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Abstract - The characteristics of plasma jets produced by 
direct-current non-transferred arc torches depend strongly on 
the dynamics of the arc inside the torch, which act as forcing 
mechanisms for the jet. Three-dimensional and time-dependent 
results of a two-temperature model applied to the simulation of 
the flow inside a plasma torch and the generated jet reproduce 
the large-scale structures of the jet observed experimentally, and 
display marked thermal non-equilibrium in the interface 
between the jet and the surrounding gas. The large-scale 
structures of the jet from the numerical results are in qualitative 
agreement with experimental high speed images. 
 

 Thermal plasma jets are used as sources of energy 
and momentum in diverse industrial applications, particularly 
plasma spray coating. These jets are exceedingly complex 
due to: (1) their globally unstable nature and (2) the forcing 
they experience due to the arc dynamics, which produce 
large-scale structures. This research addresses the study of (2) 
through numerical simulations. Aspect (1), namely the 
transitional and turbulent characteristics of the jet, has not 
been addressed due to the large computational cost of its 
adequate description. 
 Due to their complexity, simulations of the complete 
arc and jet dynamics are scarce. In [1] the jet is simulated 
using as boundary conditions results from simulations of the 
flow inside the torch. More recently, in [2] and [3] the 
complete arc and jet dynamics are simulated with a 
thermodynamic-equilibrium-based model. These latter results 
emphasize the importance of including the arc dynamics for 
the adequate description of plasma jets. Recent modeling 
results of the arc dynamics in a plasma torch [4] have shown 
that there are significant differences in the flow 
characteristics obtained with thermodynamic equilibrium and 
non-equilibrium models; the latter showing improved 
agreement with experimental diagnostics. Thermodynamic 
non-equilibrium in plasma jets is mainly due to the strong 
interaction between the plasma and surrounding cold gas. In 
this research, this flow is modeled by a two-temperature 
model of argon plasma (jet and discharge environment). The 
fluid and electromagnetic equations are fully-coupled solved 
through the whole computational domain by a variational 
multi-scale finite element method. The mathematical and 
numerical methods employed, the geometry of the torch, and 

boundary conditions inside the torch are similar to those used 
in [4]. 
 Figure 1 shows snapshots of the heavy-particle 
temperature (Th) and non-equilibrium parameter θ = Te/Th (Te 
is the electron temperature) distributions through two 
perpendicular planes. The large non-equilibrium region 
surrounding the plasma jet is caused by the strong interaction 
between the plasma and the cold surrounding gas. This high 
degree of non-equilibrium can have a marked effect on the 
chemistry of the plasma and the processing material. Fig. 2 
shows a time sequence of the dynamics of the arc inside the 
torch and the plasma jet obtained numerically, as well as 
high-speed images of the plasma jet for the same torch and 
similar operating conditions, but for an Ar-He plasma 
discharging into an air environment. Due to the different 
gases and time resolution of the results, the numerical results 
in Fig. 2 show only qualitative agreement with the 
experimental ones. Due to thermal non-equilibrium, the 
location of the anode attachment is not well defined by the Th 
distribution (i.e. see [4]). The plasma jet presents large-scale 
structures due to the dynamics of the arc inside the torch, 
whereas the fine-scale structures are a consequence of the 
interaction of the jet with the cold surrounding gas. 
 The plots in Fig. 1 of the unstructured finite element 
data have been created using Matlab® version R2006a [5]. 
The plots in Fig. 2 were made with Tecplot v10 [6]. To 
emphasize the structure of the jet, three temperature iso-
surfaces of 9, 13 and 18 kK, transparent at 80% were used. 
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Fig. 1.   Heavy-particle temperature (Th) distribution through the vertical plane across the torch (A), and distribution of the thermal non-equilibrium parameter 
θ  = Te/Th through the vertical (B) and horizontal (C) planes. The time instant of the figure corresponds to frame 2 (Num.) in Fig. 2. Conditions: gas: Ar (inside 
and outside the torch); flow rate: 60 slpm with 45° swirl injection; current: 400 A. The diameter of the nozzle at the torch outlet is 8 mm. 

 

 
 

Fig. 2.   Arc and plasma jet dynamics: sequence of instantaneous heavy-particle temperature distribution obtained numerically (Num.) and experimental high-
speed camera images (Exp.). The time interval between frames is ~ 100 µs in the numerical results and ~ 2 ms in the experimental ones. Conditions: (Num.) 
same as in Fig. 1; and (Exp.) gas mixture of Ar and He (48 and 14 slpm, respectively) injected with 45° swirl and discharging into air; current: 400 A. 


