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Abstract. The main purpose of this article is to present and discuss the results of numerical simulation of flow in a d.c.
thermal plasma torch under different operating conditions. The mathematical model (magnetohydrodynamic model)
and computer code (based on the Finite Volume Method) developed for the simulations are also concisely presented. A
previous article presented the comparison of some numerical simulation results with literature and showed good
agreement in most of the computational domain regions. The numerical simulation results presented in this article
were obtained for case studies with different operating conditions. Such results allowed us to verify the effects of these
conditions on the behavior of temperature and axial velocity profiles of the plasma flow. The simulated operating
conditions were: gas flow rate (5, 10 and 151/min); electric current intensity (LOOA and 200A); plasmogenic gases (air
and argon). The results showed that the developed model is suitable for obtaining a better understanding of the
involved phenomena (interaction arc/flow) and it is also useful for the optimization of torches.
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1. INTRODUCTION

Over the past four decades, the technology of thermal plasma has been widely applied to several industrial
mechanical, metallurgical and chemical processes (Boulos et al., 1994; Fauchais and Vardelle, 2000; Pfender, 2000;
Gomez et al., 2009; Rao et al., 2013). The main features that make thermal plasmas technologically attractive are: high
energy density (that comes with high heat flux density), high quenching rate, high processing rates and relatively small
installation sizes (Pfender, 1978; Solonenko and Zhukov, 1995; Trelles et al., 2009).

Direct current (DC) arc thermal plasma torches are devices designed to generate plasma jets of high enthalpies, high
temperatures and high velocities, from DC electrical power conversion (Venkatramani, 2002). These devices are
involved in many applications such as: atmospheric pressure plasma spraying, plasma-assisted chemical vapor
deposition, plasma preparation of ultra-fine powders, production of high purity metals and nanomaterials, thermal
plasma waste treatment. Several reviews of these applications have been presented in literature: Pfender (2000),
Venkatramani (2002), Fauchais (2004), Heberlein and Murphy (2008), Gomez et al. (2009), Mihovsky (2010),
Abdulkarim and Hassan (2015) and Vardelle et al. (2015).

Thermal plasma torch designs using electric arc (usually called plasma torches) should be specifically developed
according to their applications (Feinman, 1987). Therefore, the optimization of electrothermic processes involving
thermal plasmas is closely related to the proper conception of plasma torches, mainly concerning to
geometry/dimensions of electrodes (anodes and cathodes) and to operating parameters: working gas (plasmogenic gas),
electric current intensity, electric voltage, gas flow rate and temperature range (Boulos et al., 1994). Besides the
experimental procedures used in the development of plasma torches, the Computational Fluid Dynamics (CFD) is an
interesting tool for torch design and optimization because it allows reducing the development costs and it helps to
understand the related phenomena (Solonenko and Zhukov, 1995; Gleizes et al., 2005; Trelles et al., 2009).

The model of this work refers to non-transferred arc torches (torches where the electric circuit closes among
electrodes, cathodes and anodes, inside the torches themselves and the plasma jet does not conduct the current to their
outer part), specifically the ones destined to industrial applications (thermal spraying, etc.) and the solutions for waste,
contaminated residues, toxic material and pollutants which affect the environment (Fig. 1).
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Figure 1. Schematic representation of a non-transferred arc plasma torch.
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This article presents and discusses the results of numerical simulation of flow in a DC thermal plasma torch under
different operating conditions. The mathematical model and computer code developed for the simulations are also
concisely presented. A previous article (Felipini and Pimenta, 2015) presented the comparison of some numerical
simulation results with literature and showed good agreement in most of the computational domain regions: the biggest
difference between experimental temperature values and calculated values was -10%, and the average of the differences
obtained in the comparisons was approximately +3,2%.

2. MODEL DESCRIPTION

A magnetohydrodynamic model (MHD model) was adapted to thermal plasma torches based on Scott et al. (1989),
Westhoff and Szekely (1991), Murphy and Kovitya (1993), Bauchire et al. (1997), Favalli (1997), Bianchini (2000),
Klinger (2002), Baudry (2003), Li et al. (2003), Yuan et al. (2004), Gleizes, et al. (2005), Li and Pfender (2007), Trelles
et al. (2009) and Huang et al. (2013). Its main characteristics are: two dimensional mathematical model (axisymmetric)
of swirling flow in non-transferred arc thermal plasma torches which operate in DC, involving all regions of study
interest and influence in phenomena (gas inlet; inside torch— where there is arc/flow interaction; plasma jet free in the
environment).

In this article, the mathematical model and computer code developed for the simulations are concisely presented. A
more detailed description is presented in Felipini (2015).

The following assumptions have been adopted for this model: (1) plasma (electrons; heavy particles) has a
Newtonian and single-species fluid behavior; (2) flow is approached in a continuum, two dimensional (axisymmetric),
laminar, and steady state; (3) the local thermodynamic equilibrium (LTE) prevails in the study domain; (4) plasma is
optically thin (black body radiation emitted by plasma is not absorbed by it); (5) heat dissipation due to viscous tensions
may not be taken into consideration (constituted by second order terms); (6) MHD approach is applicable: displacement
current is not considered when compared to the conduction current; the electrostatic field strength is not considered; (7)
gravity effects are not considered; (8) the external environment is formed by the same gas as the work one.

By taking into consideration the assumptions previously adopted, the governing equations for the axisymmetric
(2D), laminar flow in stationary status with plasma torch swirl may be presented in cylindrical coordinates as follows:

Mass conservation equation:
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Momentum conservation equations in z (axial), r (radial) and @ (azimuthal) directions, respectively:
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where U, v and w are the velocity components in z (axial), r (radial) and & (azimuthal) directions, respectively;
1, pand p are the following gas properties: dynamic viscosity, specific mass and pressure, respectively; j, and j,

are the axial and radial components of the electric current density vector j , respectively, and B, is the azimuthal

component of the magnetic induction intensity vector (self-induced) B (note: “magnetic field inducted by the arc
electric field”). Observe that j B, and j,B, terms are components of Lorentz force vector: F (F=]jxB).

Energy conservation equation (“written” in function of the gas specific enthalpy, h: h = .prdT ):
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where C is the gas specific heat at constant pressure; k is the gas thermal conductivity and O is the gas electrical
conductivity. One should observe that besides the terms which represent the enthalpy transport through convection and
2 2
diffusion, the energy conservation equation is constituted by the following source terms: Itz , heating through
o

Joule effect; S;, heat dissipation through radiation per unit of plasma volume (S, =47z&y , Where gy is NEC

emissivity - plasma is considered optically thin. Experimental values: Baudry (2003)); Sky La—h+J—Za—h
2e(Chor Cyoz

(electron drift) is the enthalpy transport through electron current which is directed to the anode (kg is Boltzmann

constant; e is the elementary electric charge); u Z—S+ vg—f , Is the energy variation due to pressure variation.

Boulos et al. (1994) presents the thermodynamic and plasma transport properties for some gases (air; argon; others).

The current densities and the azimuthal component of the magnetic field are obtained through the electric current
conservation equation solution, and through the third Maxwell equation, with the help of the “adapted” Richardson-
Dushmann equation (applicable for thermionic emission).

Electric current conservation equation (in the form of electric potential):
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where @ is the electric potential.
Third Maxwell equation (in differential form):
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where pq is the magnetic permeability in free space (vacuum).
One should observe that this equation is applicable only for symmetric current distributions (in this specific case,
symmetry related to axis: axisymmetry).
The current density vector j is related to the electric field intensity vector E , or to the electric potential @ , by

j=c E=-0V¢. So, for such case (2D model): jz:—aaa—(p and jr:—aaa—(p
Z r

The computational domain used for the simulations of this work is schematized in Fig. 2.
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Figure 2. Computational domain.
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The description of the employed boundary conditions is presented as follows:

Inlet (line FG): in the inlet section, the axial velocity presents a parabolic profile and depends on the specification of
the gas flow rate. Radial velocity is zero at the inlet. Azimuthal velocity presents a profile partially formed by the
behavior of free vortex and forced vortex. The azimuthal velocity depends on the swirl number in torch inlet. The
definition of the swirl number ( Sw) used in this model is presented by Westhoff and Szekely (1991).

It is emphasized that simulations in this work were performed with w=0and, therefore, Sw=0 (flow without
swirl).

Other conditions: on the surfaces of electrodes (anode and cathode), the non-slip conditions are assumed
(u=v=w=0). In the symmetry axis (line AB): ou/or =0 and v=w=0. Conditions of free boundary are assumed

for BC and CD. For BC: o(pu)/0z=0, ov/6z=0 and ow/Jdz=0. And for CD: u=w=0 and &(rpv)/or =0. The
boundary conditions for enthalpy are provided in temperature and converted to gas enthalpy. The temperature is 500K
for the torch inlet, and 300 K for the line CD. The temperatures of cathode and anode surfaces are 3000K and 1000K,
respectively. In the symmetry axis (line AB): oh/or=0; and in line BC, éh/0z=0. Lines A4’ and EE’ are internal
boundary conditions and are known as “fictitious” or “porous” boundary conditions (in these lines the boundary
conditions for the electric potential (cD)are assumed). In line A4, the electric potential is determined by assuming a
axial current density profile (Hsu et al., 1983; Murphy and Kovitya, 1993), adapted from Richardson-Dushmann
equation (applicable for thermionic emission): j,(r)= joe‘”rC , where j, and r, are constants which depend on the
electric current and are experimentally obtained. In line AB: 6j,/0r=0 and j, =0.In ED: j, =j, =0. In anode:
@=0.

Numerical method: the model was implemented in the Computer Code for Simulation of the Swirling Flow in
Thermal Plasma Torches (CTP), developed in order to enable the numerical solution of governing equations. CTP code
uses the Finite Volume Method (FVM) and it is based on (Vatavuk, 1996; Favalli, 1997; Bianchini, 2000). CTP was
elaborated in FORTRAN 90 language (Microsoft FORTRAN Powerstation 4.0) and the simulations were executed in a
microcomputer with INTEL CORE i7 processor and 6GB of RAM memory. The average computing time for each
simulation is 15min, for meshes of 120x80 nodes and approximately 20000 iterations.

3. SIMULATION RESULTS AND COMMENTS

This section presents the results of some numerical simulations which were performed in order to verify whether the
CTP code is suitable to simulate the effects of variations in operating conditions of plasma torches. Through
simulations, it was also possible to verify whether the CTP is a useful tool to help understanding the phenomena related
to the arc/flow interaction.

The methodology has been established as a case study based on the comparison of the effects caused by the
variation of the following operating conditions of the torches: plasmogenic gas flow rate, electric current intensity and
plasmogenic gas (argon; air). These conditions are critical to the development of torches for industrial and
environmental applications.

The results obtained from the numerical simulations are presented in Fig. 3 to 8. In order to facilitate the comparison
of the effects of different operating conditions, we opted for the presentation of the percentage differences of the
physical quantities values (temperature and axial velocity) in positions of interest.

In some figures, the numerical values of physical quantities, percentage changes and their computational domain
positions are also highlighted.

Comparisons of the temperature profiles for different gas flow rates (5, 10 and 15 I/min) (200A) are shown in Fig. 3
and comparisons of axial velocity profiles are shown in Fig. 4.

Figure 5 shows the comparisons of temperature profiles for different intensities of electric current (100A and 200A)
and Fig. 6 shows the comparisons of axial velocity profiles.

Comparisons of the temperature profiles for different plasmogenic gases (argon and air) (200A) are shown in Fig. 7
and comparisons of axial velocity profiles are shown in Fig. 8.

Remarks related to the figures:

- All temperature and axial velocity profiles (as a function of axial distance) in this section (Fig. 3 to 8) refer to
radial position: torch symmetry axis (r = 0);

- The directions of arrows in Fig. 3 mean: "up" indicates an increase of the temperature numerical value; "down"
indicates a decrease of the temperature numerical value. Next to each arrow, the numerical value (in modulus) of
increased or decreased temperature related to the value pointed out in the previous axial position is highlighted and the
corresponding percentage value (in modulus) is presented between parentheses;

- Figures 3 and 4 show the differences (in modulus) of temperature or axial velocity between flow rates of 5 I/min
(lowest flow rate) and 15 I/min (highest flow rate) for: maximum values; 13mm axial position; 80mm axial position.
The percentage differences are also presented (in modulus) for the same flow rates and axial positions;
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- In Fig. 5 to 8, the “negative sign” indicates the percentage increase between the compared values of the physical
quantities (temperature and axial velocity) for different operating conditions, and the “positive sign” indicates a
percentage decrease between the compared values;

- The percentage differences were calculated as follows:

- (Figures 3 and 4): dif% = [(V.G.5 I/min - V.G.15 I/min) / V.G.5 Imin] x 100
(results are presented in modulus)

- (Figures 5 and 6): dif% = [(V.G.100A — V.G.200A) / V.G.100A] x 100

- (Figures 7 and 8): dif% = [(V.G.argon — V.G.air) / V.G.argon] x 100

Where V.G.... “is the physical quantity value (temperature or axial velocity) for ... «
3.1 Case 1 - Gas flow rates: 5, 10 and 15 I/min

Analysis of Fig. 3 and 4 makes it possible to verify the following phenomenological characteristics:

In the region near the cathode (where there is maximum current density), due to gas ionization and, consequently,
to its increased electrical conductivity, there is a big increase in the gas temperature due to its heating caused by Joule
effect.

Still inside the torch (up to the distance z=13mm), there is a big decrease in plasma temperature due to the
convection with the anode cooled surface. When the plasma jet comes out of the torch, it presents a smaller decrease of
temperature, as a function of axial distance, due to the convection with the environmental gas. Also in the region near
the cathode, there is plasma acceleration due to its expansion (caused by the temperature increase) and also due to
Lorentz force effect (resulting from the interaction between the arc current and the inducted magnetic field). Then, there
is a continuous deceleration of the velocity of plasma jet when in contact with the environmental gas.

Obviously, the quantitative results vary depending on different operating conditions of the torches, but
qualitatively, it is emphasized that the characteristics of temperature and axial velocity profiles, obtained with the
various simulations performed with the CTP code, are very similar to each other and they are also very similar to those
reported in literature (for example: Westhoff and Szekely, 1991; Bauchire, et al., 1997).

In Fig. 3 it is possible to verify that the temperature profiles for the argon flow rate from 5 to 15 I/min practically
coincide from torch inlet to axial distance of 5mm (inside the torch).
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Figure 3. Comparison of temperature profiles. Operating conditions: gas: argon; gas flow rate: 5, 10, 15 I/min;
electric current intensity: 200A; Sw=0.

The increase in gas-plasma temperature in the area near the cathode end (2,7 to 3,2mm), due to the interaction with
the electric arc, is approximately 717% (24400K) to all flow rates, and the difference between the maximum
temperatures of the lowest and highest flow is 300K (~1%) (maximum temperature equals to 24400K for 15 I/min and
24100K for 5 I/min). Still within the torch, between 3,2 and 13mm, due to forced and continuous anode cooling, there is
a sharp temperature drop (~9600K or ~40%) and at the output of the torch (13mm), the temperature difference between
the flow rates of 5 I/min and 15 I/min is 1300K (9%) (temperature is 14500K for 5 I/min and 15800K for 15 I/min). The
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free plasma jet, which exchanges heat by convection with the argon environment, presents a less severe temperature
decrease (~7380K or ~51%; from 13 to 80mm). However, the temperature difference between the flow rates of 5 and
15 I/min significantly increases in free jet region and it is 26,4% at the end of the computational domain (axial position:
80mm).

Figure 4 shows the comparison among the axial velocity profiles for the argon flow rates of 5, 10 and 15 I/min. It is
possible to check that except in gas-plasma acceleration region (region of interaction with the electric arc), the axial
velocity is significantly affected by the flow rate. The difference between the maximum axial velocities for 5 and
15 I/min is 42,4% (86m/s). At the end of the torch (13mm), the difference of axial velocity for 5 and 15 I/min is 46%
(90m/s) and for the free plasma jet, at the end of the computational domain (80mm), the difference is 132% (57,5m/s).
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/ AN —— Cale-mt229-C TP--101/min
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Vazéo ( I/min) 5 10 15 dif (5 e 15)
Vax max(m/s) | 203 (8,8mm) | 237 (13,1) | 289 (13,7) | 86m/s (42,4%)
Pos 13mm 197 237 287 90m/s (46%)
Pos 80mm 43,5 68 101 57,5m/s (132%)

Figure 4. Comparison of axial velocity profiles. Operating conditions: gas: argon; gas flow rate: 5, 10, 15 I/min;
electric current intensity: 200A; Sw=0.

3.2 Case 2 - Electric current intensities: 100A and 200A

Figure 5 shows the comparisons of temperature profiles for different electric current intensities (100A and 200A).
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Figure 5. Comparison of temperature profiles. Operating conditions: gas: argon; gas flow rate: 5, 10, 15 I/min;

electric current intensities: 100A and 200A; Sw=0.
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The comparisons in Fig. 5 reveal that the temperature profiles for all operating conditions (flow rates and electric
current intensities) are very similar in quality.

The maximum temperature obtained with the electric current of 100A (average value for three flow rates: ~22500K;
average increase of ~660%) is approximately 7,5% lower than the one obtained with 200A (~24200K ; average increase
of ~700%), in the region next to the cathode tip (axial distance: 2,7 to 3,2mm).

In the axial distance of 13mm (end of the torch), the temperature for 100A (~13600K) is approximately 10% lower
for 200A (~14500K ; also refer to Fig.3).

In the axial distance of 80mm (end of the computational domain), the temperature for 100A (~6650K) is
approximately 13% lower for 200A (~7100K; also refer to Fig. 3).

It is also worth highlighting that the percentage decrease of the maximum temperature by the end of the torch
(13mm) is the same for 100A and 200A: 40% (9000K for 100A and 9600K for 200A ; also refer to Fig. 3 — 200A).

The gradual temperature decrease of the free plasma jet, which exchanges heat by convection with the environment
gas (argon) in an axial stretch of 13mm to 80mm, is also, in percentage terms, the same for 100A and 200A: 51%
(7000K for 100A and 7380K for 200A ; also refer to Fig. 3 — 200A).

As for the temperature profiles, the qualitative similarity between the axial velocity profiles is also checked through
Fig. 6.
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dif(%) | -17,3% -40,2% -72% -33,1 | -52,9 | -75 -35,9 | -58,7 | -86,3

Figure 6. Comparison of axial velocity profiles. Operating conditions: gas: argon; gas flow rate: 5, 10, 15 I/min;
electric current intensities: 100A and 200A; Sw=0.

The maximum axial velocities for 100A (5, 10 and 15 I/min) are lower in comparison to the ones for 200A and the
percentage differences are 17,3% (5 I/min), 40,2% (10 I/min) and 72% (15 I/min) respectively.

At the end of the torch (13mm), the differences of velocity for 100A and 200A are 33,1% (5 I/min), 52,9%
(10 I/min) and 75% (15 I/min).

At the end of the computational domain (80mm), the following differences were obtained: 35,9% (5 1/min), 58,7%
(10 I/min) and 86,3% (15 I/min).

3.3 Case 3 - Plasmogenic gases: argon and air

In Fig. 7 and 8 there is a comparison of differences in temperature and axial velocity profiles, respectively, obtained
through simulation of plasmogenic gases, argon and air. The torch simulations were performed under the following
operating conditions: gas flow rates of 5, 10 and 15 I/min; electric current intensity of 200A.

Analysis of Fig. 7: for the three simulated flow rates, the increase in argon temperature in the arc region, next to the
cathode (between 2,7mm and 3,2mm), results in maximum values higher than the ones obtained by the air (between
2,7mm and 3,4mm).

The percentage differences of argon maximum temperatures related to the air are: 12% (5 1/min), 12,3% (10 I/min)
and 12,3% (15 I/min). Therefore, taking the average of values related to the three flow rates into consideration, argon
presents maximum temperature (~24260K) approximately 12,1% higher than the air (~21300K). Argon and air
temperature profiles are very close inside the torch, in the stretch between the axial distances of 8mm and 13mm
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(~15000K). The average percentage difference of the three flow rates at the output of the torch (13mm) is 1,7% (higher
for argon than for the air). Between the axial distances of 13mm and 35mm (free plasma jet), the temperature decrease
of air for the three flow rates is much bigger than the temperature decrease of argon. Between 35mm and the end of the
computational domain (80mm), the temperature decrease of air for the three flow rates is less sharp than the temperature
decrease of argon. In this stretch, the argon temperature profiles are close to the air, except the air temperature profile of
the flow rate of 5 I/min, which has a new sharp drop from the axial distance of 56mm. In axial position 80mm (end of
the torch), the percentage differences of argon temperatures related to the air are 21,8% (10 I/min) and 29% (15 I/min).
Therefore, taking into consideration the average of values related to the flow rates of 10 I/min and 15 I/min, argon
presents temperature (~8600K) approximately 25,4% higher than air (~6390K).
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dif(%) +12% +12,3% +12,3% 0 +1,3 +3,8 +33 | +21,8 | +29

Figure 7. Comparison of temperature profiles. Operating conditions: gases: argon and air; gas flow rate: 5, 10,
15 I/min; electric current intensity: 200A; Sw=0.

Figure 8 shows the comparisons of axial velocity profiles for plasmogenic gases: argon and air.
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Figure 8. Comparison of axial velocity profiles. Operating conditions: gases: argon and air; gas flow rate: 5, 10,
15 I/min; electric current intensity: 200A; Sw=0.
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Analysis of Fig. 8: concerning the axial velocity profiles for argon and air, there is an inversion in behavior, that is:
while the maximum temperatures of the three profiles (three flow rates) related to argon are higher than the ones related
to air, the axial velocities of the three profiles (three flow rates) related to air are higher than the ones related to argon.

The percentage differences between the maximum axial velocities for argon and air are - 58,1% (5 I/min), - 32,1%
(10 lV/min) and - 8,7% (15 I/min). Therefore, taking the average of values related to the three flow rates into
consideration, argon has the maximum axial velocity (~243m/s; in ~11,9mm) approximately - 33% lower than air
(~316 m/s; in ~5,7mm).

Remarks:

- While the increase in gas-plasma temperature due to Joule heating is almost exponentially for both argon (between
2,7/mm and 3,2mm, i.e., 0,5mm in axial distance) and air (between 2,7mm and 3,4mm, i.e., 0,7mm), the increase of
gas-plasma axial velocity, due to the acceleration caused by the axial component of the Lorentz force vector and by the
gas-plasma expansion, occurs within an average axial distance of 9,2mm (between 2,7mm and 11,9mm) for argon and
within an average axial distance of 3mm (between 2,7mm and 5,7mm) for air.

- As seen by Fig. 8, the maximum axial velocities obtained with the air are not significantly affected by the variation
of the flow rate. However, for argon (Fig. 4 and 8), the maximum axial velocity suffers significant effect of flow rate
variation: 203m/s (5 I/min), 237m/s (10 I/min) and 289m/s (15 I/min).

- Inside the torch and in the free jet (Fig. 8), the air axial velocity profiles decrease sharply. From the axial distance
~ 20mm, all profiles of argon axial velocity have higher values than the air ones. In axial distance of 80mm (end of the
computational domain), the percentage differences between the axial velocity values of argon and air are: 25,1%
(10 I/min) and 40% (15 I/min).

4. CONCLUSION

The results obtained with the simulations for case studies, which were performed with the CTP code, showed the
effects of different operating conditions in plasma flow and, although there are no experimental values for comparisons,
physical behaviors and their respective numerical values are consistent with the ones expected in most regions (in
relation to the order of magnitude of the numerical results of other studies). Therefore, the CPT code proves to be
appropriate for the expected purposes, that is, a useful tool to help the development of plasma torch designs.
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