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Abstract: The paper presents numerical simulation of temperature and flow fields in the discharge and near outlet regions of the hybrid argon-water stabilized electric arc. Calculations
for 300-600 A and high argon mass flow rates reveal transition from a transonic plasma flow
for 400 A to a supersonic one for 600 A with the maximum Mach number of 1.6. Comparison
with available experimental temperature and velocity profiles show very good agreement.
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1. Introduction
The so-called hybrid stabilized electric arc, which was
developed a few years ago at IPP AS CR in Prague, utilizes
a combination of gas and vortex stabilization. In the hybrid
argon–water plasma torch, the arc chamber is divided into
the short cathode part, where the arc is stabilized by tangential argon flow, and the longer part, which is stabilized
by water vortex. This arrangement provides not only the
additional stabilization of the cathode region and the protection of the cathode tip but also offers the possibility of
controlling plasma jet characteristics in wider range than
that of pure gas- or liquid-stabilized arcs [1]. The arc is
attached to the external water-cooled rotating disk anode at
a few millimeters downstream of the torch orifice. The
experiments made on this type of torch [1] showed that the
plasma mass flow rate, velocity, and momentum flux in the
jet can be controlled by changing the mass flow rate in the
gas-stabilized section, whereas thermal characteristics are
determined by the processes in the water-stabilized section. At present, this arc has been used for plasma spraying
using metallic or ceramic powders injected into the plasma
jet, as well as for the pyrolysis of waste (biomass) and
production of syngas [2], which seems to be a promising
environmentally friendly application of thermal plasma
jets. Numerical simulation provides an efficient tool for the
optimization of operating conditions (arc current and mass
flow rate) and prediction of temperature and velocity
structures for these applications.
There are two basic aims of this paper: 1) a numerical
study of characteristics and processes in the hybrid arc
under subsonic, transonic and supersonic plasma flow
regimes especially at high currents and high argon mass
flow rates; 2) a detailed comparison of the calculated results with experiments.

2. Physical Model and Numerical Approach
In the numerical simulation, we assume one-fluid
two-dimensional axisymmetric compressible and turbulent
plasma flow in local thermodynamic equilibrium with
homogeneous mixing of water and argon species. The
resulting set of conservative governing equations for density, velocity and energy (continuity, momentum and
energy equations) includes both temperature- [3] and
pressure-dependent transport and thermodynamic properties for Ar + H2O plasma mixture.
Radiation loss from the argon-water arc is calculated
in two ways: by the net emission coefficient for the required arc radius of 3.3 mm and by the partial characteristics method for different molar fractions of argon and water plasma species [4, 5] as a function of temperature and
pressure. Continuous radiation, discrete radiation consisting of thousands of spectral lines, molecular bands of O2
(Schuman-Runge system), H2 (Lyman and Verner systems), H2O and OH have been included in the calculation
of partial characteristics. Broadening mechanisms of
atomic and ionic spectral lines due to Doppler, resonance
and Stark effects have been considered.
For time integration, LU-SGS method [6] is used, which
is coupled with Newtonian iterative method. To resolve
compressible phenomena, convective term is calculated by
using a third-order MUSCL-type TVD scheme. For electric potential, we applied TDMA algorithm enforced with
the block correction method. Large eddy simulation
(Smagorinsky subgrid-scale model) is applied to capture
possible turbulent behavior. The task has been solved on
an oblique structured grid with nonequidistant spacing.
The total number of grid points was 38 553, with 543 and
71 points in the axial and radial directions respectively.

3. Results
Calculations have been carried out for the currents 300,
400, 500 and 600 A. Mass flow rate for water-stabilized
section of the discharge was taken for each current between 300 and 600 A from our previously published work
[7], where it was determined iteratively as a minimum
difference between the numerical and experimental values
of the outlet quantities. The resulting values are
0.228 g × s-1 (300 A), 0.315 g × s-1 (400 A), 0.329 g × s-1
(500 A), 0.363 g × s-1 (600 A). Argon mass flow rate was
varied in agreement with experiments in the interval from
22.5 slm (standard liters per minute) to 40 slm, namely
22.5, 27.5, 32.5 and 40 slm. It was proved in experiments
[8] that part of argon is taken away before it reaches the
torch exit because argon is mixed with vapor steam and
removed to the water system of the torch. The amount of
argon transferred in such a way from the discharge is at
least 50 % for currents studied here. Since the present
model does not treat argon and water as separate gases
and the mechanism of argon removal is not included in
the model, we consider in the calculations that argon mass
flow rate present in the discharge equals one-half of argon
mass flow rate at the torch inlet.
Fig. 1(a) and (b) shows velocity fields in the discharge
region and the near outlet for 400 and 600 A for the partial
characteristics radiation model with the argon mass flow
rate of 40 slm. Argon flows axially into the domain from
the left side, whereas water evaporates in the radial direction from the “water vapor boundary”. A relatively high
value of argon mass flow rate, used also in experiment,
was chosen here to demonstrate compressible phenomena.
The result for 400 A shows a transonic case with a Mach
number of around 1.1 at the axial outlet region, a maximum temperature of 17 200 K and a velocity of
5 400 m × s-1. A qualitatively different picture is obvious
for 600 A with the formation of shock diamonds in the
downstream of the torch exit. The velocity maxima overlap with the temperature minima and vice versa. Since the
pressure decreases at the torch exit, the computed contours of axial velocity and temperature correspond to an
under-expanded atmospheric-pressure plasma jet. The
maximum velocity 10 100 m × s-1 occurs near the axial
position of 61.1 mm with the Mach number 1.6, further
downstream the velocity amplitudes decrease. The maximum and minimum temperatures in the shock diamonds
range between 21 500-23 500 K. The net emission model
provides qualitatively the same results but with slightly
higher temperatures, slightly lower velocities and nearly
the same Mach numbers.
Fig. 2 presents the radial profiles of the Mach number
2 mm downstream of the nozzle exit with the argon mass
flow rate of 40 slm. It is clearly demonstrated that the
partial characteristics model gives higher values of the
Mach number and the difference regarding the net emission coefficients model is below 0.1 at the arc axis. For

Fig. 1. Velocity contours (m × s-1) for (a) 400 A and (b) 600 A
discharges, partial characteristics model. Water mass flow rates
are 0.315 g × s-1 (400 A) and 0.363 g × s-1 (600 A); argon mass flow
rate is 0.554 g × s-1 (50% of 40 slm) for both currents. The transonic flow field for 400 A converts to a supersonic flow structure
with clearly distinguished shock diamonds at the outlet for 600 A.
Contour increment is 500 m × s-1.

currents higher than 400 A, a supersonic rare plasma in
the central parts of the discharge is surrounded by a subsonic, much denser but still hot plasma.
A number of experiments have been carried out on the
hybrid stabilized electric arc in recent past for the currents
300-600 A with 22-40 slm of argon. Temperature is one of
the fundamental plasma parameters, needed also for
evaluation of the other quantities.
In experiment, the radial profiles of temperature at the
nozzle exit were calculated from optical emission spectroscopy measurements. The procedure is based on the
ratio of emission coefficients of hydrogen Hβ line and
four argon ionic lines using calculated LTE composition
of the plasma for various argon mole fractions as a function of temperature [3]. From the calculated molar fractions of hydrogen and argon it is easy to obtain emission
coefficients of Hβ and argon lines. The temperature corresponding to an experimental ratio of emission coefficients is then found by cubic spline interpolation on the
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theoretical data.
Fig. 3 compares measured and calculated temperature
profiles 2 mm downstream of the nozzle exit for two
cases - 500 A, 32.5 slm of argon; 600 A, 40 slm of argon.
Excellent agreement is demonstrated for 600 A where the
measured profile nearly coincides with the two profiles
calculated using the net emission and partial characteristics radiation methods. In the case of 500 A, agreement is
better for the profile calculated by the net emission model
(black color). Calculation for broad range of currents and
argon mass flow rates proved that the maximum relative
difference between calculated and experimental temperature profiles is lower than 10% for the partial characteristics and 5% for the net emission radiation model used in
the present calculation.
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Fig. 2. Radial profiles of the Mach number 2 mm downstream of
the nozzle exit with argon mass flow rate of 40 slm. The partial
characteristics model gives higher values of the Mach number;
the difference is less than 0.1 at the arc axis.

Besides temperature profiles, velocity profiles at the
nozzle exit and mass and momentum fluxes through the
torch nozzle are important to characterize the plasma
torch performance. Velocity at the nozzle exit was determined in the experiment from the temperature profile and
power balance assuming LTE [9]. First, the Mach number
M is obtained from the simplified energy equation integrated through the discharge volume; second, the velocity
profile is derived from the measured temperature profile
using the definition of the Mach number
u ( r ) = M × c {T ( r )}

,

where c {T ( r )} is the sonic velocity for the experimental
temperature profile. The drawback of this method is the
assumption of the constant Mach number over the nozzle
radius. The existence of supersonic regime (i.e., the mean
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Fig. 3. Experimental and calculated temperature profiles 2 mm
downstream of the nozzle exit for a) 500 A, 32.5 slm of argon;
b) 600 A, 40 slm of argon.

value of the Mach number over the nozzle exit is higher
than 1) using this method was proved for 500 A and
40 slm of argon, as well as for 600 A for argon mass flow
rates higher than 27.5 slm. Similar results have been also
reported in our previous work [10].
Comparison between calculated and experimental radial
velocity profiles 2 mm downstream of the nozzle exit is
shown in Fig. 4, for the same operating conditions as in
Fig. 3. The blue curves represent “re-calculated” velocity
profiles, i.e. velocity profiles obtained as a product of the
Mach number profiles obtained from the present numerical simulation and the sonic velocity based on the experimental temperature profile (the so-called “integrated
approach”). It is clearly visible that agreement of such
re-evaluated experimental velocity profiles with the numerical ones is much better than between original ex-

periments and calculation. More detailed analysis of the
re-evaluated experimental velocity profiles for the all operating conditions studied in this research proved that the
relative difference between the calculated and re-evaluated profiles is less than 26%, while for the original experimental profiles the difference reaches up 50%.
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nearly the same results, so that the plasma flow can be
considered to be laminar for the operating conditions and
simplified discharge geometry studied in this paper. The
partial characteristics radiation model gives slightly lower
temperatures but higher outlet velocities compared to the
net emission model. The reabsorption of radiation in the
discharge ranges between 31-45%, it decreases with current and it also slightly decreases with argon mass flow
rate. Calculated and experimental radial temperature and
velocity profiles at the nozzle outlet exhibit very good
agreement.
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Fig. 4. Velocity profiles 2 mm downstream of the nozzle exit for
a) 500 A, 32.5 slm of argon; b) 600 A, 40 slm of argon. Calculation – partial characteristics model, re-calculated experimental
profile is based on the calculated Mach number.

4. Conclusions
The numerical results carried out for 300-600 A and for
argon mass flow rates of 22.5-40 slm proved that the
plasma flow in the hybrid torch is supersonic for 500 A
and 600 A if argon mass flow rate exceeds 27.5 slm. The
supersonic structure with shock diamonds occurs in the
central parts of the discharge at the outlet region. It was
also evidenced that laminar and turbulent regimes give
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