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Abstract Most arc plasma systems are based on DC plasma technologies. However AC
plasma systems can offer significant advantages versus DC plasma systems particularly in
terms of efficiency, cost and reliability. They are also likely to overcome some of the limits
of classical DC systems for some specific large scale high power applications. This paper
presents a literature review of three-phase AC plasma systems which have been developed
by the most active research groups on multi-phase AC plasma systems in the United States,
Norway, Germany, Russia, France, and Japan for about 50 years.
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Introduction

In the current context of conventional fossil fuel depletion and global warming, plasma
systems stand as one of the most promising technologies in many large scale industrial
areas such as decontamination and waste treatment (household, medical, biological, toxic,
or hazardous waste), energy (assisted combustion of Low Heat Value fuels, ignition,
startup and assistance of coal power plants, pyrolysis, fossil cracking or gasification and/or
renewable fuels), material processing (metal melting, reduction and recovery, particle
densification, gas phase synthesis of nanoparticles, etc.).

Typical advantages of plasma systems versus traditional technologies based on partial
oxidation or combustion include the following: their ability to deliver and tune the enthalpy
and/or temperature through an external energy supply with temperatures that cannot be
achieved with combustion methods, their very short dynamic response, their limited
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environmental impact (no direct CO, emissions), their flexibility and ability to operate
under very different atmospheres (neutral, reducing or oxidant), and their compactness due
to their very high volumetric energy density which opens the way to process
intensification.

However, plasma systems suffer from many general weaknesses starting with their high
Capital (CAPEX) and Operational (OPEX) costs, their delicateness, their poor robustness
and limited reliability, and their use of noble and high value electric energy. The devel-
opment of plasma systems in large scale industrial sectors still remains limited today for
these reasons.

Three-Phase AC Plasma Systems Versus DC Plasma Torches: Strengths
and Weaknesses

Todays’ electric arc plasma technologies can be divided into two categories: DC and AC
plasma torches [1, 2]. DC plasma torches usually present a tip-cylindrical geometry with
the tip (generally cathode) located at the upstream axis of a narrow cylindrical nozzle
(generally anode). The plasma gas flows through the inter-electrode annular space and a
high temperature plasma plume is generated as a result of the electric power input dissi-
pated by the Joule effect through the arc and then transferred to the main flow by con-
vection, diffusion and radiation. This plasma plume is generally characterized by a very
high velocity (several hundred m s resulting from the combined effect of the narrow
nozzle diameter and the severe thermal expansion of the plasma gas due to the gas heating.
Despite important and continuous technological and material improvements such as ad-
vanced nozzle design, optimized water cooling design, use of advanced materials and
external magnetic coils for the arc root rotation/displacement at the electrodes, DC plasma
torches have one critical weak spot which is unavoidable electrode erosion resulting in
limited electrode lifetime due to the combination of severe thermal, mechanical, and even
chemical effects (the arc temperature at the root attachment is generally above
10,000-20,000 K). Another drawback of DC plasma torches is the need for delicate and
costly power supply electronics for the AC-DC current rectification which generally
contributes to about 30 % of the overall capital and operating costs of most plasma
installations.

On the other hand, regarding several promising large scale dirty industrial applications
such as waste treatment, pyrolysis, and gasification where reliability and cost issues are
crucial, multiphase grid frequency (50-60 Hz) AC plasma torches are likely to offset some
of the critical drawbacks of DC plasma technologies. In multiphase AC plasma systems,
several arcs can coexist in a larger discharge chamber volume creating a large volume zone
as the arcs are generally much less confined than in classical DC plasma torches. This is
generally possible with a continuous and sufficiently high concentration of charge carriers
resulting from the important relative lifetime of ionized species versus current frequency.
This allows for continuous plasma despite alternating current, even during zero-current
crossing. As a result, the plasma mean temperature is much lower than in DC systems at
contracted mode. To some extent, the plasma can operate at a diffuse mode. The con-
vection transfer is enhanced by the strong motion of the arcs resulting from the current
alternating between the phases, and by the induced MHD forces occurring along the arcs
[3]. The energy spent for gas heating flowing through the arc is released at relaxation of
excitation and recombination of atoms and distributed on the remaining gas. With the
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plasma mean temperature decrease, radiation and convection heat losses can be strongly
reduced with respect to DC plasma torches, increasing the overall electro-thermal
efficiency.

Development of Three-Phase AC Technologies

United States Until the 1960s, most electric arc studies were carried out by physicists and
electrical engineers, [4, 5]. With the advent of ballistic missiles generating the need for
laboratory simulation of high temperature re-entry, aeronautical engineers turned to the arc
heater (arc plasma jet) to obtain high enthalpy gas flows.

Consequently, a considerable number of AC arc plasma research was carried out almost
simultaneously in the United States and in the former Soviet Union [6-8]. In the USA,
most of the research was done for the Aerospace Research Laboratories, Office of Aero-
space Research, United States Air Force, by Geister, Phillips and Nicholls’ team at the
Aircraft Propulsion Laboratory, and the Department of Aeronautical and Astronautical
Engineering (University of Michigan at Ann Arbor). The research focused on the study and
development of hypersonic flights at Mach numbers above 7, 8 for ballistic missiles and
high temperature re-entry applications. High pressure plasmas, often call arc “heaters”,
have a definite place in the arsenal of high temperature gas dynamic facilities between and
complementary with short run-time devices such as hot shot tunnels, shock tunnels and
lower temperature-longer run-time such as Pebble bed and resistance heaters.

In 1967, Phillips [9] established the foundation of AC arc column modeling. The
equations that describe the behavior of a time-unsteady plasma column have been sim-
plified by neglecting energy transfer by radiation and convection. Thermal plasma diffu-
sivity was assumed to be constant and a simplified expression of the electrical conductivity
was adopted. The energy equation was expressed into a universal form, requiring the
specification of only two parameters. In view of the high level of congruity between the
theoretically-derived voltage waveforms and experimental results, the authors concluded
that the behavior of the low current AC arc can be fairly described by the proposed model.

In 1969, Geister [10], with the same team, published an article entitled A high pressure
AC arc heater system. The paper reported results of two successive projects entitled Three-
Phase AC arc heater, [11] and Analysis and design of a high pressure AC Arc Heater, [12].

The research program aimed to establish design criteria for AC arc heaters with a
special emphasis on high pressure operation (>10 atmospheres) up to 170 atmospheres
(2500 psi) and power inputs as high as three MW. Parameters relevant to both stable arc
heater operation and the scaling of a given unit to higher pressure levels were found. The
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basic interactions between the AC arc column, an external applied magnetic field, the arc
chamber gas flow, and the arc stabilizing elements were discussed. After analyzing these
interactions, a generalization was found that divides arc heaters into two main types or
classes. The advantages of the AC arc heater system as well as several instrumentation
problems unique to this type of arc heater were also analyzed and discussed. The work
carried out for these projects has recently been declassified, and today it represents a
unique and impressive source of information in the field of high pressure plasmas, in terms
of technology design, selection of materials and high-level basic scientific knowledge. Two
different configurations, parallel and normal, represented on Figs. 1 and 2 respectively
have been closely studied (Table 1).

Norway AC plasma systems have also been intensively studied by Professor Bakken’s
team of the Department of Metallurgy at the Norwegian University of Science and
Technology (Trondheim Norway) in the area of submerged arc furnaces for the production
of ferrosilicon and silicon metal. In her Ph.D. dissertation entitled AC Electric Arc Models
for a Laboratory Set-up and Silicon Metal Furnace, defended in 1996, Hilde Loken Larsen
[13] developed two different AC arcs models. The electric circuit, of which the arc is a
part, was incorporated in both models, enabling the calculation of the instantaneous cur-
rent: (1) a Channel Model (CAM) taking into account convective transfers between the arc
column and the surrounding gas due to Maeker effect where the arcs are considered as a
cylindrical current conductor with a uniform temperature and radius. By solving the in-
tegral energy balance together with Steenbeck’s principle of minimum energy, the model
was able to simulate the non-linear behavior of the arc as an electrical circuit element; (2) a
magnetofluiddynamic (MFD) model that solves the conservation equations for mass,
momentum and energy together with a conservation equation for the magnetic field. The
time-dependent distributions of temperature, velocity, pressure, magnetic field and electric
current density was resolved within the arcs using a k-¢ turbulence model. Radiation was
taken into account by using the Integral Method of Partial Characteristics [14—19]. In a
subsequent PhD dissertation entitled High Current AC Arcs in Silicon and Ferrosilicon
Furnaces, Svaerdottir continued to develop both models for high current AC arcs [20]. The
coupling between the arcs and the AC power source is described by either a one-phase
electric circuit model or a complete three-phase circuit model. The three-phase model more
correctly predicts current and voltage waveforms and harmonics than the one-phase model.
The simulation results for a ~1 kA laboratory AC arcs were in line with the electrical
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Fig. 2 Simplified representation of the normal flow arc heater
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measurements. In the industrial case where current is ~100 kA, the simulations clearly
show that the maximum possible arc length is around 10—15 cm, which is much lower than
previously assumed. The preliminary cathode sub-model developed for high-current AC
arcs shows that the cathode spot is dominated by the energy impact from the high-current
electric arc. The current densities are found to be lower than in previously published
models, which indicates a diffuse cathode spot that may have a larger diameter than the arc
itself. The cathode current density varies considerably during the AC period, while the spot
radius remains almost constant. The MFD model simulations reveal that the boundary
conditions at the cathode are crucial for arc behavior. Using the boundary conditions based
on the diffuse spot cathode sub-model considerably decreases the arc resistance compared
with previously-used boundary conditions. In addition, one of the most important features
of the cathode sub-model is that the anode may be treated the same way. Simulations show
that arc splitting—i.e. several parallel arcs appearing simultaneously may also play a role
in the furnace craters. For a given arc length and electric circuit parameters, the resistance
is decreased by simulating two parallel arcs instead of one. This is explained by the fact
that the arc characteristics rise for high current arcs [21-27].

France At the CNRS-Odeillo, in his PhD in Physical Sciences, Bonet 1973, started
working on the development of a three-phase AC plasma technology for the treatment of
refractory materials at high temperature [28]. The research led to a very intense techno-
logical effort, and to the study and analysis of a wide range of prototypes and design
options together with electrode materials and plasma gases and a comprehensive para-
metric study based on the following elements: inter-electrode distance, plasma gas nature
and flow rate, nature of the electrodes, and current. All the developed prototypes were
characterized by the use of a pilot plasma plume (Fig. 3) operated with DC or AC current
and a set of electrodes with converging axes located symmetrically or not with respect to
the pilot torch in such a way that the inter-electrode space was immersed by the pilot
plasma jet. The electrodes’ materials were generally copper or tungsten-based. The bottom
of the electrodes generally had a tip geometry. A high-temperature refractory material
(generally pure silica) was used to inject gas sheathing around the electrodes. The power
supply was based on two series components: (1) an induction regulator with a 380 V input
voltage giving an output voltage adjustable between 0 and 760 V; (2) a second transformer
with an output voltage adjustable in the range 0-2000 V with a 200 A maximum line

Fig. 3 Scheme of the three-
phase AC arrangement with the
ignition pilot plasma torch

A electrode, B electrode’s holder,
C pneumatic cylinder, D pilot
plume, E alignment ring,

F plasma gas feeding, G AC
power supply, H DC power
supply, / pilot jet, J main plasma
volume [28]
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current. The electrodes were generally moved using pneumatic cylinders for the plasma
ignition. Once the three-phase plasma ignited, the electrodes were moved back using the
pneumatic cylinder, and the pilot plasma jet was generally stopped (Fig. 4). Different
neutral, oxidant or reducing plasma gases, such as argon, nitrogen, hydrogen, air, and
oxygen were tested. With air, the role of high lifetime metastable species created in the
plasma by chemical or photochemical activation was highlighted showing a positive effect
on both plasma stability and electrode erosion. The following electrode materials were
tested: tungsten, molybdenum, copper CrM16, electrolytic copper, O.F.C.H. copper, alu-
minum 99.99, duralumin, nickel, mild steel, stainless steel NS30, and silver. The best
compatibility between the electrode materials and common plasma gases were the fol-
lowing: tungsten and copper for argon, copper for nitrogen, and copper and O.F.H.C
copper for air. The remarkable behavior of copper, particularly the high-purity oxygen-free
O.F.H.C copper, can be explained by the current density, the thermal conductivity and the
temperature of the anodic and cathodic spots [29-34]. Also, some preliminary tests with 6
electrodes operating with an AC hexa-phase power supply were performed.

Between 1979 and 1980, the French Lafarge cement company, the Limoges University
and the CNRS-Odeillo lab led a collaborative research program on raw cement powder
decarbonization based on the Odeillo’s three-phase AC technology. Despite some technical
issues, the process was shown to be feasible but never developed at an industrial scale
probably for economic reasons.

In 1986, the French engineering company Bertin and the French utility company EDF
worked on the development of an hybrid 500 kW electro-burner prototype [35, 36]. The
purpose was the production of heat using natural gas and electricity. The plasma tech-
nology was derived from Odeillo’s technology using graphite electrodes. Two different
concept designs were successively explored: in the first version, the plasma discharge
directly took place in the burner throat. In the second version, the plasma discharge took
place in a separate upstream chamber. Despite interesting achievements on electrode
erosion and thermal resistance issues, the concept was abandoned in the 1990s and it never
reached the industrial scale. A short note describing the historical evolution of the three-
phase AC plasma system with graphite electrodes was given by Badie [37].

Fig. 4 Three-phase argon plasma flow with tungsten electrodes [28]
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After a “dormant” period, the development of the three-phase AC technology resumed
in 1993 with research on the hydrocarbon cracking for the co-synthesis of carbon black and
hydrogen [38—41]. The research was a collaboration between Flamant’s team at PROMES-
CNRS Odeillo, and Fulcheri’s team at PERSEE MINES ParisTech Sophia-Antipolis. It
was initiated with the support of the French utility and gas companies EDF and GDF
respectively, and LONZA, a Swiss company among the world leaders in the production of
synthetic graphite. After very promising preliminary achievements, the research continued
between 1997 and 2003 through three successive European projects. In parallel with the
production of carbon black, it has been demonstrated that the three-phase AC plasma
technology was particularly suited to the large scale synthesis of fullerenes and carbon
nanotubes [42, 43]. In 2002, the 250 kW three-phase AC plasma equipment, initially
located at PROMES-CNRS Odeillo, was moved to PERSEE MINES-ParisTech Sophia
Antipolis. Between 2004 and 2009, the development of the technology continued as a
collaboration between MINES-ParisTech and TIMCAL with the purpose of developing the
technology to the industrial pilot scale. Since 1993, four international patents in the field of
carbon material processing using the three-phase AC plasma technology have been
granted, four PhD theses have been carried out, and a significant number of papers have
been published in peer review journals and international conferences.

In his PhD, Fabry 1999 [44] focused on the development of experimental devices,
diagnostic tools for the three-phase AC reactor, experimental analyses based on macro-
scopic heat and mass balances, as well as experimental plasma flow diagnostics. Plasma
carbon black obtained with different precursors were analyzed, and the product structure
was linked to the operating conditions. Carbon black was characterized by X-Ray
Diffraction (X.R.D.), X-ray photoelectron spectroscopy (XPS), auger electron spec-
troscopy (AES), and transmission electronic microscopy (TEM). Meanwhile, Ravary [45]
demonstrated that the flow was highly influenced by the arc motion. The presence of three
electrodes creates a mutual electromagnetic influence of the arcs which deeply modifies the
flow in this type of reactor. To analyze this very complex problem, a high-speed cinema-
camera was used to film the arc zone. As represented on Fig. 5, the movies showed the
importance of the electromagnetic forces applied on the arcs which consequently had very

Fig. 5 Axial view of the plasma
arcs and graphite electrodes
showing the centrifugal motion
of the arcs [48]

electrodes
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specific motions. The forces have been evaluated in a simplified geometry of the arcs. This
estimation proved to be in qualitatively good congruity with the observed movement of the
arcs, particularly when argon was used as a plasma gas. A simplified model derived from
the electromagnetic force model was used as input of the CFD model as a source of
momentum [46, 47]. A comprehensive summary of achievements obtained between 1993
and 2003 is given in [48].

Since 2009, PERSEE-MINES ParisTech’s research aims to extend the three-phase AC
plasma technology applicative domain toward gasification and assisted combustion. In his
PhD, Rehmet 2013, [49] continued and deepened the analysis of the three-phase AC
plasma system under non-reactive conditions (nitrogen, syngas) through an original ap-
proach led on both the theoretical and experimental sides. The experimental study was
mainly based on high speed video camera (100,000 frames per second) and electrical signal
analyses. The theoretical analysis led to the development of an unsteady 3D Magneto-
Hydro-Dynamic (MHD) model of the arc zone using the CFD software Code_Saturne®. A
parametric study based on current, frequency and plasma gas flow rate was carried out.
Additionally two electrode configurations (coplanar and parallel) were studied. The studies
highlighted the dominant influence of the electromagnetic phenomena on the arc motion.

In a paper published in 2013, Rehmet [50] presented an MHD numerical model to get
preliminary information on the arc behavior in a three-phase AC hot graphite electrode
plasma torch. Because of the complexity of the system, strong hypotheses such as the LTE
assumption were considered. The MHD modeling was successfully implemented and the
model automatically simulated the arc ignition, extinction and motion between the three
electrode tips. The experimental results obtained with a high-speed camera and published
in a subsequent paper [51] showed that the arc behavior was totally in line with the results
obtained with the model. This work opened the way to a better understanding of three-
phase discharges. Significant information which can hardly be achieved experimentally
was obtained. Results showed that the mass flow emanating from the electrode jets controls
the arc motion and the shape of the post-discharge plasma flow. This induced mass flow is
directed along the normal of the electrode tip and diverts part of the plasma gas towards the
walls. Also, the heat transmitted to the inactive electrode by these jets contributes to
initiate new arcs. Regarding the electromagnetic phenomena, the current rise increases the
Lorentz forces and stabilizes the arcs in the inter-electrode gap. Based on the parametric
study, it appears that the imposed current in the arcs changes the electrode jet velocity as
well as the shape of the post-discharge flow. On the other hand, the temperature imposed at
the electrode tips also has significant influence on the arc motion and the plasma flow
shape. Globally, the arcs generated between three graphite electrodes induce a specific heat
and mass transfer which tend to homogenize the plasma flow temperature and to increase
turbulence.

A subsequent paper [52] was dedicated to the experimental exploration of arc behavior.
A high-speed video camera was used to observe the arc motion and an oscilloscope was
used to analyze voltage and current waveform analyses. First, a reference case at 150 A
was closely analyzed and a parametric study based on current and inter-electrode gap was
carried out. The analyses of the image sequences confirmed the expected cycle of 6 arcs in
each period. The arcs exist one at a time and rotate by switching from one pair of
electrodes to another, following the highest electrical gap potential. However, a particular
abnormal arc behavior was sometimes observed which gave rise to an unbalanced three-
phase behavior. In this case, the electrode jets are not directed toward the inter-electrode
zone but to its periphery. Then, the temperature between two electrodes decreases and the
electrical conductivity becomes insufficient to ignite a new arc in the zone. This point
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underlined the key feature of the heat and mass transfers within the inter-electrode region.
The image sequence also showed that the arcs could have four main shapes: I, V, W, and S.
These shapes show that the arc motion was influenced by the electrode jet velocity and
magnetic repulsive forces between the two electrode jets. The electromagnetic Lorentz
forces assisted by the electrodes jets tend to stretch the arc toward the inactive electrode. In
addition, the heat transmitted by the electrode vapor jet directed toward the inter-electrode
zone contributes to the ignition of a new arc root. The arc motion within the inter-electrode
gap then enhances the three-phase arc discharge. Based on the video sequence, the arc root
preferentially occurs on a hot electrode zone which gives a certain recurrence on the
position of the arc root origin. This shows that the electrode temperature also has sig-
nificant influence on the arc ignition. However, the parametric study shows that, from a
qualitative point of view, the current rise increases the electrode hotspot size, the electrode
temperature, and the velocities of the arc and electrode jet which stabilizes the arc dis-
charge. Elsewhere, the increase of the inter-electrode gap tends to stabilize the electrical
three-phase arc discharge. Furthermore, the correlation between the arc motion and the
current waveform is highlighted. Several current waveforms for an abnormal system are
explored. The video images analysis confirms that the Lorentz forces and the electrode jet
forces have a strong influence on the arc motion. This arc motion within inter-electrode gap
increases the heat exchange and stabilizes the three-phase discharge.

The comparison of theoretical and experimental results presented in a subsequent paper
[53] showed a good consistency for 100-300 A RMS currents and various inter-electrode
gaps. Regarding the electrical signals, voltage, current—voltage phase delay and power

Temperature (K) Temperature (K)

16495 19408

14631

12446 9884

8397 5077
300

4348

300
Y

b

Lorentz forces

Fig. 6 Schematic representation of the influence of the Lorentz forces (left) and the electrode jets (right) on
the arc motion (left) and by the electrode jet (right) [49]
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were not accurately reproduced with the MHD model. This study showed that the electrode
tip geometry had significant influence on the arc behavior and electrical waveforms. By
modifying the model with the conically-shaped electrode tip, a better correspondence of
theoretical and experimental results was achieved. In particular, the current—voltage phase
shift was fairly reproduced showing that this phase shift is probably due to arc ignition
delay. Figure 6 gives a schematic representation of the influence of the Lorentz forces
(left) and the electrode jets (right) on the arc motion (left) and by the electrodes jet (right).
Figure 7 represents MDH modeling results showing instantaneous current density
streamline (A.m~ ) within the computational domain in the parallel electrode geometry.

The influence of the electrode configuration on the arc behavior was studied in [53]. In
the coplanar electrode configuration, the arcs are confined within the inter-electrode gap.
Arc behavior is mostly controlled by hydrodynamic electrode jet forces. The enthalpy
transported by these jets on the inactive electrode helps arc ignition. In the parallel elec-
trode configuration, the arcs are not confined and arc elongation increases. The induced
free-burning arcs are directed toward the axial and radial directions by the magnetic
pumping effect and Lorentz forces. This particular arc behavior has already been suggested
by different studies. In this geometry, the interaction of the three line currents flowing in
the electrodes and within the arc-induced magnetic repulsive forces on the arc roots leading
to a global centrifugal arc motion. Experimental results obtained with the high-speed
camera show a fair correlation between the experimental and numerical arc behaviours and
arc shapes. By adjusting the electrode configuration, the arc elongation and the dissipated
power can be controlled. Also, the optimal electrode configuration can be adjusted de-
pending on the nature of the plasma gas.

Current
1.00e+006

7.50e+005
5.00e+005
2.50e+005

0.00e+000

-

Y

Fig. 7 MDH modeling results giving instantaneous current density streamline (A m~2) within the
computational domain in the parallel electrode geometry [49]
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Russia and the former Soviet Union Considerable research and development work on
the three-phase AC technology has also been carried out in the former Soviet Union, later
Russia, by Rutberg’s group of the Institute for Electrophysics and Electric Power, at the
Russian Academy of Sciences in St Petersburg. This R&D effort implies operating with
different gases in a wide range of power (up to several MW), with different modes of arc
burning and arc interaction, and with electrode lifetimes extending to as long as 1,000 h
under oxidizing media operation [8]. Most research is driven by applications in the field of
gasification and waste treatment, and to a lesser extent in the area of chemistry [54-58]. In
2005, Rutberg and other co-authors [59] presented two types of stationary multiphase AC
plasma generators developed for waste destruction and syngas production. The paper
presented plasma generators with an average power of up to 50 kW and high power up to
500 kW working on oxidizing media.

The authors highlighted the presence of two different arc burning modes: a diffuse mode
at ne ~10'"-10" cm™> and a contracted mode at Ne ~ 10'® cm™>. The external ex-
perimental data-based characteristics (dependence of working gas heat content, power in
the arcs and efficiency on flow rate) were also presented with the influence of plasma
forming gas variation on electric parameters. To a certain extent, for a given geometry and
plasma gas, the electrode modes can be controlled by the phase-to-phase currents. The
powerful multiphase AC plasma generator works at the atmospheric pressure on oxidizing
media (air) in the power range of 100-500 kW and 10-70 g s~ flow rates, with a thermal
efficiency of 70-90 % and an electrode lifetime over 100 h. The thermal efficiency of an
average power (up to 50 kW) plasma generator in the range of an air flow rate of
2-25 g s is 80-95 %, while the electrode lifetime is 100 h. The multiphase AC plasma
generators allow for the working gas heat content to be controlled at the outlet in a wide
range (for air from 1.5 to 12.5 MJ kg™!). The power multiphase single chamber plasma
torch is shown in Figs. 8 and 9. The principle of the electrodynamic motion of the arcs in
the self-current field is the basis of the plasma torch operation (rail-gun effect). Similarly to

Fig. 8 Multiphase single chamber plasma torch developed at the Institute for Electrophysics and Electric
Power. Power 500 kW, working gas—air (Rutberg, personal communication)
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Fig. 9 Scheme of the three-phase AC plasma torch developed at the Institute for Electrophysics and
Electric Power I injector, 2 electrode, 3 insulator, 4 terminal, 5 cooling jacket, 6 loop of working gas supply
(Rutberg, personal communication)

Bonet’s technology [28], this plasma torch includes a low power (up to 10 kW) single-
phase high voltage ignition plasma torch injector. The injector creates a plasma flow with
electron concentration n. ~ 10"°-10'"* ecm™, sufficient for smooth ignition of strong
current arcs at start up and after current transition through zero. The arcs are initiated
between the basic electrodes in an area of minimal distance, while the arc attachments
move along the surfaces of the divergent electrodes. The rapid motion of the arc attach-
ment point along the electrode under the impact of electrodynamic and gas dynamic forces
distribute the heat load. This permits the use of water-cooled electrodes made from fusible
material with high thermal conductivity, capable of working on oxidizing media.

The three-phase average power plasma torch is a high voltage plasma torch up to 50 kW
with rod electrodes positioned in cylindrical channels. The arcs are initiated in the areas of
minimal distance between the electrodes and walls of the case, blown by gas and closed at
the exit from channels. Three conductive plasma columns are formed. The open circuit
voltage of the power supply source is around 6 kV. The voltage drop on the arcs, de-
pendent on the gas flow rate, is about 0.8-2 kV. The plasma torch is stationary for 100 h
and its case and electrodes are water-cooled. Its thermal efficiency varies in the range
80-95 %. The average temperature of the gas flow with air can be controlled within a
range of 1500-6000 K.

The power supply system of multiphase AC plasma torches with tube (rail) electrodes
reflects the specific features of the operation of this type of plasma torch, and it is designed
to ensure a reliable switch-on and continuous and stable operation of the plasma torch in
different modes [8]. One of the particularities of these plasma torches is the significant
variations of geometrical size of the arcs as a result of the arc gliding along the divergent
electrodes. In addition, the open circuit voltage of the power supply of the main arcs is
lower than the breakdown voltage and requires the use of a pilot plasma plume. The power
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supply system includes (1) a high current-low voltage stage, (2) a high voltage—low current
stage, and (3) devices for the reactive power compensation.

The high current part of the power supply system includes sectional water-cooled
inductances limiting the arc current, allowing the power of the system to be controlled by
varying the inductance. The inductance of current limiting reactors can vary in acting
systems. The values of the power supply system inductances are fitted so that the energy of
the electromagnetic field of the inductance can compensate the voltage pulsations resulting
from the arc oscillations. The low current and high voltage stage includes a power source
of the single-phase high voltage pilot plasma torch. The pilot plume is intended to create
the necessary concentration of charge carriers in the gap volume located at the electrodes
vicinity. The voltage of the high current arcs varies in the range of 150-340 V while the
voltage of the pilot plasma is in the 1.2-2 kV range.

The image shown in Fig. 10a is characteristic of the contracted mode of arc burning.
When installing a contracted mode of arc burning (n, ~ 10" em™, T ~ 10*K), a sig-
nificant fraction of the energy is transferred by radiation. Figure 10b presents a photograph
of the diffuse mode of arc burning in the discharge chamber of the plasma torch. Under this
mode, the share of radiation heat exchange is much lower.

The power increase of such plasma torches is traditionally obtained by increasing the
arc current under low voltage drop (few 100 V). Unfortunately, under high current, the
electrode’s lifetime, even when water-cooled, does not exceed a few 100 h, which is a
major drawback for most applications. One alternative solution to increasing the power of
the plasma torch while limiting the electrode erosion is to increase the voltage and to
maintain the arc current at a low level. Such AC plasma torches with arc burning in long
cylindrical channels have been developed at IEE RAS. The electrical field strength in the
arc column of the high-voltage plasma torch, using air as a plasma-forming gas, does not
exceed 15 V em™'. It is possible to obtain the high voltage drop in the long arc stabilized
in the channel by the intensive gas flow under specific conditions. In a paper entitled The
investigation of an electrical arc in the long cylindrical channel of the powerful high-

Fig. 10 Arcs in the discharge chamber of the three-phase plasma torch (working gas air). a Frame of the
high-speed digital video filming (camera HiSyS 2000, 2000 frames s—'). The dashed lines show the
contours of the electrodes and the boundary of the visible region of the discharge chamber, power 130 kW.
b Diffuse mode of arc burning, power 500 kW (Rutberg, personal communication)
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voltage AC plasma torch, Rutberg et al. [60] presented models of high voltage plasma
torches with rod electrodes with power up to 50 kW. The plasma torch arcs burn in
cylindrical channels. These investigations aimed to study the possibility of developing long
arc plasma torches with higher power. In parallel, experiments of intensively blown arcs in
long cylindrical channels were carried out using the AC power supply with a 10 kV open
circuit voltage. Voltage drops close to the maximum were reached. Typical parameters for
three-phase mode are as follows: current: 40-85 A, voltage drop: 2.5-3.2 kV, air flow rate:
60-100 g s~'. Arc lengths exceeding 2 m were obtained.

In an article entitled: Novel three-phase steam—air plasma torch for gasification of high-
caloric Waste Rutberg et al. [61] presented the results for an AC electric arc that burns a
mixture of steam and air in a three-phase high-voltage plasma torch and can be imple-
mented to produce plasma for plastic waste gasification. The dependence of electrical
parameters on the ratio of the steam to air mass flows [H,O:Air] = [1:6] at an ap-
proximately constant total mass flow of the plasma-forming gas were obtained during
several experiments. During the experiments, the arc parameters were as follows: voltage
drop of 1.0-1.8 kV, current of 28.5 A, and power of 52-86 kW. The thermal efficiency of
the plasma torch was 94-95 %. CCD cameras operating at 4,000 frames per second (fps)
were used to determine the average discharge length of 798 mm. A camera with a high
shutter speed was used to determine the average arc diameter. Arc temperatures were
estimated in the range 10,000-11,500 K using the thermodynamic equilibrium approach.
Experimental results indicate that increases in the steam content of the steam—air plasma
led to a reduction of the arc’s temperature and electrical conductivity. Figure 11 shows a
photograph of the external part of the arc column.

Germany One of the first attempts to explore the three-phase plasma technology was at
the Krupp Research Institute. It aimed to study the worthiness of the AC plasma torch as a
heating system for melting scrap and heating liquid steel in a furnace ladle. For this
particular application, the three-phase plasma torch was considered particularly suitable for
heating liquid steel as it does not require a bottom electrode. For low carbon content steel,
graphite electrodes could not be used because of the risk of carbon pickup, so water-cooled
thoriated tungsten electrodes were chosen. R. Heinke, H.J. Bebber and D. Neuschiitz from
the Aachen Technical University started fundamental development of an operational high-

Fig. 11 Photograph of the external part of the arc column (Rutberg, personal communication)
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power three-phase AC plasma heating system in 1982 at three different levels: on the torch
itself, on the furnace mechanics, and on the power supply unit. In 1985, they started the
conceptual design of a fully operating 10 ton AC plasma melting furnace which went into
operation a year later at the German Krupp Stalh AG facility. The system was equipped
with a 112 mm diameter and 3 m long transferred arc torch which provided 3.6 MW (at
600 V and 6 kA and standard frequency). The torch consumes 9 Nm® h™! of argon as
plasma gas, requires 18 m*> h™" of cooling water and has an electrode life of 100 h. Driven
by the need for even more powerful AC plasma torches, the system was scaled up to carry
20 MW and was tested in 1987 in an Italian steel plant as a collaborative effort with the
Centro Sperimentale Metallurgie in Rome. The laboratory assessment shows a higher yield
of iron recovery of alloying elements for different power levels. This is due to a relatively
inert furnace atmosphere, lower noise, and reduced flicker levels resulting from a stabilized
plasma arc, absence of carbon pick-up, and relatively small increase in electrode heat
losses when compared to previous DC heating system.

At the simulation level, H. Pfeifer et al. presented an analytical model to describe the
thermal behavior of transferred AC plasma arcs in plasma furnaces and the interaction
between the arc, the vessel and the ladle or tundish charge. Here, the model assumes an
integral energy balance for the arc or the overall plasma jet which cannot provide infor-
mation about the local distribution of the arc parameters but gives the sequential course of
the energy input and output. The heat flow released by radiation from the arc column is
taken into account and the reabsorption within the arc is also considered. In order to
evaluate the mass flow within the plasma jet, the model integrates the Maecker effect. The
resulting system of equations defines the arc resistance, and links the current variation with
the intermittence of the mass of the dynamic arc. The results gave valuable information
about the electrical characteristics of the plasma jet and showed strong coherence with
experimental data. In 1992, F. Bebber and J. Hackmann studied the electrode erosion
phenomena in high-power thermal arcs and presented a comparison of various erosion
mechanisms for tungsten cathode where results show that erosion by evaporation and
melting exceeds the sputtering rate by orders of magnitude [62]. Until 1994, in the German
metallurgic sector, although many different plasma systems had been installed, the pilot
level often had been the final stage. An exception to this consists of plasma tundish and
ladle heaters generally equipped with non-transferred AC plasma torches working with
argon, while some DC plasma torches were also deployed. The maximum current capacity
of 12 kA reached with AC torches is around 50 % more than the maximum DC torch
current capacity [63]. In the Department of Theoretical Metallurgy at RWTH Aachen, a
pilot plasma furnace with two AC plasma torches was installed to investigate the feasibility
of the treatment of dusts and ashes from municipal solid waste and from sewage sludge
incineration. The two operating torches were equipped with argon-stabilized tungsten
electrodes and their power ranged from 250 to 350 kW [64].

Japan In 2008, T. Watanabe et al. introduced an innovative multiphase AC plasma torch
for glass melting applications [65]. The torch was equipped with 12 tungsten electrodes
arranged with a 30° angle and spread into two parallel layers at a distance of 80 mm (six
upper and six lower). The 3.2 mm diameter electrodes were water-cooled, and composed
of 98 and 2 % tungsten and thorium respectively. They were shielded with an argon layer
injected at a 60 1 min~" flow rate to avoid erosion by air. The typical power varied in the
range of 40-50 kW with a 290 A current. To generate the multiphase AC current, 24 sets
of arc welding transformers with single phase AC (DAIHEN B-300) were used, and the
phase transition from one electrode to the next was at 600 Hz [66]. Experimentally, voltage
measurements and high-speed camera observations were performed to analyse the stability
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of the arc discharge. As multiple arcs were able to coexist simultaneously in the inter-
electrode zone, the author suggests that an increase of the number of phases leads to lower
fluctuation degree due to the reduction of the re-ignition voltage.

Conclusion

Existing electric arc plasma technologies can be divided into two categories: DC and AC
plasma torches, DC plasma torches being by far the most developed. In DC plasma torches,
the plasma jet generally has a very high velocity (several hundred m s~") due to the narrow
nozzle diameter and severe plasma gas thermal expansion. Despite important and con-
tinuous technological and material improvements, DC plasma torches suffer from one
innate critical weakness which is the limited electrode lifetime due to severe thermal,
mechanical and chemical constraints leading to their erosion. Moreover, DC plasma
torches need expensive power supply electronics for the AC-DC current rectification
which generally accounts for about 30 % of the overall CAPEX and OPEX costs of the
plasma installations.

In several large-scale high-power industrial applications such as waste treatment, hy-
drocarbon processing, pyrolysis, or gasification, where reliability and cost issues become
crucial, multiphase grid frequency AC plasma torches are likely to overcome some im-
portant drawbacks of DC plasma technologies. Since the 1960s, significant R&D efforts
have been carried out in the United States, Norway, France, Russia, Germany and Japan.
Some of the most attractive features of the AC plasma systems include the following:

1. Unlike DC, multiphase AC plasma systems can be operated with simple and “cheap”
transformers, significantly reducing OPEX and CAPEX costs while increasing
reliability and scalability.

2. In multiphase AC plasma systems, several arcs can coexist in a larger discharge
chamber volume creating a large volume zone. As a result, the mean plasma
temperature can be reduced versus DC systems, increasing the overall electro-thermal
efficiency by reducing thermal losses.

3. Depending on the operating conditions and torch design, multiphase AC plasma
systems can operate under constricted or diffuse modes.

4. The convection transfer within the plasma can advantageously be enhanced by the
strong arc motion resulting from the current alternating between the phases and the
induced MHD forces occurring along the arcs.

5. As in DC plasma torches, the arcs can advantageously be modified and controlled by
the use of an external magnetic field for the spot motion (limitation of the erosion) and/
or arc elongation (control of the arc voltage/power).

6. In multiphase AC plasma systems, each electrode acts both and successively as
cathode and anode, leading to a more symmetrical operating mode than in DC systems
and to reduced electrode erosion at constant current with respect to DC.

7. AC plasma systems can use different electrode materials: copper, tungsten, graphite,
stainless steel, molybdenum, and aluminum which can be water-cooled or consumable.

8. In the case of large scale graphite electrodes, the feeding can advantageously be
carried out continuously using graphite paste via the so-called Soderberg process.
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