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Abstract: The spontaneous formation of self-organized anode patterns is captured in time-
dependent 3D non-equilibrium arc discharge simulations. Results show the gradual 
emergence of spot patters with decreasing total current and with increasing anode cooling: 
from a diffuse spot for high currents and low cooling, to the formation of static symmetric 
patterns, and to the eventual formation of dynamic spots for low currents and high cooling. 
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1. Introduction 
Pattern formation and self-organization phenomena are 

found in diverse types of physical systems, including 
electrical discharges [1, 2]. Anode patterns are defined by 
the specific arrangement of electrical attachment spots 
over the anode surface, through which most of the electric 
current is transferred. Anode pattern formation 
phenomena, in addition to their fundamental nature and 
fascinating characteristics, are important due to the 
potentially detrimental effects of electrode spots on 
process uniformity and electrode life. 

Although electrode patterns have been observed 
experimentally in diverse types of electrical discharges 
[2], including atmospheric-pressure electric arcs [3], they 
have rarely been captured in computational plasma flow 
simulations. The work reported in [4, 5] presented for the 
first time the spontaneous formation of self-organized 
anode attachment spot patterns in the free-burning arc, a 
widely studied arc discharge. This report summarizes the 
current findings and understanding of the computationally 
obtained formation of anode spot patterns as function of 
imposed total arc current and intensity of anode cooling. 

2. The Free-Burning Arc 
The free-burning arc is an electrical discharge in which 

an electric arc is formed by a constant direct current (dc) 
between a conical cathode aligned vertically on top of a 
flat horizontal anode operating in the absence of external 
forcing (e.g. auxiliary gas flow, imposed magnetic field). 
The heating produced by the arc establishes a 
recirculating flow pattern that leads to a characteristic 
bell-shaped optical emission profile from the plasma. Due 
to its simplicity and significance in diverse industrial 
applications, such as arc welding, metallurgy, and arc 
lamps, the free-burning arc has been extensively studied 
experimentally as well as computationally. 

The free-burning arc, despite the axi-symmetry and 
constancy of its controlling conditions, similarly to most 
arc discharges, is prone to the development of diverse 
instabilities (fluid-dynamic, thermal, electromagnetic) due 
to the persistence of large property gradients  (e.g. 
temperature change at the interface between the plasma 
and the surrounding gas, or velocity and temperature 

gradients at the interface between the radially ejected flow 
parallel to the anode). Furthermore, deviations from 
thermodynamic equilibrium are expected at the interfaces 
between the plasma and its surroundings. These 
characteristics motivated the use of a time-dependent 
three-dimensional thermodynamic non-equilibrium (two-
temperature) model for the free-burning arc simulations. 

Figure 1 shows the computational domain Ω and its 
boundary Γ used in the simulations. The boundary is 
divided in: cathode, anode, and outflow surfaces. The 
spacing between the cathode tip and the anode is 10 mm. 
The domain does not include the cathode or anode solid 
regions (the electrode surfaces are part of the boundary). 

 

 
Fig. 1. Computational domain for the free-burning arc. 

 
3. Nonequilibrium Plasma Flow Model 

The plasma is described as a compressible, reactive, 
electromagnetic fluid in chemical equilibrium and non-
Local Thermodynamic Equilibrium (NLTE).  

The plasma flow model is based on a tightly-coupled 
treatment of the equations for: conservation of (1) total 
mass, (2) mass-averaged momentum, (3) thermal energy 
of heavy-species, (4) thermal energy of electrons, (5) 
electric charge, and (6) magnetic induction. The model is 
numerically implemented within a second-order-accurate 
in space and time Variational Multiscale (VMS) Finite 
Element Method (FEM). A detailed description of the 
model is found in [4], and of its implementation, 
verification and validation in [6]. 
 



4. Boundary Conditions 
Specified temperature and current density profiles are 

imposed over the cathode surface (the latter specified 
such to determine the imposed total current Itot), whereas 
reference values of pressure and temperature are specified 
over the outflow boundary. The conditions over the anode 
surface are listed in Table 1. In Table 1, ∂n  denotes the 
derivative normal to the surface, κhr is the translational-
reactive thermal conductivity, hw is the convective heat 
transfer coefficient, and Tw a reference cooling 
temperature for the anode wall (e.g. cooling water), set 
equal to 500 [K]. The set of boundary conditions used can 
be considered standard of arc discharge simulations, and 
is described in greater detail in [4, 5]. 
 

Table 1. Boundary conditions over the anode surface. 
Variable Condition 

Pressure, p ∂n p = 0  

Velocity, u u = 0 
Heavy species temperature, Th −κhr∂nTh = hw (Th −Tw )  

Electron temperature, Te ∂nTe = 0  

Effective electric potential, φp φp = 0 
Magnetic potential, A ∂nA = 0  

 
The boundary condition for the heavy-species 

temperature indicates that the case of no anode cooling 
(i.e. zero heat flux from the plasma to the anode), and 
hence an adiabatic condition, is achieved in the limit 
when the coefficient hw vanishes ( hw → 0 ), as indicated 
in Eq. [1]. Complementarily, the condition of extreme 
cooling to a temperature Tw, therefore an imposed-
temperature condition, is achieved in the limit hw →∞ , 
as shown in Eq. [2]. Typical values of hw for water 
cooling over a metal surface range between 200 to 104, 
and up to 105 [W-m-2-K-1] if phase change occurs. 
 
5. Anode Pattern Formation 

The free-burning arc model has been validated with 
experimental as well as computational data from other 
authors [4]. Figure 2 presents iso-surfaces of heavy-
species temperature (frame (a)) for Itot = 200 [A] depicting 
the characteristic bell-shape of the arc, as well as a close-
up view of the region near the anode (frame (b)). The 
latter also depicts the region 0.2 [mm] above and parallel 
to the anode from which the anode attachment patterns 
are analysed. Frames (c) in Fig. 2 depict representative 
anode patterns obtained in the simulations: (c1) a single 
diffuse spot, (c2) symmetric static spots, and (c3) dynamic 
spots. Such patterns are obtained for varying values of Itot 
and/or hw, as described in the following sections. The 
static patterns (c1) are in qualitative agreement with 
experimental observations [3]. 

Figure 3 shows 3D representations of the distribution of 
heavy-species (Th) and electron (Te) temperatures for Itot = 
200 [A] and for no cooling (hw = 0) and extreme cooling 
(hw = ∞). The results clearly show the more diffuse 
distribution of Te, which evidences the occurrence of 
thermodynamic nonequilibrium (Te ≠ Th) and that an 
attachment spot pattern emerges for high anode cooling. 
 

 
Fig. 2. (a) Heavy-species temperature Th distribution and 
region near the anode; (b) horizontal view of the anode 

region depicting the large gradient in the Th field; and (c) 
different types of patterns, (c1) diffuse, (c2) self-organized 

static and (c3) dynamic spot patterns. 
 

 
Fig. 3. Heavy-species temperature Th and electron 

temperature Te for no anode cooling (hw = 0) and extreme 
cooling (hw = ∞). 

 
6. Effect of Operating Conditions on Anode Patterns 

Figure 4 presents simulation results for Itot = 200 [A] 
for different degrees of anode cooling. Figure 4 (a) shows 



the distribution of Th across the electrodes, denoting the 
shape of the plasma column; whereas (b) the distribution 
of Th along the section 0.2 [mm] in front of the anode, 
depicting the anode attachment region and the resulting 
spot patterns. The results in Fig. 4 (a) show that, apart 
from the adiabatic anode condition, the plasma column is 
mainly unaffected by the degree of anode cooling. The Th 
distribution over the anode (Fig. 4 (b)) shows that the 
anode attachment suddenly transitions from diffuse to a 
self-organized pattern of spots for a degree of cooling 
given by hw between 103 and 104 [W-m-2-K-1], and that 
such pattern becomes more accentuated for increasing 
values of hw. Such abrupt transition may be indicative of a 
bifurcation process, in which multiple solutions for the 
plasma distribution exists for the same set of conditions; 

this is, solutions with a diffuse attachment for high values 
of hw can be possible, but such solutions are likely to be 
unstable compared to those for patterned attachments (see 
[1] for a review of the current theory of pattern formation 
in electrical discharges). The critical value of hw can be 
contrasted against the values of 102 to 104 [W-m-2-K-1] 
commonly found in thermal plasma processes.  

Figure 5 presents the resulting anode attachment 
patterns for Itot = 200, 150 and 100 [A] and hw = 0, 102, 
103, 104, 105 and ∞ [W-m-2-K-1]. The same critical value 
of hw ~ 103 to 104 is observed for all values of Itot. In all 
cases, the spots become increasingly accentuated for 
increasing cooling, and strong nonequilibrium (i.e. large 
values of Te/Th) is found between spots (see [5]). 

 

 
Fig. 4. Heavy-species temperature (Th) distribution for total current Itot = 200 [A] and for different cooling levels (hw): 
(a) across the arc column and (b) over the surface at 0.2 [mm] above the anode; self-organized patterns spontaneously 

appear for increasing cooling level. 
 

 
Fig. 5. Heavy-species temperature (Th) over the anode surface for different values of total current (Itot) and cooling level 
(convective heat transfer, hw); self-organized spot patterns appear after some cooling level (hw between 103 and 104 [W-

m-2-K-1]); the patterns are static for high currents and dynamic for low currents and high cooling. 
 



The results in Fig. 5 also show that the patterns for 
150 [A] become increasingly more asymmetric, whereas 
those for 100 [A] are markedly asymmetric and non-
constant (i.e. different patterns are observed for different 
values of hw) for increasingly higher cooling. This 
behaviour is addressed in the next section. 
 
7. Pattern Dynamics 

The results in Fig. 5 for Itot = 150 and 100 [A] show 
increasing lack of symmetry and non-constancy for high 
cooling levels. The numerical simulations revealed that 
the lost of symmetry and constancy in the patterns is due 
to the dynamic nature of the attachment spots. The 
patterns become increasingly dynamic with decreasing 
total current and increasing cooling level. Figure 6 shows 
temporal snapshots of the anode attachment region for Itot 
= 100 [A] and extreme anode cooling ( hw →∞ ). The 
square regions in Fig. 6 show that new attachment spots 
form near the centre of the plasma column; such spots 
split, move radially, and eventually extinguish near the 
plasma boundary. Such dynamic nature of the patterns is 
also consistent with the bifurcation theory of electrode 
patterns [1]; but in this case, the resulting dynamic 
patterns represent unstable solutions. 
 

 
Fig. 6. Dynamics of anode spots for Itot = 100 [A] and 

extreme anode cooling ( hw →∞ ); the square regions aid 
the visualization of the anode spot dynamics. 

 
Given the relatively simplicity of the plasma model 

used (e.g. chemical equilibrium and quasi-neutrality 
throughout the domain, omission of electrode regions), 
the obtained results indicate that the formation of patterns 
is due to an imbalance between the heat lost by the heavy-
species to the anode (which tends to lower Th if effective 
heat transfer is achieved) and the current transfer by 
electrons (which for effective current transfer requires 
high values of electrical conductivity, and hence of Te; 
and due to kinetic equilibration, high values of Te tend to 
increase the value of Th). The occurrence of competing 
effects is a common characteristic of pattern formation 
and self-organization phenomena. 

 
8. List of Equations 

lim
hw→0

(κhr∂nTh + hw (Th −Tw ) = 0)⇒∂nTh = 0  [1] 

lim
hw→∞

(κhr∂nTh + hw (Th −Tw ) = 0)⇒ Th = Tw
 

[2] 
 
9. Summary and Conclusions 

The formation of anode spot patterns in the free-
burning arc is observed in computational simulations 
using a time-dependent three-dimensional thermodynamic 
nonequilibrium (two-temperature) model. The 
nonequilibrium plasma flow model is numerically 
implemented within a second-order-accurate in space and 
time Variational Multiscale (VMS) Finite Element 
Method (FEM). Simulation results show the gradual 
emergence of spot patters with decreasing total current 
and with increasing anode cooling: from a single diffuse 
spot for high currents and low cooling, to the formation of 
static symmetric patterns, to asymmetric patterns, and to 
the eventual formation of dynamic spots for low currents 
and high cooling. The transitions from a diffuse to a 
patterned anode attachment occur suddenly for a degree 
of cooling often found in thermal plasma applications. 
The observed patterns qualitatively agree with 
experimental observations. The occurrence of anode 
patterns seems to indicate an underlying bifurcation 
phenomenon in which multiple solutions coexist, being 
the corresponding solution for a diffuse attachment 
unstable and hence less likely to be observed. The results 
indicate that the competing effects caused by anode 
cooling and current transfer, together with equilibration 
between heavy-species and electron energy, have a 
dominant role in the formation of anode patterns in arc 
discharges. 
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