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Introduction

The transferred arc plasma torch device, in its more general configuration, consists of two electrodes generating a plasma arc sustained by means of an electric current flowing through the body of the discharge, transferring power from electric field to gas by ohmic heating. A lot of modeling work has been done in order to characterize the behavior of transferred arcs in their typical configurations, like free burning arcs or cutting plasma torches [1], but very little has been done in the investigation of transferred electric arc discharges generated between two suspended metallic electrodes in the twin torch configuration. Twin torch generated arcs differ from the other transferred arcs since the anode is not the workpiece, as shown in figure 1, while the arc may or may not pass through a bath of molten material, depending on the specific application or design. This kind of device has been used mainly in reactors for waste treatment incineration and inertization, or for metallurgical applications [2][START_REF] Salvati | Application of Plasma System for Tundish Heating[END_REF][START_REF] Salvati | Development of Thermal Technologies for Pyrolysis and Combustion of Waste with Vitrification of Ash[END_REF], while on the patent side also some other applications are claimed [START_REF] Johnson | Twin Plasma Torch Apparatus Tetronics[END_REF]. The advantages of such device are: the arc can be elongated and the energy is exerted directly on the process material or on the surface of the component, the powder, gas or dispersed liquid, not in the torch; enhanced convection leading to a more homogeneous temperature in the reactor; electrodes can be protected by inert shrouding gas (e.g. Ar); several free degrees of freedom in the operating conditions (e.g. electrode to bath distance, inlet flows, current) While disadvantages can be:

possibility of instabilities at high current due to the magnetic interaction between the cathodic and anodic arc columns; side arcing can occur at high voltage; increase of design complexity with respect to simple graphite transferred electrode.

The complex shape and fluid dynamics of a twin torch discharge needs a 3D description in order to be predicted. Some research on the subject of DC transferred arc twin torch systems has been done in the past using a 3D steady state modeling of the discharge inside a plasma furnace devoted to combustion/vitrification of radioactive wastes [START_REF] Barthelemy | Modeling a pilotscale combustion vitrification furnace under oxygen plasma arc transferred between twin torches[END_REF] and for asbestos inertization [START_REF] Colombo | 3-D Modelling of DC Transferred arc Twin Torch for Asbestos Inertization[END_REF]. In a recent paper [START_REF] Tang | [END_REF] the same LTE steady state model previously used by the Authors in [START_REF] Colombo | 3-D Modelling of DC Transferred arc Twin Torch for Asbestos Inertization[END_REF] together with the same model validation approach by means of free burning arc simulation comparison with literature experimental data, has been applied to a twin torch system for fine powders production. In [START_REF] Tang | [END_REF] it is experimentally found that the stability of the coupling zone is mainly related to the included angle between the torches, meaning that above a critical angle a steady model can be used to predict the twin torch arcs. However the high speed frame in [START_REF] Tang | [END_REF] shows a very irregular coupling zone with at least two connections between cathodic and anodic arcs that is not consistent with a steady state, and only averaged experimental voltage drop have been included. The extended discharge length that goes from the tungsten pencil cathode to the flat copper anode without any particular confinement wall and the fluid dynamics and magnetic forces acting on the arc may induce an unsteady behavior as shown in [9] for Local Thermodynamic Equilibrium (LTE) conditions. Unfortunately the results shown in [9] predict a higher voltage with respect to the values usually found experimentally, probably to due the LTE model underestimation of electrical conductivity in the cold regions. It is known that also at atmospheric pressure thermal and chemical non equilibrium may occur [10], leading to an overpopulation of electrons in cold regions, where LTE model predicts almost no ionization, and then to an increase of electrical conductivity. In a conventional transferred arc the non equilibrium effects are mainly located in the arc fringes [11] and have almost no influence on the arc voltage, limiting the necessity of 2T calculations. In the twin torch configuration a non equilibrium region between the two torch would facilitate the migration of electrons from cathode to anode reducing the length of the current path and then the voltage drop. For this reasons a 3D time dependent plasma arc model including two temperature (2T) thermal non equilibrium has been developed using a customized commercial code FLUENT.

Model description

An LTE time dependent model previously developed by the Authors [START_REF] Colombo | 3-D Modelling of DC Transferred arc Twin Torch for Asbestos Inertization[END_REF] has been extended to the non thermal equilibrium case. Turbulence effects are taken into account into the model using a RNG model. Anodic and cathodic sheaths have been neglected, while electrodes interfaces are taken into account using a simplified approach, imposing a current density distribution on the cathode surface. Neglecting sheath phenomena allows reducing the computational effort since their influence on the main body of the arcs is negligible as shown in [12]. In all the performed calculations, the required database of equilibrium and non equilibrium thermodynamic and transport properties has been taken from [13].

Geometry

The twin torch configuration is schematically represented in figure 2 and refers to a 1 MW mobile twin torch plant dedicated to asbestos inertization from Centro Sviluppo Materiali (CSM) S.p.A, Rome, Italy [2,[START_REF] Salvati | Application of Plasma System for Tundish Heating[END_REF]. The computational domain does not extend to the whole reactor, since the simulation of the complete 3D configuration would be too computationally expensive. The domain is thus limited to the region between the cathode and anode where the discharge takes place.

The computational mesh has been generated in order to cover the full volume of the discharge and it is shown in figure 3. A 700'000 polyhedral elements mesh has been generated starting from a 2 millions tetrahedrical mesh, in order to lower the computational effort and to improve numerical behavior of the code reducing the effects of badly shaped cells and model stability.

LTE model

The LTE model equations are summarized as follows.

The continuity and Navier-Stokes equations are The energy conservation equation
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where h is the enthalpy,

turb lam eff K K K + =
the effective thermal conductivity that includes the contribution of turbulence, E J r r ⋅ the Joule heating and rad Q the radiation losses calculated using a n.e.c. approach [14]. The current density has been calculated using the simplified Ohm's law, neglecting the Hall current E J r r σ = .

2T model

The equations for the 2T thermal non equilibrium model are summarized as follows (see [1,10] for details). Mass conservation and Navier-Stokes equations are the same as LTE model while separate energy equations for the species are needed. The energy equation for the heavy and electron species are 
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This expression can be derived from a simplified expression of the generalized Ohm's law as shown in [1].

Electromagnetic model

The electromagnetic field is calculated using the vector and scalar potential form of the Maxwell's equations. The vector and scalar potential equations are solved in this form
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while the effective electric field comes from the gradient of the effective scalar potential

p p V E -∇ =
For the LTE case the effective electric potential p V is assumed equal to the electric potentials V .

Boundary conditions

A parabolic profile of the current density on the cathode surface is given as a boundary condition using this relation where is the maximum value of the current density on the cathode, is the distance from the axis of the cathode, is a reference value calculated imposing a given value of the total current ! "# on the cathode surface. On the anode surface the electrical potential is assumed to be zero, while on all the other surfaces of the model the current flux is assumed to be zero.

The boundary condition for the vector potential $ $% & ' has been used on all the wall surfaces, where % & is the unit vector normal to the surface. An alternative condition on the walls has been used to artificially stabilize the discharge in order to define a reference steady configuration for the comparison of discharges at different operating conditions. The condition avoids the fluctuations of the discharge and is to be intended not as a physically realistic condition but as a trick, that makes possible to use a steady code with a considerable saving of computational time. The temperature value given as a boundary condition on the anode and cathode comes from previous calculations developed by CSM S.p.A. and are 600K and 1500K respectively; however, a change in these values does not have a significant influence on the results. On all the other surfaces the temperature is fixed at 500 K. Argon flow rate is 80 slpm for both electrodes. 

Results

Time dependent LTE model

The time dependent behaviour of this device has been described in by the Authors in [START_REF] Tang | [END_REF]9] and sketched in figure 4 and will only be briefly discussed here. The dynamic of the twin torch discharge involves the zone of attachment of the two plasma columns and seems to be due to an unbalancing between Lorentz and drag forces that shift downstream the attachment point, until the gradient of the electric potential creates another upstream attachment point by means of a restrike. In this way a periodic oscillation is obtained, limited to the downstream region of the discharge with only a small influence on the fields in the proximity of the electrodes.

The voltage oscillates between 190 to 260V depending on the instantaneous discharge length and it is not in agreement with experimental measurements that predict values around 150V. This means that the LTE model tends to overestimate the discharge power. Moreover, the cathode and anode fall must be added to the model predicted voltage, and can be roughly estimated to be overall around 5-15V for a tungsten cathode [14,15], less then 8% of the total voltage.

Steady state LTE model

Since the time dependent simulation is very computational expensive, an artificial stabilization has been introduced by means of a boundary condition on torch walls that prevents the motion of the zone of attachment of the two plasma columns, as explained in the previous section. Details on the discharge will be presented using the steady model. This assumption also allows easier comparison with the following 2T model results, that predict a steady discharge.

In figure 5 the temperature field is shown using isosurfaces at different temperature values. It is possible to see the repulsion of the two plasma columns due to the self generated magnetic fields. This repulsion can lead to a non symmetric shape of the discharge, as shown in figure 4, that needs a 3D model to be taken into account [9]. This phenomenon is more pronounced with the increasing of the current. The velocity field is shown in figure 6 using a contour on the mid plane; the maximum velocity is about 860 m/s and is located on the cathode tip, where the magnetic constriction is higher. In the main body of the discharge the velocity is in the order of 200 m/s. Figure 7 shows the details of the temperature field on two planes. The maximum plasma temperature is located near the cathode surface and is about 30'000 K, while in the proximity of the anodic surface the plasma temperature reaches a value of about 13'000 K. The main body of the discharge is at a temperature of about 11'000 K. Figure 8 shows the temperature field at different horizontal planes and the detailed shape of the horizontal connecting channel that is quite narrow with respect to the two plasma columns due to the current driven self constriction of the arc.

Steady state 2T model

The time dependent 2T model applied to the twin torch system shows no fluctuations, for both boundary conditions $ $% & ' and . For this reason a steady model approach has been used also in the 2T model.

Figure 9 compares the electrons and heavy particles temperatures while figures 10 and 11 show the region of non equilibrium by means of the non equilibrium parameter ( ) * ) + ' . The highest value of ( is located in the region between the two plasma columns where the electric field is higher. In this region the electric field exchange energy with electrons and the collision term Q EH is not sufficiently high to raise the heavy species particle temperature; also because of the flow convection that pushes cold gas downward that keeps heavy particles cool. Thermal non equilibrium is also located near the walls and in the fringes of the discharge where the temperature gradients are higher.

The strong non equilibrium in the region between the two torches leads to a local increase of the electrical conductivity that facilitates the electrons migration from cathode to anode reducing the total arc length. This has an effect on the electrodes voltage as shown in figure 12 where steady LTE model predicts a voltage of 184 V while the 2T model a voltage of 104 V. A cathode and anode fall overall of about 5-15 V must be added to these values. The total voltage predicted by the 2T model is the 85% of the experimental reference value of 150V. This underestimation could be due to the chemical equilibrium assumption, since the region between the two torches is strongly affected by flow convection that could influence the presence of the ionized species and electrons. Still, even though this underestimation, the agreement of the 2T model is better than the LTE model.

The absence of fluctuations, unlike the LTE model, could be mainly related to the enhanced electrical conductivity non equilibrium region that provides a stable channel for the electrons and that is less affected by the flow drag than the LTE case.

These results show that thermal non equilibrium in arc discharges at atmospheric pressure can have an important influence on the predicted arc properties.

Conclusions

Simulations have been presented for a twin torch system using LTE and 2T approach for the prediction of the discharge properties. A method for artificially stabilize the discharge by changing the magnetic field boundary conditions has been introduced.

While LTE model predicts a fluctuation of the discharge, the 2T model shows no dynamic behavior probably due to the increased electrical conductivity in the cold region between the plasma arc columns. 2T model predicts a substantial lower voltage between electrodes with respect to LTE showing that for this kind of device the LTE approach may fail in the voltage and power prediction of the plasma discharge.

Following these evidences, it is possible that chemical non equilibrium and electron diffusion, which will be introduced as a future development in the model, will have a non negligible effect on the predicted discharge properties. Parameters like electrodes distance or flow rate should be investigated in the future in order to evaluate their influence on the restrike mode and on the voltage. 
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 1 Figure 1. Schematic of a typical free burning transferred arc (left) and of a twin torch system (right).
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 3 Figure 3. Detail of the mesh and computational domain.
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 2 Figure 2. Schematic of the twin torch geometry.

  where is the density, u r the fluid velocity, p the pressure, τ r r the viscous stress tensor and B J r r × the contribution of the Lorentz forces.

ν

  e K are the thermal conductivities for heavy particles and electrons, B k the Boltzmann constant, e n the electron number density and e the electron elementary charge. Electron density has been calculated using the Saha equation for 2T systems assuming chemical equilibrium[10]. The energy exchange by collisions between electrons and heavy species EH Q can be expressed using a sum over all species as is the collision frequency between electrons and species s and es δ the inelastic collision factor, that for monoatomic gas is equal to one.
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 4 Figure 4. Side and bottom view of isotemperature surfaces with computed voltage values in the twin torch system at different time steps for 1500A. Isosurfaces temperature values are: 8000K, 10000K, 11000K, 12000K and 14000K. Cathodic torch is always on the right. (from [9]).
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 7 Figure 7. Front and side view of the temperature field [K] on the mid planes for the LTE model.
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 5 Figure 5. Isotemperature surfaces of the twin torch discharge for LTE model.
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 6 Figure 6. Velocity field [m/s] on the plane passing through the axis of the torches for LTE model.
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 8 Figure 8. Temperature field [K] on horizontal planes for the LTE model at different vertical distance z from the cathode tip.
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 9 Figure 9. Front view of the electron (left) and heavy particles (right) temperature field [K] on the mid plane for the 2T model. Electron temperature contour lines are superimposed on the heavy particles field contour.
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 10 Figure 10. ( isosurfaces over the 9'500 K heavy particles temperature isosurface for the 2T model.

Figure 11 .

 11 Figure 11. ( contour on the mid plane for the 2T model.
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 12 Figure 12. Electric potential field [V] for the LTE and 2T models.