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Abstract. Diverse industrial applications such as circuit breakers and wire arc spraying involve the 

interaction between an electric arc and a stream of gas impinging perpendicular to it, a configuration 

commonly referred to as the arc in crossflow. The arc in crossflow is simulated using a three-

dimensional time-dependent two-temperature (heavy-species and electrons) plasma flow model to 

better capture plasma-gas interactions and deviations from Local Thermodynamic Equilibrium (LTE). 

The coupled fluid-electromagnetic flow model is solved in a monolithic manner using Variational 

Multiscale Finite Element Method. Simulation results are validated with experimental findings and 

contrasted against results obtained with a LTE model. Results from the two-temperature model 

corroborate experimental observations while providing quantification of the deviation between heavy-

species and electron temperatures. The model is used to characterize the arc in crossflow as a function 

of the Reynolds and Enthalpy dimensionless numbers, which encapsulate the inter-dependence among 

the main parameters total current, inflow velocity, and inter-electrode spacing. The characterization 

revealed the behavior of arc shape, voltage drop, arc power, the degree of nonequilibrium, as well as 

the characteristic plasma front thickness, with varying controlling parameters. 
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1.  Introduction 

 

1.1. Motivation  

Arc discharge plasmas are extensively employed in diverse industrial applications such as 

spraying, welding, cutting, metallurgy, chemical and particle synthesis, resource recovery, etc. Among 

these, wire arc spraying and low-voltage circuit breakers are distinct applications that involve the 

interaction of an electric arc with a stream of working gas flow striking perpendicularly to it. Such a 

configuration is commonly referred to as the arc in crossflow. Greater understanding of the arc in 
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crossflow can provide fundamental understanding of plasma – gas flow interactions and aid in 

equipment design and industrial process optimization [1].  

Wire arc spraying is a materials deposition technique used in applications such as corrosion and 

oxidation prevention, abrasion resistance, aircraft components, and medical implants that provides 

high material and energy efficiencies with lower capital and operating costs [2]. Low-voltage circuit 

breakers are one of the most widely used electrical safety components in battery systems, data centers, 

portable power devices, industrial machinery, switch gears, power breakers, etc. Figure 1 shows 

schematics of the wire arc spraying process and a low-voltage circuit breaker. The wire arc spraying 

system consists of metallic wires fed continuously to act as cathode and anode, which are subjected to 

a potential difference in the order of several kilovolts, leading to arc formation. The arc elongates 

downstream from the electrodes due to the action of impinging gas flow. The formed plasma melts the 

cathode and anode wires, and the gas flow drags the molten metal particles directing them to be 

deposited onto a substrate. In low-voltage circuit breakers, electrodes are in contact when the system 

is in the rest position. The system activates in the event of a high voltage leak in the electrical circuit, 

which in turn initiates a mechanism that separates the electrodes. The movement of electrodes leads to 

electric breakdown through the gap and the formation of an arc. The formed arc must be extinguished, 

which is typically attained by quenching using a metallic splitter and cold-gas flow. Wire arc spraying 

requires high plasma temperature (in the order of several kK) and high pressure (in the order of a few 

atm) to achieve better deposition of molten metal particles on the substrate [3]. In contrast, low-

voltage circuit breakers require rapid plasma quenching to avoid thermal damages in the system. 

Thus, despite both applications possess markedly contrasting objectives and operational 

characteristics, they both are based on a similar plasma flow configuration, i.e., an arc in crossflow. 

 

 
Figure 1. Schematics of industrial applications based on the arc in crossflow configuration: (a) wire 

arc spraying and (b) low-voltage circuit breakers. 

 

Wire arc spraying and low-voltage circuit breakers have been extensively studied by diverse 

computational models with different degrees of fidelity. Bolot et al [2] developed a three-dimensional 

compressible flow model of wire arc spraying with a detailed description of the spatial domain that 
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captured gas-particle interactions but neglected electromagnetic effects, which are crucial to depict the 

dynamics of the arc. Circuit breakers [4-7] have been analyzed through models that rely on the Local 

Thermodynamic Equilibrium (LTE) assumption, i.e., the heavy-species (molecules, atoms, ions) are 

considered to be in thermodynamic equilibrium with the free electrons. The LTE assumption is 

typically valid within the arc plasma core, but can be inadequate for describing systems where the 

plasma interacts strongly with its surroundings, such as arc – electrode interfaces and arc – gas flow 

interactions. Therefore, models that overcome the LTE assumption by explicitly describing the inter-

dependent dynamics of electron and heavy-species energies are prone to provide greater fidelity 

descriptions. 

 

1.2. The arc in crossflow 

A schematic of a canonical arc in crossflow system is shown in figure 2. The anode and the 

cathode are separated with inter-electrode spacing H and are confined within solid walls. A plasma arc 

is formed between the electrodes due to the imposition of a total amount of electric current Itot from a 

power supply (not shown). The arc is subjected to a perpendicularly striking stream of processing gas 

flow with mean axial velocity Ui at the inlet. The gas flow causes convective cooling and drag on the 

arc. The net effect is characterized by the bending of the arc plasma column and the formation of an 

afterglow in the downstream region. The electrode attachment regions are constricted at the cathode 

and relatively diffuse at the anode. The plasma characteristics are mainly determined by the working 

gas properties, the inter-electrode spacing, the inlet velocity, and the imposed electrical current.  

 

 
Figure 2. Schematics of a canonical arc in crossflow system. 

 

The canonical arc in crossflow configuration has been studied by experimental, theoretical, and 

computational approaches. Benenson et al [8] have experimentally determined the radial temperature 

profile for various imposed currents using an integrated line emissions method and analyzed plasma 

arc profiles for varying current and gas-flow rates [9]. Maecker et al [10] developed an analytical 

model to define the arc formation and the arc bending using a simplified mathematical formulation. 

Kelkar et al [1] investigated the physics of the arc in crossflow using a three-dimensional (3D) LTE 

plasma model neglecting the effect of self-induced electromagnetic forces on the plasma. Lincun et al 

[11] conducted a parametric study of the arc in crossflow to examine the effects of axial velocity, 
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electrode spacing and imposed current using a 3D LTE model that included the effects of 

electromagnetic forces. 

All previous computational investigations of the arc in crossflow have relied on models based on 

the LTE assumption, and therefore on the use of a single temperature to characterize the energy of the 

heavy-species and electrons. A two-temperature, non-LTE (NLTE) model, which explicitly describes 

the interdependency of the dynamics of the energy carried by heavy-species and by electrons, can 

provide novel fundamental insight of the characteristics of the arc in crossflow, particularly of the 

extent of thermal nonequilibrium and its potential effect on the arc dynamics. 

 

1.3. Scope and outline  

The article presents the characterization of the canonical argon arc in crossflow via three-

dimensional time-dependent computational simulations. The physical-mathematical model, based on a 

chemical equilibrium and thermal nonequilibrium (NLTE) description of the flow, is described in 

Section 2. Section 3 presents the numerical formulation of the model and the solution approach. 

Section 4 presents the simulation setup, including the domain and imposed conditions. Representative 

simulation results, validation with experimental results, and comparison with LTE results are shown 

in Section 5. Section 6 discusses the computational characterization of the arc in crossflow, including 

controlling parameters and phenomenological properties. Conclusions are presented in Section 7. 

 

2.  Mathematical model 

 

2.1. Assumptions 

The plasma is considered as a compressible, reactive, electromagnetic fluid in chemical 

equilibrium and thermal nonequilibrium (NLTE); the plasma is assumed optically thin, quasi-neutral, 

and non-magnetized; ion diffusion and Hall currents are neglected; charge transport is dominated by 

the electric field distribution and electron diffusion; and electrode sheaths are neglected. 

The optically thin assumption is used to make the computation tractable (i.e., instead of solving 

the non-gray Radiative Transfer Equation [12]). This approximation is expected to overestimate 

energy lost by radiation, but not to have a major effect on the resulting arc configuration [13]. 

Similarly, the neglect of sheaths is expected to mainly affect the predicted voltage drop across the arc 

and the energy transfer to the electrodes, but to have a minor effect on the overall arc and in the arc-

gas interaction, which are the main focus of the study. 

 

2.2. Model equations  

The plasma flow model, based on the assumptions above, is constituted by the equations of 

conservation of: total mass, mass-average momentum, thermal energy of heavy-species, thermal 
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energy of electrons, electric charge, and the magnetic induction equation. These equations form a 

single set of transient-advective-diffusive-reactive (TADR) transport equations listed in table 1. 

 

Table 1.  Set of fluid-electromagnetic evolution equations for the two-temperature NLTE plasma 

flow model. For each equation: Transient + Advective – Diffusive − Reactive = 0. 

 

In table 1, ∂t  = ∂ / ∂t  represents the partial derivative with respect to time, ∇  and ⋅∇  represent the 

gradient and divergence operators, respectively; ρ is mass density, p pressure, u mass-averaged 

velocity, µ dynamic viscosity, T  the transpose operator, and δ  the Kronecker delta tensor; Jq x B 

represents the Lorentz force, where Jq is the electric current density and B is the self-induced 

magnetic field; Jq is calculated using the generalized Ohm’s law: ( )q pσ= + ×J E u B , where 

   + ( / )p e ep en≈ ∇E E  is the effective electric field, E is the real electric field, pe electron pressure, ne 

electron number density, kB Boltzmann constant, and e the elementary electric charge; hh and he are 

enthalpies of heavy-species and electrons, respectively; hrκ  is the translational-reactive thermal 

conductivity of heavy-species, eκ  is the translational thermal conductivity of electrons; Dt p  

represents pressure work, where Dt ≡ ∂t +u ⋅∇  is the total derivative; Keh is the energy exchange 

coefficient between electron and heavy-species (inversely proportional to the characteristic time for 

inter-particle collisions [14]), τ  represents the stress tensor for a Newtonian fluid, εr is effective net 

radiative energy emission coefficient; )( BuEJ ×+⋅q  represents Joule heating. In LTE models it is 

customarily assumed Ep ≈ E [13]. Here, AE tpp ∂−∇−= φ  , in which φp is the effective electric 

potential and A the magnetic vector potential such that ∇× =A B . Similar as done in [13], our model 

Equation Transient Advective Diffusive Reactive 

Mass conservation tρ∂  u ⋅∇ρ + ρ∇⋅u  0 0 

Momentum 
conservation 

ρ∂tu  ρu ⋅∇u+∇p  ∇⋅µ(∇u+∇uT )−
∇⋅ ( 23 µ(∇⋅u)δ)

 Jq ×B  

Thermal energy 
heavy-species 

ρ∂thh  ρu ⋅∇hh  ∇⋅ (κhr∇Th )  Dt ph +Keh (Te −Th )− τ :∇u  

Thermal energy 
electrons 

ρ∂the  ρu ⋅∇he  ∇⋅ (κe∇Te )  
Dt pe −Keh (Te −Th )− 4πεr +
Jq ⋅ (E+u×B)+

5kB
2e Jq ⋅∇Te

 

Charge 
conservation  

0 0 
∇⋅ (σ∇φp )−
∇⋅ (σu× (∇×A))  0 

Magnetic 
induction 

µ0σ∂tA  
µ0σ∇φp −
µ0σu× (∇×A)

 ∇2A
 

0 
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assumes ∇⋅ (σ∂tA) ≈ 0 , since generally ||∂tA || << ||∇φ p ||  in most of the domain. A more detailed 

description of the model and the nomenclature used are described in [13]. 

The equations in table 1 can be expressed in residual form for the vector of unknowns Y as: 

R (Y) =A0∂tY
transient
!"# + (Ai∂i )Y

advective
!"# $# −∂i (Kij∂ jY)

diffusive
! "# $#

− (S1Y+S0 )
reactive

! "# $# = 0, 	
(1) 

where R  is the residual vector, A0, Ai, Kij, S1, S0 are coefficient matrices that are used to characterize 

the different transport processes, i and j are spatial indices, and Einstein’s convention of repeated 

indexes has been used. The system in Eq. (1) is solved for the set of primate variables given by: 

Y = [p  u  Th   Te   φp   A]. 	 (2) 

The definition of the coefficient matrices requires the evaluation of the derivatives of the 

thermodynamic coefficients (ρ, ρhh, ρhe) against the state variables (p, Th, and Te), which can be 

considered as additional material properties not encountered in LTE models [13]. In this work, 

thermodynamic and transport properties are expressed in terms of pressure p, electron temperature Te, 

and the thermal nonequilibrium parameter θ = Te /Th. Thermodynamic properties are computed using 

standard kinetic theory procedures, whereas transport properties are retrieved using a table look-

procedure, as described in [13]. Material properties vary by several orders of magnitude and in a very 

non-linear manner due to energetic transitions such as ionization, dissociations, etc. For example, in 

the case of argon, the thermodynamic property / eTρ∂ ∂  varies by 2 orders of magnitude between Te = 

0.3 and 30 (kK) and by an order of magnitude between θ = 1 and 10 for Te ≈ 10 (kK); electrical 

conductivity σ increases by two orders of magnitude for the same range of θ and Te ≈ 5 (kK); and Keh 

increases by ~ 8 orders of magnitude within 5 (kK) < Te < 15 (kK). The additional complexity of 

material properties in NLTE models with respect to LTE leads to higher numerical stiffness, which 

makes NLTE simulations computationally more expensive. Thus, nonequilibrium plasma flow models 

require robust numerical techniques for their solution, such as those described next section. 

 

3.  Computational model 

 

Finite Element Methods (FEMs), due to their inherent advantages as comprehensive numerical 

discretization approaches, particularly for the handling of unstructured partitions, are extensively used 

in diverse fields, including plasma flow modeling [15]. Among FEMs, the Variational Multiscale 

method (VMS) has demonstrated to provide a general and robust formulation for diverse types of 

problems, such as scalar transport, incompressible, compressible, reactive, and turbulent flows, 

radiation transport, magnetohydrodynamics [13], and plasma flows [16-19]. The VMS method starts 

with a Galerkin formulation of the problem given by Eq. (1), i.e., 

W ⋅R (Y)dΩ
Ω
∫ = (W,R (Y))Ω = 0,  (3) 
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where Ω  is the spatial domain and W the weight function. Decomposing the solution field Y into 

large-scales as Y  (captured by the discretization grid) and small-scales Y' (smaller than the grid 

size), i.e. Y =Y+Y' , applying the same decomposition to the weight function W =W+W' , and replacing 

these expressions into Eq. (3), leads to two coupled problems, one for the large- and one for the small-

scales. The solution of the small-scales problem can be casted as a function of the large-scales 

solution to lead to a single expression for the large-scales of the form:  

(W,R (Y))Ω + (L
*W,Y')Ω = 0,  (4) 

where L  is the transport operator obtained from R (Y) = LY−S0  and the superscript * denotes the 

adjoint operator. The small-scales are approximated algebraically as Y ' ≈ −τR (Y) , where τ  is the so-

called intrinsic time scales matrix such that τ ≈ L−1 . The final VMS formulation is given by [13, 14]: 

Rh (Yh ) = (N,(A0∂t +Ai∂i −S1)Yh −S0 )Ω + (∂iN,  Kij∂ jYh )Ω +

+((Ai
T∂i +S1

T )N, τ((A0∂t +Ai∂i −S1)Yh −S0 ))
Ω ' + (∂iN,Kij

DC∂ jYh )
Ω ' = 0.

 (5) 

The first two terms on the right side of Eq. (5) represent the Galerkin formulation; the third term 

represents the modeling of the small-scales, and the last term represents the discontinuity-capturing 

operator, included to add robustness to the formulation in the presence of large solution gradients.  

hR  represents the final discrete residual, counterpart to R , which is obtained by setting W  as the 

finite element basis function N and Y  as the actual finite element solution field Yh. 

The nonlinear algebraic-differential system given by Eq. (5) is solved by a fully-implicit second-

order accurate predictor multi-corrector time-stepper together with a globalized Newton-Krylov 

method. Details about the numerical solution approach are found in [13]. 

 

4.  Simulation set-up 

 

Two domain configurations are studied, which are shown in Figure 3. Figure 3(a) presents the 

configuration used by Benenson et al [8], having a relatively low aspect ratio and circular cross-

section electrodes, which will be referred hereinafter as the weak-arc configuration; and figure 3(b) 

used by Kelkar et al [1], having a larger aspect ratio and square cross-section electrodes, which will be 

referred hereinafter as the strong-arc configuration. Figure 3 shows the geometrical domain, 

characteristic dimensions, boundary sides, as well as representative depictions of the arc plasma. 

The geometrical dimensions for the weak-arc configuration are Lx x Ly x Lz = 6.64 (mm) x 14 

(mm) x 25.3 (mm) and the cathode and the anode diameters are 2 (mm) and 5 (mm), respectively. The 

geometrical dimensions for the strong-arc configuration are: Lx x Ly x Lz = 2 (mm) x 15 (mm) x 30 

(mm), and the square electrode dimensions are of size 3 (mm) x 3 (mm). (Note: Lx = H in Figure 2.) 

The set of boundary conditions used in the simulations of both configurations are listed in table 2. 

A normal zero pressure gradient is used at all boundaries except at ‘outflow_z’, where a value of 
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pressure equal to 1 (atm) is imposed. The gas velocity at the inflow is specified by a parabolic profile 

ui that depicts a fully-developed laminar gas flow stream, i.e. ui = [uix uiy uiz]T = [ 0 0 Uimax(1 – 

(x/H))(x/H) ]T. The no-slip condition is applied to the electrode surfaces and to the wall surrounding 

them (i.e., the anode, the cathode, and the walls). 

 

 
Figure 3. Computational domain and boundaries for the arc in crossflow simulations. 

 

 Table 2.  Set of boundary conditions for the arc in crossflow. 

Boundary p u Th Te pφ  A 

inflow 0=∂ pn  u = ui Th = T0 Te = T0 0=∂ pnφ  A = 0 

anode 0=∂ pn  u = 0 )( whwhnh TThTk −=∂−  0=∂ enT  0=pφ  n∂ =A 0  

cathode 0=∂ pn  u = 0 Th = Tc 0=∂ enT  −σ  ∂φ p = Jqcath  n∂ =A 0  

wall 0=∂ pn  u = 0 −kh∂nTh = hw (Th −Tw )  0=∂ enT  0=∂ pnφ  n∂ =A 0  

outflow_z ∞= pp  0u =∂n  0=∂ hnT  0=∂ enT  0=∂ pnφ  n∂ =A 0  

outflow_y 0=∂ pn  0u =∂n  0=∂ hnT  0=∂ enT  0=∂ pnφ  n∂ =A 0  

 

The heavy-species temperature is specified over the cathode surface using a parabolic profile, i.e.,  

Tc =Tc0(1− (y / ycath )
2 − ((z − zoff ) / zcath )

2 ),  (6) 

where y and z are the spatial coordinates, ycath and zcath are characteristic lengths set equated to 1 (mm) 

and 1.5 (mm) for the weak-arc and the strong-arc configurations, respectively, and zoff refers to the 

offset distance between the origin and the center of the cathode. The cathode temperature Tc is 

maximum at the cathode center with the value of Tc0  set close to the melting point for Tungsten [8], 

and a minimum value at the cathode boundaries close to the wall-cooling reference temperature Tw. 
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Convective heat transfer driven by the heavy-species temperature is imposed over the anode and 

wall surfaces using a convective heat transfer coefficient hw and reference wall temperature Tw, i.e. 

)( whwhnh TThTk −=∂− , where n represents the wall-normal direction. A zero normal gradient condition for 

the electron temperature is imposed over all boundaries except the inflow (i.e. the inflow gas is 

assumed in LTE). 

A current density Jqcath profile is specified over the cathode boundary following a quasi-Gaussian 

distribution, i.e., 

Jqcath = Jqcath0 exp(−(r / Rc )
nc ),  (7) 

where r = (x2 + y2 )
1
2  is the radial coordinate; nc, Rc and Jqcath0 are parameters chosen such to impose a 

value of total current Itot = qcathJ dS∫ , where the integral is over the cathode domain surface. 

In table 2, the common boundary conditions applied to both the configurations are: 

51001325.1  ⋅=∞p  (Pa), hw = 4100.2 ⋅  (Wm-2K-1), representative of forced water cooling over a metal 

surface [20], and u0 = [ 0 0 Ui ] with a parabolic distribution such that Ui = Uimax at the centre and Ui = 

0 at the edges. The additional boundary conditions applied are specific for each configuration are as 

follows: weak-arc: Uimax = 0.5 (ms-1), inlet temperature T0 = 300 (K), reference cooling temperature Tw 

= 300 (K), Tc0 = 3000 (K), and Itot = 17 to 34 (A) enforced by setting Jcath0  =  80.24025 10⋅  to 

80.4805 10⋅  (Am-2), and using nc = 3, and Rc = 0.5 (mm); strong-arc: Uimax = 1.17 (ms-1) to 117 (ms-1), 

T0 = 500 (K), Tw = 1000 (K), Tc0 = 3000 (K), and Itot = 7 to 435 (A) using Jcath0  =  80.04095 10⋅  to 

82.423 10⋅  (Am-2) using nc = 6, and Rc = 0.8 (mm).   

 

5.  Simulation results and model validation 

 

5.1. Representative results 

Representative 3D steady-state solution fields through the x-z plane for the two configurations are 

presented in figures 4 and 5. The operating conditions for the weak-arc configuration results in figure 

4 are: Itot = 34 (A) and Uimax = 0.5 (ms-1), whereas those for the strong-arc results in figure 5 are: Itot = 

200 (A) and Uimax = 100 (ms-1). 

For both cases, the value of pressure increases near the electrodes and decreases to atmospheric 

pressure at the outflow. The local pressure at the cathode is higher than that near the anode due to the 

magnetic pressure caused by the constricted current path. The overall pressure difference is 

significantly higher in the strong-arc configuration than in the weak-arc configuration due to the 

higher magnitude of total current. The constricted current path near the cathode produces localized 

Joule heating and electromagnetic pumping leading to the formation of a cathode jet, which can be 

observed in the distributions of velocity magnitude ||u||, especially for the strong-arc configuration. 
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The higher velocities obtained in the simulations are primarily due to the variation of material 

properties with Th and Te. At higher temperatures, mass density decreases, causing local expansion 

and acceleration of the plasma cathode jet. However, the viscosity partially restricts the increase in 

velocity magnitude for Th < 15 (kK); but for Th > 15 (kK), both, viscosity and densities decrease, 

causing a significant increase in velocity. The obtained velocity magnitudes are comparable to those 

obtained with LTE models, e.g., Kelkar and Heberlein reported axial velocities of up to 1300 (ms-1) 

[1], whereas for the present NLTE model, the maximum axial velocity is ~ 1560 (ms-1).   

The solutions fields for the heavy-species Th and the electron Te temperatures are indicative of the 

arc shape. The magnitude of total current Itot induces distinct arc attachments at the anode (i.e., 

constricted/spot or diffuse [21]); particularly, the anode attachment is relatively diffuse in the weak-

arc configuration compared to that for the strong-arc. Additionally, the imposed current density profile 

Jqcath attaches the arc to the center of the cathode, leading to relatively minor sensitivity to the inflow 

gas flow compared to the anode, which shows upstream or downstream edge attachment (the arc is 

attached to the downstream edge of the anode in the strong-arc configuration). The arc shape is 

primarily a result of the imbalance between the self-induced electromagnetic force and the gas drag 

force due to impinging of the cold gas on the hot arc. The neglect of the electrode sheaths in the model 

is expected to have a minor effect on the arc shape due to their small extent compared to the extent of 

the flow domain and of the plasma – gas flow interphase. The adequate modeling of the electrode-

plasma interaction region within 3D flow simulations involves significantly larger model complexity 

and computational cost, and is an active area of research [22-24].  

The arc is cusp-shaped for the weak-arc case (figure 4(c)), whereas it appears as bow-shaped for 

the strong-arc one (figure 5(c)) due to stronger advective transport. The deviation from thermal 

equilibrium is clearly noticeable in the weak-arc configuration, as observed by contrasting the 

distribution of Th and the more diffuse distribution of Te (figure 4 (c) and (d)). Higher currents and 

inflow velocities cause varying degrees of thermal nonequilibrium, i.e. diffuse near the cold-gas inlet 

leading to electron pre-heated zones and relatively constricted near the arc-plasma interface region. 

The degree of deviation from LTE is discussed in greater detail in section 5.3. 

The electric potential ϕp distribution, as seen in figure 4(e) and figure 5(e), shows a somewhat 

abrupt change for the strong-arc configuration compared to the weak-arc one due to the markedly 

stronger arc-gas flow interaction. Characterization of the arc-gas flow interaction is presented in 

Section 6. The distribution of magnetic potential for both configurations shows that the 

electromagnetic force is primarily driven by the distribution of current density following the arc shape 

and gradient of electric potential.  
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Figure 4. Steady-state solution fields for the weak-arc configuration: (a) pressure, (b) velocity 

magnitude, (c) heavy-species temperature, (d) electron temperature, (e) electric potential and (f) 

magnetic vector potential. Conditions: Itot = 34 (A) and Uimax = 0.5 (ms-1). 

 

 
Figure 5. Steady-state solution fields for the strong-arc configuration: (a) pressure, (b) velocity 

magnitude, (c) heavy-species temperature, (d) electron temperature, (e) electric potential and (f) 

magnetic vector potential. Conditions: Itot = 200 (A) and Uimax = 100 (ms-1). 

 

The obtained results in figure 4 and figure 5 are obtained by using the VMS model given by 

equation (5), which has not been devised to account for highly nonlinear inter-scale interactions, as 

needed to simulate flow turbulence. Additionally, the mathematical model (table 1) does not include 

any turbulence model (of the Reynolds Averaged Navier-Stokes (RANS) type). Turbulent effects in 
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the arc in crossflow can be expected near the arc-plasma interface, due to large temperature gradients 

(from 104 (K/mm) to 106 (K/mm)) [25], leading to rapid heating and gas acceleration. To model these 

effects using the VMS framework, the small-scale term in Eq. (5) should be modified to account for 

the non-linearity of the small-scales and the mesh discretization should be small enough to capture 

these variations. However, the current discrete model and mesh resolution cannot ensure capturing 

turbulent flow features. The use of VMS methods for turbulent flow simulations, in what are 

traditionally referred as residual-based VMS Large-Eddy Simulation (VMS-LES) approaches, has 

been reported for diverse flows [26, 27] and recent efforts for nonequilibrium plasma flows in [28]. 

 

 
Figure 6. 3D solution fields of heavy-species temperature distribution Th: iso-surfaces and 

perpendicular slices for (a) the weak-arc configuration (Itot = 34 (A) and Uimax = 0.5 (ms-1)) and (b) the 

strong-arc configuration (Itot = 200 (A) and Uimax = 100 (ms-1)). 

 

The shape of the arc along planes perpendicular to the gas-flow direction (x-y), together with Th 

iso-surfaces, can be observed in figures 6(a) and 6(b) for the weak- and the strong-arc configurations, 

respectively. These results are representative of the spatial evolution of the plasma within the 3D 

domain. The relatively minor deflection of the arc in the weak-arc configuration translates into a 

single elongated plasma region along the slices in figure 6(a). In contrast, the dramatic arc deflection 

in the strong-arc configuration is evidenced by the separated plasma regions in the slice closest to the 

electrodes in figure 6(b). These regions get joined downstream forming a cohesive afterglow region. 

 

5.2. Model validation 

The two-temperature plasma flow model is validated against the experimental results by 

Benenson et al [8], corresponding to the weak-arc configuration (see figure 3(a) and results in figure 

4). Figure 7 compares the obtained heavy-species and electron temperature distributions obtained with 

the two-temperature NLTE model along the mid-cross section plane against the corresponding 

experimentally-determined LTE temperature distribution reported in [8]. In that figure, the gas flow is 

directed towards the positive z-axis. 
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Figure 7. Validation of the two-temperature (NLTE) arc in crossflow model in the mid-cross section 

plane: (a) (left) LTE temperature determined experimentally by Benenson et al [8] and (right) Th from 

the model; (b) (left) experimental LTE temperature and (right) Te from the model; (c) (left) θ = Te/Th 

and (right) superposed contour lines for Th and Te. 

 

The maximum heavy-species and electron temperatures obtained with the two-temperature 

model are: Thmax = 9807 (K) and Temax = 10160 (K), respectively. These values are contrasted against 

the maximum experimental (LTE) temperature Tmax-exp = 9685 ± 300 (K), where the uncertainty is due 

to complications in determining brightness temperature and calibrating the tungsten filament [8]. 

Comparison of these values indicate that Tmax-exp < Thmax << Temax, which appears consistent with the 

fact that the experimental results were determined assuming LTE, and therefore may overestimate the 

energy content carried by the plasma. This hypothesis is also corroborated by the more diffuse 

distribution of the experimental temperature Texp distribution with respect to both, Th and Te and that 

all of them approximately present the same location for the arc core (location of maximum 

temperatures). 

The distributions of Th and Te in figure 7(a) and 7(b) appear markedly dissimilar upstream (arc – 

gas flow interface, constricted Th and diffuse Te) while they seem to match in the downstream region. 

This result indicates significant deviation from thermal equilibrium at the gas-plasma interaction zone, 

as shown in figure 7(c), where the degree of nonequilibrium θ = Te /Th (left) is contrasted against the 

Th and Te distributions (right). The high nonequilibrium in the arc – gas flow interface is due to 

deflection of arc caused by drag acting over the heavy-species and the rapid radial diffusion of 

electrons caused by local heating [29]. 

Additionally, figure 7(c) shows a region of deviation from thermal nonequilibrium at the arc-

core, near the location of maximum temperature. The degree of deviation θ varies from 1.0 to 1.03 

near to the arc-core and hence this region can be reasonably approximated as being in LTE. 

Nevertheless, significant deviations from thermal equilibrium are observed in the periphery of the arc 

due to its interaction with the stream of impinging gas flow. 
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Figure 8. Comparison of NLTE against LTE results for the weak-arc configuration: mid cross-section 

distribution of (a) Th and (b) Te, (left) LTE results from Kelkar et al [1] and (right) NLTE results. 

 

 
Figure 9. Comparison of NLTE against LTE results for the strong-arc configuration: axial distribution 

of Th against the LTE results in [1] for the (a) cathode and (b) anode regions. 

 

The two-temperature NLTE arc in crossflow model is also validated with the LTE model by 

Kelkar and Heberlein [1] for the two studied configurations. Validation results for the weak-arc 

configuration are shown in figure 8 and for the strong-arc one in figure 9. Figure 8 shows the 

distribution of Th and Te and the LTE temperature T along a mid-plane cross-section, as reported in 

[1], where the flow is in the positive z-direction. The weak-arc results show that the two-temperature 

model produces higher deflection of the arc, as given by the contours of Th, while the more diffusive 

characteristics of the Te distribution lead to better agreement with the distribution of T. Overall, the 

distributions of Th and Te seem to enclose that for T, as expected from a total energy conservation 

standpoint. 
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Similarly, figure 9 shows the distribution heavy-species temperature Th and the LTE temperature 

T in the plane across the extent of the arc [1]; frame (a) compares the distributions near the cathode 

region and frame (b) near the anode region. As in the previous figures, the gas flow is in the positive 

z-direction. The NLTE results show significantly higher values of Th compared to those of T by the 

LTE model, particularly near the cathode. Such result is consistent with the approximately larger arc 

deflection observed in the NLTE model, which should lead to arc constriction and therefore to higher 

temperatures to maintain the electric current flow. The distribution of electron temperature Te (not 

shown in the figure) presents a similar behavior to that discussed for the results in figures 5 and 7. 

 

5.3. Effect of total current and velocity 

Figure 10 and figure 11 show the effect of imposed total current Itot and inflow velocity Uimax on 

the distributions of Th, Te, and the nonequilibrium distribution θ = Te /Th for the weak- and strong-arc 

configurations, respectively. Consistent with results by other authors (e.g., [1, 9, 11]), the NLTE 

model results show that increasing Itot leads to increased arc shielding (i.e. larger arc extent, as seen by 

contrasting figure 10(a) and 10(b)) due to greater Joule heating; while increasing Uimax causes greater 

arc constriction (i.e. smaller arc cross-section, as appreciated by comparing figure 11(a) and 11(b)) 

due to greater energy losses. Additionally, it can be observed that increasing Itot leads to a progressive 

change of the arc shape from bow- to cusp-shaped, while increasing Uimax changes the arc shape from 

cusp- to bow-shaped. The distribution of θ shows little or no effect with increasing Itot (figure 10) and 

a somewhat more pronounced effect with increasing Uimax (figure 11).  

 

 
Figure 10. Effect of total current on heavy-species temperature, electron temperature, and 

nonequilibrium parameter for Uimax = 0.5(ms-1), (a) Itot = 17 (A) and (b) Itot = 34 (A). 

 

The observed effects of imposed current and inflow velocity on the arc are informative, but of 

limited applicability to assist equipment design and process optimization. For example, the 
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conclusions from the previous analysis are not amenable for their direct extension to other gases or 

geometrical configurations (e.g. inter-electrode spacing) given that Itot and Uimax do not constitute an 

approximately complete set of parameters for the problem. A more effective characterization of the 

arc in crossflow has to be based on an appropriate set of dimensionless parameters that can 

encapsulate the major components of the system, as addressed in the next section.  

 

 
Figure 11. Effect of imposed velocity on heavy-species temperature, electron temperature, and 

nonequilibrium parameter for Itot = 200 (A), (a) Uimax = 10 (ms-1) and (b) Uimax = 100 (ms-1).  

 

6. Parametric characterization of the arc in crossflow 

 

6.1. Dimensionless parameters and main characteristics 

The shape and characteristics of the arc are mainly the results of the competing effects produced 

by the supplied electrical energy input (Joule heating) and the energy lost to the stream of working gas 

(convective cooling). The dominant mechanism is the one that has the least root-mean-square 

deviation in the arc discharge characteristics [30]. These effects depend on the set of parameters 

specifying the problem, such as total current, inflow velocity, inter-electrode spacing, gas type, etc. 

(figure 2). The set of controlling parameters can be analyzed more effectively through the 

specification of appropriate non-dimensional numbers. A detailed set of non-dimensional numbers to 

characterize various plasma configurations, such as magnetic/self-propelled arcs, co-axial electrode 

plasma arcs, wall-stabilized arcs, free burning arcs, parallel and crossflow arcs, are presented by 

Yasko et al [31]. For the arc in crossflow, two main non-dimensional numbers are: the Reynolds 

number Re and the Enthalpy number hΠ . The Reynolds number is given by the ratio of estimates of 

the magnitude of advective transport to that for diffusive transport, and hence characterizes the 

relative strength of the stream of gas flow (i.e. the larger Re is, the greater the bulk transport by the 

flow). The Enthalpy number is given by the ratio of estimates of the magnitude of energy transported 
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by advection to that for the electrical energy input, and therefore characterizes the strength (or 

weakness) of the arc (i.e. the larger the inverse of hΠ , the more robust the arc is). Therefore, for high 

values of 1
h
−Π , the electromagnetic forces overcome the flow drag forces, which cause increased 

heating, better-established electrode attachments, and a more stable arc column. The dimensionless 

numbers Re and hΠ  are defined by [32]: 

Re =
ρiUimaxH

µi
   and   Πh =

σ rhrρrUimaxH
3

Itot
2

, 	 (8) 

where the subscripts ‘r’ denote the value of a given property evaluated at some reference temperature 

(set equal to 16.7 kK  in the present work) [32] and ‘i’ denote values evaluated at the inlet conditions. 

The phenomenological characterization of the arc in crossflow is performed by computational 

simulations of a total of 19 cases shown in table 3. The distributions of Th for these cases are plotted in 

figure 12 over a Re- 1
h
−Π chart for the range 0 < Re < 10000 and 2 < 1

h
−Π  < 350. The distribution of 

cases is not uniform such to include the cases studied by Kelkar and Heberlein [1] and to emphasize 

the regions with more drastic changes in the solution fields. The variation of Reynolds and the 

Enthalpy numbers among the cases are accommodated by modifying the inlet velocity Uimax and the 

imposed current Itot.  

 

 Table 3.  Re and 1
h
−Π  numbers for the computational characterization of the arc in crossflow. 

Case No. 1 2 3 4 5 6 7 8 9 10 

103Re 0.5 3 7.5 10 0.1 3 7.5 10 2.5 7.5 

1
h
−Π  2 2.5 2.5 2 10 6.67 6.67 10 87.5 87.5 

Case No. 11 12 13 14 15 16 17 18 19  

103Re 8.63 0.5 5 10 2.5 7.5 0.1 2.16 10  

1
h
−Π  85.4 200 175 200 262 262 10 344 350  

 

The results in figure 12 show that the arc shape changes from cusp-shaped to bow-shaped with 

increasing Re (from case 1 to case 4 or from case17 to case19) or for a reduction in 1
h
−Π  (from case 17 

to case 1, or from case 19 to case 4). The curvature and deflection of the arc are largest for the 

maximum Re and minimum 1
h
−Π  studied (i.e. bottom-right corner of figure 12). This behavior is 

consistent with reports in the literature [8, 9]. The results also show the increase in Th with increasing
1
h
−Π , as expected due to larger values of Itot; but also, with increasing Re, due to the stronger cooling 

by the gas flow which leads to higher temperatures to maintain current continuity. This result is 
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indicative of the balance between electrical energy input and its dissipation by the stream of gas, and 

supports the need for considering the parameters Re and 1
h
−Π   simultaneously for the characterization 

of the arc in crossflow. Finally, the arc attachment at the farthest downstream edge of the anode can 

be observed for increasing values of Re and lower values of 1
h
−Π . 

 

 
Figure 12. Characterization of the arc plasma shape: iso-surfaces of Th = 2, 8, 15, 20 (kK) as function 

of the Reynolds number Re, representative of the gas flow strength, and the inverse Enthalpy number 
1
h
−Π , indicative of the arc strength. The red dots indicate conditions for each simulation. 

 

The steady-state results in figure 12 were obtained by time-dependent simulations until consistent 

time-averaged results were obtained (i.e. simulations were run for an approximate extent of ~ 4 

characteristic transit times given by Lz/Uimax). The obtained simulations have shown various solution 

trends (distributed over the Re- 1
h
−Π  map) such as steady, semi-steady (i.e. steady with small-amplitude 

random fluctuations), quasi-periodic and periodic, as given by the localized temperature and voltage 

drop temporal signals. Simulations with Re > 7000 and 1
h
−Π  > 200 (cases 14, 16, and 19) present 

severe pressure fluctuations associated with high values of Th (~ 30 kK) at the near-cathode regions. 

For these cases, the simulations showed frequent convergence failures due to large temperature and 

velocity gradients in the plasma-electrode and plasma-wall regions, potentially associated with coarse-

sized elements in the discretization mesh. Additionally, obtaining converged results for the high Re 

and 1
h
−Π  cases required more timesteps with smaller step size and more iterations per timestep, adding 

to the overall computational cost. The high-pressure sensitivity and large temperature and velocity 

gradients are indicative of complex plasma flow behaviors, which can potentially lead to instability 
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and turbulence [33]. A quantitative study of the plasma dynamics under such conditions is beyond the 

scope of this paper and will be addressed in future work. 

Representative characteristics of the arc in crossflow are presented in a Re- 1
h
−Π  in figure 13, 

namely: maximum electric potential drop |ϕmax| (V), maximum electric power Pmax = Itot|ϕmax| (W), and 

the relative change in the nonequilibrium parameter  relθ defined as: 

θrel  = (θmax - θref )/θref , 	 (9) 

where θmax is the maximum value of θ and θref is a reference value equal to 7 representing the least 

value (case 5) of the maximum degree of nonequilibrium obtained from the 19-simulations set. The 

results in figure 13 show that, as Re is increased or 1
h
−Π  is decreased, the length of the current path 

increases, causing a rise in electric potential, as seen in figure 13(a). The total power consumed 

increases with Itot, which added to the behavior of |ϕmax|, leads to the highest level of arc power to be 

found in the top-right corner of the Re- 1
h
−Π  map, as seen in figure 13(b). Finally, the degree of thermal 

nonequilibrium degree as given by θrel and shown in figure 13(c) indicates that higher nonequilibrium 

is observed for larger values of Re and 1
h
−Π , that is, with increasing the relative strength of arc – gas 

flow interaction. Such behavior was not clearly observed in the results as a function of Uimax and Itot 

presented in figures 10 and 11. 

 

 
Figure 13. Arc in crossflow characterization map: (a) total voltage drop |ϕmax|, (b) arc power Pmax , and 

(c) relative nonequilibrium parameter  relθ as a function of Re and 1
h
−Π . 

 

Non-dimensional numbers such as Re and hΠ  are often referred to as ‘generalized inputs’ given 

that they can be defined prior to evaluating the flow [31]. These arguments can be used to determine 

‘generalized outputs’, such as the non-dimensional velocity û =  ||u || /Uimax  and the non-dimensional 

electric potential φ̂  =  σ 0VpH / Itot . To validate the use of Re and hΠ  as the main non-dimensional 

numbers for the arc in crossflow, different solution domains, and electrode shapes are analyzed for the 

same generalized inputs, i.e. Re = 143 and 1
h
−Π  = 3.33, in figure 14. The results in figure 14 show that 



 

 

20 

the distributions of û  and φ̂  are comparable (both in magnitude and distribution) irrespective of the 

inter-electrode distance and the electrode shape. Thus, Re and hΠ  are appropriately considered as the 

main controlling parameters for the arc in crossflow. 

 

 

Figure 14. Common Re and 1
h
−Π  plasma flow simulations (Re = 143 and 1

h
−Π = 3.33): Contours of (a) 

non-dimensional velocity and (b) non-dimensional electric field for different inter-electrode distance 

and electrode shapes. 

 

6.2. Plasma front and characteristic thermal lengths 

The plasma – gas flow interaction region in the arc in crossflow is somewhat analogous to the 

interaction of a flame with a stream of oxidizer in combustion systems. Both systems depict a rapid 

increase in temperature in a very small distance; in flames due to the rapid release of chemical energy, 

whereas in arcs due to the electric current flow and associated Joule heating. In combustion systems, 

such distance is customarily referred as the flame front thickness [34], which separates the burnt and 

unburnt zones. For arc plasma systems, an analogous plasma front thickness can be defined such that 

it separates the non-ionized (gas) and ionized (plasma) zones. These regions are typically pressure-

sensitive [35] and exhibit large material property variations and marked nonequilibrium. 

In analogy to combustion fronts, a characteristic plasma front thickness δ can be defined by: 

δ =
(Tref −Ti )
||∇T ||

, 		 (10) 

where ||∇T ||  represents the temperature gradient, Tref a reference temperature characteristic of the type 

of plasma gas, set equal 16.7 (kK) for the argon plasma in the current study, and Ti is the inlet gas 

temperature (representative of the stream of working gas). The thickness δ given by Eq. (10) can be 

interpreted as the distance in which the temperature of the inlet gas increases to the value Tref. It can 

be expected that the stronger the gas-plasma or gas-flame interaction, the smaller the front thickness 

δ. Moreover, given the smallness of δ, the use of its inverse δ-1 (i.e. a semi-dimensional temperature 

gradient) can be more practical for the analysis of the plasma front. 
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An additional aspect in the analysis of plasma – gas flow interactions is the role of 

thermodynamic nonequilibrium, i.e. the temperature gradients of both, heavy-species and electrons, 

need to be considered. Given the high degree of heating characteristic of thermal plasmas and the 

more diffuse nature of the electron temperature distribution, the gradient of heavy-species temperature 

is arguably the most appropriate for the estimation of the plasma front thickness in arcs. 

 

 

Figure 15. Characteristic plasma front length for heavy-species as function of Re and 1
h
−Π . The arrows 

indicate the approximate thickness of the different thermal plasma fronts. 

 

Figure 15 shows the inverse of the heavy-species plasma front thickness δh
-1, i.e. ||∇Th || /(Tref −Tg )  

for representative cases within the Re - 1
h
−Π  map. The distribution of δh

-1 across the solution domain 

shows several intermittent regions, the first three of which are explicitly indicated in figure 15. The 

first gradient thickness is representative of the plasma – gas flow interaction region, whereas the 

second and third thickness, of the structure of the plasma, such as thermally reactive zones. The non-

dimensional numbers, Re and 1
h
−Π  greatly influence the magnitude of the thermal gradient δh

-1. The 

thickness of the 1st thermal gradient (the arc – gas-flow interface) changes as follows: as Re is 

increased (e.g. from case 6 to case 7 or from case 7 to case 4), nonuniformity in gradient profile is 

developed (i.e., the magnitude decreases at the arc core but increases near the electrodes). In contrast, 

as 1
h
−Π  is increased (e.g., from case 6 to case 18, from case 7 to case 16, or from case 4 to case 19), the 

gradient profile becomes relatively more uniform, which indicates the dominance of electromagnetic 

pumping leading to arc shielding. For increasing both, Re and 1
h
−Π , a balance between convective 

cooling and electromagnetic pumping causes a quasi-nonuniform gradient profile. The thickness of 

the 2nd and 3rd thermal gradients (the thermally reactive zones), which is not observed for low Re and 
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1
h
−Π ,  also shows similar behavior, i.e., a nonuniform profile at high Re and almost uniform profile at 

high 1
h
−Π . The simulation results have shown that the reactive zones consistently increase in number 

for large values of Re and 1
h
−Π (i.e. cases 10, 14, 16, 18, 19) and might indicate the relative rise in the 

thermal equilibrium (similar to as seen in figure 13(c)).  

 

7.  Summary and conclusions 

 

Industrial applications such as circuit breakers and wire arc spraying involve the interaction 

between an electric arc and a stream of gas impinging perpendicular to it, a configuration known as 

the arc in crossflow. A three-dimensional time-dependent two-temperature plasma flow model is used 

to computationally characterize a canonical arc in crossflow. The model is validated with 

experimental observations reported in the literature and its results contrasted against those from LTE 

models, which consider a single equilibrium temperature for all species. The two-temperature model 

produces consistent solutions that provide additional quantification of the deviation between heavy-

species and electron temperatures compared to those from LTE models. Particularly, modeling results 

show that thermal nonequilibrium is dominant in the plasma-gas interaction and plasma-electrode 

regions. The two-temperature model is subsequently used to characterize the canonical arc in 

crossflow as a function of the Reynolds and Enthalpy dimensionless numbers; the former provides a 

measure of the strength of the gas flow, whereas the inverse of the latter, a measure of the strength of 

the arc. The characterization revealed the behavior of arc shape, voltage drop, arc power, and degree 

of nonequilibrium with varying controlling parameters. The results show that the arc power and the 

level of nonequilibrium increase with both, the Reynolds and (inverse) Enthalpy numbers. The plasma 

– gas interaction region is analyzed by defining a characteristic thermal front thickness, analogous to 

flame fronts in combustion systems. Analysis of this plasma front shows the development of complex 

structures through the arc that increases with the Reynolds and (inverse) Enthalpy numbers, and 

suggests the onset of unstable behavior. 
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