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Abstract. The operational characteristics of the experimental direct current plasma torch
with water vapor stabilization of the arc discharge and diagnostics of generated plasma
jet at the nozzle exhaust of the torch were studied in this research. The operation
parameters of the torch are presented in terms of generalized thermal and electrical
characteristics, which were compared with equations for steam plasma generators.
Optical emission spectroscopy (OES) method was used as an important diagnostic tool
to investigate the composition of generated plasma jet. The rotational and excitation
temperatures of species from the emission spectra were calculated roughly.
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1. INTRODUCTION

Based on the temperatures of electrons, ions and neutrals, plasmas could be
classified as ‘thermal’ and ‘non-thermal’. Thermal plasmas are characterized by
high energy density, high temperatures and ability to initiate chemical reactions
[1, 2]. Therefore, direct application of thermal plasma generators for industrial and
scientific purposes such as metallurgy [3, 4], plasma welding and cutting [5, 6],
surface modification of materials including plasma spraying [7, 8] and etc. requires
a number of experimental and fundamental analytical investigations to be
performed.

In spite of a variety of existing methods to generate thermal plasma by radio
frequency, microwaves or electromagnetic induction, the most simple and efficient
way is by using an electric arc. Therefore, this experimental research deals with the
direct current arc discharge plasma torches.
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Since there are quite a lot of experimental and analytical research done for
plasma torches operating on air, argon, nitrogen and hydrogen, but it lacks the
information about the plasma torches operating on a pure steam or a mixture of gas
and steam/water. Recently, the interest has been raised for a broad application of
gas-steam or water plasma torches in thermal plasma pyrolysis/gasification of
biomass [9, 10], reforming of hydrocarbons [11, 12] and neutralization of
hazardous organic compounds [13, 14], as well as production of hydrogen or
synthesis gas [15, 16] and formation of hard coatings [17] etc. Due to this, various
issues on arc discharge plasma torches, stabilized by vapor or water flux, are
extensively studied in more detailed experimental investigations regarding the
design, properties and diagnostics of generated plasma jet [18 — 24].

Therefore, the goal of the present experimental research is to determine
operational parameters of the thermal water vapor plasma torch operating at
atmospheric pressure and compare the results with theoretical, generally used for
the steam plasma torches. Moreover, the diagnostics of the generated plasma jet are
performed by optical emission spectroscopy method.

2. EXPERIMENTAL SETUP AND METHODOLOGY

2.1. EXPERIMENTAL SETUP

The experiments were performed in plasma torch with stabilization of arc by
overheated water vapor up to 450 K. The sketch of the experimental device is
shown in Fig. 1. Water vapor with small amount of shielding gas argon was
tangentially injected into the arc discharge chamber creating a vortex which
surrounds the arc column. A mixture of argon-water vapor was exhausted at the
exit nozzle of anode forming a plasma jet. The cathode was made of tungsten-
lanthanum rod with 2 mm in diameter embedded into a copper cylinder. A
confusor-type stair-shaped anode was used to sustain axial stabilization of the arc
and fix the mean arc length suppressing the large-scale shunting. The magnetic coil
placed downstream the arc flow was used to minimize anode erosion.

The experiments were performed with the torch power of 45-70 kW, under
varying arc current from 160-200 A and flow rate of water vapor from 2.63-4.48 g/s.
Mean plasma velocity and temperature at the nozzle exit of anode for these
parameters varied between 300 m/s and 2200 K to 600 m/s and 3100 K,
respectively.

Dry saturated water vapor was produced by a 5-bar pressure steam generator
(GAK-25/50). Before the injection in the discharge chamber it was overheated up
to 450 K by means of superheater. This is essential condition avoiding
condensation of water vapor on the walls of the discharge chamber. The flow rate
rates of plasma forming gas and shielding gas were adjusted by mass flow
controllers.
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Fig. 1 — The sketch of experimental system; plasma torch: 1 — cathode, 2 — neutral section,
3 — confusor-type stair-step anode, 4 — magnetic coil (solenoid), G, and G, — gas supply rings.

2.2. METHODOLOGY

The current intensity and the voltage of the arc were measured using a remote
control block with voltmeter and ammeter inside connected to the electric power
source (VTPE 400-750). The mean temperature and velocity of plasma jet were
calculated from the mass balance calculations measuring the power loss to the
cooling water by calorimetric method. The electrical and thermal characteristics of
the torch were deduced in terms of criteria complexes using a theory of similarity. The
obtained experimental results were compared to the fundamental equations describing
the electrical and thermal processes in steam plasma torches proposed in [25].
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Fig. 2 — The measuring system with an acousto-optic emission spectrometer.
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A spectroscopic diagnostics of plasma jet was performed by means of an
acousto-optic emission spectrometer (AOS4-1). The measuring system is shown in
Fig. 2. The spectrometer with the spectral resolution of 0.05 nm (at 250 nm) and
0.5 nm (at 800 nm) is able to measure radiation emitted from a light source in near
UV-VIS spectral range of 250-800 nm wavelength. Time resolution of the
spectrometer can vary from 5 to 100 ms. The spectrometer is controlled via
standard USB 2.0 interface from laptop. The “IntelliSpec” software was used for
measurements and manipulation of obtained emission spectra.

3. RESULTS AND DISCUSSION

3.1. OPERATIONAL PARAMETERS OF WATER VAPOR PLASMA TORCH

The most important electrical characteristic of the plasma torch is the volt-
ampere characteristic (VAC). The form of this characteristic determines the
selection of the parameters of the power source and the electrical efficiency of the
torch.
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Fig. 3 — Volt-ampere characteristics of the linear water vapor plasma torch.

The drooping VAC creates a certain difficulties by matching the plasma torch
with the electric power source. Therefore, a stable arcing is being ensured by
inclusion of ballast rheostat in the electrical circuit, which reduces electrical
efficiency of the plasma system and initiates the pulsations of arc voltage
determined by large-scale shunting. Thus, a stair-step shape of the anode is used to
minimize the electrical breakdown between the electrode and the arc in the plasma



5 Thermal water vapor plasma torch and generated plasma jet 1129

torch and to obtain the rising form of volt-ampere characteristics. The form of the
VACs of the plasma torch stabilized by water vapor was verified in the range of
parameters shown in Fig. 3. The form of VACs is typical for the arc-heated steam
plasma source characteristics obtained in [26].

Since the existing analytical methods are not capable to describe the
processes occurring in the electric arc plasma torches, we can refer to the theory of
similarity to generalize and compare the experimentally obtained results. At
present time there are no universal generalized equations valid for all gases,
therefore the comparison was made to the generalizing VAC of the arc, burning in
water vapor proposed in [25]:

1 P -.013 G 0.2 0.48 L
U=70+26.4£Ej x[—j x(pD) X(B)’ (1)

D

where U is the voltage, D — the diameter, / — the current intensity, G — the gas flow
rate, p — the pressure, L — the mean arc length.
The range of variation of the complexes in the equation is as follows:

1?/GD=(3.0+367)-10° A 2s/(kgxm),
G/D=0.017 +0.22 kg/(mxs),

(2)
pD=(1.7+4.9)-10°N/m,
L/D=4.1+13.5.
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Fig. 4 — Comparison of the experimental data with the generalized volt-ampere characteristic
of the arc burning in water vapor, U, — experimental results, U, — calculated according to Eq. (1).
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One can see than the flow rate of water vapor is 2.63 gfs, the scatter of the
experimental results differs from calculated in more than 18%. This could be
explained by the effect of supplying shielding gas argon. According to [25], the
presence of argon may decrease the arc voltage by 1/3 if the amount of this
shielding gas is more than 25% in the total flow rate. In this case, the amount of
argon was 17%. Moreover, argon has a higher conductivity in comparison with
water vapor. Therefore, growth in the ratio of argon results in a voltage decrease.
The best agreement was obtained than the flow rate of water vapor varied from
3.71 to 4.48 g/s with difference between the U, and U, voltages less than 10%.

Thermal coefficient of the efficiency of the plasma torch stabilized by water
vapor vortex was determined by processes proceeding in the column of the electric
arc taking into account the heat exchange between the arc, the heated gas and the
walls of the discharge chamber. The methodology describing thermal efficiency of
the torch is proposed in detail [25]. Therefore, the integral coefficient of heat
transfer of the steam plasma torches may be expressed as follows:

- 1— N L i 0.32 g —0.57 o
n——n =3.02-10 (GDJ X 5 x(pD) X
x(1+1.2K ) (1+tg(a/2))(L/D)",

3)

where: 1 is the thermal efficiency of the plasma torch, / — the current intensity,
G — the gas flow rate, D — the diameter, L — the mean arc length. If there is a ledge
in anode, than K, = 1, with no ledge, K, = 0.
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Fig. 5 — Comparison of the experimental (1.) and calculated (n.) values of the thermal efficiency
for the water vapor plasma torch.
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Experimental results illustrated in Fig. 5 show a good correspondence with
accuracy less than 7% from the calculated data according to Eq. (3). Moreover they
are close to the data measured in [25]. It could be assumed that the integral heat
losses in the plasma torch are reduced due to the increased flow rate of water vapor
from 2.63 to 4.48 g/s, which has an impact on the increment of boundary layer of
cold gas surrounding the electric arc and serving as a screen from the convective
and radiant heat flux to the walls of the discharge chamber. Therefore, thermal
efficiency of the plasma torch increases reaching the maximum value of n = 0.75.

3.2. DIAGNOSTICS OF GENERATED PLASMA JET

3.2.1. Identification of species in the emission spectra

The emission spectra of the DC arc plasma stabilized by a mixture of argon-
water vapor at atmospheric pressure are shown in Figs. 6 and 7. The spectra were
measured in the range of wavelength from 300 to 800 nm at flow rate of water
vapor 3.71 g/s. As could be seen in both figures, between 550 nm and 650 nm there
was a noise coming from outside which could cause the errors calculating
temperature of species in the plasma [27]. The noise could appear due to high-
velocity flow (up to 700 m/s) of plasma stream at the nozzle exhaust of the torch
and the fluctuations of the arc. Thus, it may affect the precision of the spectra
measurements. Moreover, resolution of the spectrometer is an important factor
which could influence inaccuracies in spectra too.
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Fig. 6 — Optical emission spectra of water vapor plasma at torch power of 47.6 kW (170 A, 280 V).
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The optical emission spectrum shows that water molecule in the plasma was
decomposed into H, OH and O radicals as it was confirmed in [28]. The main
emission lines include Ar (I), OH, O (I), Cu (I), and Balmer emission line profile
corresponding to H,, Hp and H, were detected. These lines along with their
spectroscopic parameters were taken from the NIST atomic database [29]. The
peaks of H, and Hyin the emission profile suggest that slow hydrogen atoms with
low average energies of 0.4—1 eV were dominant [30], and only traces of H, were
detected. Heating mechanism of plasma stream is induced mainly by elastic
collision between heavy ions and fast electrons.
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Fig. 7 — Optical emission spectra of water vapor plasma at torch power of 62 kW (250 A, 248 V).

High currents are important to produce active species in plasma (especially
OH, H, O radicals) which are very beneficial in reforming, pyrolysis and
gasification of organic waste extracting hydrogen rich synthesis gas or producing
other chemicals. On the other hand, the increase of the current increases the
emission of Cu I atoms from the anode surface to the plasma. Thus, the life-time of
the electrodes decreases due to intensive erosion.

3.2.2. Temperature evaluation from the emission spectra

The OH (A-X) band spectra have been used to calculate the gas temperature
[31]. It enabled to determine rotational T, temperature (7, = T) by fitting the
experimental spectra with simulated one. We used LIFBASE [32] software for
spectral simulation.

To find out whether the rotational temperature determined from the measured
spectra was reliable, it was compared with the mean gas temperature at the nozzle
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exhaust of the torch calculated from a heat balance equations (7Thuunce) [25]. The
results are shown in Table 1. It could be seen that at current intensities of 170 A
and 250 A, the difference between the temperatures (Tpuunce and T,,) was
significant. The mean temperature increased with increasing the current intensity
because of Joule heating of the gas, i.e. high densities of active species are being
generated in the plasma with fast interspecies collisional exchange [33]. Difference
between the temperatures may appear due to water vapor used as plasma-forming
gas. At temperature 2500 K only 10 % of water vapor dissociated [34] and thus
undissociated water vapor causes measurement uncertainty in spectra
measurements. In the very humid environment, some portion of energy was spent
for water evaporation and dissociation. It was reported in [35] that when no water
was present in the discharge, the same discharge at approximately the same
parameters gave higher temperatures. In case of experimental temperature 3100 K
around 40 % of water vapor dissociated [34]. The T,,, was much higher than
Tpaiance- 1t could be explained that the rotational temperature measured from OH
spectra may be overestimated due to the fact that these radicals are result of
chemical reactions and residual chemical energy can manifest itself by elevating
temperatures [36].

Table 1
Experimental and calculated results
1l [A] U [V] P [kW] G[IZO [g/S] Tbulam‘e [K] Tmt [K] Texc‘[K]
170 280 47.6 3.71 2500+6% ~1700 ~4000
250 250 62 3.71 3100+6% ~4600 ~4800

Considering that our atmospheric pressure plasma was close to local
thermodynamic equilibrium (LTE), the distribution of atoms in different excited
states could be described by the Boltzmann distribution function. Therefore, the
excitation temperature was roughly calculated using two-line method (considering
Cu I line transitions between 510.554 nm and 515.324 nm, as well as among
515.324 nm and 521.820 nm — see Table 2). The relative intensity between two
spectral lines of the same species corresponding to transitions j and k to the same
lower level i can be expressed as [37, 38]:

i: Ajigjk‘k[ exp _Ej[_Eki (4)
1 A& kT ’

ki exc

where [; and [}, is the line intensities from the j—i and k—i transitions, A; and A; — the
wavelengths, 4; and Ay the transition probabilities, E; and Ej the energy
differences between the exited levels j and k and the level i, g and g the
degeneracy of the levels j and &, T, the excitation temperature and kz is the
Boltzmann constant.
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Table 2
Line parameters of the Cu I lines [33]
Line A [nm)] E;[eV] E;[eV] g g A4;[10°s1]
Cul 510.554 3.817 1.389 4 6 0.02
Cul 515.324 6.191 3.786 4 2 0.6
Cul 521.820 6.192 3.817 6 4 0.75

The evaluated excitation temperatures (see Table 1) are quite in a good
agreement with other author who investigated a similar discharge at atmospheric
pressure [39]. At current intensity of 170 A, a difference between the rotational and
excitation temperatures was significant. It indicated that our plasma was not in a
local thermal equilibrium (LTE). The same explanation described previously may
stand commenting on this difference. In opposite, at current intensity of 250 A the
obtained rotational and excitation temperatures (7,,, = Te..) were close to each other
indicating that the local thermodynamic equilibrium conditions in our plasma were
fulfilled. According to [40] the atmospheric DC arc plasmas are supposed to reach
aLTE.

Finally, it is important to note that the rotational and excitation temperatures
determined from the measured spectra were calculated roughly. Thus, more
detailed examinations are required considering the estimation of rotational,
excitation and electron temperatures, as well as electrons concentration. However,
the former temperatures of the DC arc plasma in a mixture of Ar—H,O vapor are
not properly studied and reported in the available literature.

4. CONCLUSIONS

In this research the operational parameters of the atmospheric pressure DC
arc plasma torch stabilized with water vapor vortex, as well as diagnostics of
generated plasma jet by means of optical emission spectroscopy were studied.

The shielding gas argon was found to reduce the arc voltage by 18% at flow
rate of water vapor of 2.63 g/s, while at increased content from 3.71 to 4.48 g/s, a
good agreement between the experimental and calculated values has been
observed. The experimentally obtained integral coefficient of thermal efficiency of
the torch showed a good correspondence with accuracy less than 7% with the
calculated data.

An optical emission spectroscopy method was used to determine species in
argon-water vapor plasma, as well as the rotational and excitation temperatures.
The main emission lines observed were as follows: Ar (I), OH, O (I), Cu (I), and
Balmer emission line profile corresponding to H,, Hg and H,. The emission of OH
band was used to measure the rotational temperature corresponding to gas
temperature. The determined temperatures from the spectra at different
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experimental conditions were compared with the mean gas temperatures calculated
from a heat balance equations. The rotational temperature was measured to be
~ 1700 K at 47.6 kW, and ~ 4600 K at 62 kW torch power. The excitation
temperature was calculated using two-line method from Cu I line transitions
between 510.554 nm and 515.324 nm, as well as among 515.324 nm and 521.820 nm.
It was found to be in the range of ~ 40004800 K. At the plasma torch power of
62 kW, and the current intensity of 250 A, the rotational and excitation
temperatures (7,,; and T,,.) were close to each other indicating a LTE in the plasma.

Since there is lack of data published on diagnostics of DC arc thermal
plasmas in a mixture of Ar—water vapor by optical emission spectroscopy
estimating temperatures from the measured spectra, more detailed examinations are
required considering this issue.
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