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Abstract Non-transferred arc torches are at the core of

diverse industrial applications, particularly plasma spray.

The flow in these torches transitions from laminar inside

the torch to turbulent in the emerging jet. The interaction of

the plasma with the processing gas leads to significant

deviations from local thermodynamic equilibrium (LTE)

far from the arc core. The flow from a non-transferred arc

plasma spray torch is simulated using a non-LTE (NLTE)

plasma flow model solved by variational multiscale (VMS)

and nonlinear VMS (VMSn) methods, which are suit-

able for unified laminar and turbulent flow simulations.

Non-plasma turbulent jet simulations indicate that the

VMSn method produces results comparable to those by the

dynamic Smagorinsky method, often considered the

workhorse for turbulent incompressible flow simulations.

VMS and VMSn approaches are applied to the simulation

of incompressible, compressible, and NLTE plasma flows

in non-transferred arc torch operating at representative

conditions found in plasma spray processes. The NLTE

plasma flow simulations reproduce the dynamics of the arc

inside the torch together with the evolution of turbulence in

the produced plasma jet in a cohesive manner. However,

the similarity of results by both methods indicates the need

for numerical resolution significantly higher than what is

commonly afforded in arc torch simulations.

Keywords incompressible–compressible flow � non-
transferred arc plasma torch � two-temperature model �
turbulence � turbulent free jet � variational multiscale

Introduction

Non-transferred Arc Plasma Torches

Direct-current (DC) non-transferred arc plasma torches are

at the core of diverse technological applications such as

metallurgy, spheroidization, chemical and particle synthe-

sis, waste treatment, and particularly plasma spraying.

Non-transferred arc torches have been the workhorses of

plasma spraying processes for a wide range of applications,

particularly for the deposition of thermal barrier (about

25% of the plasma spray market) and wear-resistant coat-

ings. Even though a great amount is known about the

operation of non-transferred arc plasma torches thanks to

numerous computational and experimental means (e.g., Ref

1, 14), the need for improved spraying process perfor-

mance, efficiency, as well as novel technological devel-

opments, such as liquid and suspension plasma spraying,

prompts the need for greater understanding of these devi-

ces. Physics-based computational models can provide

insight into process characteristics practically inaccessible

through experimental means, as well as guide equipment

design and process development.

In non-transferred arc torches, the electrodes are inside

the torch, and therefore, electric current does not get

transferred between the torch and the workpiece. In DC

non-transferred arc torches, an imposed current between a

conical cathode and a surrounding anode establishes an

electric arc that interacts with a stream of processing gas

producing a plasma that emerges as a jet (Ref 1). Figure 1
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schematically depicts the flow through a DC non-trans-

ferred arc plasma torch indicating some of its key com-

ponents and characteristics, i.e., the establishment of the

arc following the current path, the formation of a cold

boundary layer around the plasma, the development of

shear instabilities, gas entrainment into the plasma stream,

and the development of turbulence in the jet downstream.

Phenomena in Non-transferred Arc Torches

The plasma in non-transferred arc torches is typically

considered as thermal plasma. Thermal plasmas are char-

acterized by high collision frequencies among electrons

and heavy species (molecules, atoms, ions), which cause

them to be in a state of local thermodynamic equilibrium

(LTE). Under LTE, all species share the same Maxwellian

velocity distribution characterized by a single temperature

(Ref 3). Nevertheless, the LTE state is generally found in

the arc core only. The interaction of the plasma with its

surrounding environment causes large variations in the

degree of ionization, from non-ionized within the working

gas to fully ionized in the plasma core, as well as large

velocity, temperature, and density gradients. Such inter-

actions cause significant deviations from LTE, leading

parts of the flow to a state of thermodynamic non-equi-

librium (non-LTE or NLTE). Under NLTE, electrons and

heavy species have different Maxwellian velocity distri-

butions (Ref 2-4) and therefore are characterized by dif-

ferent temperatures (Ref 5).

In addition to the occurrence of NLTE, the plasma flow

in non-transferred arc torches experiences compound cou-

pling among fluid dynamics, heat transfer, chemical

kinetics, and electromagnetic phenomena. This multi-

physics coupling leads to intricate flow dynamics and

makes the flow inherently multiscale; that is, distinct

phenomena are observed through different regions of the

flow domain, e.g., from the thickness of boundary layers

and plasma–gas interaction fronts, to the amplitude of

instabilities along the jet. Moreover, the flow in arc torches

is prone to the development of different types of instabil-

ities, and it often transitions from laminar inside the torch

to turbulent in the emerging jet.

Turbulent flow behavior enhances the exchange of

species mass, momentum, and energy and therefore alters

all intervening transport processes. The strength of turbu-

lence in plasmas depends on their thermodynamic state

(Ref 6); particularly, as indicated by Volkov (Ref 7), the

amplitude of turbulence in plasmas increases as the plasma

gets farther from thermodynamic equilibrium. From a

practical perspective, turbulence in non-transferred arc

torches can have a determining effect in the aimed process.

Sometimes turbulence is desirable in processes such as

surface treatments and nanoparticle synthesis (Ref 8) that

benefit from the enhanced flow dissipation. For other pro-

cesses, particularly for plasma spraying, the enhanced

mixing from the surrounding environment caused by tur-

bulence can lead to undesirable oxidation (Ref 9). More-

over, plasma–feedstock interactions are markedly

important in emerging processes, particularly in liquid

feedstock and suspension plasma spraying (Ref 10-13).

The liquid-base droplets and resulting very fine particles

are very sensitive to any perturbation in the jet, as they can

drastically enhance mixing and heat transfer and therefore

markedly affect the evolution of droplets and particles and

their subsequent transfer by condensation into the coating.

An overview of the challenges in understanding brought

forward by novel and emerging plasma spray technologies,

particularly of the interaction between the plasma flow and

the feedstock, is discussed in the review article by Vardelle

et al. (Ref 10).

Significant understanding related to turbulence in arc

plasma torches has been achieved to date. For instance,

Pfender et al. (Ref 11) experimentally investigated the

turbulent structures of DC thermal plasma jets. They

observed that the plasma core is generally not turbulent

(i.e., laminar), whereas shadowgraphs revealed significant

turbulence in the jet enhanced by fluctuations of the jet

core due to the arc dynamics. Hlı́na and Šonský (Ref 12-

15) investigated the dynamic behavior of the core of a

plasma jet using three-dimensional optical diagnostics and

image-processing techniques. Complementing experimen-

tal observations, numerical findings have revealed that

high-temperature plasma regions exhibited less turbulent

structures with large eddies (i.e., coherent regions with

Fig. 1 Schematic representation of the flow from a direct-current non-transferred arc plasma torch
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high vorticity), whereas low-temperature regions tend to be

more turbulent with numerous small eddies. Shigeta (Ref

8) showed that the turbulent nature of the emerging plasma

jet depends on the dynamics of the arc inside the torch,

which cause major fluctuations in the jet core, and that the

high temperature of the plasma produces a re-laminariza-

tion effect. Therefore, comprehensive arc plasma torch

simulations have to be able to reproduce the transition from

laminar flow inside the torch to turbulent flow in the

plasma jet naturally, that is, as a consequence of the

combined effects of the arc dynamics and the inherent

development flow instabilities, without artificial or ad hoc

artifacts. An important review and perspective on the

modeling of turbulence in thermal plasma flows, including

pressing challenges, current efforts, and state-of-the-art

simulations, is presented by Shigeta (Ref 8).

Turbulent Thermal Plasma Flow Simulation

The computational simulation of the operation of an arc

plasma torch requires the coupled solution of the set of

transport and electromagnetic equations that describe the

plasma flow, together with adequate constitutive relations

and material properties (Ref 16). The multiphysics nature

of plasma flows, their inherent nonlinearity, and large

variation of material properties, together with their

propensity to unstable and turbulent behavior, make their

computational simulation exceedingly challenging. The

modeling and simulation of turbulent plasma flows have

traditionally relied on the use of models developed for

other types of flows, particularly incompressible flows.

Turbulence modeling is one of the most important issues in

a wide range of computational fluid dynamic (CFD)

applications. The main methods for the modeling and

simulation of turbulent flows are divided among direct

numerical simulation (DNS), Reynolds-averaged Navier–

Stokes (RANS), and large eddy simulation (LES)

techniques.

DNS seeks to resolve all the characteristics of the flow

throughout all intervening scales, up to the smallest tur-

bulent eddies. DNS provides the greatest accuracy but also

have the greatest computational cost. The exploration via

DNS of turbulent thermal plasma flows is exceedingly

expensive, or even unachievable, due to the large range of

scales that need to be resolved, which has prevented its use

for the analysis of thermal plasma applications, particularly

of plasma spraying.

RANS approaches use model equations that describe the

time-averaged distributions of turbulent flow fields. RANS

have a drastically reduced computational cost with respect

to DNS, but at the expense of the reliance of ad hoc models

and parameters. The severe modeling approximations used

by RANS models limit their applicability to very-well-

understood and specific flow problems. Nevertheless, their

lowest computational cost makes them the outmost pre-

ferred approach for industrial flow simulations. Despite

their severe modeling limitations, RANS approaches have

been extensively adopted for analyses of numerous thermal

plasma flows, including arc plasma torches. By far the

RANS model most favored by researches has been based

on the k - e (k-epsilon) turbulence model first developed

by Launder and Spalding (Ref 17). Examples of the use of

k - e models for the analysis of arc plasma torches are the

work of Bauchire et al. (Ref 18), McKelliget et al. (Ref 19),

Li and Chen (Ref 20), Li and Pfender (Ref 21), Huang et al.

(Ref 22, 23), Yuan et al. (Ref 24, 25), and Gu et al. (Ref

26). Other RANS models applied to thermal plasmas

include the Spalart–Allmaras model, which was used by

Sahai et al. (Ref 27) to simulate an arc heater.

LES is a coarse-grained turbulent modeling and simu-

lation approach that seeks to resolve the large-scale fea-

tures of the flow and model the small-scale ones, which are

expected to depict somewhat universal characteristics. LES

provides a level of accuracy and cost somewhere in

between DNS and RANS approaches, and is nowadays

considered de facto standard for the exploration of turbu-

lent flows. The vast majority of LES techniques rely on two

basic assumptions, namely the suitability of spatial filters to

separate scales into large and small, and the adequacy of

the use of an eddy viscosity to model the redistribution of

momentum from the small scales. The effects of anisotropy

and nonlinearity, as well as the interaction of different

physical phenomena in plasmas generally, invalidate those

assumptions. Therefore, traditional LES approaches can-

not, in general, be expected to provide comprehensive

descriptions of turbulent plasma flows. Nevertheless, due to

the absence of comprehensive LES approaches for thermal

plasmas, traditional LES strategies have been adopted in

thermal plasma flow simulations. For example, Colombo

et al. used LES to investigate the complex unsteady 3-D

turbulent flow in an inductively coupled thermal plasma

torch together with its attached reaction chamber (Ref 27).

Colombo et al. (Ref 26) and Ghedini and Colombo (Ref 28)

employed LES to study the flow in a DC non-transferred

arc plasma torch including the effect of particle injection.

Furthermore, Caruyer et al. (Ref 29) used LES for the

modeling of the unsteadiness and turbulence in the plasma

jet from plasma torches.

A comprehensive coarse-grained plasma flow modeling

and simulation method should be complete and consistent;

that is, it should be free of ad hoc parameters or procedures

and should be able to reproduce laminar-to-turbulent

transitions naturally, and its solution has to approach that

by DNS as the numerical accuracy is increased. Recently,

Modirkhazeni and Trelles (Ref 30, 31) proposed the vari-

ational multiscale-n (VMSn) approach for the coarse-
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grained simulation of general transport problems, which is

particularly suited for highly nonlinear problems such as

turbulent plasma flows. VMSn is based on the VMS

framework (Ref 30, 32, 33), which has proven to be very

versatile and robust for the solution of diverse multiphysics

problems. The method uses variational scale decomposi-

tion together with a residual-based approximation of the

small scales, circumventing the need for empirical

parameters. The VMSn method addresses up-front the

nonlinear inter-dependence between large and small scales

due to the high nonlinearity in plasma flow models, dis-

tinctly exemplified in NLTE models. In this paper, the

VMS and VMSn methods are evaluated for the compre-

hensive simulation of the flow from a DC non-transferred

arc plasma spray torch.

Non-equilibrium Plasma Flow Model

Balance Equations

Fluid models, which are based on the continuum assump-

tion and describe the evolution of the moments of the

Boltzmann transport equation (Ref 34), provide appropriate

descriptions of plasmas when the constituent particles

experience relatively high collision frequencies, as typi-

cally found under atmospheric pressure conditions. In this

paper, the plasma is considered as a nonrelativistic, non-

magnetized, quasi-neutral fluid in chemical equilibrium

and thermodynamic non-equilibrium (two-temperature

NLTE).

The fluid part of the plasma flow model is given by the

set of conservation equations for: (1) total mass, (2) mass-

averaged momentum, (3) internal energy of heavy species

(i.e., neutrals and ions), and (4) internal energy of elec-

trons. The electromagnetic fields are described by Max-

well’s equations given by the (5) charge conservation and

(6) magnetic induction equations. The set of fluid—elec-

tromagnetic equations describing the NLTE plasma flow—

is listed in Table 1 as a single transient–advective–diffu-

sive–reactive (TADR) transport system. In this table, q
represents total mass density, u mass-averaged velocity, T

the transpose operator, d the Kronecker delta tensor, s the

stress tensor, hh heavy-species enthalpy, he electron

enthalpy (from here forward, subscripts h and e stand for

heavy species and electron quantities, respectively), p total

pressure, T temperature, l0 the permeability of free space,

and r electrical conductivity. Maxwell’s equations are

expressed in terms of the magnetic vector potential A (re-

lated to the magnetic field B by B ¼ r� A), and the

effective electric potential /p. Jq is the current density and

E the electric field; Jq � B describes the Lorentz force, and

Jq � ðEþ u� BÞ Joule heating.

In the energy conservation equations, jh and je denote
the heavy species and the electron translational thermal

conductivities, respectively, and jhr is the translational-

reactive thermal conductivity; Keh is the electron–heavy-

species kinetic energy exchange coefficient; and er is the

effective net emission coefficient. The NLTE model is

described in greater detail in Ref 1, 3, 30, 35-37.

The description of the plasma flow model as a generic

TADR transport system is particularly appealing due its

simplicity and the uniform handling of different physical

phenomena (Ref 39). The TADR system describing the

NLTE plasma flow model is expressed in so-called residual

form by:

RðYÞ ¼ LY� S0
¼ A0otY

|fflffl{zfflffl}

transient

þðAioiÞY
|fflfflfflffl{zfflfflfflffl}

advective

� oiðKijojYÞ
|fflfflfflfflfflffl{zfflfflfflfflfflffl}

diffusive

�ðS1Yþ S0Þ
|fflfflfflfflfflfflffl{zfflfflfflfflfflfflffl}

reactive

¼ 0;

ðEq 1Þ

where Y is the vector of unknowns, R is the TADR

residual, A0, Ai, Kij, S1 are transport matrices and S0 a

vector used to characterize each transport process, t rep-

resents time, and i and j are spatial indexes (Ref 34), and

the summation of repeated indexes has been adopted. In

Eq 1, L represents the transport operator, i.e.,

L ¼ A0ot þ Aioi � oiðKijojÞ � S1. Equation 1 is comple-

mented by the specification of initial and boundary con-

ditions, which are omitted here for brevity of the

presentation. Details of the formulation of the TADR

NLTE plasma flow problem are found in Ref 33.

Up to this point, the vector of unknowns Y can be

defined arbitrarily, as long as its components form an

independent set. The set of variables to be used is the set of

so-called primitive variables given by:

Y ¼ ½ p u Th Te /p A �: ðEq 2Þ

Other sets of variables could have been chosen, such as

the set of conservation fluid variables ½ q qu qhh
qhe /p A�: The use of primitive variables has been moti-

vated by prior work (Ref 38) that demonstrated their

advantages, especially for the unified handling of incom-

pressible and compressible flows by a single formulation.

Particularly, the fully coupled approach used here does not

require the modification of the mass conservation equation

as an equation for pressure p (e.g., by its modification as a

Poisson equation, or by the addition of penalty terms, or

artificial sound speeds).
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Material Properties and Constitutive Relations

The equations in Table 2 are complemented with the def-

inition of thermodynamic (e.g., q, ph, pe, hh, he) and

transport (e.g., jh, je) properties, which add further cou-

pling among model variables and are highly nonlinear and

computationally expensive to compute, especially for

NLTE models (Ref 39, 40). Thermodynamic properties

link thermodynamic variables to the set of primitive vari-

ables, whereas transport properties are required for the

modeling of diffusive fluxes. In typical arc plasma torches,

temperatures vary from & 300 K within the stream of

working gas to & 25 kK or higher within the arc core.

Such large range implies that material properties typically

vary by several orders of magnitude within a given thermal

plasma flow (Ref 1, 41). In this work, argon is used as the

working gas and gas environment.

The calculation of the thermodynamic properties

requires knowledge of the thermochemical state of the

plasma. Given the chemical equilibrium and thermody-

namic non-equilibrium assumed here, the plasma state is

defined in terms of the temperatures Th and Te, and the total

pressure p. The composition is determined from them using

the mass action laws, Dalton’s law of partial pressures, and

the quasi-neutrality condition. Knowledge of the chemical

state allows the evaluation of the thermodynamic proper-

ties q, hh and he following standard procedures from

thermodynamics.

Transport properties viscosity l, thermal conductivities

jhr, je, and electrical conductivity r for argon are com-

puted by a table lookup procedure as function of Te and Th
assuming p = 1 atm using data from Ref 42. Radiative

energy transfer has a primary role in plasma flows, e.g., it is

the dominant energy transport mechanism for temperatures

above 30 kK (Ref 3). The direct solution of the radiative

transport equation (RTE) is exceeding expensive, and

consequently, diverse types of approximations are often

employed. The detailed description of the radiative trans-

port in thermal plasmas represents an enormous challenge

not only because of the complex absorption spectra of the

species present, but also due to the weak interaction of

photons with the intervening media (inside and outside the

torch). This last characteristic jeopardizes the use of

models that rely on strong coupling like diffusion-like

models and makes mandatory the use of more computa-

tionally expensive techniques like direct simulation Monte

Carlo or directional transport methods, like ray-tracing

techniques and discrete ordinates methods (DOMs).

Probably one of the best radiation transfer simulations

applied to a thermal plasma flow is the work of Menart

et al. (Ref 43) who used a DOM for a large set of wave-

lengths. Because their work was focused on analyzing

radiative energy transfer, Menart et al. did not solve the

radiative transport coupled to the plasma flow model.

Instead, they used a pre-calculated temperature field to

solve the RTE. Their approach is justified by the enormous

computational cost required to solve the plasma flow

together with radiative transport. An alternative approach,

valid mainly when the plasma can be assumed optically

thin, is the use of view factors to determine the exchange of

radiative energy among the domain boundaries. Such

approach has been successfully used by Lago et al. (Ref 44)

for the simulation of a free-burning arc.

Table 1 Set of fluid—electromagnetic equations comprising the non-equilibrium plasma flow model; for each equation: Transient ? Advective

- Diffusive - Reactive = 0

Equation Transient Advective Diffusive Reactive

Conservation total mass otq u � rqþ qr � u 0 0

Conservation momentum qotu qu � ruþrp r � lðruþruTÞ�

r � ð2
3
lðr � uÞdÞ

Jq � B

Thermal energy heavy species qothh qu � rhh r � ðjhrrThÞ

otph þ u � rph þ KehðTe � ThÞ
�s : ru

Thermal energy electrons qothe qu � rhe r � ðjerTeÞ otpe þ u � rpe � KehðTe � ThÞ � 4per

þJq � ðEþ u� BÞ þ 5kB

2e
Jq � rTe

Conservation charge 0 0 r � ðrr/pÞ�
r � ðru� ðr� AÞÞ

0

Magnetic induction l0rotA l0rr/p�
l0ru� ðr � AÞ

r2A 0
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A detailed description of radiative transport requires

solving the RTE together with proper consideration of

emission and absorption processes, which make radiation

modeling exceedingly involved and computationally

expensive (Ref 45). Nevertheless, the form in which radi-

ation directly interacts with the plasma flow (i.e., as a re-

active term) suggests that detailed description of radiation

transfer is not essential and that direct approximations of

the r � qr term could be used, where qr is the radiative heat

flux. In this regard, the most common approximation in

thermal plasma modeling is the use of the effective net

emission approximation r � qr 6¼ 4per (Ref 46-48), where
the coefficient er is a function of the state of thermody-

namic state of the plasma and a given effective absorption

radius. The latter represents the radius of a sphere in which

the emitted radiation can be re-absorbed; outside of this

sphere, the emitted radiation leaves without further inter-

action with the plasma. (Hence, the optically thin approx-

imation implies that this radius is zero). The net emission

approach is particularly appealing for plasma flow simu-

lation because er can be treated as any other material

property. For the argon plasma studied in this paper, the net

emission coefficient for argon was computed as er = er(Te)
using a lookup table procedure based on the data reported

in Ref 46 assuming optically thin plasma (i.e., absorption

radius equal to zero), which can overestimate radiative

energy losses and hence significantly reduce the tempera-

ture within the core of the plasma, but should have a minor

effect within the jet due to its significantly lower

temperature.

The kinetic energy exchange coefficient Keh is computed

by:

Keh ¼
X

s6¼e

3

2
kB

2msme

ðms þ meÞ2
mes: ðEq 3Þ

where kB is Boltzmann’s constant, ms the mass of species,

me the electron mass, and mes the collision frequency

between electrons and species s given by: mes ¼ �ueneres,

where �ue ¼ ð8kBTe=pmeÞ
1
2 is the thermal speed of electrons

and res is the collision cross section between electrons and

species s computed following Ref 33. The detailed evalu-

ation of material properties for the NLTE plasma flow

model is described in Ref 33, 41, and 49.

The use of primitive variables makes necessary the

evaluation of the derivatives of thermodynamic properties

(q, qhh, qhe) with respect to the state variables (p, Th, Te)

for the evaluation of the transport matrices (A0, Ai, etc.).

These terms constitute additional thermodynamic proper-

ties that link conservation and primitive variables, which

are evaluated using discrete differentiation, e.g.,

oq
op

ðp; Th; TeÞ �
qðpþ dp; Th; TeÞ � qðp; Th; TeÞ

dp
; ðEq 4Þ

where q(p, Th, Te) explicitly indicates the functional

dependence of q on p, Th, Te, and dp is a small discrete

differential. The inclusion of such terms within the trans-

port matrices (i.e., instead as source terms) has proven to

aid in the numerical convergence of the NLTE model (Ref

32).

Numerical Model

Variational Multiscale-n Formulation

The complex coupling among model variables, together

with the high nonlinearity and large variation of material

properties, makes numerical counterparts of the NLTE

plasma flow model very stiff. Numerical stiffness is a

somewhat broad concept related to largely disparate tem-

poral and/or spatial characteristics of the solution and is

more directly related to the multiscale nature of the prob-

lem. The numerical solution of the NLTE plasma flow

model given by Eq 1 is based on variational multiscale

(VMS) framework (Ref 33, 34). VMS methods effectively

address the challenges associated with multiscale prob-

lems, which makes them ideal for the solution of transport

problems. Particularly, the VMSn method constitutes an

extension of the classical VMS approach to directly

account for the intricate nonlinear coupling among large

and small scales, as particularly found in turbulent flows.

VMS methods use the variational form of Eq 1, namely

ðW;RðYÞÞX ¼ 0; ðEq 5Þ

where ð�; �ÞX indicates the bilinear operator

ðf ; gÞX ¼
R

X f � gdX, and W is the test function (belonging

to an appropriate functional space consistent with Y and

the definition of the problem in Eq 1, see Ref 33). VMS

methods have two main components: scale decomposition

and approximation of the small scales. Let the solution

field Y be decomposed into a large-scale component �Y
(grid scale, described by the numerical discretization) and a

small-scale component Y0 (sub-grid, unresolved by the

discretization), i.e., Y ¼ �Yþ Y0. This decomposition

implies decomposition of the continuous space V
(V ¼ �V þ V0) where Y belongs. The space �V is formally

defined by the use of a projector operator (Ref 50, 51). The

transport matrix in most fluid models is nonlinear, i.e.,

L¼LðYÞ; moreover, for the NLTE plasma flow model, this

nonlinearity is non-separable; that is, the functional

dependency of the transport matrices on Y cannot be

explicitly separated into the large- and small-scale terms

(e.g., Aiðpþ qÞ 6¼ AiðpÞ þ AiðqÞ, and therefore,

Ai 6¼ �Ai þ A0
i). The VMSn method is motivated by the need

to address such complex nonlinearity up-front (i.e.,
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L ¼ Lð �Yþ Y0Þ), as required for the comprehensive

description of plasma turbulence. (In contrast, traditional

VMS methods assume L ¼ Lð �YÞ, which is a reasonable

approximation for problems in which the large and small

scales are not tightly coupled.)

Using the scale decomposition, the weak form of the

transport problem leads to two separate problems: one for

the large scales and another one for the small scales, i.e.,

ð �W;L �Y� �S0ÞX þ ðL� �W;Y0ÞX
¼ 0 and ðW0;L �Y� �S0ÞX þ ðL�W0;Y0ÞX ¼ 0: ðEq 6Þ

where * is the adjoint operator (Ref 52). To obtain a

tractable and computationally efficient model, the VMSn
method relies on approximately solving the equation for

the small scales (right side of Eq 6) locally by approxi-

mating L�1 with an algebraic operator s, the so-called

intrinsic time scales matrix (Ref 33), i.e., s � L�1. Using

this approximation, the solution of small-scale problem is

given by:

Y0 ¼ �sðL �Y� �S0Þ; ðEq 7Þ

where s ¼ sð �Yþ Y0Þ and L ¼ Lð �Yþ Y0Þ. There are

numerous approaches to obtain an expression for s; the

present work utilizes the diagonal approximation of the

transport matrices (Ref 32, 33). Equation 7 represents a

nonlinear system for Y0 that depends on the large scales �Y.

Classical VMS formulations have relied on Eq 7 and the

assumptions s � sð �YÞ and L � Lð �YÞ (i.e., the contribu-

tions due to the small scales are neglected), which makes

the small-scale problem linear on Y0. In contrast, the VMSn
formulation addresses the full nonlinear problem given by

Eq 7.

The final VMSn formulation used in the present work

consists of the following two problems:

�Rð �Y;Y0Þ
¼ ð �W; ðA0ot þ Aioi � S1Þ �Y� �S0ÞX þ ðoi �W;Kijoj �YÞX � ð �W;Kijoj �YÞC

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

large�scales

þ ððAT
0ot þ AT

i oi þ oiðKT
ijojÞ þ ST1 Þ �W;Y0ÞX0

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

small�scales

þðoi �W;KDC
ij oj �YÞX0

|fflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflffl}

discontinuitycapturing

¼ 0

ðEq 8Þ

and

R0ðY0; �YÞ ¼ Y0 þ sðL �Y� �S0Þ ¼ 0; ðEq 9Þ

where the notation f(a;b) (referring to �Rð �Y;Y0Þ and

R0ðY0; �YÞ) indicates that the function f has as argument a

and depends parametrically on b; �R represents the residual

of the large-scale problem and R0 the residual form of the

small-scale problem. Equation 8 and 9 are both nonlinear

on �Y and Y0, given that the transport matrices depend

nonlinearly on Y. The last term in Eq 8 is the discontinuity-

capturing operator, used to minimize the occurrence of

spurious oscillations near unresolved high-gradient regions,

as well to increase the robustness of the solution approach.

The anisotropic version of the discontinuity-capturing dif-

fusivity matrix KDC
ij is used in the present work (Ref

32, 33). The model given by Eq 8 and 9 is similar to most

VMS formulations (e.g., Ref 33, 38, 53-55). The main

distinction of the VMSn method is its formulation for

highly multiscale nonlinear TADR problems, as required

for the description of turbulence in the NLTE plasma flow

model, as well as its solution of the small-scale model,

described next.

Solution of the Small-Scale Problem

The small-scale model in Eq 9 constitutes a nonlinear

algebraic problem for Y0 (given that s ¼ sð �Yþ Y0Þ and

L ¼ Lð �Yþ Y0Þ), which can be solved by different meth-

ods. Newton-like methods, in order to evaluate oL=oY0,
require additional evaluations of the transport matrices of

the form AðY0 þ dY0Þ, where dY0 is a small variation, or of

their derivative, e.g., oA=oY0; both of which can be very

expensive to compute in highly nonlinear problems such as

in the NLTE plasma flow model (Ref 33). The VMSn
formulation uses a fixed-point (Picard) iteration due to its

simplicity and limited cost. Given a prior approximation n

of Y0, a new one, n ? 1, is obtained using the recurrence

relations:

Lnþ1 ¼Lð �Yþ Y0nÞ;
snþ1 ¼sð �Yþ Y0nÞ;
Y0nþ1 ¼� snþ1ðLnþ1 �Y� �S0Þ;

ðEq 10Þ

where the superscript n indicates the iteration counter, and
�Y and �S0 are treated as parameters.

The VMSn formulation has been implemented in the

TPORT (TransPORT) solver (Ref 56). TPORT is designed

for solving general systems of TADR equations of the form

of Eq 1. TPORT is written in C?? and performs parallel

processing in shared-memory architectures using Open

Multi-Processing (OpenMP) and in distributed-memory

systems using PETSc. In TPORT, the solution to Eq 8 and

9 is perused by using a version of a second-order gener-

alized-alpha predictor multicorrector time-stepper method

developed by Jansen and collaborators (Ref 57) together

with the globalized inexact Newton–Krylov nonlinear

solver approach of Eisenstat and Walker (Ref 58). The

TPORT code has been extensively used for the simulation

of scalar transport, incompressible and compressible flow

problems, radiative transport, and equilibrium (LTE) and
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non-equilibrium (NLTE) plasma flows (e.g., see Ref 30-

33, 41 and references therein).

Validation of VMSn Method with Turbulent
Incompressible Free Jet

Turbulent Free Jet

The simulation of an incompressible turbulent jet is

investigated to evaluate the VMSn method and as a pre-

liminary step to the simulation of the non-equilibrium

turbulent plasma flow in an arc plasma torch. The problem

setup, domain boundaries, and underlying spatial dis-

cretization are presented in Fig. 2(a). In Fig. 2(a), D indi-

cates the outlet jet diameter, and W and L the width and

length of the discharge domain, respectively. The free jet

problem setup can be contrasted against that for the non-

transferred arc torch, as shown in Fig. 2(b).

The boundary conditions are defined as follows: for the

wall boundary: qnp = 0 and u = 0; for inlet: qnp = 0 and

u = [0 0 Uin]; and for outlet: p = patm and qnu = 0. Uin is

the average velocity at the inlet and patm = 1.01325

[105 Pa] represents atmospheric pressure. The working

fluid is argon. In order to investigate the capabilities of the

VMSn method under different levels of turbulence, two

values of Reynolds number Re ¼ qUinD=l are considered,

i.e., Re = 5142 and Re = 20,000. Both values of Re have

been extensively studied in the literature, and according to

Ref 59, 60, both Re lead to turbulent jets. For each Re,

simulations are performed using VMSn, VMS, and the

dynamic Smagorinsky [LES, presented by Germano et al.

(Ref 61) and Lilly (Ref 62)] methods. The dynamic

Smagorinsky method is often considered the workhorse for

turbulent incompressible flow simulations; its use here is

intended to provide a benchmark against the VMS and

VMSn results. It is to be noted that the dynamic

Smagorinsky simulations here were run using the com-

mercial software ANSYS Fluent (Ref 63) (in contrast to

TPORT for the VMS and VMSn results).

All the simulations in this work used spatial discretiza-

tions based on trilinear basis functions (i.e., 6-node hexa-

hedra). For simulations with Re = 5142, the computational

grid consists of * 230 k nodes and * 235 k elements with

D = 0.0088 m, L = 0.3 m, and W = 0.088 m, whereas for

Re = 20,000, the grid is made of * 245 k nodes and

* 251 k elements, D = 0.0088 m, L = 0.35 m, and

W = 0.08 m. Both grids are structured with a non-uniform

distribution of elements. In order to reduce the computa-

tional time to observe the evolution of the flow into a tur-

bulent state, the inflow velocity profile is modified with

random spatial perturbations with a standard deviation of 5%

of the magnitude of the average inlet velocity (5%Uin),

which was constant in time for the VMS and VMSn simu-

lations, and time dependent for the dynamic Smagorinsky

simulations (default setting for LES approaches in Fluent).

The instantaneous and time-averaged results using the

three methods for Re = 5142 and Re = 20,000 are sum-

marized in Fig. 3. The instantaneous velocity distributions

depict the turbulent nature of the flow, whereas the time-

averaged ones show the overall characteristics of the flow,

such as the overall decay of the jet’s average velocity,

which gives an indication of the location where turbulent

features become significant. In this regard, the white

arrows in the time-averaged plots in Fig. 3 refer to the

location where the velocity magnitude along the jet’s axis

reaches 80% of Uin. This location can be considered as the

onset of dominant turbulent behavior. Due to the transient

nature of turbulence, the jet simulations are associated with

diverse oscillations and instabilities, which make it difficult

to judge when the convergence to a statistically steady

distribution is achieved. The time-averaged results in

Fig. 3 are obtained by averaging simulation data during at

least 20,000 times the characteristic time scale for the small

eddies defined as ss ¼ Re�1=2D=Uin (based on Kol-

mogorov’s theory (Ref 64)). Each simulation used the same

and constant time step Dt such that Dt\ss.
The instantaneous results in Fig. 3 show that for both Re

numbers, the jet appears to be significantly more laminar

for the VMS method compared to those for the dynamic

Smagorinsky and VMSn methods. The amount of turbulent

dissipation produced by each method is better contrasted

by the time-averaged results of Fig. 3, which indicates that

the locations where the axial velocity decays to 80% of Uin

are significantly lower for the VMSn method than for VMS,

for both Re = 5142 and Re = 20,000; the results for VMSn
are very similar to those for the dynamic Smagorinsky.

Therefore, for the same computational domain and Re,

VMSn is more capable of capturing the turbulent charac-

teristics of the flow than VMS, and its accuracy is com-

parable to that by the dynamic Smagorinsky method. As

expected, more turbulent behavior in the flow is observed

for the larger values of Re. Figure 3 also shows that the

difference between the locations in which the axial velocity

decays to 80%Uin for the VMS and VMSn methods is

approximately conserved for different values of Re. It has

to be mentioned that the results are expected to be

dependent on the resolution of the mesh, e.g., the results

using VMS should approach those by VMSn as the com-

putational grid is refined.

In all the simulations presented here, the inlet velocity is

spatially perturbed with standard deviation of 5% of the

average inlet velocity. Such perturbation of the inflow is

depicted in Fig. 4(a). For a flow that evolves turbulence,

the resulting flow characteristics are expected to be
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independent of the type and magnitude of the seeded per-

turbations (as long as they are appropriately small). These

instabilities typically decay if the flow is laminar or if the

numerical approach is not suitable for turbulent flow sim-

ulations (e.g., if the method produces excessive numerical

dissipation). In order to show such behavior, two simula-

tions using the VMS and VMSn methods for the incom-

pressible free jet with Re = 500 have been performed. The

same geometry and computational domain as those that

were used for the set of simulations for Re = 5142 are

utilized, and the corresponding results are presented in

Fig. 4(b). The results show that although the inlet velocity

is perturbed (i.e., Fig. 4a), the instantaneous velocity dis-

tributions are laminar for both the VMS and VMSn meth-

ods. Therefore, the fluctuations considered at inflow for

velocity distribution did not influence the laminar behavior

of the jet.

Incompressible and Compressible Gas Flow
in a Non-transferred Torch

Incompressible Gas Flow in a Non-transferred

Torch

As a preliminary step to the VMSn simulation of the NLTE

plasma flow in an arc plasma torch, the incompressible

flow through a non-transferred arc plasma torch is inves-

tigated using both VMS and VMSn approaches. The

domain geometry and boundaries that are shown in

Fig. 2 Model geometry, boundaries, and computational mesh formed by hexahedral trilinear elements for (a) incompressible turbulent free jet

and (b) flow from a non-transferred arc plasma torch

Fig. 3 Incompressible turbulent jet simulations: instantaneous and

time-averaged normalized velocity magnitudes for (a) Re = 5142 and

(b) Re = 20,000 using the dynamic Smagorinsky, VMS, and VMSn

methods. The arrows indicate the location where the velocity has

decayed to 80% of the inlet value
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Fig. 2(b) have D = 0.0088 m (diameter of the torch outlet),

L = 0.3 m (length of the outflow domain), and W = 0.08 m

(width of the outflow domain), and have been discretized

using * 386 k nodes and * 375 k trilinear hexahedral

elements. Simulations used argon as the working fluid with

boundary conditions defined by: wall, cathode, and anode

boundaries: qnp = 0 and u = 0; inlet boundary: qnp = 0 and

u = [0 0 Uin]; and outlet boundary: p = patm and qnu = 0.

The average velocity, Uin, is defined such that that if the Re

number at the exit of the torch was computed based on the

average velocity of the jet, the value of Re equals 5142.

Representative simulation results are shown in Fig. 5.

Similarly as for the incompressible free jet, the VMSn
results appear more turbulent than those using VMS.

Consequently, the VMSn formulation is more capable of

resolving the small structures in the flow than the VMS

one. The success of VMSn in modeling the turbulent

incompressible flow from a non-transferred arc plasma

torch establishes expectations to achieve higher accuracy

using VMSn approach for the turbulent plasma simulation.

Compressible Gas Flow in a Non-transferred Torch

The compressible flow simulation of the flow from a non-

transferred torch using a computational domain discretized

by * 351 k trilinear hexahedral elements and * 362 k

nodes with D = 0.0088 m, L = 0.25 m, and W = 0.08 m

using argon as the working gas is considered next. The

mesh is finer near the cathode tip and stretched toward

solid boundaries to better resolve boundary layers. Based

on the obtained locations for the start of turbulence in the

incompressible flow cases, for the compressible and plasma

flow simulations, the length of the domain (L) was

Fig. 4 Inflow velocity perturbations and turbulence development for the incompressible jet for Re = 500: (a) inlet velocity profile perturbed by

5% of the average velocity and (b) instantaneous velocity distribution using the VMS and VMSn methods

Fig. 5 Incompressible flow from an arc plasma torch for Rejet = 5142: instantaneous and time-averaged normalized velocity magnitudes using

the VMS and VMSn methods. The arrows indicate the start of dominant turbulent characteristics in the flow
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shortened. Nevertheless, the number of elements is

approximately conserved; that is, the mesh is finer than

those used in the simulations in Fig. 5.

The set of boundary conditions utilized for the com-

pressible flow simulations is given in Table 2 as a subset of

the conditions used for the NLTE plasma flow simulations

(i.e., only one temperature is used, and there are no con-

ditions imposed for the electric and magnetic potentials). A

uniform velocity profile is imposed at the torch inlet such

to describe a volumetric inflow Qin of 40 slpm which

corresponds to a Re number of Rein = 1857 at the torch

inlet. If the Re number at the exit of the torch was com-

puted based on the average velocity of the exiting jet, the

value of Re would equal 183. (The velocity distribution at

the torch exit is not uniform.) Also, a hot cathode surface is

included in the compressible simulations in order to

maintain consistency with the subsequent NLTE plasma

flow simulations [where the relatively high cathode tem-

peratures describe the heating of the tungsten cathode for

thermionic emission (Ref 1)].

In order to compare the performance of the VMS and

VMSn methods, instantaneous and time-averaged normal-

ized velocity and temperature distributions are shown in

Fig. 6 and 7. These figures show that for the same

computational configurations, there is no significant dif-

ference between the time-averaged results of simulations

with VMS and VMSn. The similarity in the velocity dis-

tributions obtained using both methods is indicated by the

relatively similar location of the white arrows in Fig. 6

(location in which the average axial jet velocity reaches

40% of the maximum velocity). Hence, the onset of tur-

bulent behavior predicted by the VMS and VMSn methods

is similar, in marked contrast to the incompressible flow

results in Fig. 5. The most recognizable difference between

the VMS and VMSn results is observed in regions close to

the end of the domain as it is demonstrated in Fig. 7(b). (In

this figure, the temperature distributions in part (a) are re-

colored considering the range of 0.5\ T\ 0.55 kK for

temperature.) Inside the torch, the behavior of the two

different approaches, in terms of velocity and temperature

distributions, is very similar to each other.

The similarity in the location of the onset of turbulent

behavior in the compressible flow results is largely due to

the increased temperature of the flow. The higher-temper-

ature distributions are due to the temperature boundary

condition over the cathode (Table 2). Higher temperature

affects the value of density and viscosity of the fluid, which

can affect the value of Re of the exiting jet from the torch.

Fig. 6 Compressible flow from an arc plasma torch: instantaneous

and time-averaged normalized velocity magnitudes for Qin = 40 slpm

(Rein = 1857 and Rejet = 183) using VMS and VMSn methods. The

arrows indicate the location where the maximum velocity decays

by * 60% (indicative of the start of dominant turbulent behavior)

Table 2 Set of boundary

conditions for the non-

transferred arc plasma torch

simulation

Boundary Variable

p u Th Te /p A

Cathode qnp = 0 u = 0 Th = Tcath(z) qnTe = 0 –rqn /p = Jqcath(z) qnA = 0

Anode qnp = 0 u = 0 –jhqnTh = hw(Th - Tw) qnTe = 0 /p = 0 qnA = 0

Inlet qnp = 0 u = uin Th = Tin Te = Tin qn /p = 0 A = 0

Outlet p = pout qnu = 0 qnTh = 0 qnTe = 0 /p = 0 qnA = 0

Wall qnp = 0 u = 0 Th = Tw qnTe = 0 qn /p = 0 qnA = 0
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Although the results in Fig. 5 and 6 correspond to simu-

lations for different Re, the representation of non-dimen-

sional velocity distributions makes it possible to compare

them. Contrasting the location of the arrows using the

VMSn method in Fig. 5 and 6, it is concluded that the onset

of turbulence for incompressible and compressible simu-

lation is approximately the same (i.e., L/D * 13). This

observation has important implications in the interpretation

of the NLTE plasma flow results, as presented next.

Turbulent Non-equilibrium Flow from a Non-
transferred Arc Plasma Torch

Problem Setup

Simulation of the NLTE plasma flow in a non-transferred

arc torch is carried out using the geometry and domain

shown in Fig. 2(b) and the set of boundary conditions in

Table 2. The computational domain is the same as the one

used for the compressible flow simulations.

In Table 2, qn : n�r, where n is the outer normal to

the surface, denotes the derivative in the direction of the

outer normal to the surface, pout is set equal to the atmo-

spheric pressure (1.01325 9 105 Pa). The volumetric flow

rate Qin, similarly as for the compressible flow simulations,

is set to 40 slpm using straight (no swirl) gas injection.

Hence, the inflow velocity profile, assumed as uniform, is

such that Qin ¼
R

Sinlet
uindS ¼ UinSinletẑ, where Sinlet is the

inlet surface and ẑ the unit vector along the torch axis.

Tcath is the temperature profile over the cathode surface

described by:

Tcath ¼ Tcrod þ ðTctip � TcrodÞ expð�ðz=LcathÞ2Þ; ðEq 11Þ

where Tcrod and Tctip are the temperatures of the cathode

rod and tip equal to 500 and 3600 K, respectively, and Lcath
is a characteristic length of the temperature profile equal to

1.5 mm; hw = 105 Wm-2 K-1 is the convective heat

transfer coefficient and Tw = 500 K a reference tempera-

ture for the water cooling of the anode; Tin = 500 K is the

imposed inflow temperature; and Jqcath the current density:

Jqcath ¼ Jqmax expð�ðr=rcathÞncathÞ; ðEq 12Þ

where Jqmax = 2.25 9 108 A m-2, r = (x2 ? y2)1/2 is the

radial coordinate, and rcath = 0.4236 mm and ncath = 4 are

parameters that control the shape of the current density

profile, which satisfy the imposition of the total current to

the system, i.e., Itot ¼
R

Scath
JqcathdS, where Scath is the

cathode surface.

Fig. 7 Compressible flow from an arc plasma torch: temperature

distributions for Qin = 40 slpm (Rein = 1857 and Rejet = 183) using

VMS and VMSn methods: (a) instantaneous and time-averaged

temperature distributions for the whole range of temperature associ-

ated with the problem and (b) instantaneous temperature distributions

demonstrated in a range of 0.50\T\ 0.55 kK
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Simulation Results

Turbulent non-equilibrium plasma flow simulations of the

DC non-transferred arc plasma torch are performed using

both the VMS and VMSn approaches. Representative

simulation results for the torch operating with argon, Qin-

= 40 slpm and Itot = 400 A using the VMSn method, are

presented in Fig. 8. The figure shows the instantaneous

distributions of heavy species temperature Th and electron

temperature Te, thermodynamic non-equilibrium parameter

h = Te/Th, velocity magnitude ||u||, effective electric

potential /p, and magnitude of the magnetic vector

potential ||A||. The results show the formation of the cath-

ode jet due to electromagnetic pumping and intense heating

near the cathode. The maximum temperatures of the heavy

species and electrons are above 25 kK, and the value of h is
close to one within the core of the plasma (i.e., thermo-

dynamic equilibrium is achieved) and increases signifi-

cantly near the cooling walls. Such behavior cannot be

described by LTE models and emphasizes the importance

of the use of NLTE models. According to Fig. 8, thermo-

dynamic non-equilibrium is dominant in the regions where

the cold processing gas flow interacts with the plasma. The

higher h regions near the cathode tip and immediately

upstream of the anode column indicate that non-equilib-

rium increases as the strength of the plasma–gas flow

interaction increases. Whereas the distributions of both, Th

and Te, show the large-scale undulating characteristics of

the jet, the distribution of Th displays some fine-scale

features not observed in the Te distribution. The distribu-

tion of Te is more diffusive, as expected due to by the

higher thermal conductivity of electrons than that of the

heavy species (Ref 42, 65).

In DC arc plasma torches, the working gas is typically at

ambient temperaturewhen it enters the torch. The temperature

of the gas, as it interacts with the arc, increases by a rate of

order 104 K mm-1. This rapid heating causes the sudden

expansion of the gas and consequently its rapid acceleration.

The velocity of the gas across the torch often varies by over 2

orders ofmagnitude (e.g., fromO(10) toO(1000)ms-1). Such

trend can be observed in the simulation results in Fig. 8. The

large gas acceleration and shear velocity and temperature

gradients inside the torch, together with the electromagnetic

forcing, cause the flow to become unstable and turbulent.

According to Fig. 8, turbulence is further enhanced when the

plasma flow leaves the torch and interacts with the cold

environment, which is consistent with experimental obser-

vations. Furthermore, the distribution of /p shows a maxi-

mum voltage drop of 35 V. The distribution of magnetic

vector potential shows that the magnetic field is self-induced,

and the approximately linear gradient of ||A|| along the z-axis

indicates that the magnetic field should act as constricting the

arc radially. The distributions of /p and ||A|| in Fig. 8 show

Fig. 8 Solution fields for the non-transferred arc plasma torch using

VMSn method: heavy-species temperature Th, electron temperature

Te, thermodynamic non-equilibrium parameter h = Te/Th, velocity

vector magnitude ||u||, effective electric potential /p, and magnitude

of magnetic vector potential ||A||. Conditions: gas: Ar; flow rate: 40

slpm; total current: 400 A

J Therm Spray Tech (2018) 27:1447–1464 1459

123



marked resemblance with computational observations of the

dynamics of plasma jets such as those reported in Ref 33.

The balance between the Lorentz force and the drag

caused by the cold working gas is the main factor deter-

mining the dynamics of the arc inside DC non-transferred

torches. The ratio between the total flow rate Qin and the

total current Itot provides insight into the stability of the

flow. If the ratio Qin/Itot is small, then the arc develops a

steady, uniform, and axisymmetric attachment along the

anode surface. For larger ratios, despite the axisymmetry

and constancy of boundary conditions, the arc develops a

constricted anode attachment and a quasi-periodic move-

ment of the arc is established. For even larger ratios, the arc

displays chaotic dynamics (Ref 66-68). These characteris-

tics are often referred as the steady, takeover, and restrike

modes of operation of the torch (Ref 69, 70).

The dynamics of the arc inside the torch play a primary

role in the flow of the plasma jet. The arc dynamics are a

consequence of the unstable imbalance between the Lorentz

force exerted over the arc due to the distribution of current

density connecting the anode and cathode attachments, and

the drag caused by the relatively cold and dense stream of

inflow working gas over the hot and low-density arc plasma.

The force imbalance causes the dragging of the anode

attachment, the elongation of the arc, and the increase in arc

curvature until the arc gets in close proximity to another

location over the anode. If part of the arc reaches a location

near the anode that is closer to the cathode than the current

anode attachment, the arc will tend to re-attach, hence

forming a new attachment. This phenomenon is known as the

arc re-attachment process (Ref 37, 69, 71, 72). This re-at-

tachment is most likely characteristic of the takeover mode

of operation of the torch; arc re-attachment in the restrike

mode of operation may be driven by different mechanisms,

such as breakdown of the cold gas boundary layer or electron

avalanches (Ref 69, 70).

The results in Fig. 9 show the evolution of flow through

an arc re-attachment process by a set of snapshots of the

isosurfaces of Th = 10 kK and 20 kK at different times,

colored by the value of the effective electric potential /p,

using the VMS method. The spacing in between each time

is approximately 10 ls. Frame 1 of Fig. 9 (time t1) shows

the initial position of the arc; as the gas pushed the arc

downstream (t2, t3), the bending of the arc increases, and so

does the Jq 9 B force. The curving of the arc places it

close to the anode surface opposite to the current attach-

ment, which leads to an electrical breakdown across the

thin layer of cold gas between the arc and the anode, and a

new attachment forms in the location indicated by the

white arrow at time t4. The rapid change in the solution

during the arc re-attachment process required a reduction in

the time step size of between 1 and 2 orders of magnitude

and often produced several time step failures (requiring re-

initialization of the step with a smaller step size).

To evaluate VMSn against VMS, Fig. 10 shows sample

instantaneous distributions of the heavy-specious tempera-

ture Th, the non-equilibrium parameter h, and the magnitude

of velocity ||u|| for the times t2 and t3 in Fig. 9. The results in

Fig. 10 show that the formation of the cathode jet, the

dynamics of the arc inside the torch, the development of

shear instabilities along the emerging jet, and the develop-

ment of turbulence along the jet are well captured by both

the VMS and VMSn methods. Interestingly, Fig. 10 shows

very little difference between the results obtained with the

VMS and VMSn methods. The incompressible flow simu-

lations (e.g., Fig. 5) showed that VMSn is more capable of

capturing the development of turbulent than VMS. Never-

theless, although it could be expected to see the same trend

for the compressible flow simulations, Fig. 6 and 7 show no

significant difference between the results using VMS and

VMSn methods. The similarity between results is likely due

to the laminarization of the flow due to the heating of gas

and consequent increase in viscosity. The results in Fig. 10

indicate that, while both the VMS and VMSn methods are

able to reproduce the main experimentally observed flow

dynamics of the arc and jet, there is no significant difference

between their prediction of the onset of turbulence. This

result implies that the smallest size of eddies captured with

VMSn is comparable to those captured with VMS. The

reason for this behavior can be partially explained by

investigating the effect of the size of the computational grid

on the obtained results using Kolmogorov’s turbulence

theory (Ref 53).

Kolmogorov’s theory indicates the existence of a so-

called inertial sub-range in fully developed turbulent

incompressible flows. The scales of the flow within this

sub-range are smaller than the ones directly affected by

macroscopic parameters (i.e., domain geometry, boundary

conditions), but larger than the scales dominated by

molecular dissipation (i.e., viscosity). If the grid is selected

such that it is able to resolve the scales within the inertial

sub-range, then the results are primarily dependent on the

accuracy of the small-scale model. The fact that VMS and

VMSn produced qualitatively the same results for the

simulation of the flow from an arc plasma torch may be due

to either the computational grid used was too coarse to

resolve the inertial sub-range, or the grid was fine enough

such that the small scales modeled were well at the end of

the inertial sub-range such that the specific model of the

small scales is of small relevance. The analysis by Shigeta

(Ref 14) indicates that the core of the plasma jet is likely

laminar while its surroundings can likely develop insta-

bilities and turbulence. The results in Fig. 10 show a

laminar jet core and the development of shear instabilities

in the jet periphery, but not the level shown in Fig. 5.
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Therefore, the accurate description of the flow surrounding

the jet requires a significantly finer mesh suitable to resolve

the inertial sub-range. Further investigation of the effect of

varying spatial and temporal discretization in the results by

both methods is needed to verify this result and to further

establish the degree of resolution required by comprehen-

sive laminar-to-turbulent flow torch simulations.

Summary and Conclusions

Non-transferred arc torches are at the core of diverse

applications, particularly plasma spray. The flow in these

torches, particularly at industrially relevant conditions,

often transitions from laminar within the torch to turbulent

in the emerging jet, and presents significant deviations

from local thermodynamic equilibrium (i.e., non-LTE or

NLTE). The turbulent nature of the flow, which augments

Fig. 9 Temporal sequence of the arc re-attachment process: isosurfaces of heavy-species temperature (10 and 20 kK) across the torch, colored

by the value of the effective electric potential /p. The initial location of the new attachment is indicated with a white arrow

Fig. 10 Comparison between results from the VMS and VMSn methods: instantaneous distribution of heavy-species temperature and velocity

magnitude for two different time instants: (a) t2 and (b) t3
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cold-flow entrainment and gas mixing, can drastically

affect the degree of non-equilibrium. This fact prompts

desirable the use of NLTE models as comprehensive

modeling approaches according to their capability to cap-

ture both, laminar and turbulent flow regimes. The multi-

physics nature of non-equilibrium plasma flows, their

inherent high nonlinearity, and the large range of inter-

vening scales make their direct computational simulation,

following what is known as direct numerical simulation,

practically unfeasible. This fact prompts the need for

comprehensive coarse-grained modeling techniques that

seek to resolve the large scales of the flow only, while

modeling the small scales. Large eddy simulation (LES)

techniques are considered the established standard for the

exploration of turbulent incompressible flows. Neverthe-

less, the characteristics of non-equilibrium plasma flow

models invalidate the major assumptions in traditional LES

models. The flow from a non-transferred torch is simulated

using a NLTE plasma flow model solved by a classical

variational multiscale (VMS) method and a nonlinear VMS

(VMSn) method. Whereas both methods are suitable for the

description of multiscale phenomena, the up-front handling

of inter-scale coupling by the VMSn makes it potentially

more suitable for the description of turbulent flows without

the need for empirical model parameters. Incompressible

(non-plasma) turbulent jet simulations indicate that the

VMSn method produces results comparable to those

obtained with the dynamic Smagorinsky method, typically

considered the workhorse for turbulent incompressible flow

simulations, and significantly more accurate than those by

the VMS method. The VMS and VMSn approaches are

applied to the simulation of incompressible, compressible,

and NLTE plasma flows in a non-transferred arc torch. The

NLTE plasma flow simulations using VMS and VMSn
methods are able to reproduce the dynamics of the arc

inside the torch together with the evolution of turbulence in

the produced plasma jet in a cohesive manner. However,

the similarity of results by both methods indicates the need

for numerical resolution significantly higher than what is

commonly afforded in arc torch simulations.
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