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A 100 kW three-phase plasmatorch for low LHV fuel valorisation and other
applications

S. TAKALI, F. FABRY, V. ROHANI, F. CAUNEAU, L. FULCHERI
MINES ParisTech, Centre PERSH®Ie Claude Daunesse, CS 10207, 06904 Sophia Antipolis, France,
Phone: +33.493.957.540. E-mail; sabri.takali@mines-paristech.fr.

Abstract. High density power supply is valuable in great number of industr@icagions such as material processing
and lean mixtures combustion enhancement. The most common techredogfpuuthese applications is actually fossil
fuel burner, a process known for its limited efficiency and hjggrating expenses. Another alternative consists in plasma
torches and in particular those with three phase current supply. In additisingtantaneous response, security of use
and low cost maintenance, Three-phase Forch (TAT) with graphite electrodes is able to provide high efficiency
thermal conversion and deliver dense radical formation at high temperature.

In this paper, the development of a new 100 kW plasma torch vétihige electrodes is detailed. This plasma torch is
working with atmospheric air as plasma gas and has three-phase auppntad 680 Hz. The nominal air flow rate is at
60 NnT.h* and the gas outlet temperature is above 2500 K.

At the beginning, graphite electrodes erosion by oxidizing medium walsedt and controlling parameters were
identified through parametric set of experiments and then tuned forabptlectrodes life. Thema new concept
respecting specifications aiming at erosion reduction, power increasirfieahdfficiency enhancement was modelled
and simulated on ANSYS platform for accurate results and concept validddos multiple assumptions have been
taken for the CFD Fluent simulation concerning plasma radiation [1] andissottache modelling [2]. We expose
hereafter, the characteristics of the plasma flow and its interaction witentironing elements of the torch. The
following step consisted in developing a detailed mechanical design respecting aeplaskiction of theoretical
boundary conditions.

1. Introduction

Plasma assisted combustion has a wide range of applications from low hedtiagfuel burer to startups and
stabilisationin coal thermal plants. Its principle is mainly based on thermochemical actidtibie combustion. At
chemical level, the plasma accelerates reaction kinetics and enhances the produdtibty okactive radicals and
ionised species such as atomic oxygen. At a thermal level, plasma twaohgsliver an important volumetric density of
energy with very high efficiency. Actually, the majority of thermispa torches are based on DC technology which
suffers from reliability problems when operating with air, need gos#intenance and uses non consumable electrodes.
At center PERSEE a new plasma torche is being developed based onf yeenw-bow in the domain of three phase
plasma torches for different application domains like syngas productidaakrdarbon nucleation

For the development of a more powerful three phase plasma torch gvarlair and with electrode graphite, tests are
performed on previous generation of torches to identify the main aat&io axes. Actually, the existing torches are
mainly working with non-oxidizing gas such as hydrogenpaydelium and methane. So, the first step will consist in
studying the graphite electrodes erosion in air in order to find the &eyneters that can lead to erosion reduction.
Furthermore, since we are aiming at increasing the total power, arc ds@@nomenon is also investigated in order to
reach 100 kW with minimal heat losses.



2. Preliminary study

The first test campaign is conducted to evaluate the electrode erosifferantioperating conditions: with
non-oxidizing gas, in air, and with a mixture of air and carbon black. tntfee idea of injecting carbon
elements with air consists in providing an alternative oxidizer for oxygen ¢owah instead of oxidizing
electrode graphite. The test results are summainiz@&dbleau 1. These tests were performed at 200 A, the
electric power reaches approximately 30 kW, with a total gas flow of 53NrThe first test was completed
with nitrogen. If we neglect the formation of cyanid molecules (C-N) tatirs only at temperatures
exceeding 3000 K [3], nitrogen could be supposed chemically neutral in presemtenaoé carbon.
Consequently, the eroded mass with nitrogen is mainly due to the electric dis¢hdagt, under the effect of
the temperature, the graphite sublimate at the cathode and anode spots. Arc roots arerdise eifielct of
ionic and electronic bombardment [4]. In presence of air, erosion by chemidadmdaetween oxygen and
graphite is added to the previous erosiBizure 1 shows the impact of both types of erosion: arc discharge
effect is seen through impacts with shape of craters and oxygen erosion is notieetht@ral surface of each
electrode.

The simulation of thermodynamic equilibrium of C, O2, and N2 mixtures eet2é3 K and 5000 K gives the
proportions of all species that can coexist as a function of the temperature. Wheni®xygaess, it reacts

with all carbon atoms to form CO2 until 2000 K which dissociates then to atomic cagdeDO. Yet, when
carbon is more preponderate, it reacts with oxygen to produce CO2 until 700 K antsberatbs to give
place to CO without residual atomic oxygen. It is this situation thatam to reproduce in the inter-electrode
zone by injecting carbon black at very small granulometry in order to emliZDdormation and avoid the
reaction between oxygen and graphite electrodes. Test results with CO as plasma gas shows the pertinence of
the idea. HoweveRableau 7 shows that contrarily to what one would expect, increasing the C/O ratio leads to
an increase of electrode erosion. A previous study of carbon black radliaéigntasma torch [5] shows that
this particle behaves like a thermal shield near the walls by absorbing the heat in the plasma ngrte adi
decrease in wall heat losses. It is then possible that increasing théygaofngrbon particle for the same
amount of energy, and for a very short resident time, concentrates more the eribeyylischarge zone
without reaching sublimation temperature to react with air. Consequéetgrperature rises and the impact

of air and discharge erosions is higher.

Inlet plasma gas EquivglenF electrode
life time in hours

Nitrogen 8,07
Air 2.80
Carbon monoxide 17,64
Mixture of air and solid carbon black (C/O=1) 2,81
Mixture of air and solid carbon black (C/O=1,15) 1,64
Mixture of air and solid carbon black (C/O=1,38) 1,60
Mixture of air and solid carbon black (C/O=1,75) 1,28

Tableau 1: Equivalent electrode life time in hours for a 0.12m electrode as arfwfdtigected gas. The equivalent
electrode life is deduced from the equivalent eroded length calculated fromuhleeaiotled mass as if the erosion takes
place homogenously in the transversal section of the electrode.



Figure 1: Top view of the discharge zone, the three electrodes are in plaiti@np

Another parameter is found to be critical for electrode erosion consistsvai@iity impacting the lateral
surface of the electrodes. Figure 2 is plotted the life length of the same electrodes from different tests
conducted at different air inlet velocity. Here we see that by simply redierair speed at the inter-electrode
zone the erosion decreases drastically. This solution is kept for future desiddition, a protecting nitrogen
layer could be injected at minimum quantity around the electrode for better protection of tioelesect
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Figure 2 Graphite electrode life time as a function of air velocity in a planar three phas®aptash.

In order to increase the power of the torch we refer to the workR€fmet [3] investigating arc behaviour in
three phase plasma torch. It is concluded that the impact of Lorecgzi$oso significant that it changes the
amount of power that could be extracted by the arc for the same imposed cufeentte initial direction of
the electrode jets determines the nature of the magnetic force. For instancenar alpletrode configuration
Lorentz force has a little impact on the arc column whereas in an angulgucatifin this force increases and
deviates the arc column stretching it outside the inter-electrode zone. Our clhac2dbto the vertical
electrode position is concluded from these observations. For technical reasons, mainlyolipkesima
ignition, it is very difficult to have parallel electrodes although simoteshows it is the best configuration for
maximum arc power [3].

For assisted plasma combustion the gas at the outlet of the torche should esapérature high enough to
provide radicals for the burner. A temperature range between 2500 and 3000 K jantsise between the
low limit of oxygen dissociation [3] and the upper limit of material tasice. If the torche power reaches 100
kW with 70% thermal efficiency the inlet flow needed to obtain a minimum of 2580akout 0.02 kg's
which gives an energy density of 1.11 kWh.Nm-3. The exhaust diameter has to bar€s4% m of diameter
to obtain an outlet speed of 10 m.s-1.



3. Simulations

The objective of this simulation is the prediction of the plasma flow betia\the quantification of heat losses
to the walls and the validation of thermal resistance of surrounding elensdésthre torch. In order to obtain
viable results yet inexpensive calculation cost, some assumptions are made and simplificatigygeated.
First of all, the arc column is represented with a constant volume having the thapeeavhere the power of
100 kW is injected. The electromagnetic effect is neglected and supposed confireeddnrce volumei
parametric study is performed for the volume of this power source to seizéedls &he system is water
cooled and the cooling circuit is included in the model to predict the risextef wemperature since this
parameter is critical at laboratory level. Consequently the model includes tdiadhus: air as a plasma gas
with a total flow of 0.02 kg:5and water at 0.277 kg@-sThe torch contains three graphite electrode with 0.025
m diameter able to resist to a current value up to 400 A, an electric insulation of\Bivide and a thermal
protection made of ceramic. The different geometric shapes are simplified for imulati

Second, we neglect the effect of gas radiation although it may represent updbtBg&%eat transfer from the
electric arc [5]. Consequently, a security coefficient should be addedateriah dimensioning. In addition,
the Local Thermal Equilibrium is assumed and the gas is supposed mono-atomic. Thesgasuppised

incompressible. To represent turbulence the k-epsilon model is the most common arsdibettéor the gas
velocity we predict [6].

The geometry, meshing and simulation are all performed on ANSYS platform. The medigimiggned using
inflations and surface dimensioning and the total node number is 375000 with a maotdlaalistance of
0.005 m Figure3). The solving tool is Fluent which uses for this particular case the pressure basethablver
solves the following Navier-Stokes equations:

Mass conservation equation: ‘;—’t’ +div(pV) =0 (1)

Momentum conservation equation:pi—'; +divpV xV+gradp—dwi —pg* =0 2

Energy conservation equation:  %2% + div pV'h + div (Cigrad h) —pg =0 ©)
D
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Figure 3: Meshing of the simplified geometry (right: cross sectioneimtialdle plane, left: exterior meshing)



Figure 4 shows the gas expansion from the power source into the surrounding volumenipeeature
reaches almost 7600 K inside the power source representing arc column and dedfeasgshvigh gradient

to 1000 K in almost 0.03m. The gas accelerates inside the hot zone to aumasirB0 m.8 due to gas
expansion. Nearby the power volume, one can notice that the high energy content cregtedant pressure
gradient that aspires the air into the volume and forms vortices@ the arc column. The ceramic element
plays its role as a temperature shield and protects the steel walls from dmgrhbgatonfining the gas
expansionnto the outlet ands maximum temperature is about 2000 K; 400 K less than its top operating limit.
The heat losses to the walls are negligible and this is mainly due to theeabseadiation. This leads to
higher outlet averaged temperature of about 4000 K. The electric insulation eilementlso overheating
although the proximity of the power source. The air layer passing betheeeramic and steel walls plays
also its role in cooling the ceramic and avoiding the conduction of heat if theynvewatact. The current
lines from the gas inlets show no backflow in the exhaust but some ratooybockets are created at the
vicinity of the walls which may disturb arc discharge. The mass wgiwerage of molecular viscosity,
density and velocity at the outlet are successively: 0.000115%%},n2.2 m.g8 and 0.155 kg.i, and
knowing that the outlet diameter is 0.15 m, the Reynolds number is 2466. @dis rhat the flow is not
laminar and starts passing to turbulent state.

At the frontier between cold and hot gas where the temperature grizdiegh, Prandtl numbelFigure5)
reaches the value of 0.8 showing that thermal diffusion governed by tlkerghgction and its specific heat
capacity becomes as strong as the viscous diffusion characterised by theicinscadity whereas inside
and outside the plasma thermal diffusion dominates. This means that thisegawithyhigh temperature
gradient and high Prandtl number behaves more like a barrier that brakes the.chitek geesnetration of inlet
air into the plasma is more occurring because of the depression. On should expetthatcold gas would
not mix easily.

The thermal conductivity, the specific heat capacity and the dynamic visdbsay@approximately the same
field distribution and increase with the temperature except in the huitestvhere we see the non linearity of
these characteristics.
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Figure 4: Temperature (right) and velocity (left) fields across the middle plan.
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Figure 5: Thermal conductivity, Prandtl number, specific heat capacity aadhitymiscosity fields

4. Conclusion

The validation of the plasma flow and thermal resistance of the different components of the HPEhkkéd t
to the detailed mechanical design respecting mounting, tuning and manufacturing cenBeaides, the gas
inlets was conceived to respect inlet condition as suggested in the model. The ekamit was tested at
equivalent thermal stress and then molded according to simulation shape.hafteew design was
manufactured, the new torch has been mounted on test bench and the first start up testeasfslsand
showed up to 80% heat efficiency. A series of test campaigns is how programnedidlbdity validation and
characterization of this torch. Through this experiment, heat losses, electactehiatics, electrode erosion,
wall temperatures and overall efficiency will be carefully evaluated. Iniadgior better understanding of the
plasma flow, more accurate simulations that takes into account radiation will bergetfo

Figure 6: Design cross-section of the 100 kW three-ph Figure 7: Shot of the 100 kW torch mounted after
plasma torch. manufacturing
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