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Fig. 1.  Jet from a non-transferred arc plasma torch impinging on a flat substrate. Left: description of the system; right: time sequence of the 
distribution of heavy-species temperature (Th) along the torch and jet (top), and above the substrate (middle) and the corresponding thermodynamic 
non-equilibrium parameter (θ) (bottom). 



 

Abstract – The interaction of a thermal plasma jet with a 
substrate is encountered in diverse technological applications, 
ranging from plasma spraying to toxic waste treatment and 
plasma gasification. The flow of a jet produced by a non-
transferred arc plasma torch impinging on a flat substrate is 
simulated using a fully-coupled thermodynamic non-equilibrium 
model. The modeling results indicate that the dynamics of the 
arc inside the torch cause the quasi-periodic movement of the 
jet, which leads to the formation of complex patterns in the 
heavy-species and electron temperature distributions, together 
with significant deviations from thermodynamic equilibrium, 
near the substrate. It is observed that the evolution of the degree 
of non-equilibrium near the substrate is strongly correlated with 
the direction of movement of the jet, and hence with the arc 
dynamics inside the torch. 
 

Thermal plasma jets are ideally suited for the localized 
transfer of very high energy and momentum fluxes to a target 
material or workpiece. Non-transferred arc plasma torches are 
used to produce such jets in diverse industrial applications, 
ranging from plasma spraying to extractive metallurgy, toxic 
waste treatment, and plasma gasification. Thermodynamic 
non-equilibrium (i.e. dissimilar relaxation of the kinetic 
energy of heavy-species and electrons) is often present in 
these flows due to the strong interaction between the plasma 
and the surrounding “cold” fluid and with solid boundaries.  

This paper presents results of the modeling of the flow of 
a jet produced by a non-transferred arc plasma torch 
impinging on a flat substrate using a two-temperature 
thermodynamic non-equilibrium model. The non-equilibrium 
model allows the explicit description of the evolution of the 
volumetric energy associated with the heavy-species (i.e. 
atoms and ions) and that associated with electrons. The fluid 
and electromagnetic equations (i.e. conservation of mass, 
momentum, heavy-species and electron energy together with 
Maxwell’s equations) describing this flow are solved in a 
fully-coupled approach using a Variational Multi-Scale Finite 
Element Method with a globalized Newton-Krylov non-linear 
solver. A detailed description of the model is found in [1]. 

Figure 1 presents (Fig. 1 - left) a description of the torch 
– plasma jet – substrate system and (Fig. 1 – right) simulation 
results showing time sequences of the distribution of heavy-
species temperature (Th) and non-equilibrium parameter (θ = 
Te/Th, where Te represents the electron temperature) through 
the torch and jet (top), and at 0.3 mm above the substrate 
(middle and bottom). The conditions of the system are: 
working gas: argon; flow rate: 60 slpm with straight 
injection; discharge environment: argon; and total current 
across the torch: 400 A. The inside diameter at the torch 
outlet is 8 mm and the distance between the torch and the 
substrate is 5 cm. The small distance between the torch and 
the substrate was chosen to observe more clearly the effect of 
the arc dynamics on the heat transferred to the substrate. The 
computational domain in the radial direction along the 
substrate extends to 8 cm (the complete domain is not shown 
in Fig. 1). The domain was discretized using an unstructured 
hexahedral mesh and the coupled system of equations 
contains ~ 1.6 M unknowns. 

The sequence of images in Fig. 1 - right (marked as a, b, 
c, and d) depicts the dynamics of the arc and jet during a 
reattachment process. The time interval between consecutive 
images is approximately 160 µs. No artificial mechanism has 
been introduced to induce the arc movement or the re-
attachment process. The maximum temperature in the 
colorscale for the flow across the torch and jet (Fig. 1 – right, 
top) has been limited to 15 kK to enhance the details of the 
temperature field along the periphery of the jet (maximum Th 
~ 25 kK is located in front of the cathode tip). Figure 1 also 
shows the locations of the arc anode attachment and the 
instantaneous direction of movement of the jet marked with 
arrows. The modeling results indicate that the dynamics of 
the arc inside the torch cause the quasi-periodic movement of 
the jet, which leads to the formation of complex patterns in 
the distributions of Th and θ near the substrate. 

The sequence of Th distribution over the substrate (Fig. 1 
– right, middle) shows the progressive deformation of the 
cross section of the jet as it moves horizontally through the 
surrounding cold gas: from an elliptical cross-section in 
frame a to a shape characteristic of scalar transport in a 
counter-rotating vortex pair in frame d [2]. Counter-rotating 
vortex pairs typically occur due to the interaction of a jet with 
cross-flow; an expected condition due to the horizontal 
movement of the impinging jet. Yet, the spatial resolution 
used is not sufficient to properly resolve the small features of 
the counter-rotating vortex pair (if it occurs) or turbulent 
fluctuations due to the entrainment of cold gas into the hot 
plasma jet. The distribution of θ over the substrate indicates 
that the plasma is close to thermodynamic equilibrium in the 
center of the jet (θ ~ 1) and that the degree of non-
equilibrium is highest in the direction of movement of the jet. 
The evolution of θ near the substrate is strongly correlated 
with the direction of movement of the jet, and hence with the 
arc dynamics inside the torch. The complexity of the Th and θ 
patterns is in part due to the disparity between the “slow” 
fluctuation in the jet and the “fast” cold flow entrainment 
process. 

The images in Fig. 1 were created using Paraview [3]. 
Paraview is open-source software that allows the 
visualization of parallel distributed data. The images were 
created with extensive use of superposition of iso-surfaces, 
cross sections, and transparency together with the “Black-
Body Radiation” RGB coloring scheme. Superposition of the 
images and some annotation were done using MS Paint [4]. 
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