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Abstract. This paper describes how electric probes can be used as relatively simple
and efficient tool for investigation of structure of flow field in thermal plasma jet at
the low pressure. A boundary of plasma jet between nozzle of plasma torch and
ambient air was investigated by means of array of moving electric probes. Were
defined boundaries of the conducting region and their change with pressure change.

Introduction

Recent years have seen increase rates of technology development at the heart of its containing
thermal plasma dc arc jets at low pressures such as plasma spraying, deposition of thin films or plasma
synthesis. These technologies are widely used in acronautics and medical industries among others.
[Fauchais et al., 2001] The rapid development of industry gives jolt to more detailed research in this
area. Most of the studies were performed with relatively low power of the jets and for pressures near
1 bar [Meulenbroeks et al., 1994, 1995; Mazoufre et al., 2002]. Less attention has been paid to the jets
in pressure range between 10 mbar and 0.2 bar. In this pressure range a transfer of flow regime takes
place from the subsonic turbulent jet controlled dominantly by an entrainment of cold ambient gas to
the supersonic jet. Plasma processes inside the jet are most important. Effect of chamber pressure on
the structure of the jet flow and deviation from local thermodynamic equilibrium (LTE) in dc arc
plasma jet was studied in [Selezneva et al., 2001] for pressure range of 0.06 to 0.39 bar.

A diagnostic extensively used for study plasma jets is optical emission spectroscopy (OES),
which is non-intrusive and gives information about the plasma species. However, determination of the
temperature, for example, which is obtained using the Boltzmann plot method, relies on the
assumption of LTE, which is no longer satisfied at low working pressures. The result of the deviation
from LTE is that the heavy particle, electron and excitation temperatures are different. Therefore,
different interpretations of OES measurements in plasma jets at reduced pressure have been developed
and are mainly used to evaluate the deviation from the LTE as a function of the working pressure
[Sember et al., 2002; Selezneva et al., 2002].

Another experimental diagnostic tool, the enthalpy probe system, has been used in compressible
supersonic plasma jets but was limited to a pressure range down to 0.2 bar [Jodoin et al., 2002].

In parallel to the experimental research, numerous simulations have been developed, in particular,
two temperature models for low pressure plasma jets, but they lack experimental validation [Han
etal, 2001]. On the other hand, plasma jets expanding at pressures belowl mbar have been
extensively investigated both numerically and experimentally [Burm et al., 2001].

In this paper we investigate low-pressure (0.01-0.1 bar) dc arc plasma jets generated in
water/argon-stabilized arc [Brezina et al., 2001; Hrabovsky et al., 2002]. The experiments descripted
in this article were conducted using electric (statical) probe. The application of electric probe in
thermal plasmas as classical Langmuir probe is complicated by the interaction of probe with plasma
and by variety of mechanisms influencing probe current. Nonetheless, various impotent information
can be obtained from electric probe measurement. The probe was applied for measurement of plasma
potential. [Hrabovsky et al., 2005] This paper presents the description the application of moving probe
for study of the structure of thermal plasma jets generated by arc plasma torch at the low pressure.

Experimental setup

The experiments were carried out with plasma torch WSP®H 500. The plasma torch configuration
is shown in Figure 1. The cathode part of the torch is arranged similarly like in gas torches. Gas is
supplied along the cathode; vortex component of the gas flow assures proper stabilization of arc in the
cathode nozzle. Plasma flows through the nozzle into the second part of the torch where the arc

242



HURBA AND HRABOVSKY: DIAGNOSTIC OF SUPERSONIC THERMAL PLASMA JET

column is surrounded by the water vortex. The vortex is formed in three cylindrical segments with a
tangential water injection in the same way like in water-stabilized torches. The segments are separated
by two exhaust gaps; water is exhausted out of the arc chamber. The interaction of the arc column with
the water vortex causes evaporation from the inner surface of the vortex. The steam is mixed with the
plasma flowing from the cathode section, the overpressure produced in the arc chamber due to
evaporation accelerates the plasma created from the mixture of steam and gas towards the exit nozzle.
[Hrabovsky et al., 2004; Kovitya et al., 1979]

The anode of the torch is realized by a rotating cooper disk that is located out of the arc chamber
about 4 mm downstream of the exit nozzle. Both the cathode and anode have internal water cooling.
The diameter of the exit nozzle was 5.7 mm. Vacuum chamber and two vacuum pumps allow taking
measurements in the different pressure from 1 bar to 3 mbar. The measurements were performed for
arc current 200 A, argon flow rate 12.5 slm, steam flow rate in plasma jet was determined by
evaporation rate from stabilizing water vortex and was 0.2 g/s.

water in out

Figure 2. Probe-moving system (1 — holder of the electric probe, 2 — cylindrical spiral spring,
3 — synchronization module — angle position sender).
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Figure 3. Schematics of the experimental arrangement.

In the experiments we used platinum probe 1 mm diameter. The probe was fixed to the probe-
moving system (Figure 2). In this system cylindrical spiral spring is moving the probe like pendulum
in vacuum chamber and gives the possibility to move the electric probe through the thermal plasma jet
with a velocity 1.5 m/s. The length of the measuring tip was 3 mm. The probe movement was
monitored by means of the angle position resistor sender and recorded on the oscilloscope together
with the probe signal. Probes were positively biased by connecting to the anode via resistor R;
(Figure 3). Due to the potential drop on the anode attachment the plasma in free jet downstream the
attachment has negative potential against the anode that is determined by the value of anode
attachment voltage drop (5—15 V depending on the jet conditions). Thus, for probe connected to the
anode, electron currents flow to the probe. The probe potential and current are determined by plasma
potential and resistance R;. Measurements were performed for various values of resistor R;. When
using resistors with high resistance of several MQ the potential of the probe corresponded to the
floating potential and was approximately equal to plasma potential [Hrabovsky et al., 2005] Series of
experiments was made with different axial distances from plasma torch nozzle exit (x = 30, 40, 60, 80
and 100 mm).

Experimental results

Probe potential was recorded during passage of the probe across the jet. For each point of the
investigated area, we conducted three experiments under identical conditions. The signal of the probe
was processed using Matlab code. From probe signals we determined dependence of probe potential
on radial position within the jet. This dependence, determined from three successive measurements at
the same conditions, is in Figure 4 (There and further on figures the zero on r-axis corresponds to the
axis of the torch nozzle center and conducting jet is shifted out from this axis on anode rotation side.).
Strongly fluctuating probe signals were obtained when plasma disturbances and inhomogeneity’s
flowed along the probe (Figure 4 left). The averaged signals are shown in Figure 4 right. It can be seen
that although the probe signals are highly fluctuating, the averaged signals are relatively well
reproducible and the region of non-zero probe currents can be determined.

Effect of pressure and resistance R; on probe currents is illustrated in Figures 5 and 6. Probe
currents at axial position x =40 mm for several values of resistor R, and pressure are shown here in
dependence on radial position within the jet. It can be seen that the radial positions corresponding to
conducting plasma area are well defined independently on biasing resistance and thus on probe current
and potential. The conducting region is much broader for pressure 9 mbar than for pressure 80 mbar
due to higher jet expansion at lower pressure.

Relatively high electron currents up to 5 mA flow to the probe in wide region with the diameter
80 mm in case of pressure 9 mbar, although initial diameter of plasma jet at the torch nozzle exit is
5.7 mm. This is the consequence of jet expansion at reduced pressures.
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Figure 4. Probe potential as a function of radial position (original and average signals).
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Figure 5. Probe currents for 80 mbar with using different resistor R, on the 40 mm from the nozzle of
plasma torch.
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Figure 6. Probe currents for 9 mbar with using different resistor R; on the 40 mm from the nozzle of
plasma torch.

Summarize information received from the four series of experiments, we can create 3D maps of
the saturation current the study area.
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Figure 7. Triaxial structure of the flow field of plasma jet at the pressure P = 30 mbar.
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Figure 8. Triaxial structure of the flow field of plasma jet at the pressure P = 40 mbar.
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Figure 9. Triaxial structure of the flow field of plasma jet at the pressure P = 80 mbar.

Figures 7, 8, and 9 show the spatial distribution of the probe currents for lowest resistance 4.7 kQQ
and pressures 30, 40 and 80 mbar. The red color corresponds to the highest probe current (tens of mA)
and the dark blue represents zero probe current. It can be seen how the dimensions of conducting
region around plasma jet change with pressure changes and with the distance from the torch nozzle
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exit. The region of existence of plasma with relatively high conductivity around the jet can be up to
tens of mm in diameter and extents up to several centimeters from the torch exit.

Summary and conclusion

Figure 10 gives dependence of diameter of conducting area on pressure, derived from
measurements at various axial positions. Figure 11 presents dependence of diameter conductive region
of the jet on axial position for the different pressures. It is interesting that with increasing pressure of
9 mbar to 30 mbar the diameter of the conducting region is reduced more strongly than a further
increase in pressure to 80 mbar.

Following conclusions can be derived from the measurements:

with increasing pressure the diameter of conducting zone decreases;

in cases where the pressure is less than 30 mbar the diameter of the conducting area increases
with distance from the plasma torch from 30 mm to 80 mm;

at the pressures P = 30, 40 and 80 mbar the diameter of the conducting zone with distance
from the plasma torch increases only up to a maximum, then there is a gradual decrease in the
diameter of the conducting region;

with increasing pressure from 30 to 80 mbar a maximum possible value of the diameter is
closer to the nozzle of the plasma torch.
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Figure 10. The diameters of conduction area under different pressure on 30, 40, 60 and 80 mm from
the plasma torch.
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Figure 11. Dependence of diameter conductive region of the jet from the axial position
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In this paper we described electric probe investigation of the free plasma jet in positions
downstream of the anode region of DC arc plasma torch. 3D maps of probe currents were created for
plasma jet area between 30 and 80 mm from the plasma torch nozzle for 30, 40 and 80 mbar. We have
defined the boundaries of the conducting plasma region and we determined how it varies with
pressure. The results presented in this paper explain the behavior of the supersonic plasma jet at low
pressure and can be used to quantify the deviation from LTE. The mapping of the measured physical
properties of the jet can also serve as input for modeling.

In the future we are preparing a series of experiments in close proximity to the anode. Results
expected in the study of this area will be used for analysis of the anode attachment mechanisms.
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