, 𝜒𝜒𝑖𝑖 is the mass fraction of at the anode surface, D is the binary diffusion coefficient between 

arc plasma and anode material, 𝑃𝑃𝑣𝑣 is the saturating vapor pressure of the material, the subscript 

zero represents the values at the anode surface as indicated in [11].  𝑀𝑀𝑚𝑚𝑚𝑚𝑚𝑚 and 𝑀𝑀𝑝𝑝𝑝𝑝𝑝𝑝 are the molar 

frictions of the material and arc plasma, respectively. Figure 9 shows the comparison of the 

temperature profile for the 2D and 3D model. The bell shape is obtained and the highest 

temperature reached 21000K, which is corresponding to most researchers’ work [13-15].  

 

 
Figure 9. Comparison of the temperature profile of the arc and anode for 2D and 3D model [12]. 

 

Li el at. [16] developed a novel unified heat transfer model to predict the heat transfer between the 

arc and anode as well as the evolution of the keyhole formation in the welding pool, which is 

shown in Figure 10. The effect of the arc pressure and the heat flux at the anode surface were 
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considered and displayed with Gaussian distribution. This model greatly reduced the 

computational time and demonstrated good applicability and simplicity on the keyhole prediction.  

 

 
Figure 10. Dynamic evolutions of plasma arc and weld pool in the whole welding process. (a) t = 
0.05 s (b) t = 0.2 s (c) t = 0.4 s (d) t = 0.8 s (e) t = 1.2 s (f) t = 1.6 s (g) t = 1.7 s (h) t = 1.8 s [16]. 
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Jian and Wu [17] developed a unified fluid flow and heat transfer model to demonstrate the 

evolution of the arc plasma and the keyhole formation during the plasma arc welding process, 

which is shown in Figure 11. The transport mechanisms of the arc plasma, weld pool, and the 

keyhole in the stationary plasma arc welding were considered and coupled. In addition, the volume 

of fluid method and the “LTE-diffusion approximation” method were applied to track and treat the 

arc-metal interface where the additional source term was added to take the heat transfer into 

account. The enthalpy-porosity technique was also used to capture the melting phenomenon of the 

anode melting. 

 

 
Figure 11. Evolution process of keyhole formation by arc plasma. (a) t = 0.001 s, (b) t = 0.5 s,  

(c) t = 1.0 s and (d) t = 1.48 s [17]. 
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2.2.2 Fully Coupled Cathode-plasma-anode Model 

Tanaka el at. [18] studied the free-burning argon arc with anode melting and developed a fully 

coupled unified numerical model to predict the distribution of temperature and velocity in the 

tungsten cathode, arc plasma and the anode work piece versus time for an arc welding process. 

Figure 12 shows the temperature distribution for the free-arc burning process versus time. 

Furthermore, the effect of the drag force of the cathode jet and the Marangoni force on the molten 

anode was investigated and compared.  

 

 
Figure 12. Predicted time dependent temperature contours for a 150 A in stationary welding 

process of SUS304 containing high sulfur [18]. 
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Pan el at. [7] developed a two-dimensional coupled tungsten-plasma-anode mathematical model 

to predict and analyze the heat transfer and the fluid flow in a stationary keyhole plasma arc 

welding process. Besides, an experimental work was also conducted and the numerical calculated 

plasma arc pressure and the keyhole profile were validated with the experimental data. The volume 

of fluid method and the enthalpy-porosity technique were used to track the interface of anode and 

arc and deal with the mushy zone for metal anode melting process, respectively. Additional energy 

source term was added in the cathode-arc interface and the anode-arc interface in order to take the 

electronic heat transfer into account. Furthermore, the driving force was considered and 

quantitatively analyzed to understand the flow phenomenon in the molten pool. Figure 13 shows 

the evolution of the temperature profile of arc and anode as well as the keyhole formation after the 

arc ignition. 

 

 

Figure 13. The keyhole evolution of temperature distribution and molten pool flow at (a) t = 0.52 

s, (b) t = 0.72 s, (c) t = 0.92 s, (d) t = 1.12 s, (e) t = 1.32 s, (f) t = 1.52 s [7]. 
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CHAPTER 3. METHODOLOGY 

There are already many research works on the arc plasma simulation and the metal anode melting. 

However, the high current used in industrial leads extremely high temperature and velocity in a 

real EAF. A few researchers investigated the heat transfer from a DC arc plasma to the molten 

bath in DC electric arc furnace but the melting phenomenon was not taken into account [21-22]. 

Therefore, in order to develop a comprehensive arc-metal heat transfer model, the research on the 

plasma arc welding was introduced. Because the plasma arc welding has the very similar heat 

transfer mechanism and metal melting phenomenon with the scrap melting in EAF, the research 

works [7,17,18] on the plasma arc weld field was referred to help the model development.  

 

In order to correctly simulate the plasma arc and its heat transfer with the anode, the free-burning 

arc model was developed first. Afterwards, the arc-metal heat transfer model was coupled with the 

free-burning arc model to predict melting phenomenon of the anode. Figure 14 shows the flow 

chart of the simulation process and details about the process are described below: 

1. In order to understand the arc discharging phenomenon and the mechanism behind it, this 

study starts with a baseline case for the 2D DC electric arc model. The validated arc model 

is able to predict the bell shape of the arc as well as the distribution of the arc temperature 

and the arc velocity. 

2. The 2D arc model is enhanced to 3D arc model in order to investigate the model feasibility 

and applicability and prepare for further application. The 3D arc model is validated with 

the validated 2D arc model.  

3. A baseline case for the 2D arc-metal heat transfer model is established and coupled with 

the arc model. The integrated model is validated with the experimental data. The validated 

arc-metal heat transfer model captures the melting profile of the molten pool in the anode 

as well as the temperature distribution of the anode. In addition, the variation of the arc 

profile during the melting process is also predicted. 

4. Based on the developed DC electric arc model, some interested parameters are further 

investigated in order to evaluate the impact factor for the arc model. The impact factors 

investigated in this study are listed below: 

I. Current quantity 
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II. Metal initial temperature

Figure 14. Flow chart of the simulation process. 
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CHAPTER 4. MODELING OF THE DC ELECTRIC ARC 

The DC electric arc model was established to capture the temperature and velocity distribution of 

a DC electric arc, which was the first step to develop the arc-metal heat transfer model. A 2D 

model and a 3D model were both constructed and compared. Furthermore, the simulation results 

were validated with the experimental data.  

4.1 Simulation Assumptions 

According to the results of literature review [8, 11], several common assumptions for this kind of 

simulation were made: 

1) The arc is optically thin and in LTE. 

2) The arc flow is incompressible Newtonian fluid, steady state and laminar. 

3) The effects of gravity and heat dissipation due to the viscosity are neglected. 

4) The arc is axisymmetric in the 2D configuration. 

4.2 Numerical Models 

4.2.1 Governing Equations for Two-dimensional Model 

The magneto hydrodynamics (MHD) theory was applied to develop the DC electric arc model, 

which was coupled the Navier-Stokes equation of fluid dynamics and the Maxwell’s equations of 

electromagnetism. The 2D model was developed based on the cylindrical coordinates. Therefore, 

the conservation equations may be written as: 

 

Mass conservation equation: 

𝜕𝜕(𝜌𝜌𝜌𝜌)
𝜕𝜕𝜕𝜕

+
1
𝑟𝑟
𝜕𝜕(𝜌𝜌𝜌𝜌𝜌𝜌)
𝜕𝜕𝜕𝜕

= 0 [ 12 ] 

where 𝜌𝜌 is the density, 𝑢𝑢 and 𝑣𝑣 is the axial and radial velocity, respectively. 

 

Axial momentum conservation equation: 

𝜌𝜌𝜌𝜌
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ 𝜌𝜌𝜌𝜌
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

= −
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ 2
𝜕𝜕
𝜕𝜕𝑥𝑥

�
𝜇𝜇𝜇𝜇𝜇𝜇
𝜕𝜕𝜕𝜕

� +
1
𝑟𝑟
𝜕𝜕
𝜕𝜕𝜕𝜕
�𝜇𝜇𝜇𝜇

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
� +

1
𝑟𝑟
𝜕𝜕
𝜕𝜕𝜕𝜕
�𝜇𝜇𝜇𝜇

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
� + 𝑗𝑗𝑟𝑟𝐵𝐵𝜃𝜃 [ 13 ] 
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Radial momentum conservation equation: 

𝜌𝜌𝜌𝜌
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ 𝜌𝜌𝜌𝜌
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
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𝜕𝜕
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�𝜇𝜇
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
� +

2
𝑟𝑟
𝜕𝜕
𝜕𝜕𝜕𝜕
�𝜇𝜇𝜇𝜇

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
� +

𝜕𝜕
𝜕𝜕𝜕𝜕

�𝜇𝜇
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
� −

2𝜇𝜇𝜇𝜇
𝑟𝑟2

− 𝑗𝑗𝑥𝑥𝐵𝐵𝜃𝜃 [ 14 ] 

where 𝜇𝜇 is viscosity, 𝑗𝑗𝑟𝑟 , 𝑗𝑗𝑥𝑥  and 𝐵𝐵𝜃𝜃 is radial and axial current density component and azimuthal 

magnetic induction, respectively. 

 

Energy conservation equation: 

𝜌𝜌𝜌𝜌𝑐𝑐𝑝𝑝
𝜕𝜕𝜕𝜕
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where 𝑐𝑐𝑝𝑝 is the specific heat, 𝑇𝑇 is the temperature, 𝑘𝑘 is the thermal conductivity, 𝜎𝜎 is the electric 

conductivity, 𝐾𝐾𝐵𝐵 is the Boltzmann constant, 𝑒𝑒 is the elementary electric charge, 𝑆𝑆𝑟𝑟 is the  radiation 

heat loss. 

 

Current continuity equation: 
1
𝑟𝑟
𝜕𝜕
𝜕𝜕𝜕𝜕
�𝜎𝜎𝜎𝜎
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where 𝑉𝑉 is the electrical potential. 

 

Axial vector potential equation: 
1
𝑟𝑟
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Radial vector potential equation: 
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[ 18 ] 

where 𝜇𝜇0 is the magnetic permeability. 

 

Azimuthal magnetic induction: 

𝐵𝐵�⃗ = ∇��⃗ × 𝐴𝐴 [ 19 ] 

𝐵𝐵𝜃𝜃 =
𝜕𝜕𝐴𝐴𝑟𝑟
𝜕𝜕𝜕𝜕

−
𝜕𝜕𝐴𝐴𝑥𝑥
𝜕𝜕𝜕𝜕

[ 20 ] 

 

Current density components: 
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𝑗𝑗𝑥𝑥 = −𝜎𝜎
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

[ 21 ] 

𝑗𝑗𝑟𝑟 = −𝜎𝜎
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

[ 22 ] 

4.2.2 Governing Equations for Three-dimensional Model 

Mass conservation equation: 

𝛻𝛻�⃗ ∙ (𝜌𝜌𝑣⃗𝑣) = 0 [ 23 ] 

where 𝑣⃗𝑣 is the velocity vector. 

 

X momentum conservation equation: 
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Y momentum conservation equation: 
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𝜕𝜕
𝜕𝜕𝜕𝜕
�𝜇𝜇 �

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
�� + 𝑗𝑗𝑧𝑧 ∙ 𝐵𝐵𝑥𝑥 − 𝑗𝑗𝑥𝑥 ∙ 𝐵𝐵𝑧𝑧 [ 25 ]

 

 

Z momentum conservation equation: 

𝛻𝛻�⃗ ∙ (𝜌𝜌𝑣⃗𝑣𝑤𝑤) = 𝛻𝛻�⃗ ∙ �𝜇𝜇𝛻𝛻�⃗ 𝑤𝑤� −
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+
𝜕𝜕
𝜕𝜕𝜕𝜕
�𝜇𝜇 �2

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

−
2
3
𝛻𝛻�⃗ ∙ 𝑣⃗𝑣��

+
𝜕𝜕
𝜕𝜕𝜕𝜕

�𝜇𝜇 �
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
�� +

𝜕𝜕
𝜕𝜕𝜕𝜕

�𝜇𝜇 �
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
�� + 𝑗𝑗𝑥𝑥 ∙ 𝐵𝐵𝑦𝑦 − 𝑗𝑗𝑦𝑦 ∙ 𝐵𝐵𝑥𝑥 [ 26 ]

 

 

Energy conservation equation: 

𝛻𝛻�⃗ ∙ (𝜌𝜌𝑣⃗𝑣𝑇𝑇) = 𝛻𝛻�⃗ ∙ �
𝑘𝑘
𝑐𝑐𝑝𝑝
𝛻𝛻�⃗ 𝑇𝑇� +

𝑗𝑗𝑥𝑥2 + 𝑗𝑗𝑦𝑦2 + 𝑗𝑗𝑧𝑧2

𝜎𝜎
− 𝑆𝑆𝑟𝑟 +

5
2
𝑘𝑘𝐵𝐵
𝑒𝑒

(
𝑗𝑗𝑥𝑥
𝐶𝐶𝑃𝑃
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+
𝑗𝑗𝑦𝑦
𝐶𝐶𝑃𝑃
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+
𝑗𝑗𝑧𝑧
𝐶𝐶𝑃𝑃
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

[ 27 ] 

 

Current continuity equation: 
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𝛻𝛻�⃗ ∙ (𝜌𝜌𝑣⃗𝑣𝑉𝑉) = 𝛻𝛻�⃗ ∙ �𝜎𝜎𝛻𝛻�⃗ 𝑉𝑉� [ 28 ] 

 

X vector potential equation: 

𝛻𝛻�⃗ ∙ (𝜌𝜌𝑣⃗𝑣𝐴𝐴𝑥𝑥) = 𝛻𝛻�⃗ ∙ �𝛻𝛻�⃗ 𝐴𝐴𝑥𝑥� + 𝜇𝜇0𝑗𝑗𝑥𝑥 [ 29 ] 

 

Y vector potential equation: 

𝛻𝛻�⃗ ∙ �𝜌𝜌𝑣⃗𝑣𝐴𝐴𝑦𝑦� = 𝛻𝛻�⃗ ∙ �𝛻𝛻�⃗ 𝐴𝐴𝑦𝑦� + 𝜇𝜇0𝑗𝑗𝑦𝑦 [ 30 ] 

 

Z vector potential equation: 

𝛻𝛻�⃗ ∙ (𝜌𝜌𝑣⃗𝑣𝐴𝐴𝑧𝑧) = 𝛻𝛻�⃗ ∙ �𝛻𝛻�⃗ 𝐴𝐴𝑧𝑧� + 𝜇𝜇0𝑗𝑗𝑧𝑧 [ 31 ] 

 

Azimuthal magnetic induction: 

𝐵𝐵�⃗ = ∇��⃗ × 𝐴𝐴 [ 32 ] 

𝐵𝐵𝑥𝑥 =
𝜕𝜕𝐴𝐴𝑧𝑧
𝜕𝜕𝜕𝜕

−
𝜕𝜕𝐴𝐴𝑦𝑦
𝜕𝜕𝜕𝜕

[ 33 ] 

𝐵𝐵𝑦𝑦 =
𝜕𝜕𝐴𝐴𝑥𝑥
𝜕𝜕𝜕𝜕

−
𝜕𝜕𝐴𝐴𝑧𝑧
𝜕𝜕𝜕𝜕

[ 34 ] 

𝐵𝐵𝑧𝑧 =
𝜕𝜕𝐴𝐴𝑦𝑦
𝜕𝜕𝜕𝜕

−
𝜕𝜕𝐴𝐴𝑥𝑥
𝜕𝜕𝜕𝜕

[ 35 ] 

 

Current density components: 

𝑗𝑗𝑥𝑥 = −𝜎𝜎
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

[ 36 ] 

𝑗𝑗𝑦𝑦 = −𝜎𝜎
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

[ 37 ] 

𝑗𝑗𝑧𝑧 = −𝜎𝜎
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

[ 38 ] 
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4.3 Computational Domain 

4.3.1 2D Computational Domain Configuration  

According to the research work done by Lago el at. [11], the 2D computational domain was 

developed for this simulation. As shown in Figure 15, the computational domain of 15 × 13 mm2 

is represented in a cylindrical coordinate. The mesh is refined near the axis and cathode tip. This 

2D configuration is consisted of free gas region and tungsten cathode walls with a 60° angle tip 

and a height of 3 mm. 

 

 
Figure 15. Computational domain for 2D DC electric arc model 

 

4.3.2 3D Computational Domain Configuration  

The 3D computational domain was developed based on the 2D computational domain, which 

basically had the same configuration shown in Figure 16. 
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Figure 16. Computational domain for 3D DC electric arc model 

 

4.4 Boundary Condition 

The current used in this simulation is 200A and the medium is at atmospheric pressure for both 

2D and 3D simulation. Only the arc column was simulated in this section. The boundary conditions 

for the 2D and 3D simulation was indexed in Table 1 and Table 2, respectively. The current 

distribution at the cathode tip (BE, IF) was assumed to be equation (6). 

 

Table 1. Typical boundary conditions for a 2D free-burning arc. 

 BC CD DF AF AB BE 

u 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

= 0 u = 0 u = 0 𝜕𝜕𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

= 0 u = 0 - 

v v = 0 v = 0 𝜕𝜕𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

= 0 v = 0 v = 0 - 

T 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

= 0 
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

= 0 T = 1000K T = 1000K T = 3500K - 

V 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

= 0 V = 0 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

= 0 
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

= 0 - Eq. (6) 
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Table 2. Typical boundary conditions for a 3D free-burning arc. 

 AB, BC, CD JA, DE EF, FG, JI, IH HG FI 

u u = 0 u = 0 u = 0 - - 

v v = 0 v = 0 
𝜕𝜕𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

= 0 v = 0 - 

w w = 0 𝜕𝜕𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

= 0 w = 0 w = 0 - 

T T = 3500 K T = 1000 K T = 1000 K 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

= 0 - 

V 𝜕𝜕𝜕𝜕
𝜕𝜕𝑛𝑛�⃗

= 0 
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

= 0 
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

= 0 V = 0 Eq. (6) 

Ax 
𝜕𝜕𝐴𝐴𝑥𝑥
𝜕𝜕𝑛𝑛�⃗

= 0 
𝜕𝜕𝐴𝐴𝑥𝑥
𝜕𝜕𝜕𝜕

= 0 
𝜕𝜕𝐴𝐴𝑥𝑥
𝜕𝜕𝜕𝜕

= 0 𝜕𝜕𝐴𝐴𝑥𝑥
𝜕𝜕𝜕𝜕

= 0 - 

Ay 
𝜕𝜕𝐴𝐴𝑦𝑦
𝜕𝜕𝑛𝑛�⃗

= 0 
𝜕𝜕𝐴𝐴𝑦𝑦
𝜕𝜕𝜕𝜕

= 0 
𝜕𝜕𝐴𝐴𝑦𝑦
𝜕𝜕𝜕𝜕

= 0 
𝜕𝜕𝐴𝐴𝑦𝑦
𝜕𝜕𝜕𝜕

= 0 - 

Az 
𝜕𝜕𝐴𝐴𝑧𝑧
𝜕𝜕𝑛𝑛�⃗

= 0 
𝜕𝜕𝐴𝐴𝑧𝑧
𝜕𝜕𝜕𝜕

= 0 
𝜕𝜕𝐴𝐴𝑧𝑧
𝜕𝜕𝜕𝜕

= 0 𝜕𝜕𝐴𝐴𝑧𝑧
𝜕𝜕𝜕𝜕

= 0 - 

 

4.5 Material Properties 

Argon was used as the plasma gas in this simulation. The thermal properties of argon, such as 

density, viscosity, thermal conductivity, specific heat, electrical conductivity, and radiation 

coefficient are temperature independent and taken from the book [28], which is shown below 

(Figure 17).  
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Figure 17. Thermophysical properties of argon plasma for simulation [28]. 

 

4.6 Results and Discussion 

4.6.1 Model Validation of 2D Simulation 

Figure 18 (a) shows the temperature distribution of the free-burning argon plasma arc. A typical 

bell shape of the arc plasma was obtained, as the strong cathode jet is impinging the metal anode 

surface and dispersing. For a 200-A-current arc, the highest temperature is able to reach 22000 K 

below the electrode tip. The middle of the arc column maintains a high temperature above 10000 
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K. The temperature is spreading from the cathode tip towards the anode. The stronger diffusion of 

the temperature in radial was observed near the anode surface. Figure 18 (b) shows comparison of 

the measured and calculated isotherms of the argon arc plasma. The measured data is on the left 

side, which is from the experimental work conducted by Hsu el at. [8]. The calculated results 

conducted by this study are on the right side. With the comparison, it is shown that the predicted 

arc temperature distribution was in fairly good agreement with the experimental data.  It is also 

observed that along the arc column centerline, the temperature decrease slowly from the cathode 

tip to the anode surface because of the very high velocity of the cathode jet. 

 

Figure 19 (a) reveals the velocity distribution of the free-burning arc. The cathode jet is very strong 

and slight diffusion around the jet was observed. The cathode jet is impinging towards the metal 

anode surface. The middle region in the arc column maintains relatively high velocity. From Figure 

19 (b), a clearer tendency of the centerline velocity of the free-burning arc was illustrated. The arc 

plasma accelerates dramatically from the cathode tip and reaches the maximum velocity at 0.8 mm. 

Then the arc plasma velocity is decaying smoothly from 0.8 mm to 8.8 mm away from the cathode 

tip, but a rapid decay is observed after. Figure 19 (b) also shows the predicted axial centerline 

velocity obtained by other researchers. In Hsu’s simulation, the Ampere’s law method was used 

to calculate the self-induced magnetic field 𝐵𝐵𝜃𝜃: 

𝐵𝐵𝜃𝜃 =
𝜇𝜇0
𝑟𝑟
� 𝑗𝑗𝑧𝑧(𝑟𝑟)𝑟𝑟𝑟𝑟𝑟𝑟
𝑅𝑅

0
[ 39 ] 

More important values of velocity were obtained using the Ampere’s law method than using the 

potential vector method. However, based on the suggestion by Ramirez el at. [29], the potential 

vector method can reduce the complexities on the mathematical calculation. Lago el at. [11] also 

discussed these two methods and concluded that the potential vector approach was superior. 

Therefore, the potential vector method was applied in the whole arc plasma simulation. It is also 

shown that the simulation results obtained in this study has a pretty good agreement with results 

reported by other researchers’. According to the validation on the profile of the plasma arc 

temperature and velocity, the good agreements indicated the present model for the arc plasma 

simulation is credible. 
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Figure 18. Temperature contours. (a) Temperature distribution of the DC electric arc. 

(b) Comparison of the measured and calculated isotherms of the DC electric argon arc [8]. 
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Figure 19. Velocity profile. (a) Velocity distribution of the DC electric arc. (b) Comparison of 

the centerline velocity of the DC electric arc [8, 29]. 
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4.6.2 Model Validation of 3D Simulation 

To enhance the electric arc model to 3D, the third direction was taken into account. In Figure 20, 

two temperature profiles were presented for the two-dimensional and the three-dimensional 

configurations. Because the two-dimensional model has been validated, the three-dimensional 

simulation results were validated with the two-dimensional simulation results. The typical bell 

shape was observed in the three-dimensional simulation. Comparing the isotherms in Figure 20, it 

can be said that the three-dimensional simulation results on temperature have a pretty good 

agreement with the two-dimensional simulation results. 

 

 
Figure 20. Comparison between the temperature profile in two-dimensional and  

three-dimensional configurations. 
 

Figure 21 shows the velocity distribution of the free-burning arc plasma at the axial centerline for 

the two-dimensional and the three-dimensional configurations. Basically, the same distribution of 

the axial centerline velocity for three-dimensional simulation as the two-dimensional simulation 
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was obtained. It can be said the three-dimensional free-burning arc plasma model was validated 

and the results were pretty reliable.  

 

 
Figure 21. Comparison between the velocity profile in two-dimensional and  

three-dimensional configurations. 
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CHAPTER 5. MODELING OF THE METAL MELTING PROCESS 
UTILIZING A DC ELECTRIC ARC PLASMA 

5.1 Simulation Assumptions 

According to other researcher’s work [7, 17], several assumptions were made: 

1) The arc is optically thin and in LTE. 

2) The fluids are incompressible. 

3) The flow of arc and molten pool are turbulent. 

4) The arc is axisymmetric. 

5) The metal vaporization is ignored. 

5.2 Numerical Models 

5.2.1 Governing Equations  

Mass conservation equation: 

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+
𝜕𝜕(𝜌𝜌𝜌𝜌)
𝜕𝜕𝜕𝜕

+
1
𝑟𝑟
𝜕𝜕(𝜌𝜌𝜌𝜌𝜌𝜌)
𝜕𝜕𝜕𝜕

= 0 [ 40 ] 

 

Axial momentum conservation equation: 
𝜕𝜕𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ 𝜌𝜌𝜌𝜌
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ 𝜌𝜌𝜌𝜌
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

= −
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ 2
𝜕𝜕
𝜕𝜕𝜕𝜕

�
𝜇𝜇𝜇𝜇𝜇𝜇
𝜕𝜕𝜕𝜕

� +
1
𝑟𝑟
𝜕𝜕
𝜕𝜕𝜕𝜕
�𝜇𝜇𝜇𝜇

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
� +

1
𝑟𝑟
𝜕𝜕
𝜕𝜕𝜕𝜕
�𝜇𝜇𝜇𝜇

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
� + 𝑆𝑆𝑚𝑚 [ 41 ] 

𝑆𝑆𝑚𝑚𝑎𝑎𝑎𝑎𝑎𝑎 = 𝑗𝑗𝑟𝑟𝐵𝐵𝜃𝜃 [ 42 ] 

𝑆𝑆𝑚𝑚𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 = 𝑗𝑗𝑟𝑟𝐵𝐵𝜃𝜃 + 𝜌𝜌𝜌𝜌𝜌𝜌(𝑇𝑇 − 𝑇𝑇𝑟𝑟) [ 43 ] 

where 𝛽𝛽 is thermal expansion coefficient, 𝑇𝑇𝑟𝑟 is the reference temperature. 

 

Radial momentum conservation equation: 
𝜕𝜕𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ 𝜌𝜌𝜌𝜌
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ 𝜌𝜌𝜌𝜌
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

= −
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+
𝜕𝜕
𝜕𝜕𝜕𝜕

�𝜇𝜇
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
� +

2
𝑟𝑟
𝜕𝜕
𝜕𝜕𝜕𝜕
�𝜇𝜇𝜇𝜇

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
� +

𝜕𝜕
𝜕𝜕𝜕𝜕

�𝜇𝜇
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
� −

2𝜇𝜇𝜇𝜇
𝑟𝑟2

− 𝑗𝑗𝑥𝑥𝐵𝐵𝜃𝜃 [ 44 ] 

 

Energy conservation equation: 



 
 

45 

𝜕𝜕𝜕𝜕ℎ
𝜕𝜕𝜕𝜕

+
1
𝑟𝑟
𝜕𝜕
𝜕𝜕𝜕𝜕

(𝑟𝑟𝑟𝑟𝑟𝑟ℎ) +
𝜕𝜕
𝜕𝜕𝜕𝜕

(𝜌𝜌𝜌𝜌ℎ) =
1
𝑟𝑟
𝜕𝜕
𝜕𝜕𝜕𝜕
�
𝑟𝑟𝑟𝑟
𝐶𝐶𝑃𝑃
𝜕𝜕ℎ
𝜕𝜕𝜕𝜕
� +

𝜕𝜕
𝜕𝜕𝜕𝜕

�
𝑘𝑘
𝐶𝐶𝑃𝑃
𝜕𝜕ℎ
𝜕𝜕𝜕𝜕
� + 𝑆𝑆ℎ [ 45 ] 

𝑆𝑆ℎ𝑎𝑎𝑎𝑎𝑎𝑎 =
𝐽𝐽𝑧𝑧2 + 𝐽𝐽𝑟𝑟2

𝜎𝜎
+

5
2
𝐾𝐾𝑏𝑏
𝑒𝑒
�
𝐽𝐽𝑧𝑧
𝐶𝐶𝑃𝑃
𝜕𝜕ℎ
𝜕𝜕𝜕𝜕

+
𝐽𝐽𝑟𝑟
𝐶𝐶𝑃𝑃
𝜕𝜕ℎ
𝜕𝜕𝜕𝜕
� − 𝑆𝑆𝑟𝑟 [ 46 ] 

𝑆𝑆ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 =
𝐽𝐽𝑧𝑧2 + 𝐽𝐽𝑟𝑟2

𝜎𝜎
[ 47 ] 

 

Current continuity equation: 
1
𝑟𝑟
𝜕𝜕
𝜕𝜕𝜕𝜕
�𝜎𝜎𝜎𝜎

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
� +

𝜕𝜕
𝜕𝜕𝜕𝜕

�𝜎𝜎
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
� = 0 [ 48 ] 

 

Axial vector potential equation: 
1
𝑟𝑟
𝜕𝜕
𝜕𝜕𝜕𝜕
�𝑟𝑟
𝜕𝜕𝐴𝐴𝑥𝑥
𝜕𝜕𝜕𝜕

� +
𝜕𝜕
𝜕𝜕𝜕𝜕

�
𝜕𝜕𝐴𝐴𝑥𝑥
𝜕𝜕𝜕𝜕

� = −𝜇𝜇0𝑗𝑗𝑥𝑥 [ 49 ] 

 

Radial vector potential equation: 
1
𝑟𝑟
𝜕𝜕
𝜕𝜕𝜕𝜕
�𝑟𝑟
𝜕𝜕𝐴𝐴𝑟𝑟
𝜕𝜕𝜕𝜕

� +
𝜕𝜕
𝜕𝜕𝜕𝜕

�
𝜕𝜕𝐴𝐴𝑟𝑟
𝜕𝜕𝜕𝜕

� = −𝜇𝜇0𝑗𝑗𝑟𝑟 +
𝐴𝐴𝑟𝑟
𝑟𝑟2

[ 50 ] 

 

Azimuthal magnetic induction: 

𝐵𝐵�⃗ = ∇��⃗ × 𝐴𝐴 [ 51 ] 

𝐵𝐵𝜃𝜃 =
𝜕𝜕𝐴𝐴𝑟𝑟
𝜕𝜕𝜕𝜕

−
𝜕𝜕𝐴𝐴𝑥𝑥
𝜕𝜕𝜕𝜕

[ 52 ] 

 

Current density components: 

𝑗𝑗𝑥𝑥 = −𝜎𝜎
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

[ 53 ] 

𝑗𝑗𝑟𝑟 = −𝜎𝜎
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

[ 54 ] 
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5.2.2 Turbulence Model 

In order to take the effect of the turbulent flow into account, the standard k-ɛ model [7,23,24] was 

used to determine the turbulence kinetic energy k and the its rate of dissipation ɛ.  

The turbulence kinetic energy k and the turbulence dissipation rate were expressed as: 

𝜕𝜕
𝜕𝜕𝜕𝜕

(𝜌𝜌𝜌𝜌) +
𝜕𝜕
𝜕𝜕𝜕𝜕𝑖𝑖

(𝜌𝜌𝜌𝜌𝑢𝑢𝑖𝑖) =
𝜕𝜕
𝜕𝜕𝑥𝑥𝑗𝑗

��𝜇𝜇 +
𝜇𝜇𝑡𝑡
𝜎𝜎𝑘𝑘
�
𝜕𝜕𝜕𝜕
𝜕𝜕𝑥𝑥𝑗𝑗

� + 𝐺𝐺𝑘𝑘 + 𝐺𝐺𝑏𝑏 − 𝜌𝜌𝜌𝜌 − 𝑌𝑌𝑀𝑀 + 𝑆𝑆𝐾𝐾 [ 55 ] 

𝜕𝜕
𝜕𝜕𝜕𝜕

(𝜌𝜌𝜌𝜌) +
𝜕𝜕
𝜕𝜕𝑥𝑥𝑖𝑖

(𝜌𝜌𝜌𝜌𝑢𝑢𝑖𝑖) =
𝜕𝜕
𝜕𝜕𝑥𝑥𝑗𝑗

��𝜇𝜇 +
𝜇𝜇𝑡𝑡
𝜎𝜎𝜀𝜀
�
𝜕𝜕𝜕𝜕
𝜕𝜕𝑥𝑥𝑗𝑗

� + 𝐶𝐶1𝜀𝜀
𝜀𝜀
𝑘𝑘

(𝐺𝐺𝑘𝑘 + 𝐶𝐶3𝜀𝜀𝐺𝐺𝑏𝑏) − 𝐶𝐶2𝜀𝜀𝜌𝜌
𝜀𝜀2

𝑘𝑘
+ 𝑆𝑆𝜀𝜀 [ 56 ] 

 

The turbulence viscosity was obtained by: 

𝜇𝜇𝑡𝑡 = 𝑐𝑐𝜇𝜇𝜌𝜌
𝑘𝑘2

𝜀𝜀
[ 57 ] 

where 𝐺𝐺𝑘𝑘 is the generation of turbulence kinetic energy due to the mean velocity gradients, 𝐺𝐺𝑏𝑏 

represents the generation of turbulence kinetic energy due to buoyancy, 𝑌𝑌𝑀𝑀 is the contribution of 

the fluctuating dilatation in compressible turbulence to the overall dissipation rate, 𝐶𝐶1𝜀𝜀, 𝐶𝐶2𝜀𝜀, 𝑐𝑐𝜇𝜇, 𝜎𝜎𝑘𝑘 

and 𝜎𝜎𝜀𝜀 are constant, which are 1.44, 1.92, 0.09, 1.0 and 1.3, respectively. 

5.2.3 Solidification and Melting Model 

The enthalpy-porosity technique was applied to deal with the mushy zone. The fluid was assumed 

to be porous medium. The liquid fraction 𝛽𝛽 of the fluid is defined as:  

𝛽𝛽 =

⎩
⎨

⎧
0 𝑇𝑇 < 𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

𝑇𝑇 − 𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝑇𝑇𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 − 𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 < 𝑇𝑇 < 𝑇𝑇𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙

1  𝑇𝑇 > 𝑇𝑇𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙

[ 58 ] 

 

An additional energy source term is added to the energy equation: 

𝑆𝑆 = ∆𝐻𝐻
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

[ 59 ] 

where ∆𝐻𝐻 is the latent heat. 

 

An additional source term is added to the axial and radial momentum equations: 
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𝑆𝑆 = 𝐴𝐴𝑚𝑚𝑚𝑚𝑚𝑚ℎ
(1 − 𝛽𝛽)2

𝛽𝛽3 + 𝜉𝜉
�𝑣⃗𝑣 − 𝑣𝑣𝑝𝑝����⃗ � [ 60 ] 

where 𝐴𝐴𝑚𝑚𝑚𝑚𝑚𝑚ℎ is the mushy zone constant, 𝜉𝜉 is a small number to prevent division by zero, 𝑣𝑣𝑝𝑝����⃗  is 

the solid velocity because of the pulling of solidified material out of the domain. 

 

Additional source terms are added to all of the turbulence equations in the mushy zones: 

𝑆𝑆 = 𝐴𝐴𝑚𝑚𝑚𝑚𝑚𝑚ℎ
(1 − 𝛽𝛽)2

𝛽𝛽3 + 𝜉𝜉
∅ [ 61 ] 

where ∅ is the turbulence quantity being solved (k & ɛ). 

5.2.4 Interface Tracking  

In this study, with the heat transfer from the arc plasma to the metal, the metal was heated and 

molten pool was formed. Under the effect of the arc pressure, the molten pool starts to deform and 

the plasma flow finally penetrates the work piece. During this process, a free interface between the 

arc and molten pool was formed and the heat transfer between the arc and metal will be impacted 

due to the free interface. Therefore, capturing the free interface between the arc and metal is a key 

to implement the arc-metal heat transfer. The VOF method is applied to track the dynamic interface 

between arc and scrap in this numerical simulation [7, 17]. The volume of fluid fraction F for a 

cell is determined by the function: 
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

+
1
𝑟𝑟
𝜕𝜕
𝜕𝜕𝜕𝜕

(𝑟𝑟𝑣𝑣𝑟𝑟𝐹𝐹) +
𝜕𝜕
𝜕𝜕𝜕𝜕

(𝑣𝑣𝑥𝑥𝐹𝐹) = 0 [ 62 ] 

5.2.5 Arc-metal Heat Transfer 

Based on the arc-metal heat transfer mechanism, the total heat flux at the metal anode surface 

included electronic heat, conductive heat, and radiation loss [7, 26].  However, the metal 

vaporization at the anode surface was ignored in this study [25]. Therefore, the additional energy 

source term added in the anode interface was: 

𝑆𝑆𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 = |𝐽𝐽|𝜑𝜑𝑎𝑎 +
𝑘𝑘𝑒𝑒𝑒𝑒𝑒𝑒�𝑇𝑇𝑒𝑒,𝑎𝑎 − 𝑇𝑇𝑎𝑎�

𝛿𝛿
− 𝜀𝜀𝐾𝐾𝐵𝐵𝑇𝑇𝑎𝑎4 [ 63 ] 

 

The additional energy source term added in the plasma arc interface was:  
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𝑆𝑆𝑎𝑎𝑎𝑎𝑎𝑎 = −
𝑘𝑘𝑒𝑒𝑒𝑒𝑒𝑒�𝑇𝑇𝑒𝑒,𝑎𝑎 − 𝑇𝑇𝑎𝑎�

𝛿𝛿
[ 64 ] 

where 𝐽𝐽 is the current density, 𝜑𝜑𝑎𝑎 is the work function of the metal anode, 𝑘𝑘𝑒𝑒𝑒𝑒𝑒𝑒 is the effective 

thermal conductivity [26], 𝑇𝑇𝑒𝑒,𝑎𝑎  is the arc temperature at the anode interface, 𝑇𝑇𝑎𝑎  is the anode 

temperature, 𝛿𝛿 is the thickness of the anode interface, which is taking 0.15 mm [7]. 

5.3 Computational Domain 

Figure 22 shows the computational domain used in this simulation [17]. This is a stationary and 

axisymmetric welding torch. The IH, FD and DQ are the plasma gas inlet, shielding gas inlet and 

outlet, respectively. The cathode and nozzle part are not included in this simulation. AC is the axis 

and the rest was set as wall boundary. BQ is the initial interface between the plasma arc and the 

metal anode. However, when the metal anode melts, a new free interface between the plasma arc 

and anode forms and is tracked by using VOF method.  

 

 
Figure 22. Schematic illustration of the simulation domain. 
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5.4 Material Properties 

The plasma gas is also the argon which is corresponding to the arc simulation in chapter 4. The 

metal anode material is the stainless steel SUS304. The thermal properties of the stainless steel 

SUS304, such as density, viscosity, thermal conductivity, specific heat, and electrical conductivity 

are listed in Table 3. 

 

Table 3. The thermal properties of the stainless steel SUS304 [17]. 

Density (kg/m3) 7200 

Specific Heat (J/kg∙K) 

438.95 + 0.198 × T (T ≤ 773 K) 

137.93 + 0.59 × T (773 K < T ≤ 873 K) 

871.25 - 0.25 × T (873 K < T ≤ 973 K) 

555.2+0.0775 × T (T > 973 K) 

Solid Temperature (K) 1670 

Liquid Temperature (K) 1727 

Latent Heat (J/kg) 2.45×105 

Electric Conductivity (S/m) 770000 

Thermal Conductivity (W/m∙K) 

10.717 + 0.014955 × T (T < 1672 K) 

217.12 - 0.1094 × T ( 1672 < T ≤ 1727) 

8.278 + 0.0115 × T ( T > 1727) 

Viscosity (kg/m∙s) (37.203 - 0.0176 * T) * 1E-3 ( 1713 ≤ T ≤ 1873) 

Work function 4.65 V 
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5.5 Boundary Conditions 

Table 4 presents the detailed boundary conditions. The initial temperature of the metal anode is 

300K. The current density at the electrode tip is assumed to be uniform. Some important process 

parameters in this simulation are listed in Table 5. 

 

Table 4. Detailed boundary conditions used in this simulation [17]. 

 u (m/s) v (m/s) T (K) V 

ABC 
𝜕𝜕𝜕𝜕
𝜕𝜕𝑛𝑛�⃗

= 0 
𝜕𝜕𝜕𝜕
𝜕𝜕𝑛𝑛�⃗

= 0 
𝜕𝜕𝜕𝜕
𝜕𝜕𝑛𝑛�⃗

= 0 
𝜕𝜕𝜕𝜕
𝜕𝜕𝑛𝑛�⃗

= 0 

CP - - 𝑘𝑘∇𝑇𝑇 − 𝜀𝜀𝜀𝜀𝑇𝑇4 0 

PQ - - 𝑘𝑘∇𝑇𝑇 − 𝜀𝜀𝜀𝜀𝑇𝑇4 0 

QD - - 1000 𝜕𝜕𝜕𝜕
𝜕𝜕𝑛𝑛�⃗

= 0 

DF Constant 0 1000 𝜕𝜕𝜕𝜕
𝜕𝜕𝑛𝑛�⃗

= 0 

FEGH - - 𝑘𝑘∇𝑇𝑇 
𝜕𝜕𝜕𝜕
𝜕𝜕𝑛𝑛�⃗

= 0 

HI Constant 0 1000 𝜕𝜕𝜕𝜕
𝜕𝜕𝑛𝑛�⃗

= 0 

IK - - 1000 𝜕𝜕𝜕𝜕
𝜕𝜕𝑛𝑛�⃗

= 0 

KA - - 3000 j 
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Table 5. Main process parameters [17]. 

 

5.6 Model Validation 

In order to validate the arc-metal heat transfer model, the computational results are compared with 

the experimental measurements and other researchers’ work. Figure 23 shows the evolution 

process of the metal anode melted by the arc plasma at different time. During the penetration of 

the anode by the plasma arc, the shape of the arc plasma varies as anode melts and its surface 

deforms. Since the plasma jet maintains very high velocity, the impingement on the anode surface 

is very intense. Therefore, the melted metal anode will get a lot of chances to splash, which might 

impact the temperature profile of the anode. At the time of 0.1 s, the typical bell shape of the 

plasma arc is observed and the anode surface is flat. But the anode has been heated by the plasma 

arc and the very central region of the top surface of the anode has begun melting. At the time of 

0.5 s, the anode has been melted and penetrated a lot. As we can see, the shape arc plasma is no 

longer in a typical bell shape. The plasma jet was impinging on the anode top surface and the high 

temperature began spreading from the center to the sides. In the anode region, the higher 

temperature occurred at the anode-arc interface and was conducted to the rest of the anode, 

although most part of the anode is very cold. At the time of 1.0 s, the arc plasma was still 

penetrating the anode and the larger area in the anode was heated. However, it can be observed 

that the penetration rate became slower compared with the contour at 0.5 s. At the time of 1.48 s, 

the plasma arc has already fully penetrated the anode, which is in agreement with the simulation 

results conducted by Jian el at. [17]. In a way, the agreement on the penetration time reveals the 

validity of this model. The arc shape did not change too much at this time when it is compared 

Current 170 A 

Plasma gas flow rate 3 L/min 

Shielding gas flow rate 20 L/min 

Thickness of the anode 6 mm 

Electrode setback 2 mm 
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with the arc shape at the previous times. In the anode region, the cold region was small at the 

bottom corner. The temperature was spreading from the anode-arc interface to the remaining part 

of the anode.  

 

Based on the experiment conducted by Jian et al. [17], the computational melting profile at the 

transverse cross-section was compared with the experimental melting profile. Figure 24 shows the 

comparison between the experimental results by Jian et al. and the computational results from this 

study. The macrographs of melting are at the left-hand side and the calculated results are at right-

hand side. The calculated results are presented by the temperature profile of the anode. The red 

region, where the temperature is above 1727 K, represents the melted anode and the empty area is 

the region that is penetrated by the arc plasma. Comparing the calculated melting profile with 

experimental melting profile, it can be said that the current simulation results are valid to a certain 

extent. Nonetheless, the predicted melting profile is slightly different from the experimental 

measurements. The heat source used to melt the anode is the arc plasma; thus, the anode melting 

was determined by the behavior of the arc plasma. However, because the impingement of the arc 

plasma on the anode surface causes the splashing of the melted anode, the turbulence has to be 

taken into consideration in this simulation. Therefore, the flow in the whole computational domain 

was assumed to be turbulent, including the arc plasma which was predicted by the standard k-ɛ 

turbulence model. Furthermore, due to the limitation of the standard k-ɛ turbulence model, this 

turbulence model is better at solving the fully turbulent flow. Therefore, in some regions with low 

Reynolds number, the behavior of the arc plasma predicted in this simulation might not be 

extremely accurate, which might impact the simulation results. In addition, because the metal 

vaporization was neglected in this simulation, the influence of the metal gas was not taken into 

account, which might impact the melting profile of the anode and the accuracy of the current 

simulation results. Thus, further investigation could be pursued in order to refine the current model 

and improve the accuracy.  
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Figure 23. Melting process of the metal anode utilizing the DC electric arc plasma at different 

times with 170A current. 
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Figure 24. Comparison of the measured and calculated melting profile  

at transverse cross-section. 
 

5.7 Results and Discussions 

Figure 25 shows the temperature distribution at the axial centerline at different times, which starts 

from the electrode tip and ends at the bottom of the anode. At the time instant 0.1 s, the arc was 

not fully developed yet so the temperature reduction after the 0.5 mm is faster than at later times. 

The plasma arc temperature increases rapidly at the beginning and reaches the maximum value of 

28000 K at around 0.5 mm away from the electrode tip. Then, the temperature starts to decrease 

smoothly and reduce sharply at the anode surface. In this simulation, the arc temperature for 170 

A current is much higher than the arc temperature for 200 A current predicted in the simulations 

conducted in chapter 4. The main reason is that the boundary condition of the current density was 

treated differently. The simulations in chapter 4 are of a free-burning arc plasma, which did not 

include the shielding gas; therefore, a profile of current density, which was expressed by Eq. (6), 

was assigned. However, in this simulation, the shielding gas was considered and the current density 

was assumed to be uniform at the electrode tip. In the simulations conducted by Pan et al. [7] and 

Jian et al. [17], the plasma arc simulation with lower current (150 A & 170 A) both produced very 

similar arc temperature. Since the main purpose of developing this model is to predict the heat 

transfer between the plasma arc and the anode, in order to validate this model, the boundary 
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condition used in this simulation was sustained as same as the boundary conditions used in the 

simulation in the reference paper to the greatest extent.  

 

Figure 26 shows the velocity distribution at the axial centerline at different times, which starts 

from the electrode tip and ends at the bottom of the anode. The arc column got longer with the 

penetration of anode by the plasma jet. The highest velocity, which is around 600 m/s, was 

generated at 2 mm away from the electrode tip after the plasma arc was fully developed. The 

plasma jet velocity decreased dramatically at the anode pool surface and produced strong 

stagnation pressure, which is one of the primary reasons that the melted anode was blown away 

and the keyhole was formed.  

 

Figure 27 shows the radial pressure distribution at the anode surface at different times. The 

strongest pressure was generated at the central point and it decreased along the radial direction. 

The most rapid decrease appeared from the very center to the point which is around 2 mm away 

from the center. At the time instant 0.1 s, since the plasma arc was not fully developed, the unstable 

arc plasma makes the curve of the radial pressure distribution not very smooth. However, once the 

plasma arc was fully developed, the whole radial distribution of the pressure follows a Gaussian 

distribution and the radial pressure distribution was practically the same at different time. Due to 

the distribution of the arc plasma pressure, the molten pool of the anode at the center was pushed 

sideways rapidly and the typical cone-like shape of the molten pool was formed. 

 

Figure 28 illustrates the radial total heat flux at the anode surface at different times. The maximum 

heat flux occurred at the central area and then began reducing towards the sides. However, another 

local peak was present off the center. Besides the local peak of the total heat flux in the central 

area, the second peak at the time instant 0.5 s and 1.0 s appeared at 3 mm and 4 mm away from 

the center, respectively. At the time instant 1.48 s, because the anode was fully penetrated by the 

arc, the peaks of the total heat flux were observed at around 1 mm and 4 mm away from the center. 

It is the same for all different times that the total heat flux became very small beyond around 6 

mm away from the center. The higher heat flux distribution near the center causes the anode to 

melt much faster in the central region, which is consistent with the observations of the shape of 

the molten pool from the experimental work.  
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Figure 25. Axial temperature distribution at different times. 

 

 
Figure 26. Axial velocity distribution at different times. 
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Figure 27. Pressure distribution at the anode surface at different times. 

 

 
Figure 28. Total heat flux at the anode surface at different times. 
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5.7.1 Effect of the Current  

The metal anode melting behavior is impacted by the arc plasma behavior. However, the 

characteristic of the arc plasma is closely related with the current used to produce the arc plasma. 

Therefore, in order to investigate the effect of the arc current on the anode melting behavior, a 

parametric study of different currents was conducted. In this section, the simulations with current 

of 140 A and 200 A were developed based on the baseline case in the last section and the results 

were compared and analyzed.  

 

Figure 29 and Figure 30 illustrate the evolution process of the anode melted by the arc plasma at 

different times with 200 A current and 140 A current, respectively. As we can see from Figure 29, 

the anode was penetrated by the plasma arc at about 1.21 s when the 200 A current was used. With 

impact of the plasma arc, the diameter of the keyhole at the anode bottom kept increasing. For the 

arc with 140 A current in Figure 30, the anode was penetrated by the arc plasma at 1.92 s and the 

penetration rate was slower than others. The penetration also reflects the melting rate of the anode. 

Comparing the penetration time among the simulation with current 140 A, 170 A and 200 A in 

Figure 33, it can be said that with the current increase, the penetration time of the anode decreases 

almost linearly.  

 

Figure 31 shows the axial centerline temperature distribution from the electrode tip to the anode 

bottom with different current at 0.1 s. With different current, the same tendency of the variation of 

the axial centerline temperature was observed. However, it is very obvious that with the larger 

current, the arc temperature becomes higher as well. The higher temperature of the arc will increase 

the temperature difference between the arc plasma and the anode, which will also enhance heat 

transfer between the arc plasma and the anode. In Figure 34, the highest temperature with different 

current was compared and it is found that there is a positive correlation between the arc temperature 

and the current. 

 

Figure 32 shows the axial centerline velocity distribution from the electrode tip to the anode bottom 

with different current at 0.1 s. With the current varying, the variation trends of the axial centerline 

velocity are consistent, but with the stronger current, the velocity of the plasma jet is higher, which 

means the plasma jet will bring more intense momentum and the impingement of the plasma jet 
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on the anode will be more drastic. In addition, the splashing of the molten pool in the anode will 

be fiercer and the convection heat transfer between the arc plasma and the anode will be enhanced 

as well. From Figure 35, it is observed that with the current increase, the highest arc velocity 

increases linearly. Based on the effect of the current on the arc velocity and the arc temperature, it 

can be said that it is reasonable that with higher current, the anode will be penetrated more quickly, 

which also imply that the melting rate of the metal anode increases with the current of the plasma 

arc increase. 

 

 
Figure 29. Melting process of the metal anode utilizing the arc plasma at different times 

with 200 A current. 
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Figure 30. Melting process of the metal anode utilizing the arc plasma at different times 

with 140 A current. 
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Figure 31. Axial temperature distribution with different current at 0.1 s. 

 

 

Figure 32. Axial velocity distribution with different current at 0.1 s. 
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Figure 33. The effect of the current on the penetration time. 

 

 
Figure 34. The effect of the current on the highest arc temperature. 
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Figure 35. The effect of the current on the highest arc velocity. 

 

5.7.2 Effect of the Metal Anode Initial Temperature  

In the industrial steelmaking process such as the EAF steelmaking process, the melting time of the 

scrap is very important which determines the productivity. The reduction of the scrap melting time 

will increase the productivity of the steel making in the EAF process. Therefore, in order to 

investigate the factors affecting the melting rate of the anode, the different anode initial 

temperatures were studied. The simulations with different initial temperatures of the anode for 300 

K, 600 K and 900 K were conducted under 170 A arc current and the results were discussed and 

compared.  

 

Figure 36 (a) presents the evolution process with 600 K initial anode temperature. As the 

temperature contours are showing, the anode was penetrated by the arc plasma at 1.37 s. Compared 

to baseline case in which the anode initial temperature is 300 K, the penetration time was slightly 

shortened. In Figure 36 (b) that shows the evolution process with 900 K initial anode temperature, 

the anode was penetrated by the arc plasma at 1.24 s, which was faster than the other two. Figure 

37 shows the axial centerline temperature distribution from the electrode tip to the anode bottom 

with different initial anode temperature at 0.1 s. In this figure, it is clear that the higher initial anode 

temperature will lead to faster penetration of the anode. At 0.1 s, the plasma arc can reach around 
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12 mm away from the electrode tip. In Figure 38, relationship between the penetration time of the 

anode and different initial anode temperature was illustrated. With higher initial anode temperature, 

the penetration time will be shorter.  

 

 
Figure 36. Melting process of the anode utilizing the arc plasma at different times 

with 170 A current (a) initial anode temperature 600 K (b) initial anode temperature 900 K. 
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Figure 37. Axial temperature distribution with different initial anode temperature at 0.1 s. 

 

 
Figure 38. The effect of the initial anode temperature on the penetration time. 
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CHAPTER 6. CONCLUSIONS 

The present study numerically analyzed the behavior of the DC electric plasma arc and the 

evolution process of the metal anode melted by the plasma arc. The MHD provides the theoretical 

support with the development of the free-burning arc model. The interface tracking by the VOF 

method provides the possibility with the implementation of the heat transfer from the plasma arc 

to the metal anode.  The enthalpy-porosity technique was used to capture the melting phenomenon. 

Furthermore, the parametric studies for the heat transfer between the plasma arc and the anode 

have been performed. Finally, the work in the present study can be concluded: 

1. A two-dimensional and three-dimensional DC electric arc model has been developed and 

validated by comparing with the experimental data. 

2. The arc-metal heat transfer model has been developed and the corresponding validation 

has been conducted by comparing with experimental observation. 

3. The phenomenon of the metal melting process by electric arc plasma has been captured 

and analyzed. 

4. The effect of the arc current was investigated and it was found that with the increase in the 

arc current, the temperature and velocity of the plasma arc increase and the metal anode 

penetration time decreases. 

5. The effect of the initial metal temperature was investigated and it was found that for higher 

initial anode temperature, the penetration time of the metal anode will be shortened. 
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