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Abstract

This work presents an hydrodynamic model that simulates the flow and the heat transfer with

the gas/plasma system produced by a microwave-driven axial injection torch, running in atmospheric

pressure helium (gas densities of 1024− 1025 m−3) at 3− 9 Lmin−1 input gas flows and 1019− 1020 m−3

electron densities. The two-dimensional model solves the hydrodynamic equations, including the effect

of the plasma upon momentum and the energy balance, in order to obtain the spatial distributions

of the gas mass density, velocity and temperature. Model results are particularly dependent on the

electron density and temperature, and on input gas flow, showing an efficient plasma-to-gas power

transfer due to electron-neutral elastic collisions.

Keywords: Plasma discharges, Plasma modeling, Plasma torch, High frequency, Hydrodynamic

model.

1 Introduction

An axial injection torch is a microwave-driven at-

mospheric plasma source that produces very hot

flows of plasma species, hence being used in gas

heating applications, industrial material process-

ing and environmental control. The high-density

plasmas provide conditions to dissociate molecules

in abatement systems and burn out chemical and

warfare agents. The present study focus on the

hydrodynamic description of the gas/plasma sys-

tem with an AIT, including the gas energy balance

equation, in order to analyse the influence of the

plasma and the input gas flow on the spatial distri-

butions of the gas velocity and temperature. The

hydrodynamic equations are discretized using a fi-

nite volume method based on surface integrals and
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are solved subject to plasma and wall temperature

boundary conditions taken from experiment [1].

2 Model formulation

2.1 Hydrodynamic equations

The model solves the hydrodynamic equations for

the gas/plasma system with an AIT by solving

the corresponding to the mass, momentum and

energy balance equations for neutral helium (in

the present conditions, the neutral gas is about

1024−1025 m−3). It is considered a 2D distribution

of the (axial and radial) velocities ~vo = ~vor + ~voz,

mass density ρ = NmHe (with N and mHe the par-

ticle density and and the molecular mass of helium,

respectively), pressure p = NkBTg (with kB the

Boltzmann’s constant) and temperature Tg within

the reactor. The equations for a stationary situa-

tion write

∇~r.(ρ~vo) = 0 (1)

(ρ~vo∇~r). ~vo = −∇~rp−∇~r.
←→π + nHe+2

e ~Edc (2)

−∇~r.(λ∇~rT ) + ρCV [~vo.(∇~rT )] + p∇~r. ~vo

= e~ΓHe+2
. ~Edc +

3me

mHe
neνckB(Te − T ),

(3)

where ←→π is the viscosity tensor given by ←→π =

−η[∇~r ~vo + (∇~r ~vo)
T − 2

3∇~r ~vo
←→
I ] [with η =

(5/16π)(πmHekBTg)1/2/σ2Ω(Tg)), where σ is the

collisional integral, and
←→
I is the identity tensor]

[2]. In equation (3), CV is the gas heat capac-

ity at constant volume, CV = (3/2)(kB/mHe);

λg = (15/4)η(kB/mHe) is the gas thermal con-

ductivity [2]; νc(s
−1) = 6.8 × 10−8N(m−3) is the

electron-neutral collision frequency [3]; The plasma

parameters me, ne and Te are the plasma electrons

mass, density and temperature, respectively.

Equations (2) and (3) were written taking

into account influence of the plasma ions upon

the gas flow, by considering the ion drag-force

(nHe+2
e ~Edc) and Joule heating (e~ΓHe+2

~Edc) supple-

mentary terms, where ~Edc, nHe+2
and ~ΓHe+2

are the

space-charge field, the ion density and the ion flux,

respectively, calculated here for ambipolar condi-

tions, with

~Edc ' −
kBTe
e

∇ne
ne

(4)

nHe+2
' ne (5)

~ΓHe+2
' −Da∇ne, (6)

with Da ' (kBTe)µi the ambipolar diffusion coef-

ficient and µiN = 4.9 × 1020V−1cm−1s−1 the re-

duced ion mobility [3] for molecular ion species

considered under atmospheric pressure conditions.

Equation (3) considers also gas heating due to the

influence of electron-neutral elastic collisions, de-

scribed by the second term on its right-hand mem-

ber.
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2.2 Work conditions

Figure 1 represents the computational domain

adopted for simulations of the plasma torch using

a bi-dimensional hydrodynamic model. The device

under study consists of a nozzle, with a 2 mm di-

ameter channel for the gas injection, located inside

a dielectric tube (57 cm length and 5 cm diameter).

Experimental measurements show that the maxi-

mum the light intensity emitted by the plasma is

located ∼ 1 mm away from the nozzle, suggesting

the formation of a hollow axial profile for ne.

Figure 1: Computational domain adopted in the sim-

ulations (dimensions are in mm and the diagram is not

in scale). The plasma (in red) is located at the nozzle’s

end. The yellow region represents the coaxial antenna

and the green region represents the dielectric tube of

the reactor.

Here the plasma is defined by imposing a

bi-dimensionall profile, of the form Xe(r, z) =

XeMAXXer(r)Xez(z) (with X = n, T for the elec-

tron density and the temperature, respectively),

where XeMAX is its maximum value. Figures 2 and

3 show, respectively, the radial and axial profiles

for the electron density and temperature. Typical

values for their maxima are neMAX ∼ 3× 1020m−3

and TeMAX ∼ 2× 104 K.

Figure 2: Radial profile for the electron density (solid

curve) and temperature (dashed curve).

Figure 3: Axial profile for the electron density (solid

curve) and temperature (dashed curve).

2.3 Boundary conditions

Equations (1) - (3) are solved subject to the follow-

ing boundary conditions. At the reactor axis (r=0)
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we impose the symmetry conditions ∂voz/∂r = 0,

and ∂Tg/∂r = 0. At the walls (of the coaxial an-

tenna and the dielectric), we impose ~vo = ~0 (cor-

responding to a no-slip condition). At the dielec-

tric, we consider Tg values measured with a ther-

mal probe. At the nozzle, we have considered hor-

izontal and vertical surfaces, with ∂Tg/∂z = 0 and

∂Tg/∂r = 0, respectively. At the output open-

ing we set the pressure p = patm and the gas

temperature Tg = 390 K. We impose a profile

for the velocity at the nozzle’s exit, according to

vz(r) = 2 < vinz > [1 − (r/R)2] (R is the noz-

zle’s radius). Finally we impose Tg = 290 K at the

reactor bottom.

2.4 Numeric solution

The hydrodynamic equations are discretized onto

2D stagered, cell-centered grids, using a finite vol-

ume method [4] based on surface integrals. The

finite volume method uses the integral form of the

conservative equations as its starting point. The

domain is subdivided into a finite number of con-

trol volumes CVs, and the corresponding equations

are applied to each CV. At the centroid of each CV

lies a computational node at wich the variable val-

ues are to be calculated. The finite volume method

is simple to understand and is conservative by con-

struction, so long as surface integrals are the same

for the CVs sharing the boundary.

In this problem we are in a subsonic (Ma <

0.3), non-turbulent (Re < 2000) flow regime and

the equations are solved using the standard SIM-

PLE algorithm [4]. In the SIMPLE method the

initial pressure p∗ is improved by correcting the

velocity components so as to progressively satisfy

the continuity equation. If p is the corrected pres-

sure then

p = p∗ + p′, (7)

where p′ is the pressure correction. Similarly

vo = v∗o + v′o (8)

where v∗o is the initial velocity guess, v′o is the

velocity correction and vo is the corrected velocity.

This corrective approach is the basis of a itera-

tiva method, where each iteration satisfies the con-

tinuity equation (via an adequeate v profile) but

does not exactly satisfy the Navier-Stokes equation

(for the calculated p profile). The iterative method

stop when the desired tolarance is achieved.

3 Results and discussion

3.1 Influence of the plasma

Simulations show that the plasma changes the path

of the gas flow and that there is an efficient plasma-

to-gas power transfer, wich demonstrates the influ-

ence of electron-neutral elastic collisions on the gas

heating. Figure 4 shows the axial profile (at r = 0)

of the gas temperature calculated for an input gas

flow of 9Lmin−1 at various plasma conditions. We

note that Tg is very sensitive to changes in the

electron energy-density, exhibiting an increase with
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both neMAX and TeMAX due to the enhancement

in the plasma-to-gas collisional power transfer.

Figure 4: Axial profile (at r = 0mm) of the gas tem-

perature in the plasma region, calculated at 9Lmin−1

input gas flow for various plasma conditions.

Figure 5 plots at r = 0mm and within the

plasma region, the axial profile of the modulus of

the gas velocity, calculated for the same conditions

as before.

Figure 5: Axial profile (at r = 0) mm of the modulus

of the gas velocity, for the same condtions as in Fig. 4.

This figure shows that the plasma influences

also the gas flow path, acting as an obstacle respon-

sible for a velocity peak whose intensity increases

with the electron energy-density, (i.e. with both

neMAX and TeMAX).

3.2 Influence of the input gas flow

Figure 6 shows the axial profile (at r = 0) of the

gas temperature calculated for different input gas

flows. We can observe that an increase in the input

gas flow leads to longer relaxation lengths of Tg in

the axial direction, yielding a decrease in its maxi-

mum (plasma region), and a simultaneous increase

in its tail.

Figure 6: Axial profile (at r = 0mm) of the gas

temperature inside the plasma region calculated for

neMAX = 3×1020m−3 and TeMAX = 20000K at various

gas flows.

For the fixed ne and Te profiles considered, the

maximum of the gas temperature is always located

around z = 52 mm in the axial direction, i.e. after

the maximum of the electron energy-density neTe
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(see Figs. and 3). This result is likely to change

once the ne and Te profiles are self-consistently cal-

culated by coupling a plasma module to the present

hydrodynamic description. Figure 7 shows the bi-

dimensional profile of the gas temperature with

S = 5Lmin−1. In this case, the maximum of the

gas temperature has a value Tg ∼ 3800K, located

inside the plasma region.

Figure 7: Bi-dimensional profile for temperature gas,

calculated at S = 5Lmin−1 for TeMAX = 20000K and

neMAX = 3× 1020m−3.

3.3 Influence of the ions terms

This section analyzes the influence of the ion terms

with eqs. (2) and (3), corresponding to the ion

drag force nHe+2
e ~Edc, and to the Joule heating term

given by (e~ΓHe+2
~Edc. Figure 8 and 9 represent the

axial profile of the the modulus of the velocity,

and the gas temperature, respectively, calculated

with and without the supplementary ion terms for

S = 7Lmin−1. In Fig. 8 one can observe the in-

fluence of the negative ion drag-force at the begin-

ning of the plasma [for 45 ≤ z(mm) ≤ 46 where

the electron density is rapidly growing], which ex-

tends thoughout the entire plasma region to induce

a more rapid decrease in axial the profile of the ve-

locity.

Figure 8: Axial profile (at r = 0mm) of the mod-

ulus of the gas velocity, at S = 7Lmin−1 and for

Te(max) = 20000K and ne(max) = 3 × 1020m−3, cal-

culated with and without ion terms.

Finally, in the figure 9 one observes a slight

increase in the maximum value of Tg with the in-

clusion of ion terms. Note, horever, that the con-

tribution of these terms is quite low in the rest of

the plasma. For this reason, we can easily conclude

that the gas heating by the plasma is done mainly

due to electron-neutral elastic collisions.
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Figure 9: Axial profile (at r = 0)mm of the gas tem-

perature, calculated with and without ion terms for the

same conditions as in Fig.8.

4 Final remarks and conclusion

The development of a hydrodynamic model for a

microwave-driven axial injection torch, operating

in atmospheric pressure helium for an open reac-

tor configuration, has allowed to describe the influ-

ence of the plasma (using prescribed profiles with

differents maximum values for the electron den-

sity and temperature) and of the input gas flow

(3 - 9 Lmin−1) on the gas velocity and tempera-

ture distributions. The hydrodynamic equations

are solved by using the standard SIMPLE algo-

rithm, checking for relative errors below 10−6 for

the pressure, the mass density and the gas temper-

ature. The model includes the effect of the plasma

in the momentum and the energy balance equa-

tions, where some supplementary terms were con-

sidered to account for the ion drag-force, the ion

Joule heating (under the action of an ambipolar

space charge-field) and electron-neutral emergy ex-

change by elastic collisions. The model predicted

gas temperature values that can reach 4500 K,

for some plasma and flow conditions. Simulations

showed also that the plasma changes the path of

gas flow and that there is an efficient plasma-to-

gas power transfer, wich demonstrates the influ-

ence of the electron energy-density on the gas heat-

ing via electron-neutral collisions. Moreover, an in-

crease in the input gas flow was found responsible

for (i) longer relaxion lengths in the axial direc-

tion for the gas temperature, and (ii) a decrease

in its maximum value. Although the influence of

the ion terms is almost negligible, it was possible

to note the presence of a negative ion drag-force

at the beginning of the plasma. The present work

is part of a more extensive research program for

the self-consistent modelling of the AIT. Work is

in progress to develop a plasma model, describ-

ing the two-dimensional drift-diffusion transport

of charged particles in the system. This model

will provide self-consistent information about the

plasma (in terms of its size and the charged parti-

cle density and temperature), through its coupling

with the hydrodynamic model, improving the de-

scription of the gas flow and heat transfer.
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