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Abstract: A non-transferred high voltage – low current DC plasma torch 

operating with air has been simulated using Code_Saturne CFD software for 

current lower than 1 A. The 3D MHD model considers two injection 

configurations: axial and vortex. The current and the air flow rate have been 

tuned in the range 0.3 to 0.6 A and 0.16 to 0.5 g/s, respectively. The influence of 

these parameters on the arc behavior and the arc characteristics has been studied 

in terms of temperature, velocity, electrical potential and Joule heating. 
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1. Introduction 

Thermal plasma models become of interest because 

they are more and more sophisticated and get close 

to realistic conditions. Numerous MHD fluid models 

have been reported in the literature mostly on direct 

current (DC) arc discharge modeling operating at 

high current, typically I > 100 A [1,2]. 

Unfortunately, the literature is very poor concerning 

MHD arc discharge modeling for low current – high 

voltage plasma torches. One of the explanation for 

the lack of studies dedicated to this purpose is 

probably that below 1 A, the self-magnetic field 

becomes negligible and the convection effects 

induce a highly irregular motion of the arc column 

which imply very unstable physical phenomena. 

Thus, one of the most challenging issues in the field 

of plasma modeling is to be able to simulate very 

low-current plasma (typically lower than 1 A) as a 

result of many numerical instabilities deriving from 

physical instabilities. 

A non-transferred high voltage – low current DC 

plasma torch operating with air has been simulated 

using Code_Saturne CFD software for current lower 

than 1 A and air flow rate up to 0.5 g/s which 

conditions correspond to typical experimental 

parameters. The study has been carried out with two 

injection configurations: axial and vortex. The 

current and the air flow rate have been tuned in the 

range 0.3 to 0.6 A and 0.16 to 0.5 g/s respectively. 

The influence of these parameters on the arc 

behavior and the arc characteristics has been studied 

in terms of temperature, velocity, electrical potential 

and Joule heating. When possible, the model results 

have been compared to experimental data. 

 

2. Mathematical model 

The three-dimensional model studied is based on the 

following main assumptions: 

‐ The plasma is considered as a single continuous 

fluid (Air). 

‐ The plasma is optically thin and at Local 

Thermodynamic Equilibrium (LTE). 

‐ The gas is treated as incompressible. 

‐ The gas flow is laminar and time-dependent. 

‐ Gravitational effects are taken into account. 

Let us point out that whereas high current arcs or 

high power-density plasmas [3] are commonly 

assumed to be at LTE. For low current or low power 

density arcs, this hypothesis is generally not correct 

and this assumption can imply great differences in 

the arc behavior. However, in this study, due to 

highly challenging numerical issues linked with the 

low current, the LTE assumption has been made 

with the objective of getting preliminary information 

on transport phenomena including mass, momentum, 

and energy as well as on the gas flow and 

temperature fields. 



The model is defined by the set of fluid dynamics 

Navier-Stokes equations and Maxwell 

electromagnetic equations respectively. The resistive 

MHD equations have been solved using 

Code_Saturne v. 1.3, developed by EDF R&D [4]. 

The Code_Saturne electric arc module has been 

used. 

Fig. 1 presents the schematic of the plasma torch. 

The mesh is composed of 348 800 hexa-cells. As we 

work in inversed polarity, we apply to the anode a 

positive voltage and the cathode is grounded.  

The time step is set to 10 µs. At the first time step, 

the anode potential is 1000 V, and we create a hot 

channel between both electrodes to ignite the 

plasma. For 50 µs, low inflow is injected to stabilize 

the arc. Then, an inflow velocity ramp is applied. 

 

Figure 1. Schematic of the plasma torch. 

 

3. Results and Discussion 

3.1. I = 400 mA. Qair = 0.32 g/s. Axial injection. 

The results presented have been performed with a 

current of 400 mA and an air flow rate of 0.32 g/s. 

Fig. 2 shows the evolution of the temperature versus 

time. We can see that the arc root moves linearly in 

the same section plane as for this first preliminary 

model, the injection is axial. The arc column seems 

very stable. The arc root is attached at the cathode 

tip, a few millimeters above the outlet. This 

phenomenon was also observed experimentally (see 

Fig. 3). The displacement of the arc root inside the 

nozzle, once the velocity ramp has reached its 

maximum value, is 15.2 m/s, the injection velocity 

being 12.3 m/s. This difference is due to thermal 

expansion of the gas which increases the arc root 

velocity. The temperature of the arc core reaches 

5500 K. 

In Fig. 4, between 1.3 and 6 ms, we observe that the 

voltage undergoes numerical instabilities with a 20 

kHz frequency due to sudden stretch of the plasma 

arc. The voltage increases almost linearly with the 

arc length. From 10 ms, the arc root reaches the 

cathode tip, and a voltage fluctuation around 2.7 kV 

is observed. This fluctuation comes from a coming 

and going movement of the arc plume with a 1.85 

kHz frequency. Experimentally, we observe a 

voltage fluctuation of the same order of magnitude, 

between 0.5 and 3 kHz, but with a voltage of 1.9 kV 

in these conditions. The overestimation of the 

voltage is probably due to the LTE assumption, as 

demonstrated by Trelles et al. [5]. 

The magnetic field is very low for a current of 400 

mA (< 10 µT). Consequently, the Lorentz forces are 

also very low (< 120 N/m
3
). Convective effects 

become predominant over the magnetic effects and 

lead to the instabilities observed.  

 

 

 

 

 

 

 

 

 

 

 

Figure. 2. Evolution of the temperature for three different times 

(t = 2, 5 and 20 ms). I = 400 mA. Qair = 0.32 g/s. 

Fig. 3 shows also that the experimental cathodic arc 

root emits more radiation than the rest of the arc 

column. As the model does not include the metal 

vapor emitted by the electrodes, the model 

underestimates the radiative emission of the arc root 

(cf. Fig. 5). The radius of the experimental arc is 

estimated to 1 mm by naked eye. According to the 

model results, the radiation losses are the largest 

within a radius of 0.83 mm, which is very close. 

 

 



 

 

 

 

 

Figure 3. Photograph of the experimental plasma arc.  

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Numerical voltage versus time. I = 400 mA. Qair = 

0.32 g/s. 

 

 

 

 

 

 

Figure 5. Numerical radiation losses. I = 400 mA. Qair = 0.32 

g/s. 

3.2. Influence of the current 

The current was varied over a range of 300 mA to 

600 mA, corresponding to the range of experiments. 

The air mass flow rate is set to 0.32 g/s.  

Fig. 6 shows that, the higher the current, the lower 

the voltage drop and the higher the deposited power 

(1000, 1100 and 1200 W for I = 300, 400 and 600 

mA, respectively), a phenomenon observed 

experimentally. We can also notice that the higher 

the current, the higher the instabilities magnitude 

before and after 10 ms. The oscillation are in the 

same frequency range, and thus do not depend on the 

current. 

The lower the current, the higher the difference 

between simulated and experimental mean voltage. 

This phenomenon is probably due to the non-

equilibrium effects which increase when decreasing 

the current. 

Fig. 7 shows that the higher the current, the warmer 

the arc core, and the wider the temperature profile. 

Consequently, the arc root velocity in the nozzle 

increases (14.3, 15.2 and 16 m/s for I = 300, 400 and 

600 mA respectively). 

 

Figure 6. Numerical voltage versus time for three different 

currents. Qair = 0.32 g/s. 

 

Figure 7. Numerical temperature profile over radial distance 

for three different currents in the middle of the cathode. Qair = 

0.32 g/s. 

3.3. Influence of the air mass flow rate 

The air flow rate has been varied over a range of 

0.16 to 0.5 g/s, the current being 400 mA. 

Figs. 8 and 9 show the influence of the air flow rate 

on the voltage and the temperature profile in the 

middle of the cathode. The higher the air flow rate, 



the longer the arc, the higher the voltage and the 

higher the instabilities magnitude. For a flow rate of 

0.5 g/s, the arc is very disturbed by the flow 

instabilities. The arc must increase its voltage to 

self-sustain. These instabilities are probably due to 

Kelvin-Helmholtz instabilities but need further 

investigations to confirm this hypothesis.  

The higher the flow rate, the narrower the 

temperature profile because the energy released is 

carried by the gas flow. The maximum temperatures 

reached for the three cases are very close (~ 5200 

K). 

 

 

 

 

 

 

 

 

Figure 8. Numerical voltage versus time for three different air 

flow rates. I = 400 mA. 

 

 

 

 

 

 

 

 

 

Figure 9. Numerical temperature profile vs. radial distance for 

three different air flow rates. I = 400 mA. 

 

3.4. Vortex injection results. 

The vorticity of the flow can be tuned. Fig. 10 shows 

a helical shape of the arc column. The shape has 

been confirmed by a high-speed camera video. If the 

vorticity is too high, the arc cannot be no longer 

sustained. The mean voltage is 2.17 kV and thus 

closer to experimental results. 

 

Figure 10. Iso-temperature (3200 K) for the vortex injection.     

t = 80 ms. I = 0.4 A. Qair = 0.32 g/s. 

 

4. Conclusions and Perspectives 

A 3D MHD unsteady model of a low current arc has 

been successfully implemented. The model allows 

obtaining significant information on low current arc 

which are sorely experimentally measurable.  

The results have been compared to experimental 

results and show good correlations and good trends. 

Indeed, the arc root attachment and the arc shape are 

very similar to the experimental observations. The 

model overestimates the voltage drop probably 

because of the LTE assumption. The non-

equilibrium effects are significant and result in a 

discrepancy between experimental and numerical 

voltage values. The vortex injection model shows a 

helical shape of the arc and a better voltage 

estimation. 

This preliminary work is likely to open the way 

towards a better understanding of low current arc 

discharges which technologies are currently 

encountering an important development in many 

application fields. 
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