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Resumo

Processos de combustdo s&o um fator importante no progresso humano. Entretanto, os gases
de exaustdo resultantes podem conter espécies de risco, seja pela sua toxicidade para as
espeécies vivas ou por contribuirem para a degradacdo ambiental. Dentre as diferentes técnicas
usadas para o controle de emissdo de poluentes advindos da combustdo, pode se destacar o
uso de plasmas fora do equilibrio termodindmico devido a sua acdo como fonte de espécies
quimicamente ativas, tais como radicais e especies ionizadas, além de elétrons livres que
promovem a ionizacdo e dissociacdo de moléculas no gas presente. Nesse estudo, uma
descarga de arco deslizante gerada em uma pré-mistura rica em combustivel foi aplicada a
uma chama pobre em combustivel, estabilizada por swirl, ambos gerados em mistura de ar e
gas natural. O diagndstico elétrico da descarga foi realizado com o intuito de verificar a
influéncia da vazéo de gas e da composicao da mistura na frequéncia de repeticdo da descarga
e mostrou que tanto o aumento da vazdo de gas quanto da quantidade de combustivel na
mistura eleva a frequéncia de repeticdo da descarga. A analise quimica dos produtos da
combustdo assistida a plasma mostrou que a descarga age como uma fonte de espécies
oxigenadas e hidrogenadas (O, H, Hz, OH), que aceleram a oxidagdo dos hidrocarbonetos e

diminuem os niveis de mondxido de carbono, aprimorando o processo de combustéo.
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Abstract

Combustion processes have been an important factor in human progress. However, the
exhaust gases can contain high-risk species, either by its toxicity to living beings or for
contributing to environmental degradation. Among different techniques used for combustion
pollutant control, it can be highlighted the use of non-equilibrium plasmas. This kind of
plasma is a source of chemically active species such as radicals, ionized and metastable
species, and also free electrons which promote the ionization and dissociation of the
background gas molecules. In this study, a gliding arc discharge generated in a fuel-rich
premixed mixture was applied to a swirl global fuel-lean flame, both of them generated in a
mixture of air and natural gas. The discharge electrical diagnostic was performed to verify the
influence of the gas flow rate and the mixture composition on the discharge repetition
frequency. Both the increase of the total gas mass flow rate and of the fuel amount in the
mixture increase the discharge repetition frequency. The chemical analysis of the plasma-
assisted combustion exhaust gas showed that the discharge acts as a source of oxygen and
hydrogen species (O, H, Hz, OH). It accelerates the hydrocarbon oxidation and lowers the

levels of carbon monoxide, improving the combustion process.
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1 Introduction

1.1 Motivation

Combustion processes are strongly linked to the humankind advance since its early
age. The control of the fire by early humans provided them a source of warmth, protection
against predators, improved their ability of occupation of new areas, and also enlarged their
diet due to an improvement on hunting and cooking (JAMES et al., 1989; WEINER et al.,
1998). Nowadays, combustion is more linked to transportation, power generation and
industrial applications, and its control and improvement still remain an essential topic.

Great concern about the combustion is its pollutant emissions such as nitrogen and
sulfur oxides (NOx and SOx), carbon monoxide (CO), unburned hydrocarbons and
particulates. Most of these emissions are highly toxic and contributes to global warming also.
Although CO2 also contributes to the greenhouse effect, it is an inherent product of the
combustion. Therefore, as CO: is a desirable compound on the combustion exhaust gas, it
preferable to treat it after the combustion process.

Since the adoption of the United Nations Framework Convention on Climate Change
(UNFCCC) in 1992 (UNITED NATIONS, 1992), many actions have been proposed to reduce
the pollutant emissions from industrial processes such as Kyoto Protocol (UNTITED
NATIONS, 1998), the Paris Agreement (UNITED NATIONS, 2015) and local actions as the
European Union Emissions Trading System (EUROPEAN COMISSION CLIMATE
ACTION, 2016). This last set to the European Union a periodically reducing cap on the total
amount of certain greenhouse gases that can be emitted by installations.

In accordance with Kyoto Protocol, Brazil developed its own guidelines and objectives
on the reduction of combustion emission levels, mainly by means of the National Policy on
Climate Changes (PRESIDENCY OF THE REPUBLIC OF BRAZIL, 2009) and the
resolutions from the National Environment Council (CONAMA) (NATIONAL
ENVIRONMENT COUNCIL - CONAMA, 2012).

Among various technologies to reduce pollutant emissions from combustion, the
possibility of application of non-equilibrium plasmas in atmospheric pressure has increased
due to its action as heat and radical-pool source, promoting changes in the chemical routes,

which can decrease the production of undesirable compounds. Moreover, this kind of plasma
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can also improve combustion by enlarging the flammability limits (SAGAS; MACIEL;
LACAVA, 2016; VARELLA; SAGAS; MARTINS, 2016) and increasing flame stability
(WU et al., 2015).

In this context, the present study is concerned with an experimental investigation
about the plasma-assisted combustion in a global-lean swirling flame. The lean combustion is
one of the strategies used in gas turbine systems to prevent NOx emissions. However, due to
the low temperature in the flame zone, the kinetic mechanism is slower and part of the
oxidation reactions can be quenched, increasing the emission of unburned hydrocarbons and
CO.

In the present study, the use of a gliding arc (GA) plasma is proposed and investigated
as a tool to minimize this situation. The plasma application aims to accelerate the combustion
kinetics of a global fuel-lean flame feeding it with the species generated by a fuel-rich GA, in
order to diminish the concentrations of the total hydrocarbon content (THC) and carbon
monoxide (CO) in the exhaust gas, keeping the nitrogen oxides (NOx) levels acceptable. The
results of the present research can give valuable information to future applications such as gas
turbines and systems that operates in fuel-lean conditions.

The GA plasma was chosen for this application due to its high versatility, low
production cost and because its use does not require considerable geometric modifications in
the combustion system. Besides that, the present study represents a continuation of the
research in GA applied to plasma-assisted combustion developed by the Laboratory of
Combustion, Propulsion and Energy (LCPE) at the Technological Institute of Aeronautics
(SAGAS, 2009, 2013; SAGAS et al., 2011; VARELLA, 2015).

Plasma-assisted combustion (PAC) literature is short of studies comparing the
combustion exhaust gas composition with and without the plasma application in the same
conditions. Given that, the present study analyzes the influence of the gliding arc discharge on
the exhaust gas composition by performing this direct comparison. This methodology allows
verifying what compounds the plasma application impacts, and what effects are due to the

flame dynamics and which are due to the presence of the plasma.

1.2  Objectives

The main goal of this study was to verify the gliding arc plasma effect on emissions of
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a global fuel-lean swirl flame by directly comparing the conditions with and without plasma
in the same system.

To accomplish this goal, some secondary objectives are outlined:

i.  the electrical characterization of the discharge was performed to verify how the mass
flow rate and the concentration of the feed gas mixture influence the discharge
characteristics such as the mean current and voltage, and repetition frequency.

ii. a set of tests was performed to verify the effect of the flame in the gliding arc
electrical properties, to guarantee that it was possible to isolate the effect of the
discharge on the direct comparison between flame conditions with and without plasma
application.

iii.  The analysis of the combustion exhaust gas with and without plasma application
allowed verifying the role of the plasma in the combustion process. Especially the
effect of the plasma on the CO and hydrocarbons oxidation as well as in the NOx

formation.

1.3 OQOutline of the Thesis

In chapter 2, an introduction to the subject of plasma, GA and a discussion of the
plasma-assisted combustion is presented, exposing the advantages of using plasma in
combustion processes with an overview of the state of the art in plasma-assisted combustion.
A Dbrief discussion about the PAC chemical kinetics and a description of the basic
phenomenology of the gliding arc are also provided in this chapter.

In chapter 3, a detailed description of the experimental setup is presented. It also
includes a discussion about the methodology used to perform the discharge electrical
characterization and the exhaust gas composition analysis.

In chapter 4 the electrical characterization of the discharge in fuel-rich conditions is
presented and the effects of the mass flow rate and concentration of the feed gas mixture are
discussed. It is important to notice that in this chapter, only the discharge was studied, not
overall aspects of the plasma-assisted combustion process.

In chapter 5, the effects of the discharge on the composition of the burner exhaust gas

is discussed. In this analysis, the effect of the global equivalence ratio and the plasma reactor
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equivalence ratio were taken into account. Correlation between the results and the main
chemical pathways given in the literature is also presented.
Finally, in chapter 6, the main conclusions and recommendations for future studies are

discussed.

2 Plasma-assisted combustion

2.1 Introduction

Plasma is an ionized gas that is electrically neutral in a macroscopic view, i.e., the
negative charge particle density is balanced by the positive ions. Although it occurs sparsely
in nature, plasmas can be artificially generated quite easily by an electrical discharge in a
gaseous media, which promotes the gas breakdown and turns it into plasma. The artificially
generated plasmas make it possible to open up vast application opportunities, from biomedical
to electronics and metallurgical industry. In chemical applications, plasmas offer temperatures
and energy densities that much exceed those of the conventional chemical technologies. They
also can produce very high concentrations of chemically active species such as electrons, ions,
atoms, radicals, excited species and photons. Some radicals and excited species produced by
plasmas can be very difficult to obtain in conventional chemical technologies. In plasmas that
are far from thermodynamic equilibrium, those chemical active species density can be very
high, keeping the gas temperature as low as the room temperature (FRIDMAN, 2008). These
plasma features allow a significant improvement in chemical processes by promoting new
chemical pathways that cannot be achieved by conventional chemistry.

Given that, in plasmas composed by different species, each one can present a different
temperature. Therefore, plasmas can be classified in thermal and non-thermal plasmas
(FRIDMAN, 2008). The first one is in local thermodynamical equilibrium, so electrons and
heavy species (ions and neutrals) have the same temperature. In non-thermal plasmas (also
called non-equilibrium plasmas) electron temperature is far higher than that of the heavy
species and, thereby the plasma presents itself far from the thermodynamic equilibrium
(GOMEZ et al., 2009).

Some examples of thermal plasmas are arc plasma torches and some radio-frequency

inductively coupled discharges. Thermal plasmas present vast application in fields that require
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a huge heat transfer (given that thermal plasmas can reach temperatures up to 20000 °C) such
as waste treatment (GOMEZ et al., 2009), metallurgy industry and also some coating
processes (BOULQOS, 1996). In thermal plasmas, the electron energy is from the order of 1 eV
and the electron density is high, more than 102 m® (GLEIZES, ALAIN AND GONZALEZ,
JEAN-JACQUES AND FRETON, 2005).

Since thermal plasma species have the same temperature, such plasmas have low
chemical selectivity i.e., the capacity of the system to transfer energy mainly to chemical
reactions. Then, the energy transfer is mostly via translational degrees of freedom of the gas
molecules. Therefore, this kind of plasma is not indicated to be used for low-temperature
chemistry applications (GOMEZ et al., 2009).

However, in non-equilibrium plasmas, as the electron temperature is much higher than
that of the heavy particles, the ionization and chemical processes are determined by the
electron temperature and then, less sensitive to the gas temperature (FRIDMAN, 2008).
Therefore, the chemical activity of non-equilibrium plasma relies on the production of active
radicals and excited species through electron impact (STARIKOVSKI| et al., 2006).

In this way, although the equilibrium plasmas show a high neutral temperature and
high electron number density, they consume a large amount of energy and cannot prioritize
the active species production in comparison with the non-equilibrium plasmas (JU; SUN,
2015). Therefore, thermal plasmas contribution to combustion process is mainly via heat
transfer and present poor chemical selectivity.

Among several ways to generate non-equilibrium plasmas, it can be included the
dielectric barrier discharge (DBD), corona discharge, microwave plasmas, nanosecond pulsed

discharges and the gliding arc discharge.

2.2 Non-equilibrium plasmas applied to combustion

The advantage in using non-equilibrium plasma in plasma-assisted combustion (PAC)
is that they have high electron temperatures (1-10 eV) and are more Kinetically active
(compared with thermal plasmas) due to its fast production of radicals and excited species.
This kind of plasma transfers energy mainly through electron impact dissociation and
excitation (HICKS et al., 2005; SUN et al., 2013).
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In the PAC of hydrocarbons, the production of species such as Hz, atomic O and H,
Os, radicals such as OH, as well as ionized and excited species; modify the fuel oxidation
routes and can be a great way to improve the combustion ignition (KOSAREYV et al., 2016;
ZHAO et al., 2016), flame stabilization (WU et al., 2015) and emission control (LEE et al.,
2013; SONG et al., 2013; VARELLA; SAGAS; MARTINS, 2016). Although these plasmas
are attractive due to their chemical action on the system, their possible contribution as a
source of heat and to modify the transport process (JU; SUN, 2015) cannot be neglected.

There is a good number of studies using non-thermal plasmas to enhance combustion,
reduce emissions (LEE et al., 2013; SONG et al., 2013; VARELLA; SAGAS; MARTINS,
2016; WANG et al., 2017a), and improve fuel reforming (TU; WHITEHEAD, 2014; XIA et
al., 2017), using numerous techniques of generation of plasma such as microwave, DBD
(CHA et al., 2005), nanosecond-pulsed discharges (NSPD) (CHENG et al., 2018) and gliding
arc (JU; SUN, 2015; XIA et al., 2017).

Microwave plasma, typically using 2.45 GHz frequency (MEDEIROS, 2016) is a kind
of plasma usually generated by feeding a transversal gas flow through a waveguide. The
electromagnetic energy of the microwaves can be transferred to the gas flow and thus initiate
and sustain a discharge (FRIDMAN; KENNEDY, 2004). Some advantages of using
microwave plasma are the large generated plasma volume as well as the absence of the high-
temperature electrode, which increases the system lifetime.

In the experiments of Wu et al. (WU; FUH; WANG, 2015), a microwave plasma with
120 W was generated in argon crossing a counter-flow arrangement of methane and air, as

can be seen in figure 2.1.

CH,/ Air Coaxial cable

l Cavity orifice

Combustor
nozzle (Arm-N)

~

5cm

A

I

CH,/ Air

8 cm

Figure 2.1 — Illustration of the microwave plasma burner used by Wu et al. Adapted from
(WU; FUH; WANG, 2015). The cross-shaped quartz tube arms Arm-1, Arm-2 and Arm-H

have inner diameter of 4 mm and outer diameter of 6 mm.
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The authors showed that the plasma extends the flammability limits of both premixed
and non-premixed flames to a global-lean equivalence ratio (®) of 0.2. The plasma also
changes the flame color and shape to a deep blue tongue-like in the non-premixed case, as can

be seen in figure 2.2:

Premixed Nonpremixed Nonpremixed
©=0.0 | &=0.0 h=0.6 0=0.6

Premixed ! Nonpremixe d

=02 | b=02

Premixed Nonpremixed Premixed Nonpremixed
=04 =04 ¢=1.0 ¢=1.0

P

Figure 2.2 — Argon plasma-assisted flames of premixed and non-premixed methane-air
mixtures in different equivalence ratios (WU; FUH; WANG, 2015).® ranging from 0 to 1.0.
Plasma power equals to 120 W. Argon flow rate (horizontal) was kept at 0.84 slm, while
methane-air flow rate (vertical) was kept at 2.0 sIm.

The equivalence ratio (®) is used to define the gas mixture condition:

=% (E1)

where Rex is the fuel-air mass ratio in experimental conditions and Rst the fuel-air mass ratio in
the stoichiometric condition (complete fuel oxidation). Therefore, ® < 1 indicates a fuel-lean
mixture, @ = 1 a stoichiometric mixture and ®@ > 1 a fuel-rich mixture.

By optical emission spectroscopy (OES), the authors found out that the non-premixed
PAC flame spectrum presents lines referent to the C2 and CH in the hybrid and flame zones,

while in the spectrum of premixed PAC flame these species lines were not observed. These
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results suggest different reaction pathways in the two cases, which was corroborated by the
very distinct number density profiles of the OH radical in the premixed and non-premixed
PAC flames.

The dielectric barrier discharge (DBD) is generated when at least one electrode is
covered by a dielectric material. It is a discharge that occurs in a big number of micro-
discharges that cover the whole inter-electrode area and presents filamentary structures
(BRANDENBURG, 2017; STARIKOVSKAIA, 2006). The atmospheric pressure DBD
typically uses alternating or pulsed high voltage power supplies and the reactor is made in
planar or coaxial geometries (BRANDENBURG, 2017). Moreover, the dielectric barrier
limits the current and so, it can prevent arc formation (STARIKOVSKAIA, 2006). The DBD
can also generate a plasma that covers all the inter-electrode area for a low energy cost.

Cha et al. (CHA et al., 2005) used a DBD in a co-flow jet of propane and air diffusion
flame for soot suppression. They used a wire-cylinder type reactor with a 400 Hz AC power
supply. The central electrode was a stainless steel rod with a diameter of 1 mm and the
cylindrical electrode was a woven stainless mesh (1x1 mm). The woven mesh had a width of
10 mm and surrounded the outer quartz tube that served as a dielectric barrier and that was
located 10 mm upstream from the fuel nozzle exit. The electrical power of the plasma
remained lower than 25 W in all conditions.

The authors found that increasing the applied voltage, there is a decrease in the flame
length and a change of the flame shape, as shown in figure 2.3. When operating in the
electrostatic regime (without gas breakdown), the decrease in the flame length reduces its
yellow luminosity, indicating less soot formation. However, in the plasma regime, the authors

report that the yellow luminosity disappears and only a blue flame was observed.
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Figure 2.3 — Diffusion flame of propane and air response to the increase of the applied voltage
in the presence of plasma (CHA et al., 2005). Flame length without applied voltage is 45 mm.
At 13.2 kV, the flame length is about 7 mm.

Moreover, with the use of laser-induced fluorescence (LIF) diagnostic, no soot
formation was detected when operating in the plasma regime. It is pointed out that in the
electrostatic regime, the lowering of soot was linked to the transport effect of ionic wind on
the fuel-oxidizer mixing, while in the plasma regime it is possibly linked to the well-known
produced species such as O, Oz, OH, and H.

In the case of nanosecond pulsed discharges (NSPD), the plasma is generated by using
a nanosecond pulsed high voltage generator. This kind of discharge is operated at high
frequencies up to tens of kHz. If a short duration pulse (from units to ten ns) would be used, it
will generate a streamer discharge. On the other hand, if the pulse presents a longer duration

(tens to hundreds of ns), the discharge will gain spatial uniformity, in a DBD-like way
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(STARIKOVSKAIA, 2006). Among the advantages of using a nanosecond pulse discharge is
the fact that it is uniform at low and moderate gas density, and naturally synchronized in time
in the case of multi-streamer configuration (STARIKOVSKAIA, 2014).

Pilla et al. (PILLA et al., 2006) used an atmospheric pressure NSPD generated in air,
sustained by an electrical pulse with 10 kV and 10 ns of duration at a repetitive frequency of
30 kHz, to stabilize and improve the efficiency of a fuel-lean turbulent premixed flame of
propane and air. The plasma power was 75 W and at low pulse voltages, the discharge is a
diffuse glow. The discharge was located at the recirculation zone of the flame. At higher pulse
voltages the discharge becomes filamentary with great luminosity. The authors only achieve
enhancement of the lean flammability limit and the stabilization of the flame with the use of
the filamentary mode. The glow OES spectrum also did not present OH, O or H emissions,
indicating that this discharge mode has no noticeable effect on the flame kinetics.

In addition, they found that the plasma extended the region of flame stabilization,
allowing to achieve flame in low equivalence ratios that it would not exist without plasma. By
means of OES, the authors showed that the discharge in filamentary mode is a source of H
and O atoms, as well as OH radicals, which accelerate the propane combustion.

Gliding arc (GA) discharges are generated between two divergent electrodes and
dragged out by a transversal gas flow (FRIDMAN, 2008; OMBRELLO et al., 2006; SUN et
al., 2013). The plasma generated by the GA typically presents moderate gas temperature
(1000 - 3000 K), but high electron temperature (above 1 eV) and high plasma density (on the
order of 10 to 10** m?®) (KOLEV; BOGAERTS, 2018; TU; WHITEHEAD, 2014). The
gliding arc also presents a high versatility: it can be constructed in various geometries from
2D configuration to coaxial and in vortex flow geometries, it can operate with AC or DC
power supplies, and it can be generated in high currents (units of A) to reach a regime of
thermal equilibrium, or in low currents (tens to hundreds of mA) to operate in non-
equilibrium regime.

Gao et al. (GAO et al., 2018) used high-speed imaging, electrical measurements, and
planar laser-induced fluorescence (PLIF) to verify the effects of a 35 kHz AC GA applied to
a highly turbulent non-premixed methane-air burner. The schematic drawing of the burner is

shown in figure 2.4.
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Figure 2.4 — Schematic drawing of the burner used by Gao et al. Adapted from (GAO et al.,

2018). Burner walls are made in ceramic material. Air flow duct has 3.8 inner diameter.

Electrodes are internally water-cooled.
The authors showed that under high flow conditions, the flame cannot be sustained

without plasma for periods higher than tens of milliseconds. In the presence of the discharge,

the flame stabilizes close to the discharge column, as can be seen in figure 2.5.

A 1/1000 S| B 1/250 S|C 1/250 S|D 1/100 S

Figure 2.5 — Stoichiometric flames of methane and air assisted by the gliding arc discharge.

Exposure times used for different images is marked out (GAO et al., 2018).
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As showed by the CH20 PLIF, the flame front is located 3-5 mm away from the
discharge channel. They also point out that the concentration of OH increases around eight
times in the presence of the discharge. Although the OH PLIF intensity is much higher for
CHa-air mixtures than for pure air, this signal keeps almost constant when the equivalence
ratio increases from 0.4 to 1.

Most studies in PAC verify the influence of the plasma on flames. However, there is a
lack of information about the influence of the flame in the discharges characteristics.
Therefore, Kong et al. (KONG et al., 2018) studied the influence of a premixed flame on a
planar AC gliding arc discharge. The schematic of the experimental setup reactor is shown in

figure 2.6.
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Fig. 2.6 — Schematic of the experimental setup used by Kong et al (KONG et al., 2018). The

gap between the electrodes was 2.6 mm.

The discharge was generated in a premixed methane and air mixture and the flame was
generated between the electrodes, as shown in figure 2.7.
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Fig. 2.7 - Image of (a) the flame, (b) and (c) GA with flame and (d) GA without flame.
Exposure time for imaging has been marked on each image (KONG et al., 2018). Methane
flow rate was 6 SLPM and air flow rate was 0.97 SLPM. Power input for the discharge was
100 W. Panel (b) recorded all the trajectories of the GA. In panel (c), which exposure time
was reduced when compared with (b), the weak flame emission can be distinguished from the

plasma emission.

The authors observed that the plasma channel in pure air is rather twisted, while the
plasma in the presence of a flame moves stably and smoothly along the electrodes and no
bright spark appears in the bottom inter-electrode gap in this case.

In the case of the electrical characteristics, it was shown that the discharge repetition
frequency is much higher when there is flame, which was corroborated by reduction in the
breakdown voltage and increase of the current peak value. Above the stoichiometric
condition, the increase in the equivalence ratio also increases the breakdown voltage until ® =
1.5. After that, the breakdown voltage becomes nearly constant. The current has opposite

behavior: it drops when the flame is ignited and as the equivalence ratio increases, the current
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remains almost constant, close to 2.4 A. The authors argue that the presence of the flame
increases the temperature and so, the gas viscosity and velocity. Thus, the flow becomes less
turbulent. Moreover, the increase of the local temperature of the breakdown spot reduces the
number density of molecules and consequently, the voltage necessary to generate the plasma.

Linetal. (LIN et al., 2019) developed an AC gliding arc plasma fuel injector operating
with kerosene and air to study the interaction of gliding arc plasma and the kerosene spray.
Their focus was to improve the ignition and extinction performance in fuel-lean conditions.
The GA characteristics were obtained by optical emission spectroscopy (OES), measurements
of voltage and current and recording of the discharge development by a high-speed camera.
Particle/Droplet image analysis (PDIA) was used to diagnose the plasma effect on the
pulverization of the fuel. The exhaust gas composition was analyzed using a gas
chromatograph.

It was observed that the plasma column has a string-like shape that glides along the
Venturi nozzle. The GA starts in a glow-type discharge and during its development it
becomes a spark-type discharge, evidenced by the current peaks observed in the current
waveforms.

In this paper it is shown that the plasma expands the lean flame blowout limit up to
48%. The use of GA also decreases the droplet size of kerosene spray. The authors attribute
this decrease to the heat release from oxygen and nitrogen molecules to the medium that
increases the gas temperature. This heat release allied to the high-frequency change of the
discharge position decrease the fuel viscosity and the deformation and oscillation of the fuel
column. These effects result in an acceleration of the droplet detachment from the fuel column
(LIN et al., 2019). The authors also point out that instabilities produced by the gliding arc also
increase the secondary droplet formation. These effects produce a spray with smaller droplets,
which extend the ignition limits.

In the gas analysis, it was observed that light hydrocarbons such as CHas, C2Has, and

C2H2 were generated in GA.

2.3 Pollutants generated by combustion processes

Before describing the plasma chemical action on the combustion, it is important to

highlight the main processes involving the combustion generated pollutants. The main
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pollutant compounds found in natural gas combustion are unburned hydrocarbons, CO and
nitrogen oxides (NOx).

Unburned hydrocarbons result from the fuel incomplete combustion. Their presence is
commonly associated with a low temperature, which reduces the oxidation rates of CO and
hydrocarbons (DEREK DUNN-RANKIN PETER THERKELSEN, 2016).

In fuel-air combustion, most of the NOx corresponds to NO. For fuels that do not
present nitrogen in its composition, nitrogen oxide (NO) can be formed through four
mechanisms: Zeldovich mechanism (or thermal), the N2O mechanism, prompt mechanism (or
the Fenimore mechanism) and the NNH mechanism. The discussion here follows the one
presented by Turns (TURNS, 2013).

The thermal mechanism (also known as the Zeldovich mechanism) consists of the

following two reactions:

O0+N,SNO+N (R1)

N+0,5sNO+O (R2)

In fuel-rich conditions the O2 concentration is low, so reaction (R2) plays a minor role
and reaction of atomic nitrogen (N) and the hydroxyl radical (OH) become important.

N+0OHSNO+H (R3)

The temperature dependence of this mechanism is evidenced by the high activation
energy of reaction (R1), close to 319050 J/mol (TURNS, 2013). Thus, the Zeldovich
mechanism is the main process of NO generation in temperatures above 1800 K. As the
formation of NO by the thermal mechanism is slow compared to the fuel oxidation time scale,
it is considered that the Zeldovich mechanism takes place in the post-flame zone.

The N20 mechanism plays an important role in fuel-lean conditions at low

temperature. This mechanism consists of three reactions:
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O+ N, +MSN,0+M (R4)
H-+ N,0=NO+ NH (R5)
0+ N,0 = NO+NO (R6)

In this mechanism, a third molecule M promotes the formation of nitrous oxide (N20),
different from reaction (R1). So, N2O can react with hydrogen or oxygen to form NO through
reactions (R5) and (R6). Generally, this mechanism takes place in high-pressure conditions.

The Fenimore mechanism occurs in the combustion of hydrocarbons. Specially in
fuel-rich combustion (MILLER, JAMES A AND BOWMAN, 1989), the NO formation rates
exceeds that attributed to the thermal mechanism. This excess was first identified by
Fenimore, which named it as prompt NO. This mechanism consists basically of the reactions
between nitrogen and radicals, forming CN-based compounds, which will further form NO
and CO. In a simple way, ignoring the CH formation steps, the Fenimore mechanism can be

described as:

CH+N, S HCN +N (R7)
C+ N, S CN+N (R8)
CN+0, 5 NO+CO (R9)

As pointed out by Turns (TURNS, 2013), for an equivalence ratio of 1.2 or less, the
HCN conversion for NO formation corresponds to the following reactions:

HCN + 0 =5 NCO +H (R10)
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NCO+H S NH+ CO (R11)
NH+HSN+H, (R12)
N+0OH=SNO+H (R13)

Miller and Bowman (MILLER, JAMES A AND BOWMAN, 1989) pointed out that
for equivalence ratios above 1.2, the HCN to NO conversion becomes slow and the NO is
“recycled” to form HCN, which starts to inhibit the NO formation. Besides that, the reaction
(R2) is shifted to the reverse direction, contributing also to the lowering in the NO production.

The NNH mechanism is an important mechanism for the combustion of hydrogen and
hydrocarbons with high hydrogen concentration. The main reactions of the NNH mechanism

are:

N, +H = NNH (R14)

NNH + 0 5 NO+ NH (R15)

In the case of NOz2, although its production is far less than the NO, it can present a

considerable emission. The elementary steps of its formation are:

NO +HO, S NO, + OH (R16)

NO, - H= NO +0OH (R17)

NO, + 0 5 NO + 0, (R18)
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Where the HO2 radicals are formed in low-temperature regions by the reaction:

H+0,+MS=HO, + M (R19)

So, the NO2 formation occurs when there is the transport of NO molecules from high-
temperature regions to the ones with low temperature, which are generally, regions with air in
excess (GALLEGO, ANTONIO GARRIDO AND MARTINS, GILBERTO AND GALLO,
2000; TURNS, 2013).

2.4 A brief description of the PAC chemical kinetics

It is well known in the literature (JU et al., 2016; JU; SUN, 2015; STARIKOVSKAIA,
2006) that plasmas can contribute to the improvement of combustion via three pathways:
thermal, transport and kinetic effect. The thermal effect is related to the sensitivity of the
reactions to the temperature rise via Arrhenius law. The transport effect is due to the fuel
cracking into small fragments that change the fuel diffusivity, given that the small molecules
reach the reaction zone faster. The consequence is a modification of the combustion process
due to the acceleration of the flame propagation (JU; SUN, 2015; STARIKOVSKIY;
ALEKSANDROV, 2013). Besides that, the ionic wind effect and instabilities generated by
the plasma application can increase the flow turbulence and mixing. Finally, the kinetic effect
is due to the plasma-produced species such as high energy electrons, ions, radicals and excited
species that can change the chemical kinetics pathways, inducing reactions that can be hard to
achieve in conventional chemical processes.

Here, two points are important to highlight. First is that often the three effects are
coupled together and then, it is difficult to understand the isolated contribution of each effect
for the combustion improvement. Second, although there are advances in PAC chemical
Kinetics literature, the kinetic mechanisms involved are still not well understood. Some
advances in this task will be discussed in the following.

Sun et al. (SUN et al., 2011) studied a sub-atmospheric pressure (8 kPa) counter-flow
burner integrated with a nanosecond discharge (NSPD) system to verify the role of atomic
oxygen production on the extinction limits. The counter-flow burner is operated with O2-Ar

and CH4. The discharge was generated in O2-Ar in a frequency from 5 to 40 kHz. The
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measurements of atomic oxygen at the exit of the oxidizer of the burner were performed using
two-photon absorption laser-induced fluorescence (TALIF).

The results showed that the atomic oxygen concentration increases with the pulse
repetition frequency. The increase in the discharge repetition frequency also affects the
extinction limit of the flame, which can reach up to 90% for a frequency of 20 kHz. The
authors showed that at frequencies of approximately 5 kHz, the comparison of the NSPD and
an electrical heater at the same temperature indicates that the enhancement promoted by both
devices is approximately the same. This result agrees well with the low atomic oxygen
concentration measured in the above conditions and indicates that at this repetition frequency,
the enhancement promoted by the discharge is mainly a thermal effect.

The simulation of the extinction limit of the plasma-assisted CHs-air counter-flow
combustion was performed using CHEMKIN applications OPPDIFF (diffusion counter-flow
flame). The authors added a modified arc-length continuation method for the plug flow
reactor, which fed the OPPDIFF module. The model used a fixed fuel stream temperature of
300 K and an oxidizer temperature varying between 528, 398 and 348 K. The plasma
repetition frequency was set at 20 and 5 kHz.

Although the model reproduced well the extinction limits without plasma, it
underestimates the enhancement promoted by the plasma presence. This suggests the presence
of additional kinetic enhancement from other excited species. The comparison with
experimental results shows that there is a crossover temperature between 900 and 1000 K,
above (below) which the kinetic enhancement by atomic oxygen production is governed by
chain-branching (chain termination) reactions.

Uddi et al. (UDDI et al., 2009) measured the atomic oxygen concentration generated
by air, methane-air and ethylene-air nanosecond pulsed discharges in low pressure (60 Torr)
using TALIF. The results were compared with a proposed kinetic model. For an air NSPD,
the model considers nitrogen and oxygen species, taking into account electron, atomic and
molecular species. It also considers neutral, ionized and excited species.

The sensitivity analysis showed that atomic oxygen is generated primarily via electron
impact dissociation of Oz:

e+ 0, =-0+0+e (R20)

and by collisions between molecular oxygen and electronically excited nitrogen (N2°):
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N:+0,50+0+N, (R21)

The model shows that the reaction (R21) occurs ~ 10 us after the pulse. The results
also show that in methane-air and ethylene-air plasmas the loss of oxygen occurs mainly due

to reactions involving H, HO2, and CHs (both generated by the dissociation of methane):

H4+0,+M—HO, + M (R22)
0 + HO, - OH + 0, (R23)
0+ CH, - H + CH,0 (R24)

The comparison between the model and the experimental results shows that the

dissociation of CH4 is mainly due to the direct impact of electrons:

CH,+e—>CH,+H+e (R25)

Zuzeek et al. (ZUZEEK et al., 2011) also studied NSPD generated in Hz-air mixtures
at equivalence ratios from 0.05 to 1 and pressures < 100 Torr. The chemical model used in the
study incorporates a non-equilibrium air plasma chemistry model (KOSSY1 et al., 1992)
expanded to include hydrogen dissociation processes by pulsed high current plasma, and the
hydrogen-oxygen chemistry model (22 reactions among H, O, OH, H2z, Oz, H20, HO2, and
H202) developed by Popov (POPOV, 2008). Species concentration equations are coupled with
the two-term expansion Boltzmann equation for the energy distribution function of plasma
electron. The pulse shape used by the plasma chemistry model was adjusted to keep the
coupled pulse energy per molecule constant (0.28 meV) during the burst. At these conditions,
almost 50% of the coupled pulse energy in a hydrogen-air mixture at ® = 0.5 is spent on

generation of O and H atoms.
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The paper describes that at 300 K, the O and H are formed during, and after, the
discharge pulse, mainly by electron impact and dissociation collisions with electronic
metastable states of N2. Subsequent fuel oxidation during the post-discharge stage (on a time
scale from ~1 us to ~ 1 ms) occurs primarily via a three process sequence, involving reactions
(R22), (R23) and (R26):

OH + H, = H + H,0 (R26)

So, at this low temperature, OH formation via the well-known “high temperature”

chain processes:

0+H,—-H+0OH (R27)

H+0, - 0+ OH (R28)

is very low, while processes (R23) and (R26) are relatively fast, with activation barriers of
14.35 kJ/mol (1660 K) and essentially zero, respectively (POPOV, 2008).

In initial temperatures about 500 - 600 K, the rates of processes (R27) and (R28), as
well as of the following three reactions:

H + HO, = H,0+ 0 (R29)
H + HO, — OH + OH (R30)
H+HO, = H, +0, (R31)

increases rapidly, promoting a high acceleration of the overall plasma chemical oxidation. As
the temperature increases, primarily due to the plasma chemical heat release, ignition occurs

by the well-known chain mechanism of reactions (R27) and (R28).
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Stancu et al. (STANCU et al., 2010) developed an NSPD discharge between two pin
electrodes separated by 4 mm, in preheated atmospheric pressure air and nitrogen at 1000 K.
Optical diagnostics showed that up to 50% of molecular oxygen was found to be dissociated
by the discharge. The authors also point out that the main pathway of O formation is through
the two-step mechanism for the formation of O atoms through reactions (R32) and (R21)

respectively:

N,+e—=Nj+e (R32)

The measured temporal evolution of O and of the excited nitrogen species
corroborates this affirmation.

It was found that the formation of O coincides with the loss of N2* and that the O
density peak occurs after a few tens of nanoseconds of the discharge initiation and it decays in
25 ps, leading most probably to the formation of stable products such as Oz and NO.

Ombrello et al. (OMBRELLO; JU, 2008) used a counter-flow burner with a coupled
magnetic rotating gliding arc (MGA), for ignition of Hz-air and Hz-CHa blended air diffusion
flames. The discharge was generated in a mixture of preheated air with small concentrations
of Hz and CHa4. The upstream channel of the counter-flow burner was fed with nitrogen-
diluted Hz.

In the simulations, the species concentrations were fixed at 20% H: in 80% N for the
fuel side. For H: ignition, the model considers the Hz oxidation and NOx mechanisms. For
ignition of CH4, the model uses the dimethyl-ether mechanism. The study did not take into
account the presence of ions and excited species. Considering only the NO and NOz2 as the
stable species capable of decreasing the ignition temperature.

The comparison of the numerical model with the measurements of ignition
temperature and species concentration showed that NO enhanced ignition more than NO2 and
NOx was the primary source of ignition enhancement by the plasma.

The authors argue that for an Hz-air flame, without NO addition, the HO2 produced by
the reaction (R23) was not readily consumed. So, HO2 became an inhibitor to the ignition.
With NO addition, a new pathway for HO2 consumption takes place by reaction (R16) to
produce active OH radicals. Moreover, there is a catalytic cycle that converts the NO2 to NO
via reaction (R17).
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In the case of Hz-fuel-blended air flames, the measurements showed that the ignition
temperature increases with the Hz content. Numerical and experimental results support that
plasma-enhanced ignition in fuel-air mixtures increases the HO2 consumption and therefore,
can also suppress inhibitive effects of H20.

In CHa-blended air, the results showed that the significant increase in the ignition
temperature was mainly due to the unoxidized CH4 consuming the active OH radicals and

converting to CHzs through the reaction (R33):

CH, + OH — CH, + H,0 (R33)

Other important reactions of CH4 consuming the active radicals of O and H are:

CH, + 0 — CH, + OH (R34)

CH, +H — CH, + H, (R35)

The authors also point out that the active radical consumption by CHas inhibited
ignition because they competed with the branching reactions for Hz oxidation (R28) and
(R36).

0+H,—H+O0H (R36)

Simulations involved the measured concentration of CHs, CO, CO2, NO, NO2, and
H20 was compared with the results of only CH4, NO, and NO2 addition. The results show that
the exclusion of CO, CO2, and H20 do not change significantly the ignition temperatures. The
addition of NO and NOz promote a reduction in the CH4 production of OH by reaction (R34),
due to the emergence of O consumption by the reaction (R18).

The model shows that reaction (R34) was a strong consumer of O without NO
addition, while reaction (R18) became a significant consumer of O with NO addition. The

authors also point out that reaction (R18) competes with reaction (R17) for the conversion of
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NOz to NO. But reaction (R17) was a chain carrier of O to OH, whereas reaction (R18)
converted O to Oa.

Dors et al. (DORS et al., 2014) presented a chemical kinetics modeling study of the
methane pyrolysis by an atmospheric pressure microwave plasma. Experimental results were
compared with the calculated ones. A set of 48 reactions was considered with 20 species. No
soot formation neither electron reactions were considered in the model.

For the 1-D model, the Plug Flow Reactor (PFR) method was used and the plasma was
represented by a simple cylinder. In this model, at an initial temperature of 2000 K, the
numerical results fit quite well the experimental ones. However, the model still presents
temperatures far from the experimental.

The authors point out that the Hz concentration is higher than predicted by the model
and that it is due to small amount of water vapor entering the plasma region, acting as an
additional source of hydrogen.

The results show that the dissociation of the first C-H bond in the CH4 molecule (R37)

starts the chain of reactions.

CH, +M S H+CH;+ M (R37)

H atoms originated from that reaction attack CH4 causing the formation of Hz through
(R35). This reaction is responsible for the production of 74.6 % of the hydrogen, followed by
reactions (R38) (10.8 %), (R39) (7.1 %) and (R40) (6.8%).

C,H; +H, 5 C,H; +H (R38)
C;H, +M=sC,H, +H, + M (R39)
C;H, +H = C;H; +H; (R40)

The authors point out that acetylene (C2H2) is involved in many reactions but is
produced mostly by ethylene (C2Ha) in direct reaction (R39) and through C2Hs radical in
reaction (R41):
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Ethylene is formed in reaction (R42) but is decomposed and so, acting as a source of

acetylene in reaction (R39) and restoring methane through reaction (R43).

C,H; +M S C,H, +H+M (R42)

C,H, + CH, = CH, + C,H, (R43)

By using the model above, it can also be shown that the CH4 pyrolysis does not occur
in the plasma region but in the swirl gas flowing around the plasma.

One important aspect showed by the authors for their particular case is that, the
chemical kinetics is controlled by thermal process and the products can be defined by
considering thermodynamic equilibrium.

Korolev et al. (KOROLEV et al., 2014a) studied a DC gliding arc generated in a
premixed mixture of CH4 and air at atmospheric pressure. Electrical diagnostics and gas
analysis show that increasing of the fuel content decreases the NO production by the
discharge, which occurs due to the collisions between N2" and O:

N, +0—=NO+N (R44)

The decrease of NO production occurs due to the fact that methane oxidation
competes with the NO formation for the consumption of oxygen. For an air excess coefficient
() above 3.2 (which corresponds to equivalence ratios lesser than 0.31), the methane
oxidation takes place at the plasma column.

The authors also show that for a ~ 3 (® ~ 0.33) the methane oxidation starts in the
plasma jet and enhance the temperature of this region. Then the NO molecules can appear
both in the plasma column and in the jet.

For the stoichiometric mixtures, the processes of NO formation are practically

suppressed by the processes of methane oxidation. For o < 1 (fuel-rich mixtures) the content
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of CO2 decrease and CO and hydrogen start being the main components in the exhaust gas,
following the reactions (R45) and (R46):

CH, + 0, +3.76 N, = CO, + 2H, + 3.76 N, (R45)

CH, +14(0, + 3.76 N,) = CO + 2H, + 1.88 N, (R46)

Wu et al. (WU et al., 2015) characterized a GA for flame stabilization and the exhaust
gas by means of optical emission spectroscopy and gas analysis. They showed that the

complete oxidation of methane (R47) only occurs for equivalence ratios below 0.8:

CH, + 20, — CO, + 2H,0 (R47)

When @ is in the range of 0.8 to 1.1, the main dominant mechanism is the reaction
(R45). So, in this range, the concentrations of CO and H: are nearly equal. For equivalence
ratios above 1.1, the effect of reaction (R46) grows. The authors point out that the
concentration of CH4 on the exhaust gas is negligible in all conditions.

When the equivalence ratio is lower than 0.3, the intensities of OH are found to
sharply increase with the increase of the equivalence ratio. This is due to the partial oxidation
of methane, which produces OH radicals by reactions (R48) and (R49) (TANG; ZHAO,;
DUAN, 2011):

O('D)+ CH, — CH, + OH* (R48)

0, + CH, — CH,0 + OH (R49)

Where the CH20 resulting from (R49) will further react with OH to form H20 and
HCO (LI et al., 2014; SANCHEZ et al., 2000) through the reaction (R50):



41

CH,0 + OH — H,0 + HCO (R50)

Besides that, OH also contributes to methane consumption through the reactions (R33)
and reaction (R51):

20H + CH, = CO + 2H, + H,0 (R51)

The CHs generated by reaction (R33) reacts with atomic oxygen generating CH20 and
hydrogen through reaction (R52):

0+ CH; - CH,0+H (R52)

Cheng et al. (CHENG et al., 2018) developed a 2D model of a packed bed DBD
reactor, considering plasma reactions of CH4 and CO2. An ns pulse voltage is used to drive
plasma in this model.

The model indicates that the dissociation of CO2 and CHa by electrons is the main
production reactions of CO and Hz. The dominant pathway in Hz production is the

dissociation of CH4 by electrons through reactions (R53) and (R54):

e+ CH, »e+CH, +H, (R53)

e+ CH, »e+CH+H,+H (R54)

The comparison of the model with experimental results also shows that for dry
reforming of natural gas, the nanosecond pulse packed bed DBD presents a higher conversion
rate and high energy efficiency than the conventional AC DBD.

The discussed studies present the main possible reactions on plasma-assisted
combustion. It can be seen that all papers converge to the action of the non-equilibrium
plasma producing hydrogenated and oxygenated species, which modifies the oxidation
pathways of hydrocarbons and CO. However, it needs to be pointed out that the PAC

mechanism is not fully understood and there is much advance that still needs to be done.
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2.5 Gliding arc discharges

The gliding arc (GA) is a non-stationary discharge that is set-up between two
divergent electrodes. The breakdown occurs in the shortest gap between the electrodes and the
plasma column is then dragged out by the gas flow. This push movement promotes the
column elongation and it is cooled down until the applied voltage cannot sustain the
discharge, so the plasma extinguishes and the cycle restarts at the shortest inter-electrode gap.
The discharge can also be reignited if the breakdown voltage is reached again during a cycle.

Figure 2.8 exemplifies the development of a gliding arc discharge.

I-|'I | |
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Figure 2.8 - Example of the development of a gliding arc discharge in 2D geometry.

The gliding arc discharge shows a high versatility: it can be powered by AC or DC
power supplies, it can operate in a wide range of pressures (from few Torr to atmospheric
pressure) and currents (from few mA to tens of A) and it can be constructed in various
geometries: 2D or planar GA (KOROLEV et al., 2011; ZHU et al.,, 2017), coaxial
(FULCHERI; ROLLIER; GONZALEZ-AGUILAR, 2007; KOROLEV et al., 2007b), forward
vortex flow (FVF) (WU et al., 2015; ZHU et al., 2016) and the reverse vortex flow (RVF)
(KALRA et al., 2005). This last promotes better gas mixing, improves the electrodes lifetime

and lower heat losses through the walls.
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Moreover the operational versatility of GA allows to reach different stages with
different properties. For currents on the range of A, the arc starts close to the local thermal
equilibrium (LTE), while near its extinction, it is far away from LTE (KOLEV; BOGAERTS,
2015a). When operating in the range of 100 mA or bellow, the discharge can suffer a
transition and then shows characteristics of glow discharges, the so-called gliding glow
(KOROLEV et al., 2007b, 2011). It occurs when the electric potential is not high enough to
sustain the discharge via the field emission mechanism and so, the discharge is sustained by
secondary electron emission. It is important to notice that both regimes (i.e, gliding arc and
gliding glow) could be present in the same cycle of the discharge evolution. Theoretical
studies comparing gliding arc and gliding glow show that the reduction in electrical potential,
electric number density and temperature only change at the cathode region (KOLEV;
BOGAERTS, 2015a). They also show that both regimes have energy exchange between the
plasma column and the hot gas that surrounds it dominated by convection. In the case of the
gliding arc regime, the energy transport is mainly due to the presence of gas eddies. In the
case of the gliding glow regime, the energy transport occurs mainly due to the bulk motion of
the neutral, charged and excited species (KOLEV; BOGAERTS, 2018).

One way to reach the gliding glow discharge mode is the preparation of the electrodes
(KOLEV; BOGAERTS, 2015a; KOROLEYV et al., 2014b). Clean and polished electrodes
promote an electrical field that is not strong enough to establish the field emission and so, the
discharge goes to gliding glow mode. Irregularities and impurities on the electrodes surfaces
can promote a local amplification of the electric field and then, the discharge can be sustained
by field emission, i.e., in gliding arc mode.

In the gliding arc mode, the plasma channel remains fixed at the electron emission
point and is possible to take a plasma with a bigger volume (in comparison with gliding
glow). However, this is a recent discussion in literature and there are few studies comparing

these two regimes.

2.6  Gliding arc applied to PAC

There are a many studies about GA applied to combustion processes. Ombrello et al.
(OMBRELLO et al., 2006) showed that in a counter-flow burner with air and nitrogen diluted
methane, a gliding arc discharge disk-like generated in air with low power increases the

extinction limits of the diffusive flame.
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By means of planar laser-induced fluorescence (PLIF), electrical diagnostics and high-
speed imaging, Zhu et al. (ZHU et al., 2015) points out that the use of an AC gliding arc
discharge in a premixed mixture of air-methane integrated with a flame promotes the
formation of OH and formaldehyde (CHz0) in fuel-lean mixtures. The authors also point out
that the presence of flame reduces the ignition voltage of the discharge.

Wu et al. (WU et al., 2015) showed that a methane-air premixed flame becomes more
stable by the application of a gliding arc due to the feeding of the flame with species such as
CO and Hz. They also point out that the increase in applied power can improve the production
of OH radicals and then, benefits the whole process.

Varella et al. (VARELLA; SAGAS; MARTINS, 2016) used a gliding arc discharge
generated in natural gas and air with equivalence ratios from 1.2 to 1.4. The authors showed
that the applied power increase promotes growth of the plasma density, which improves the

hydrocarbon cracking and so, the Hz concentration, as shown in figure 2.9.
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Figure 2.9 — CHs4 and H2 concentrations as functions of the input power for different
equivalence ratios (VARELLA; SAGAS; MARTINS, 2016).
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The increased power promotes higher hydrocarbon cracking to form Hz. In this way,
they found that the concentrations of methane (CHa4) and other hydrocarbons as ethane (CzHs)
and propane (CsHs) diminish with the increase in applied power until 330 W, when these
hydrocarbons are totally dissociated.

The carbon monoxide levels follow the hydrocarbon behavior. The CO oxidation is
not so fast, but it can be improved by the plasma-produced Hz which benefits the formation of
hydroxyl radical (OH) which accelerates the CO oxidation. The concentration of NO
increases with the applied power, rising from 30 ppm without plasma, to more than 200 ppm
with plasma at 370 W.

Coupling an AC gliding arc reactor to an industrial low NOx combustor, Lee et al.
(LEE et al., 2013) and Song et al. (SONG et al., 2013) had obtained a decrease in the NOx
concentration due to the plasma produced hydrogen. It was shown also that the concentration
of air in the gas mixture that feeds the plasma, has a significant impact on increasing the NOx
produced volume (SONG et al., 2013).

In fact, the plasma operated in fuel-rich conditions leads to the formation of CO and
Hz. The hydrogen-rich, high-temperature flow ignites the fuel-air mixture at the burner head.
The expanded high-temperature gas detached the main flame from the burner rim (from about
5-15 cm above the burner head). The high burning velocity of hydrogen avoids the flame
blow off.

This flame detachment provides time and space for better mixing and shifts the flame
from a diffusion flame to a partially premixed flame. Both behaviors are favorable to the NOx
lowering (LEE et al., 2013).

Using optical emission spectroscopy of an AC powered GA generated in a premixed
mixture of natural gas and air with equivalence ratios from 0.4 to 3.0, Sagaés et al. (SAGAS;
MACIEL; LACAVA, 2016) showed that the intensity of the NO lines decreases with the
equivalence ratio increase from 0.4 to 1.4. This is due to the greater hydrocarbon
concentration in the inlet gas, lowering the NO produced by the plasma. The OH intensity is
bigger close to the stoichiometric condition. The atomic hydrogen intensity increases with the
equivalence ratio due to the hydrocarbon cracking in the plasma region, producing also

molecular hydrogen, as could be verified in the plasma spectrum.

In their study, an analysis by high-speed camera shows that the flame ignition occurs
at the plasma breakdown and the flame stabilizes axially inside the reactor while the plasma
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column glides along the spiral electrode. After the discharge extinction, the visible flame
remains inside the reactor from about 5 ms and extinguish itself if the mixture is out of the

flammability limits without plasma.

The authors also pointed out that the Hz produced in the plasma region is consumed in
the flame. So, the GA generated in natural gas and air mixture is an efficient way to promote
hydrogen enrichment of flames and consequently increase the flammability limits and the

thermal energy release, intensifying the flame brightness.

3 Experimental Setup

3.1 System description

The gliding arc reactor was installed in the swirl burner. It is a typical reverse vortex
flow plasma reactor, composed by a cylindrical chamber made of stainless steel with 50.0 mm
in length, with an inner diameter of 25.7 mm and 10.1 mm of wall thickness. A convergent-
divergent nozzle (throat diameter is 12 mm, inlet and outlet diameters are 16 mm) acts as the
ground electrode while the reactor wall acts as the negative one. The smallest gap between the
electrodes is 4 mm. The reactor is electrically insulated by a polytetrafluoroethylene (PTFE)

sleeve. Figure 3.1 shows the schematics of the reactor and the burner.
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Figure 3.1 - Schematics of the burner and the plasma reactor. Upper panel - swirl burner.
Central panel - a schematic of the whole system. Lower panel - a zoom of the reactor. On the
lower panel: 1 - reactor wall, 2 - convergent-divergent nozzle, 3 - discharge breakdown, 4 -

PTFE sleeve, 5 - reactor gas inlet, 6 - the swirler.
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The burner is also made in stainless steel with a length of 410 mm, a bottom diameter
of 280 mm and a gas exit diameter of 123 mm. The swirler of the burner is composed of 10
blades with a swirl angle of 80° High swirl angles promote the generation of a high
recirculation zone that enhances the mixture homogeneity in the combustion zone (SILVA,
2011), allowing the system to operate with global equivalence ratios lower than to 0.6. Figure
3.2 exemplifies the recirculation structure formed by the swirl and the flame produced by the

present burner.

Swirler

Air 3 - .

——

Fuel + Air—-

Figure 3.2 - Schematics of the recirculation structure generated by a swirl flow (top) and an

example of the flame generated by the present burner without plasma.

It is worth to mention that the plasma application did not change any visual aspect of
the flame during the tested conditions.

The swirl number is a dimensionless quantity, which quantifies the strength of the
recirculation promoted in the device. It represents the ratio between the flow angular

momentum and the flow linear momentum. It can be calculated following the methodology
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exposed in (SILVA, 2011) and presented in appendix A. For the present experiments, the
flame swirl number relies between 14.10 and 32.54. The variation of the flame swirl number

(S’) with the plasma reactor equivalence ratio is shown in figure 3.3.
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Figure 3.3 — Flame swirl number (S’) as a function of the plasma reactor equivalence ratio

(Dreactor.

This is a very high swirl number that can promote an intense recirculation flow.
Therefore the reactant mixing is improved and so, it is possible to sustain a flame in very lean
conditions, below the flammability limits. It can be highlighted that for this calculation, it was
considered that the flow that emerges from the reactor does not present a significant angular
momentum and the plasma does not change considerably the flow dynamics in the reactor.

In this burner configuration, it is possible to change the fuel injection mode: it can be
injected axially passing through the reactor, it can be injected radially to the swirl air flow and
the fuel can be also injected combining these two modes, as shown in figure 3.4. However, in
the present case, only the axial fuel injection was investigated, which means that all fuel

injected passes through the plasma reactor.
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Figure 3.4 - Fuel injection modes of the burner. 1 - Axial fuel injection, 2 - radial fuel

injection.

In spite of the air and fuel are not injected premixed, by the intense recirculation flow
promoted by the swirler (high swirl number), it is possible to suppose that combustion
happens in a turbulent global fuel-lean premixed swirling flame, whose aspect can be seen in
figure 3.2. It is not possible to measure the local flame equivalence ratio in the present device;
so that the combustion condition was characterized by the global equivalence ratio, calculated
based on the fuel and air mass flow rate. In this context, it was supposed that flame local
equivalence ratio follows the same tendency of the global equivalence ratio.

As the burner operates with very low equivalence ratios, the device promotes the
formation of a very global fuel-lean flame. Although the flame temperature was not measured
in this study, it is well known that in these conditions, flames typically have low temperatures,
which promotes low formation of NOx. This is due to the fact that in combustion systems,
most of the NOx is formed due to the thermal mechanism (also known as the Zeldovich
mechanism), which presents a high-temperature dependence. However, low temperatures also
slow the hydrocarbon and CO oxidation mechanism leading to high concentrations of carbon-
based compounds on the exhaust gas.

The plasma-assisted burner is coupled to a combustion chamber with a square section
of 500 mm and length of 600 mm. A convergent nozzle connects the chamber to the exhaust
duct that has 550 mm of length and 300 mm of diameter. The chamber has two rectangular
quartz windows for optical access (50 mm x 200 mm). The chamber has an entry to sample
gas collecting at the exhaust duct. This entry is located 1000 mm from the burner exit. Figure
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3.5 shows the burner coupled at the chamber and figure 3.6 shows their schematics with

respective dimensions.

X

WES Gas Analyzer

Emerson (Gas  Analyzer

Figure 3.5 - Combustion chamber (on top) and the gas sample probe (bottom). At top panel: 1
- the swirler gas inlet, 2 - the reactor gas inlets and 3 - the gas sample probe entry. On the

bottom panel, the indication of the gas sample probe on the exhaust duct.
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Figure 3.6 - Schematics of the combustion chamber and the burner with respective
dimensions. Quartz window indicated by the double arrow of 200 mm. Exhaust duct has 300
mm diameter. Adapted from (ALVES, 2013).

The mass flow rates to the reactor were controlled by needle valves. The ranges of the
mass flow meters are 0 - 1.00 g/s for natural gas and 0 - 15.00 g/s for air that feeds the plasma
reactor, both with a 1.5 % precision of the full scale.

The swirler air mass flow rate was monitored by a Kurz 504FTS-24 mass flow meter
with a 0-50.00 g/s range and precision of 1.3 % of the reading. A blower supplies the air and a
frequency inverter controlled the air mass flow rate.

The assumed fuel gas composition for all tests was: CHas (88.683%), C2Hs (5.844%),
CsHs (2.339%), C4Hio (0.771%), CsHiz (0.128%), CeHis (0.025%), CO:2 (1.616%), N2
(0.594%) (COMPANHIA DE GAS DE SAO PAULO - COMGAS, 2014: TORRES, 2014).

For all conditions, the fuel mass flow rate was fixed at 0.50 g/s. So, the thermal power
(product of the lower heating value and the fuel mass flow rate) of the burner was 23.2 kW for
all tested conditions.

The equivalence ratio definition (E1) was used in order to identify separately the flame
and the plasma. So, ®reactor Was defined as the equivalence ratio of the mixture inside the

reactor (with or without plasma) and ®giobal the equivalence ratio of the whole mixture that is
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injected to the flame zone (i.e., it considers all the injected gas mass flow rates, including the
reactor one). In this way, as the entire fuel passes through the reactor and feeds the flame, it is
the air mass flow rate (in the reactor and in the swirler) that determines the difference between
Dreactor and Dgiobal.

The discharge was generated and sustained using a BRC 10 kV - 1 A Unipower DC
power supply from Universal Voltronics with a 10 kW maximum output power in voltage
regulation mode. A 50 kQ - 2 KW ballast resistor was installed in series with the power supply
in order to limit the discharge current to 200 mA.

A Tektronix TDS2024C oscilloscope with an impedance of 1 MQ in parallel with 20
pF, 2 GS/s maximum sampling rate and two Tektronix P6015A 1000:1 voltage probes were
used to obtain the voltage and current waveforms. The current waveforms were taken from
the subtraction of the voltage signals measured at the two terminals of the ballast resistor, in

accordance with Ohm’s law.

3.2 Discharge characterization methodology

The GA characterization was performed measuring the current and voltage
waveforms. The application of a Fast Fourier Transform (FFT) allowed the analysis of the
discharge repetition frequency.

In an effort to compare the electrical power consumed by the discharge with the
thermal power derived from the fuel burn, it was defined a quantity to represent the power of

the discharge:

P'=U_.1, (E2)

where Um and Im are respectively, the mean voltage and mean current of the discharge.

It can be noted that this quantity is taken as representative of the electrical power
given that the voltage and current waveforms were not recorded at the same time. So, with no
data about the phase between the two waveforms, P’ could not correspond to the real value of
the discharge electrical power.

In the first series of measurements, the GA reactor operated using two fixed fuel mass

flow rates: 0.25 g/s and 0.49 g/s. For each one, the air mass flow rate was varied to achieve
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equivalence ratios from 3.0 to 5.2 in the reactor. Therefore the total mass flow rate varied at
the same time.

A set of additional experiments was performed using fixed total gas flow rates (1.85
g/s and 2.10 g/s), i.e. the air flow rate was reduced proportionally to the fuel flow rate
increase, in order to change only the equivalence ratio. So, with this set of experiments, it was
possible to verify the effects over the discharge characteristics promoted by the isolated
increase of the fuel concentration in the reactor feed mixture.

All the error bars presented in the electrical graphs consider the standard deviation of
the measurement as well as the equipment uncertainty (around 3% of the full scale).

3.3 Gas analysis methodology

The composition of the exhaust gas was monitored by an Emerson Rosemount
Analytical MLT4 gas analyzer (for O2 and H2 measurements) and an MKS 2030 FTIR gas
analyzer (for CO2, CO, NO, NO2, H20 and hydrocarbon measurements).

In the present study, the total hydrocarbon content (THC) is composed by: methane
(CHa), ethane (CzHs), ethylene (C2Ha), propane (CsHs), methanol (CHsOH), acetaldehyde
(C2H40), propylene (CsHs), acrolein (CsH4O) and acetylene (Cz2H2). The calculation is
performed by the MKS 2030 gas analyzer following the equation (E3):

THC = 2 [C,H,0] + 2 [C,H,0] + 2.4 [C,H,] + [CH,OH] + 1.1 [CH,] + 2 [C,H,] +

19 [C,H,] + 3 [C;H,] + 285 [C5H,] (E3)

where the multiplication coefficient of each considered specie is determined in the factory
calibration by comparison with flame ionization results.

The MLT module performs electrochemical measurement of Oz using a circuit
arrangement where Oz reacts with the analyzer electrodes generating a current proportional to
the compound concentration in the gas sample.

The H2 concentration is measured by the thermal conductivity technique. In this case,
a metallic wire heated by an external circuit is immersed in a gas cell. If the gas that filled the
gas cell contains hydrogen, it will promote cooling of the wire proportional to the hydrogen

concentration.
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The FTIR (Fourier Transform Infrared) analyzer uses infrared absorption spectroscopy
to evaluate the concentration of the compounds. Since each polar molecule absorbs infrared
(IR) light in specific wavelengths, each one has a unique fingerprint spectrum. Therefore, the
raw data is processed using a Fourier transform algorithm, which turns the measured
absorption values into concentration data.

Both gas analyzers have a heated gas probe and a diaphragm pump to collect the
sample gas. The sampling rate is 0.25 Hz.

In order to verify the best location of the sample probe, it was performed a set of
experiments varying the position of the probe radially to the exhaust duct. In the experiments,
a 6 mm diameter stainless steel probe was placed in three different positions from the center
of the exhaust duct in order to verify if the exhaust gas composition varied radially. The

results are shown in figure 3.7.
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Figure 3.7 — Raw data concentration of the main compounds as a function of the sample probe
position (1, 2 and 3). Condition: mr= (0.50 + 0.01) g/s and mair= (49.97 £ 0.12) g/s. No
plasma application. On the bottom panel, the three tested positions (1, 2 and 3) for the probe
in relation to the center of the exhaust duct used to verify the radial homogeneity of the flow.

The sample gas was divided between the two gas analyzers.
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Thus, as the sample probe position could lead to different data, it was replaced by a 6
mm diameter stainless steel probe with 15 holes (with a diameter of 1 mm each, inter-spaced
by 10 mm) placed transversally to the gas flow on the exhaust duct of the combustion
chamber. Therefore, the collect sample is, in fact, a composition radially distributed of the
exhaust gas. The gas sample was then distributed to the two gas analyzers.

For the gas analysis, the fuel mass flow rate was fixed at 0.50 g/s and the reactor air
mass flow rate was varied from 1.6 to 2.8 g/s. This corresponds to @reactor from (5.4 £ 0.1) to
(3.1 £ 0.1), respectively. The swirler air mass flow rate was varied from 20.00 to 50.00 g/s,
which corresponds to ®giobai from (0.39 £ 0.01) to (0.18 + 0.01). The composition of the
exhaust gas was monitored with and without plasma to define the role of the GA discharge at
the combustion mechanism and to the exhaust gas compositions.

It is important to highlight that while the FTIR performed measurements are in wet
basis, the MLT4 measurements are performed in dry basis. Thereby, the MLT4 O2

measurements were corrected to wet basis following the equation (E4).

100 — [H,0] . e ured
[Uf]wet = [Ui]measured ' 100 TS (E4)

where the measured concentration of H20 is given in %.

Moreover, to correct the gas concentration for the diluting effects caused by the excess
of air, an O2 reference value of 15 % was used. The correction was performed using equation
(E5):

209 — [Uf]refer‘ence
208 — [U:]

[K]‘lE:}tD: = [K]measured : (E5)

where the O2 concentration in wet basis is given in %.

All the concentration graphs presented in this study have error bars that comprise the
standard deviation of the measurement, associated errors due to the corrections, as well as the
equipment uncertainty (about 1% of the full scale for the MLT4 and a relative error of 5% for
the MKS).

It is also important to verify the reliability of the concentration measurements.
Thereby, the experimental measurements of the concentration of some calibration gases with

the MKS FTIR gas analyzer were compared with the nominal value provided by the
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manufacturer. The results and the comparison with the factory calibration are shown in table
3.1

Table 3.1: Calibration gases experimental concentration and their nominal value.

Calibration points
LCPE calibration gases*
Molecule (factory calibration)
Minimum Maximum nominal experimental**
7997.00 ppm (7931 £ 15) ppm
CH4 40.1 ppm 20000 ppm
84.42 ppm (84.06 £ 0.05) ppm
CO low 4.8 ppm 5000 ppm 400.30 ppm (392.9 £ 0.8) ppm
CO2 0.4 % 23.0% 4.503 % (4.43+£0.03) %
H20 2.03 % 20.57 % - -
N20 13.4 ppm 200.1 ppm 80.54 ppm (85.13 £ 0.27) ppm
1307.00 ppm (1290 + 0.83) ppm
NO 19.4 ppm 2795 ppm
87.80 ppm (86.48 £ 0.73) ppm
NO2 32.6 ppm 488 ppm 81.70 ppm (80.90 £ 0.38) ppm

* White Martins, dilution in No2.
** average, 30 measurements (30 s)

It can be seen that the measured concentrations agree well with the nominal value,
with deviations lesser than 6%.

Besides the good agreement of the measurements, which guarantees an assured
calibration, it is important to define a cut point to prevent false positive values in the analysis.
So, it was defined that concentrations which present values lesser than two times their
standard deviation was not considered in the analysis.
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4 Gliding arc discharge in fuel-rich conditions

The voltage waveform is the main feature to understand the GA discharge cyclical

development. Figure 4.1 shows a typical waveform of the discharge.
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Figure 4.1 - Typical voltage waveform of the GA. Condition: mr= (0.24 + 0.01) g/s and rhair=

(0.79 £ 0.02) g/s. Red line corresponds to the mean voltage (Um). Voltage in absolute values.

From figure 4.1, it can be seen the cyclical behavior of the GA: the voltage increase
until it reaches the breakdown, and then it drops down close to 221 V. After that, the plasma
column elongation causes the voltage to rise until the breakdown voltage is reached again,
restarting the cycle. As can be seen, at each cycle the shape of voltage rise is changed. Gliding
arc discharges are quite unstable, due to the turbulent flow and the different paths the arc
travels along the electrodes at each cycle. The voltage drops observed within a cycle can be
caused by glow-to-spark transitions (KOROLEYV et al., 2007a, 2011) or shortcuts (KOLEV;
BOGAERTS, 2015b; PELLERIN et al., 1999). The former is caused by a momentaneous

regime change in the discharge, while the second corresponds to an arc shortening. A
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variation of breakdown voltage is also observed and can be related to a residual charge
concentration from the previous cycle, temperature variations or even electrode irregularities.

The voltage waveforms can be seen as composed by one “low frequency”
phenomenon (breakdown) and “high frequency” phenomena (regime transitions, shortcuts,
turbulent motion, etc.). It indicates the importance of frequency analysis for this type of
discharge, as will be discussed later.

The discharge current waveforms have an opposite behavior of the voltage: at the
breakdown, the current in plasma column reaches its maximum value. Then, the elongation
promotes the increase of the arc resistance and as a result, current begins to fall until the next
breakdown. Figure 4.2 shows a typical current waveform of the GA. As in the case of voltage,

high-frequency oscillations can be observed from current waveforms and are directly linked.
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Figure 4.2 — Typical current waveform of the GA. Condition: rr= (0.24 + 0.02) g/s and rhair=
(0.83 £ 0.01) g/s. Red line corresponds to the mean current for the plasma (Im). Current in

absolute values.

It is important to see the effect of the equivalence ratio and the total gas flow rate in
the values of voltage and current. Therefore, in the first set of experiments, for a fixed
equivalence ratio, the increase in the fuel mass flow rate (and, consequently, in the total gas

flow rate) promotes only a small increase in mean voltage.
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This increase is around 2.6 - 5.3% except for the equivalence ratio of 3.5, where the
variation reached 15%, as shown in figure 4.3a. However, in all cases, the mean voltage
variation is within the error bar, which includes the standard deviation and the equipment

uncertainty (around 3% of the full scale).
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Figure 4.3 - Discharge mean voltage (a) and mean current (b) as functions of the reactor
equivalence ratio for the two tested fuel mass flow rates. Mean voltage and mean current in

absolute values.

Likewise, the mean discharge current does not change significantly, about 1% in all
conditions, as shown in figure 4.3b. In the same way, the variation of the equivalence ratio
(by increasing the air mass flow rate) does not significantly change the mean voltage and
current.

For the conditions of figure 4.1, P’ is between (399 + 52) W and (425 * 48) W for
conditions with fuel mass flow rate of 0.25 g/s and (372 + 50) W and (400 £ 53) W for the
ones with fuel mass flow rate of 0.49 g/s. This indicates that the discharge power when mr =
0.49 g/s represents 1.60 % to 1.72 % of the thermal power.

Figure 4.4 shows the voltage waveforms and its respective FFTs, for two different

total mass flow rates at an equivalence ratio of 3.0.
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Figure 4.4 - Voltage waveforms (a,c) and respective FFTs (b,d) for two different conditions
with @reactor = (3.0 + 0.1). (a) and (b) ar = (0.25 £ 0.01) g/s, mair = (1.42 £ 0.02) g/s (c) and
(d) mr = (0.49 £ 0.01) g/s, mair = (2.80 = 0.02) g/s. Voltage in absolute values.

The breakdown voltage is between (7.72 £ 0.89) and (8.69 = 0.78) kV. It can be seen
that the period (time interval between successive breakdowns) changes slightly for each cycle.
This is due to the fact that the plasma column glides along the cathodic wall by different paths
in each cycle.

In the second set of experiments, for a total gas mass flow rate of 1.85 g/s, the
breakdown voltage is about (6.46 + 1.26) kV and (5.09 + 1.00) kV when operating using 0.25
g/s and 0.49 g/s fuel flow rates, respectively. For a higher total flow rate of 2.10 g/s, the
breakdown voltage is around (6.62 = 1.54) kV and (5.81 + 1.23) kV when the fuel flow rate is
0.25 g/s and 0.49 g/s, respectively. The increase in the breakdown voltage (Us ) with the total
mass flow rate was also reported in the literature (SAGAS et al., 2011) and it is related to the
increase of the arc velocity. So, the critical length is reached in a shorter time.

An increase in the natural gas flow rate, for constant total flow rate, promotes a drop in
the breakdown voltage, which results in a flattening of the voltage waveform as can be seen in

figure 4.5.
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Figure 4.5 - Voltage waveforms and respective FFTs (in blue) for two conditions with a total
mass flow rate of 1.85 g/s. (a) and (b) mr = (0.25 £ 0.01) g/s, mair = (1.59 + 0.02) g/s and
Dreactor = (2.8 £ 0.1); (¢) and (d) r = (0.51 £ 0.03) g/s, mhair = (1.35 £ 0.01) g/s and Dreactor =
(6.5 + 0.4). Voltage in absolute values. The line corresponds to the mean discharge voltage
(Um).

This reduction in breakdown voltage can be associated with the lower ionization
energies of the major components of natural gas (89% methane - 12.61 eV, 6% ethane - 11.52
eV and 2% propane - 10.94 eV, other components corresponds to 3%) when compared with
those of air (78% N2z - 15.58 eV, and 21% Oz - 12.07 eV, the sum of the other components is
closer to 1%) (LIAS, 2018). Besides that, the total ionization cross section for electron
collisions is higher for methane (SONG et al., 2015) than for N2 (ITIKAWA, 2006) and O2
(ITIKAWA, 2009). A decrease in oxygen concentration along with an increase in equivalence
ratio can also lead to decay of negative ion formation.

There is also the fact that the ignition of the mixture in the plasma environment
increases the gas temperature in the reactor. Consequently, it reduces the gas density. The
lower gas density reduces the breakdown voltage. Both effects increase the discharge
repetition frequency (KONG et al., 2018).
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The sum of these factors facilitates discharge ignition with increased equivalence ratio
in this second set of experiments, i.e. a decrease in the breakdown voltage with an increase in
natural gas concentration for a fixed total flow rate.

Figures 4.4 and 4.5 also shows the Fourier analysis performed on the voltage
waveforms. This analysis allows the verification of the behavior of the discharge frequency as
a function of the total mass flow rate and equivalence ratio. A DC component (0 Hz) is
observed in the frequency spectrum in all conditions. As the GA is generated in a DC power
supply, this component has the highest amplitude, as expected. A relatively high “noise” in
the Fourier spectrum is observed, which is caused by the variations in the discharge voltage
within each cycle, and corresponding to the “high frequency” phenomena discussed earlier. It
can be seen that it is spread along all the analyzed frequency range. This “noise” is
responsible by the typical electromagnetic interference generated by gliding arc discharges.

Although it is beyond the scope of this study to make a complete correlation between
the frequency spectrum and the gliding arc phenomena, the discharge repetition frequency (or
breakdown frequency) can be easily determined from the spectra. The discharge repetition
frequency was determined by the peak with the maximum amplitude, excluding the DC
component. The values obtained are in accordance with the estimative made by direct
measurement of the period from voltage waveforms. Comparing figures 4.5b and 4.5d, it can
be seen the shift of the peak to a higher frequency, while there is clearly an increase in
frequency from the waveform in figure 4.5a to the one in figure 4.5c.

All the results regarding the discharge repetition frequency are summarized in figure

4.6, as a function of the equivalence ratio (figure 4.6a) and total mass flow rate (figure 4.6b).
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Figure 4.6 — Discharge repetition frequency as a function of the reactor equivalence ratio (a)

and total mass flow rate (b).
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By increasing the total gas mass flow rate for a constant natural gas flow, i.e. reducing
the equivalence ratio, there is a growth in the discharge repetition frequency (figure 4.6a).
From figure 4.6a, it is noted also that, for a constant equivalence ratio, there is an increase in
the discharge repetition frequency with increased natural gas flow rate (and total gas flow
rate). From this and from figure 4.6b (and figure 4.4), it is clear that when the gas flow rate
increases, the discharge repetition frequency rises. This is due to the increase in the flow (and
consequently in the arc) velocity, so the critical length is achieved in a shorter time. It leads to
a new breakdown and restarts the cycle.

On the other hand, it can be seen from figure 4.6b (and figure 4.5) that for a given total
mass flow rate, the discharge repetition frequency rises with the natural gas flow rate. This
effect is caused by the reduction in the breakdown voltage observed in figure 4.5 with the
increase in methane concentration on the gas mixture, which consequently reduces the time
interval between breakdowns, increasing the discharge repetition frequency.

To verify if the presence of the flame downstream would influence the properties of
the plasma upstream, electrical measurements of current and voltage of the discharge in the
presence of the flame was performed. The repetition frequency for these conditions was also
obtained. The results are summarized in figure 4.7:



65

51— T .
a u (I)REACTOR: 52
(I)REACTOR: 35
o~ 4' l
S
<
& } =
-3 Lo N
+ + R,
2 . .
150 T T T T T T
b
140+ F# j j
— u I 1
z N
E 130- J
_E
120- u (I)REACTOR: 52
) =35
110 REAICTOR

0 10 20 30 40 50

m Air(Swirler) (g/S)

2400 —
C
[ ] %
1800 } +« « °
E{ } Ai + ' .
" 12001
(DREACTOR: 52
[} =35
600 | REACTOR

0 10 20 30 40 50

mAir(SwirIer) (g/S)

Figure 4.7 - Mean voltage (a), mean current (b) and discharge frequency (c) of the gliding arc
discharge in the presence of the flame as function of the swirler air mass flow rate (mair(swirler))
for two plasma equivalence ratios: @reactor = 5.2 and 3.5, both with fuel flow rate of 0.49 g/s.

The swirler mass flow rate equals to zero corresponds to the plasma operation without flame.

As can be seen in figure 4.7, the mean current, the mean voltage and the repetition

frequency of the discharge obtained in the presence of the flame are in accordance with the



66

measurements performed without flame. This shows that the discharge electrical properties
are not influenced by the presence of the flame downstream, which permits to separate the
effects of the plasma application and the effects due to the flame dynamics and kinetics.

As shown in this chapter, the discharge power on conditions with a fuel mass flow rate
of 0.49 g/s corresponds to less than 1.75% of the calculated thermal power. The mean voltage
and mean current of the discharge have no significant variation for the range of equivalence
ratios and total mass flow rates used in this study. However, the discharge repetition
frequency can increase up to 2.6 times. Both the increase in equivalence ratio (with constant
total mass flow rate) and the increase in total mass flow rate (for constant equivalence ratio)
lead to a rise in the discharge repetition frequency. In the first case, this is caused by the
higher methane concentration, which has a lower ionization potential leading to a lower
breakdown voltage (evidenced by a flattening in the voltage waveform) and so, to a higher
discharge repetition frequency. In the second case, the rise in the discharge repetition
frequency is a consequence of the increased arc velocity.

The decrease in the discharge repetition frequency with increased equivalence ratio
(with constant fuel mass flow rate) could lead to a higher probability of failure in the flame
ignition, causing the system to be unstable at high equivalence ratios. On the other hand, the
increase in the total mass flow rate can lead to a flame blow off due to the increase in the flow
velocity. Both phenomena must be considered when choosing an optimum operational
condition for plasma-assisted burners.

It was shown also that the discharge electrical characteristics were not influenced by
the flame downstream the reactor. Thus, it is reasonable to suppose that the changes on the
exhaust gas composition in conditions with plasma are due only to the plasma Kinetic
enhancement and not by plasma regime variations or mutual effects between the flame and
the discharge.
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5 Plasma-assisted combustion results

Some papers (SAGAS et al., 2011; SAGAS; MACIEL; LACAVA, 2016; VARELLA;
SAGAS; MARTINS, 2016) argue that the GA discharge, operating with natural gas - air
mixtures produces an OES spectrum dominated by H2 bands, as well as peaks relatives to OH
radicals and NO (SAGAS et al., 2011). In those papers, it was shown that the discharge OES
spectrum also presents CH, CN, C and H peaks.

Measurements of the exhaust gas concentration of fuel-rich GA showed that the
hydrocarbon cracking is the main source of Hz. Although the plasma promotes an increase of
NOx, it was shown that the release of Hz promotes a lowering in the CO and hydrocarbon
concentrations, as well as an increase in the CO: at the plasma reactor exhaust gas
(VARELLA; SAGAS; MARTINS, 2016). It needs to be pointed out that due to the high H:
content at the exit of the plasma reactor, the plasma is capable to sustain a pilot flame in this
region.

On the other hand, the flame studied here works on high swirl numbers (with swirl
number between 14.10 and 32.54), which allows to achieve flame in an environment with
very lean global equivalence ratios (0.18 — 0.39). Besides that, this burner operates with high
air in excess and thus, the flame lost a high amount of energy to heat this air. Therefore, there
is a slowing in the NOx thermal mechanism, as well as, in the hydrocarbons oxidation rates,
both of them dependent on the temperature. As a consequence, the exhaust gas presents
higher concentrations of THC and CO.

In this way, in the present arrangement, the plasma produced Hz, OH and NO species
will feed the flame in an effort to accelerate the CO and hydrocarbons mechanism,

maintaining the exhaust NOx levels acceptable.

In this section, it was measured the exhaust gas composition of the burner with and
without plasma application. For these tests, the fuel mass flow rate was fixed at (0.50 £ 0.1)
g/s and the air mass flow rate was varied. In the swirler, the air mass flow rate varied from
(21.65 £ 0.03) g/s to (49.33 £ 0.08) g/s and in the plasma reactor, the air mass flow rate was
varied from (1.6 = 0.1) g/s to (2.8 = 0.1) g/s. These conditions allowed global equivalence
ratios (Dglobat) between (0.18 + 0.01) and (0.39 = 0.01), and plasma reactor equivalence ratios
(Dreactor) between (3.1 £0.1) and (5.4 £ 0.1).
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The measured gas exhaust compositions are shown and discussed as a function of the
plasma reactor equivalence ratio. All the presented graphs are related to ®giobar = 0.21.
However, the behavior of the concentrations is similar for all the range of ®giobat. All graphs
relative to the other conditions of ®dgiobar are presented in the appendix B. Tables relatives to

the percentage variations promoted by the plasma application are presented in appendix C.

It needs also to be pointed that due to the high flammability of Hz, no hydrogen

content was detected at the exhaust gas.

5.1 Oz and CO;

Figure 5.1 shows the presence of oxygen and carbon dioxide in terms of concentration

with and without plasma.
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Figure 5.1 - Concentrations of Oz, and CO2 as functions of the reactor equivalence ratio
(Dreactor) for Ogiobat = 0.21. Both concentrations are in wet basis. CO2 was corrected for an
excess of 15% of Osz.

For these compounds, the plasma presence promotes slight variations on their

concentrations. However, in all cases, the variation is within the measurement uncertainty.
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52 THCand CO

THC and CO behaviors are shown in figure 5.2.
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Figure 5.2 - THC and CO behaviors as a function of the reactor equivalence ratio (®reactor) for

Dgiobal = 0.21. All concentrations are in wet basis and were corrected for an excess of 15% of
Oo.

The plasma presence promoted faster oxidation of hydrocarbons in all conditions,
lowering the THC concentration in the exhaust gas, reaching maximum decreases from
2982.2 ppm to 1518.1 ppm, which corresponds to a diminish of 49.1 %. This maximum
decrease is reached when ®reactor = 5.4 and Dglobal = 0.18.

This faster oxidation is promoted by the electron dissociation of hydrocarbons (R25,
R53 and R54) and by the plasma-generated species such as hydrogen (Hz and H) and atomic
oxygen. Many authors point out that non-equilibrium plasma is very efficient in producing
atomic oxygen via electron (R20) and excited nitrogen (IN5) impact dissociation (R21).

Hydrogen is produced by the cracking of hydrocarbons through direct impact
dissociation by electrons (R25, R53, and R54), atomic species (R24, R52), molecular species
(R46, R47), and radicals (R33, R51).

As shown by Sagés et al. (SAGAS; MACIEL; LACAVA, 2016), the gliding arc
discharge in a natural gas - air premixed mixture is a source of Hz, which is partially
consumed in the flame conjugated to the plasma, i.e. inside the reactor. However, as shown by
Varella et al.(VARELLA; SAGAS; MARTINS, 2016), the H2 content in the exhaust gas of a

fuel-rich  combustion increases using a gliding arc discharge, despite this internal
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consumption. Therefore, the plasma reactor is injecting Hz in the burner flame zone, which
contributes to the fast hydrocarbon oxidation. Due to hydrogen great flammability, no H:
content was measured in the exhaust gas, as expected.

Following the behavior of the THC, carbon monoxide (CO) concentration decreases
with the plasma application. The maximum decrease is from 1185.0 ppm to 486.4 ppm,
corresponding to a fall of 59.0 %. This occurs at the condition where ®reactor = 5.4 and Dglobal
=0.30.

As the plasma increases the amount of OH and H2 due to the dissociation of the
hydrocarbons, it also impacts the CO conversion in the flame zone. The faster oxidation of
CO in the presence of Hz was already shown by Kim et al. (KIM et al., 2009) in premixed
flames. Varella et al. (VARELLA; SAGAS; MARTINS, 2016) point out that the CO
oxidation in the plasma process is due to the presence of OH radicals, which is known as one
of the reactions most responsible for the heat release.

CO+0H sCO,+H (R55)

The carbon monoxide can also be oxidized by collision with Oz (R56), and by the

water shift reaction (R57).

C0+0,5C0, +0° (R56)

CO + H,0 5 €O, +H, (R57)

In a medium with high Hz concentration, as expected in the flame zone due to H:

injection from the reactor, the reactions (R58) and (R59) can also be involved:

0+ H,S0H +H (R58)

CO+ HO, =C0, +0H (R59)
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Meanwhile, as pointed by Varella et al. (VARELLA; SAGAS; MARTINS, 2016),
reaction (R56) is too slow, promoting not much contribution to the CO2 formation. So, in the
presence of the plasma, reaction (R55) is the predominant oxidation pathway to the CO

decrease.

5.3 NOx

The behavior of NOx as a function of the reactor equivalence ratio is shown in figure
5.3.
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Figure 5.3 - NOx concentration as function of the reactor equivalence ratio (®@reactor) for Dgiobal

= 0.21. All concentrations are in wet basis and were corrected for an excess of 15% of Ox.

As the higher loss of heat to the excess of oxidant in the flame zone reduces the
temperature of this region, low levels of NOx are measured at the exhaust gas. However, the
plasma application increases the NOx concentration, reaching a maximum increase from 10.5
ppm to 28.8 ppm, corresponding to a rise of 174.3 %. This is reached in the condition where
Dreactor = 5.4 and Dgiobal = 0.30.

The generation of NOx species, predominantly NO (VARELLA; SAGAS; MARTINS,

2016), in plasmas at atmospheric pressure in mixtures containing air is well known
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(KOROLEV et al.,, 2012a; WANG et al., 2017b). So, it is important to notice that in a
discharge that produces NO and NOz2, the low-temperature NOx catalytic reactions (R16 and
R17) can convert radicals, such as HO2 to OH radicals and thus, promote chain-branching
reactions and extend ignition limits. The hydrogen combustion also promotes an increase in
the temperature of the reaction zone, improving the thermal mechanism of NO formation.

This hypothesis is reinforced by the fall of THC concentration with the plasma application.

5.4 Hydrocarbons

Looking for the THC components, acetaldehyde (C2H40) and propylene (CsHs) and
acrolein (CsH4O) remain below the cut point in all tested conditions and so, their
measurements were not considered. For all hydrocarbon species, the plasma application
decreased their concentrations.

As the main component of natural gas, methane (CH4) concentration is also the bigger

among the THC hydrocarbons as shown in figure 5.4.
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Figure 5.4 - CH4 concentration as function of the reactor equivalence ratio (®reactor) for Dglobal
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The methane concentration falls with the plasma application reaching maximum

decrease from 2201.5 ppm to 1131.3 ppm, corresponding to a fall of 48.6 %. This situation

occurs when ®reactor = 5.4 and Dglobal = 0.18.

Ethane (C2He) presents concentrations below 100 ppm in all conditions. Its behavior is

shown in figure 5.5.
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Figure 5.5 - Ethane concentration as function of the reactor equivalence ratio (®reactor) fOr

Dgiovar = 0.21. All concentrations are in wet basis and were corrected for an excess of 15% of

Oo..

The maximum decrease in the ethane concentration due to the plasma presence is from
97.1 ppm to 41.3 ppm, which corresponds to a fall of 57.5 %. This decrease is reached in the

condition of ®reactor = 5.4 and Dglobal = 0.18.
The behavior of propane (CsHs) as a function of the reactor equivalence ratio is shown

in figure 5.6.
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Figure 5.6 - Propane concentration as function of the reactor equivalence ratio (®reactor) fOr
dgiovat = 0.21. All concentrations are in wet basis and were corrected for an excess of 15% of
O2.

Propane concentration is less than 50 ppm in all conditions. When ®reactor = 5.4 and
Dgiovar = 0.18, the plasma application promotes a maximum decrease from 48.9 ppm to 13.6
ppm, a corresponding diminish of 72.2 %.

It is important to notice that although in absolute values the methane concentration
shows the high decrease (about 1070.2 ppm) the plasma influence is bigger in propane and
ethane, which present higher percentage decreases: 72.2 % and 57.5 %, respectively. This
result can be linked to the lower dissociation energy for propane and ethane in relation to
methane. For example, at 298 K the bond dissociation energy for the first C-H bond of
propane is 98.6 kcal/mol, while for ethane and methane it is respectively 101.1 kcal/mol and
104.99 kcal/mol (BLANKSBY; ELLISON, 2003; RUSCIC, 2015). So in the plasma
environment, it is energetically easier to achieve the dissociation of propane and ethane,
which turns them more sensitive to the plasma application.

The plasma action over methane corresponds to its dissociation by direct impact of
electrons (R25, R53, and R54), or collisions with other molecules (R37) to form radicals
(CHs, CHz and CH). The dissociation of methane is the main source of hydrogen in the

mixture. Besides that, the consumption of CH4 can occur to form hydrogen (R45, R46), or in
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reactions with the hydroxyl radical (R33) and atomic species (O and H) through reactions
(R34) and (R35). It is important to say that in the range of equivalence ratios used in this
study, a portion of methane is cracked in the plasma environment. However, there is an excess
of methane that is not decomposed in the reactor and reaches the flame zone, where it can be
consumed. As pointed out by Sagas et al. (SAGAS; MACIEL; LACAVA, 2016), for plasma
reactor equivalence ratios higher than 1.9, the OH intensity in the OES spectrum of the
plasma disappears, due to the lower oxygen concentration in the mixture and the C peak
appears due to the natural gas cracking in the plasma.

The reactions between methane and atomic oxygen (R34 and R48) promote the
increase of radical OH in the medium. The increase of molecular hydrogen also has
contribution from other hydrocarbons reaction such as ethane (R39) and ethylene (R40 and
R41) in the plasma environment.

Varella et al. (VARELLA; SAGAS; MARTINS, 2016) show that the propane
concentration diminishes with the increase of the discharge applied power. Korolev et al.
(KOROLEV et al., 2012b) points out that propane is converted to acetylene (Cz2Hz) in the
discharge area, without the participation of oxygen on the reactions.

Acetylene (CzH2) and ethylene (C2H4) behaviors are shown in figure 5.7.
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Figure 5.7 - Acetylene and ethylene concentrations as function of the reactor equivalence ratio
(Dreactor) for Ogiobal = 0.21. All concentrations are in wet basis and were corrected for an excess
of 15% of Oz.

Considering all the tested conditions, acetylene and ethylene are always lower than 35

ppm and 55 ppm respectively. The plasma promotes a maximum decrease in the
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concentration of acetylene from 12.4 ppm to 5.5 ppm and for ethylene from 52.5 ppm to 30.5
ppm. These decreases correspond to a fall of 55.6 % for acetylene (when ®reactor = 5.4 and
Dglobal = 0.30) and 41.9 % for ethylene (when ®reactor = 5.4 and Dgiobal = 0.18). However, it is
important to notice that for a same condition, ethylene always present decreases bigger than
acetylene, as can be seen in the tables of appendix C.

The fact that ethylene is more sensitive to the plasma presence than acetylene is linked
to the bigger concentration of ethylene, but the structure of the compounds cannot be
neglected. While ethylene presents a double C-C bond, acetylene presents a triple C-C bond.
This also reflects in their C-H dissociation energy: 110.7 kcal/mol (at 298 K) for the ethylene
and 133.32 kcal/mol (at 298 K) for acetylene (BLANKSBY; ELLISON, 2003). So, as the C-C
bond becomes strong, the C-H bond dissociation energy increases, which makes the ethylene
dissociation easier in the plasma environment.

As shown by Dors et al. (DORS et al., 2014), acetylene is generated from ethylene
(R39) and from C2Hs (R41) in the plasma environment. It probably is decomposed in smaller
species and oxidized by oxygen in the flame zone.

Formaldehyde (CH20) and methanol (CH3OH) concentrations are shown in figure 5.8.
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Figure 5.8 - Formaldehyde and methanol concentrations as a function of the reactor
equivalence ratio (@reactor) for ®giobat = 0.21. All concentrations are in wet basis and were

corrected for an excess of 15% of Oa.

Looking for all conditions, both formaldehyde and methanol present concentrations
less than 65 ppm and 20 ppm respectively. Their maximum lowering is from 46.3 ppm to 10.7

ppm for formaldehyde and from 17.5 ppm to 9.9 for methanol. These decreases correspond to
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diminishes of 36.4 % and 43.4 % respectively, and occur in the conditions where ®reactor = 5.4
and Dglobal = 0.30 for formaldehyde and ®reactor = 5.4 and Pgiobal = 0.18, for methanol.

Formaldehyde reacts with OH radical through reaction (R49) and (R50) and also
generates more atomic hydrogen and methyl radicals (CHs) through reaction (R52).

Methanol probably reacts with oxygen to form formaldehyde and dissociated in
methyl (CHs) and OH radicals (JU et al., 2016).

As discussed, the plasma effect in the combustion process is hugely related to feeding
the flame with hydrogen and oxygen plasma-generated species, which promotes fast oxidation
of the hydrocarbons. The dissociation of hydrocarbons in the plasma environment is the main
source of Hz. The generation of Hz also affects the Zeldovich mechanism in the flame zone.

The greater hydrocarbons decrease occurs for the higher plasma reactor equivalence
ratio (®reactor = 5.3), the same point where the increase in NOx concentration with plasma is
maximum. This point is also where lesser carbon-based compounds are converted in the flame
region, and so, the greater concentration of these compounds is measured without plasma.
Both behaviors are related to the increase in the amount of fuel in the inlet gas concentration.
For the very low global equivalence ratio, an increase in the reactor equivalence ratio leads to
more hydrocarbons in the exhaust gas. At the same time, as more hydrocarbons are present in
the reactor environment, it increases the H2 and OH produced by the plasma leading to higher
hydrocarbon and CO oxidation in the flame zone, as well as more NOx. A summary of these

effects is schematized in figure 5.9:
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Figure 5.9 - Scheme of the plasma action over the flame exhaust gas. Blue arrows represent
the conditions with plasma application, while red arrows represent the conditions without
plasma. NG corresponds to natural gas. The black arrows near to the compounds chemical
description represent the increase or decrease in its concentration inside the GA reactor or in

the exhaust gas.

In the present chapter, it was shown the results from the monitoring of the exhaust gas
concentration of a global fuel-lean swirl flame assisted by a reverse vortex flow gliding arc
discharge. Both, the plasma and the flame operate with natural gas and air. The plasma was
generated in a fuel-rich premixed mixture with equivalence ratios from 3.1 to 5.3, as well as
the global equivalence ratio of the entire system varied from 0.18 to 0.39.

The concentrations of Oz, CO2, CO, NOx and hydrocarbon content in the exhaust gas
were monitored with and without plasma application to verify the effect of the discharge on
this gas composition.

The results showed that the concentrations of THC, CHas, and CO decrease with the
plasma application. The NOx always increases with plasma application. However, this
increase is only from 18.3 ppm at its maximum, while in some conditions the plasma
application can lower the level of THC from hundreds of ppm. NOx concentration always
remains below 40 ppm.

The plasma promotes the cracking of the hydrocarbons to generate hydrogen and OH,

accelerating the oxidation of the fuel. The results also show that some hydrocarbons are more
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sensitive to the plasma presence than others. For example, propane and ethane present higher
decreases than methane. This behavior is linked to the lower C-H bond dissociation energy of
propane and ethane in comparison with methane. This discussion can also be extended to
ethylene and acetylene, where the first is more sensitive to the plasma application than the
second.

The higher variations of hydrocarbons, CO and NOx, as well as their condition of

occurrence are summarized in table 5.1.

Table 5.1: NOx, CO and hydrocarbon variation with plasma application. In the variation
column, a negative value is equivalent to a decrease in concentration, as well as a positive

value is equivalent to its increase.

Compound | @reactor | Pglobal C(% r:)cgggfgg;n Co?slear;'?;z;lon Variation
ppm ppm %
THC 5.4 0.18 2982.2 + 338.6 1518.1 +171.5 -49.1+£0.2
CO 5.4 0.30 1185.0 £ 124.7 486.4 £57.9 -59.0+£0.2
NOx 5.4 0.30 105+1.3 28.8+3.0 174.3+0.2
CH4 5.4 0.18 2201.5 + 255.7 1131.3+130.2 -48.6 +0.2
C2Hs 5.4 0.18 97.1+115 41.3+5.2 -57.5+£0.2
CsHs 5.4 0.18 48.9+£6.2 13.6+2.7 -72.2+0.2
CaH2 5.4 0.30 124+1.6 5509 -55.6 £0.2
CaH4 5.4 0.18 525+5.9 305+£35 -41.9+0.2
CH20 5.4 0.30 46.3+5.4 10.7+14 -76.9+0.2
CHsOH 5.4 0.18 175+ 2.0 99+12 -43.4+0.2

From table 5.1 it is clear that the higher decreases of the hydrocarbons at the exhaust
gas occur when ®reactor = 5.4. This same reactor equivalence ratio also implies the higher
increase of the NOx content.

The use of the GA plasma to assist global fuel-lean combustion improves the
hydrocarbon oxidation by generating hydrogen and oxygen species such as H, Hz, O and OH.
All of these species accelerates the hydrocarbon oxidation mechanism, by improving the heat
release in the flame zone and cracking hydrocarbons in lighter species. The fuel-rich gliding
arc applied to combustion shows itself as an alternative to highly improve hydrocarbon
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combustion in global fuel-lean flames without a big increase in the nitrogen oxides

concentration.
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6 Conclusions and suggestions for future studies

6.1 Conclusions

The main objective of this study was to verify the effect of a gliding arc discharge in
the emissions of a global fuel-lean swirl flame. To accomplish this goal, a direct comparison
between conditions with and without plasma application was performed.

The electrical characterization of the discharge showed that its repetition frequency
increased with the equivalence ratio and gas mass flow rate. These behaviors are linked with
the fall of the breakdown voltage and the increase of the gas velocity, respectively. Although
the increase in the discharge frequency can impact the ignition and flame stability, such
problems were not verified in this study. Also, the mean current and the mean voltage showed
no significant variation with the plasma reactor equivalence ratio or total mass flow rate. The
FFT analysis of voltage waveforms showed to be a useful tool to characterize the breakdown
frequency, with possible application to study other “high frequency” phenomena in gliding
arc discharge.

The measurements also show that the flame in the burner had no significant effect on
the electrical characteristics of the discharge. So, it is reasonable to consider that the changes
on the exhaust gas composition are due only to the plasma kinetic enhancement, and not to
variations on the flame structure or in the plasma regime.

From the gas analysis, it can be concluded that the main plasma action, relies on the
hydrocarbon and CO oxidation, as well as in the NOx formation.

The hydrocarbons and CO concentrations decrease rapidly when the plasma was
turned on. In fact, the gliding arc promotes the cracking of hydrocarbons to form Hz and OH
species, as well as some radicals such as CHs, CH2 and CH. The increase of the amount of H2
in the flame improves the hydrocarbon cracking. The Hz oxidation also releases energy that
helps to sustain the combustion chain-reactions in the global-lean regime. This energy release
thus improves the hydrocarbon consumption on the flame zone. The increase of the OH specie
improves the hydrocarbons and CO oxidation. On the other hand, there is an increase in the
NOx concentration, but it still remains below 40 ppm (corrected by O2 15%).

Although the plasma promotes the decrease of all hydrocarbons, it can be seen that

some of them are more sensitive to the plasma application. For example, although methane
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shows the higher absolute decreases, propane and ethane present higher percentage decreases
than methane when plasma is applied. This behavior is linked to the lower C-H bond
dissociation energy of propane and ethane in comparison with methane. So, it is energetically
easier to dissociate ethane and propane molecules than methane. The same is true when
comparing ethylene and acetylene, where the first is more sensitive to the plasma than the
second.

The comparison of emissions with and without plasma at the same burner system and
conditions proves that gliding arc discharges can be efficiently used to accelerate the
hydrocarbon oxidation in global fuel-lean flames, while leaving the NOx levels acceptable.
The main plasma action relies on the release of Hz and OH radicals, as well as promoting the
hydrocarbon cracking. The sum of these factors facilitates the hydrocarbon oxidation in the

flame zone.
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Recommendations for future studies

Studies of the flame structure by means of laser techniques, which could help in the
understanding of the role of the fluid dynamics in the exhaust gas composition.

Numerical simulation of the gliding arc development by using Computational Fluid
Dynamics (CFD) to estimate and understand the plasma properties when operating in
natural gas-air mixtures. This effort can provide valuable data to chemical kinetics
models.

Measurements of the plasma-generated intermediary species such as H, O, OH, Os,
etc. in an effort to refine the kinetics mechanism understanding related to the plasma-

produced species.

Analysis of the effect of the plasma on flame stabilization in conditions where thermo-

acoustic instabilities occur.

Simultaneous monitoring of the discharge voltage and current to accurate calculation
of the discharge electrical power. This data allows evaluating the energetic cost of the
plasma-assisted combustion by comparison of the discharge power and the thermal

power of the flame.

Analysis of the effects of the gliding arc in global fuel-rich flame conditions and low

swirl flame conditions too.

Study of the fuel-staged conditions.

Study of glow-to-spark transitions and shortcuts using FFT analysis and high-speed

imaging.

A deeper analysis of the sensitivity of hydrocarbons to the plasma application by
exhaust gas analysis of the plasma reactor when the discharge is generated in mixtures

of hydrocarbons with controlled composition.
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Appendix A - Mathematical calculation of the Swirl

number

The swirl number corresponds to the ratio between the angular momentum flow and
the linear momentum flow. Here is present the methodology used to calculate the swirl
number in the present study, and it follows the one proposed by Lawn (LAW, 1987), Muniz et
al. (MUNIZ et al., 2000) and Couto et al. (COUTO; MUNIZ; BASTOS-NETTO, 1995) apud
Almeida (SILVA, 2011).

The angular (Gy) and the linear (Gx) momentum are conserved and both can be written
as follow:

Ry

G, = J 2mpuwr’dr = constant (A1)

R.

R:
G, = J 2nr(p+ pu:]dr = constant (A2)

R.

where p is the flow specific mass, u and ® are respectively, the axial and tangential
components of the velocity in a transversal section of the flow. The inferior and superior
radius that limit this transversal section are Ri and Rz, respectively. The parameter p

corresponds to the static pressure. Thus, the swirl number can be calculated as:

5=~ (A3)

where R is the radius of the exit duct of the burner. Since it can be hard to obtain the static

pressure downstream the burner, it is convenient to adopt an “alternative swirl number” (S’)
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based in the velocity distribution of the swirler itself. So, the alternative swirl number can be

written as:
G
g =—=2
RG.' (A4)
where,
Ra.
G, = J 2mpu’rdr (A5)
R_

Supposing a uniform distribution of velocity in the transversal section of the duct and

integrating equation (A5):

IG.'{.I = Tpu: (RZ - R‘l:l (AG)

or,

G, =m.u (A7)

where m is the mass flow rate and i the mean axial velocity.
The alternative swirl number can be extended to situations where there is a central

primary flow (subscript p) and an annular secondary flow (subscript s):

G G

§' =90 o A8
R(Gp + Gse) (A8)
Writing S’ for the primary and secondary flows:
G
r_ PP
% TR (A9)
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8, =—"X (A10)

So, from equations (A8) and (A7):

Roy Vo
(mu),, [R—p) S, + G S,
=3

(mu), + (mu),

s = (AL1)

If My is the ratio between the linear and angular momentum flow of the primary and

secondary flows, so:

(mu)
M, = =

£ (mu),_

(A12)

and replacing in equation (Al1):

.  \(Re\ o ,.
5= (:T'MTJ[R—)SP + [l_lm_“]ﬂs (A13)
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Figure A.1 shows a general schematics of a swirl burner:
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Figure A.1 — General schematics of a swirl burner (SILVA, 2011).

For this burner, equations (A1) and (A5) become:

Rg
G, = f 2mpuwr-dr (A14)
Ry
and
R-
G, = f 2mpu’rdr (A15)
Ry

The tangential component of velocity (®) can be written as w = u. tan(c), where a is

the angle of the swirler blades. So, equation (A14) and (A16) become:

G, = 2n(CB)putan(c) (RS ; Ri ) (Al6)

G', = mpu®(R} —RY) (A17)
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where CB is the block coefficient due to the thickness of the blades, Rs is the radius of

the swirler, Ry is the fuel injector radius and Rs is the radius of the duct of the burner.

From equations (A16) and (A17):

P

Gy _ 2(CB)tg(er) (RS — RY)

G’ 3(R3 —R})

X

(A18)

As only the secondary flow passes through the swirler, from equation (Al3), S’

becomes:

g’

B

S'I =
1+ M,

which is the equation used in this study to calculate the swirl number.

Writing the mean axial velocity for the primary and secondary flows:

_ ( Im J
u. =|1—
2] J
pA/
and
_ [ Im J
u.=\|—
] F:PJ:IL i
Ap and As can be written as follow:
A, = mR]

and

A, = (R ~RY)

where Rz is the radius of the fuel injector role. Thus, the equation (A12) becomes:

(A19)

(A20)

(A21)

(A22)

(A23)
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P\ (m® 2 _np?
(L) (B) ®-RY -

M =22 P
: R

Given that (Rs — Ru) corresponds to the transversal section through which the flow

passes, the alternative swirl number of the secondary flow can be written as:

s = S
TR RIG, .

The blocking coefficient can be calculated as showed by Muniz et al. (MUNIZ et al.,
2000) apud Almeida (SILVA, 2011), which considers that the influence of the Reynolds
number is small. In this way, CB only depends on the geometric dimension of the blades in

the perpendicular direction of the duct axis. So:

1
(A26)

l1—a

where o is the blocking factor and is calculated as:

A — A,
r (A27)

J=—-
":'Laa_":"z

The parameter As corresponds to the area of the swirler, Asa is the annular area
between the swirler and the duct wall. Aet is the effective area of the flow and is calculated as:

Ay =2 (Rs— Ry) (K— 2T)cos(a) (A28)

where



K = cos (%] [RE sin (%] TRy tan (%”

in which Z is the number of blades of the swirler and T is its thickness.

(A27)
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Appendix B — Concentration graphs of the exhaust gas components
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Figure B.1 — Oz behavior as a function of the reactor equivalence ratio (®reactor) for all tested dgiobal range.
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Figure B.2 — CO2 behavior as a function of the reactor equivalence ratio (®reactor) foOr all tested dgiobal range. All concentrations are in wet

basis and were corrected for an excess of 15% of Ox.
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basis and were corrected for an excess of 15% of Oa.
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Figure B.4 — CO behavior as a function of the reactor equivalence ratio (®reactor) for all tested ®giobal range. All concentrations are in wet

basis and were corrected for an excess of 15% of O.
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basis and were corrected for an excess of 15% of Ox.
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Figure B.6 — Acetylene (CzH2) behavior as a function of the reactor equivalence ratio (®reactor) for all tested ®giobar range. All

concentrations are in wet basis and were corrected for an excess of 15% of Oz.
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Figure B.7 — Ethylene (C2Ha) behavior as a function of the reactor equivalence ratio (®reactor) for all tested ®giobal range. All concentrations

are in wet basis and were corrected for an excess of 15% of Oa.
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Figure B.8 — CH4 behavior as a function of the reactor equivalence ratio (®reactor) for all tested dgiobal range. All concentrations are in wet

basis and were corrected for an excess of 15% of Ox.
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Figure B.9 — Ethane (CzHs) behavior as a function of the reactor equivalence ratio (®reactor) for all tested ®giobar range. All concentrations

are in wet basis and were corrected for an excess of 15% of Oa.
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Figure B.10 — Propane (CsHs) behavior as a function of the reactor equivalence ratio (®reactor) for all tested ®giobar range. All

concentrations are in wet basis and were corrected for an excess of 15% of Ox.
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Figure B.11 — Methanol (CH3OH) behavior as a function of the reactor equivalence ratio (®reactor) for all tested ®giobai range. All

concentrations are in wet basis and were corrected for an excess of 15% of Oa.
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Figure B.12 — Formaldehyde (CH20) behavior as a function of the reactor equivalence ratio (®reactor) for all tested ®dgiobar range. All

concentrations are in wet basis and were corrected for an excess of 15% of Oz.



Appendix C — Tables referent to the variations on the

concentration of the exhaust gas composition

Tabel C.1: Oz variation with plasma application.

02
Concentration Concentration .
Dreactor | Pylobal (no plasma) (plasma) Variation
% % %
54 0.18 17.0+£1.5 16.7£1.5 -1.840.1
4.3 0.18 16.7+1.5 16.6+1.5 -0.610.1
3.6 0.18 16.6+1.6 16.7£1.5 0.6+0.1
3.1 0.18 16.66+1.3 16.6+1.3 -0.61£0.1
54 0.21 16.2+1.5 16.0+1.4 -1.2+0.1
4.3 0.21 16.1+1.4 15.9+1.4 -1.2+0.1
3.6 0.21 16.1+1.4 15.9+1.4 -1.2+0.1
3.1 0.21 16.0+1.3 15.9+1.3 -0.61£0.1
54 0.24 15.3+1.35 15.0+1.4 -2.0+0.1
4.3 0.24 15.2+1.26 14.9+1.2 -2.0+0.1
3.6 0.24 15.2+1.33 15.0+1.3 -1.310.1
3.1 0.24 15.1+1.34 15.0+1.3 -0.7£0.1
5.4 0.30 13.8+1.2 13.4+1.1 -2.9+0.1
4.3 0.30 13.8+1.2 13.4+1.2 -2.9+0.1
3.6 0.30 13.6+1.1 13.5+1.1 -0.7+0.1
3.1 0.30 14.2+1.2 14.0+£1.2 -1.440.1
5.4 0.39 11.4+1.2 11.6+1.2 1.8+0.1
4.3 0.39 12.4+1.4 12.0+1.3 -3.2+0.2
3.6 0.39 11.7+1.1 11.8+1.1 0.9+0.1
3.1 0.39 12.5+1.3 12.5+1.6 0.0+0.2
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Tabel C.2: CO2 variation with plasma application

CO:
Concentration | Concentration ..
@reactor | Pglobal (no plasma) (plasma) Variation
% % %
5.4 0.18 2.9+0.3 2.9+0.3 0.0+0.1
4.3 0.1 2.7+0.3 2.8+0.3 3.7+0.2
3.6 0.18 2.7+0.3 2.9+0.3 7.4+0.2
3.1 0.18 2.9+0.3 2.9+0.3 0.0+0.1
5.4 0.21 2.8+0.3 2.8+0.3 0.0+0.2
4.3 0.21 2.7+0.3 2.8+0.3 3.7+0.2
3.6 0.21 2.8+0.3 2.8+0.3 0.0+0.2
3.1 0.21 2.9+0.3 2.9+0.3 0.0+0.1
5.4 0.24 2.8+0.3 2.8+0.3 0.0+0.2
4.3 0.24 2.7+0.3 2.7+0.3 0.0+0.2
3.6 0.24 2.8+0.3 2.8+0.3 0.0+0.2
3.1 0.24 2.9+0.3 2.9+0.3 0.0+0.1
5.4 0.30 2.7+0.3 2.8+0.3 3.7+0.2
4.3 0.30 2.6+0.3 2.7+0.3 3.8+0.2
3.6 0.30 2.8+0.3 2.8+0.3 0.0+0.2
3.1 0.30 2.8+0.3 2.8+0.3 0.0+0.2
5.4 0.39 2.6+0.3 2.8+0.4 7.7+0.2
4.3 0.39 2.7+0.4 2.7+0.4 0.04+0.2
3.6 0.39 2.8+0.3 2.8+0.3 3.7+0.2
3.1 0.39 2.8+0.4 2.9+0.5 3.6+0.2
Tabel C.3: THC variation with plasma application
THC
Concentration | Concentration .
Dreactor q)global (no plasma) (plasma) Variation
ppm ppm %
5.4 0.18 | 2982.2+338.6 1518.1+171.5 -49.1+0.2
4.3 0.18 1787.9+199.3 1212.4+136.0 -32.2+0.2
3.6 0.18 1346.4+158.7 854.5+100.3 -36.5+0.2
3.1 0.18 482.5+58.7 205.1+28.1 -57.5+0.2
5.4 0.21 | 2367.0+266.8 1293.9+142.5 -45.340.2
4.3 0.21 1772.7+191.4 1058.8+121.6 -40.340.2
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3.6 0.21 | 1199.9+138.2 530.2+63.8 -55.8+0.2
3.1 0.21 287.6+45.8 63.4+12.3 -78.0+0.3
5.4 0.24 | 2002.2+217.3 1019.3+122.4 -49.1+0.2
4.3 0.24 | 1420.8+157.1 560.8+62.7 -60.5+0.2
3.6 0.24 852.2+98.4 183.3+37.0 -78.5+0.2
3.1 0.24 49.1+9.9 20.3+x7.5 -58.7+0.4
5.4 0.30 | 1154.1+132.3 214.0+29.8 -81.5+0.2
4.3 0.30 783.1+92.1 82.3+15.4 -89.5+0.2
3.6 0.30 78.0+14.1 28.0+6.1 -64.1+0.3
3.1 0.30 19.0+6.5 15.846.1 -16.8+0.5
5.4 0.39 149.7+21.9 8.5+4.3 -94.3+0.5
4.3 0.39 25.7+55 17.2+4.8 -33.1+0.4
3.6 0.39 31.3+54 33.8+5.8 8.0+0.2
3.1 0.39 10.2+4.6 13.0+5.3 27.5+0.6
Tabel C.4: CO variation with plasma application
CO
Concentration | Concentration ..
Preactor | Pglobal (no plasma) (plasma) Variation
ppm ppm %
5.4 0.18 | 2017.2+224.4 1482.8+161.4 -26.5+0.2
4.3 0.18 | 1427.2+152.7 1123.9+125.6 -21.340.2
3.6 0.18 | 1195.3+138.6 1024.6+112.1 -14.3+0.2
3.1 0.18 693.3+78.2 474.8+50.7 -31.5+0.2
5.4 0.21 | 1738.6+188.5 1303.2+139.3 -25.0+0.2
4.3 0.21 | 1247.8+131.2 081.2+106.6 -21.4+0.2
3.6 0.21 | 1013.0+110.2 736.4+88.8 -27.3+0.2
3.1 0.21 490.7+65.9 259.4+29.4 -47.1+0.2
5.4 0.24 | 1507.9+159.3 1092.4+122.3 -27.6+0.2
43 0.24 | 1073.8+112.8 669.0+70.2 -37.7+0.1
3.6 0.24 800.2+87.4 359.5+54.8 -55.1+0.2
3.1 0.24 193.5+22.4 138.0+15.2 -28.7+0.2
5.4 0.30 | 1185.0+124.7 486.4+57.9 -59.0+0.2
43 0.30 808.9+89.2 228.8+35.8 -71.7+0.2
3.6 0.30 197.5+29.8 93.0+10.0 -52.940.2
3.1 0.30 104.5+11.4 70.9+7.4 -32.2+0.2
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5.4 0.39 539.1+75.5 51.948.1 -90.4+0.2
4.3 0.39 74.7+11.0 36.6+5.9 -51.0+0.2
3.6 0.39 38.7+4.6 17.8+2.2 -54.0+0.2
3.1 0.39 49.7+6.7 31.4+5.1 -36.8+0.2
Tabel C.5: NOx variation with plasma application
NOx
Concentration | Concentration .
@reactor | Pglobal (no plasma) (plasma) Variation
ppm ppm %
5.4 0.18 11.3+1.4 29.8+3.2 163.7+0.2
4.3 0.18 14.0+1.6 25.8+2.8 84.3+0.2
3.6 0.18 13.9+1.7 24.2+2.6 74.1+0.2
3.1 0.18 14.9+1.6 22.5+2.4 51.0+0.2
5.4 0.21 12.7+1.5 28.5+3.0 124.4+0.2
4.3 0.21 13.2+1.5 24.6+2.7 86.4+0.2
3.6 0.21 13.9+1. 6 23.4+2.5 68.3+0.2
3.1 0.21 15.2+1.6 24.5+2.4 61.2+0.1
5.4 0.24 11.0+1.3 25.8+2.8 134.5+0.2
4.3 0.24 12.2+1.4 24.5+2.4 100.8+0.2
3.6 0.24 13.2+1.5 24.8+2.8 87.9+0.2
3.1 0.24 17.6+1.9 27.2+2.8 54.5+0.1
5.4 0.30 10.5+1.3 28.8+3.0 174.3+0.2
4.3 0.30 12.0+1.4 27.6+3.0 130.0+0.2
3.6 0.30 17.2+1.9 28.1+2.7 63.4+0.1
3.1 0.30 18.2+1.9 29.2+2.8 60.4+0.1
5.4 0.39 12.3+1.5 31.6+3.9 156.9+0.2
4.3 0.39 18.3+3.4 29.5+3.6 61.2+0.2
3.6 0.39 19.3+2.1 29.7+£3.3 53.9+0.2
3.1 0.39 19.7+2.4 30.4+4.5 54.3+0.2
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Tabel C.6: Acetylene (C2H2) variation with plasma application

Acetylene
Concentration | Concentration .
Preactor | Pglobal (no plasma) (plasma) Variation
ppm ppm %
5.4 0.18 30.8+3.8 28.2+3.6 -8.4+0.2
4.3 0.18 22.2+2.8 21.6+2.7 -2.7+0.2
3.6 0.18 17.5+2.4 16.4+2.2 -6.3+0.2
3.1 0.18 9.4+15 6.2+1.4 -34.0+0.3
5.4 0.21 26.6+3.2 23.9+2.9 -10.2+0.2
4.3 0.21 20.8+2.5 18.6+2.4 -10.6+0.2
3.6 0.21 15.7+2.1 11.1+1.6 -29.3+0.2
3.1 0.21 6.5+1.3 3.2+1.0 -50.8+0.4
5.4 0.24 21.9+2.6 18.4+2.4 -16.0+0.2
4.3 0.24 16.4+2.0 11.5+1.4 -29.9+0.2
3.6 0.24 12.2+1.6 6.5+1.2 -46.7+0.2
3.1 0.24 2.5+0.8 1.84+0.8 -28.0+0.5
5.4 0.30 12.4+1.6 5.5+0.9 -55.6+0.2
4.3 0.30 9.9+1.3 3.6+0.8 -63.6+0.3
3.6 0.30 3.7+0.7 2.8+0.6 -24.3+0.3
3.1 0.30 - - -
5.4 0.39 3.1+0.7 1.6+0.5 -48.4+0.4
4.3 0.39 2.1+0.5 1.8+0.4 -14.3+0.3
3.6 0.39 2.1+0.4 2.1+0.4 0.0+0.3
3.1 0.39 - - -
Tabel C.7: Ethylene (C2H4) variation with plasma application
Ethylene
Concentration | Concentration .
D eactor q)global (no plasma) (plasma) Variation
Ppm ppm %
5.4 0.18 52.5+5.9 30.5+3.5 -41.9+0.2
4.3 0.18 31.6+3.5 23.4+2.6 -25.9+0.2
3.6 0.18 23.8+2.8 17.0+2.0 -28.6+0.2
3.1 0.18 11.9+1.5 5.7+0.8 -52.1+0.2
54 0.21 43.2+4.8 28.1+3.1 -35.0+0.2
43 0.21 32.0+3.5 21.7+25 -32.2+0.2
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3.6 0.21 22.2+2.6 11.8+1.4 -46.8+0.2
3.1 0.21 8.2+1.4 1.9+0.4 -76.8+0.3
5.4 0.24 41.6+4.5 26.1+3.1 -37.3+0.2
4.3 0.24 29.5+3.2 14.4+1.6 -51.2+0.2
3.6 0.24 18.4+2.1 49+1.1 -73.4+0.3
3.1 0.24 1.6+0.3 0.5+0.2 -68.8+0.4
5.4 0.30 37.2+4.2 7.9+1.1 -78.8+0.2
4.3 0.30 23.1+2.7 2.6+0.6 -88.7+0.3
3.6 0.30 - - -
3.1 0.30 - - -
5.4 0.39 - - -
4.3 0.39 - - -
3.6 0.39 - - -
3.1 0.39 - - -
Tabel C.8: CH4 variation with plasma application
CHy
Concentration | Concentration . L.
Preactor | Pglobal (no plasma) (plasma) Variation
Ppm ppm %
5.4 0.18 | 2201.5+255.7 1131.3+130.2 -48.6+0.2
4.3 0.18 | 1347.0+152.6 902.4+103.1 -33.0+0.2
3.6 0.18 | 1011.0+120.3 635.0+76.6 -37.2+0.2
3.1 0.18 340.2+43.5 140.5+20.1 -58.7+0.2
54 0.21 1777.81204.0 964.1+107.4 -45.8+0.2
4.3 0.21 | 1337.3+146.0 791.2493.1 -40.8+0.2
3.6 0.21 905.5+106.8 390.5+48.6 -56.9+0.2
3.1 0.21 200.0+35.9 36.2+7.6 -81.9+0.3
5.4 0.24 | 1508.0+165.7 763.1+94.3 -49.4+0.2
43 0.24 | 1072.4+121.7 416.0+48.0 -61.2+0.2
3.6 0.24 639.7+75.9 128.5+30.2 -79.9+0.3
3.1 0.24 - - -
5.4 0.30 888.1+104.6 161.7+£23.7 -81.8+0.2
43 0.30 591.9+71.7 48.2+11.3 -91.9+0.3
3.6 0.30 44.7+10.1 6.4+2.8 -85.7+0.5
3.1 0.30 - - -
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54 | 0.39 - - -
43 | 0.39 - - -
3.6 | 0.39 - - -
3.1 | 0.39 - - -

Tabel C.9: Ethane (C2Hs) variation with plasma application

Ethane
Concentration | Concentration .
Preactor | Pglobal (no plasma) (plasma) Variation
ppm ppm %
5.4 0.18 97.1+11.5 41.3+5.2 -57.5+0.2
4.3 0.18 49.245.9 28.2+3.5 -42.7+0.2
3.6 0.18 34.8+4.5 17.5+2.5 -49.7+0.2
3.1 0.18 17.0+2.5 5.6+1.2 -67.1+0.3
5.4 0.21 72.7+8.8 33.7+4.1 -53.6+0.2
4.3 0.21 48.545.6 23.8+3.1 -50.9+0.2
3.6 0.21 30.3+3.9 8.5+15 -71.9+0.2
3.1 0.21 - - -
5.4 0.24 59.3+6.7 23.7+3.4 -60.0+0.2
4.3 0.24 36.4+4.5 8.9+1.3 -75.5+0.2
3.6 0.24 - - -
3.1 0.24 - - -
5.4 0.30 - - -
4.3 0.30 14.4+2.0 2.0+0.5 -86.1+0.3
3.6 0.30 2.0+0.6 2.4+0.6 20.0+0.4
3.1 0.30 - - -
5.4 0.39 - - -
4.3 0.39 2.1+0.5 1.9+0.5 -9.5+0.4
3.6 0.39 3.8+0.6 3.9+0.6 2.6+0.2
3.1 0.39 - -
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Tabel C.10: Propane (CsHs) variation with plasma application

Propane
@ @ Concentration | Concentration Variation
reactor | aloball g plasma) (plasma)
Ppm Ppm %
5.4 0.18 48.9+6.2 13.6+2.7 -72.2+0.2
4.3 0.18 21.2+3.0 13.7+2.1 -35.4+0.2
3.6 0.18 17.0+2.7 10.4+2.1 -38.8+0.3
3.1 0.18 - - -
5.4 0.21 26.4+3.8 10.7+2.1 -59.5+0.2
4.3 0.21 20.9+2.8 11.1+1.9 -46.9+0.2
3.6 0.21 14.2+2.0 6.3+1.4 -55.6+0.3
3.1 0.21 - - -
5.4 0.24 19.9+2.8 6.5+1.6 -67.31+0.3
4.3 0.24 15.2+2.1 5.6+1.0 -63.2+0.2
3.6 0.24 9.2+1.6 3.1+1.0 -66.3+0.4
3.1 0.24 - - -
5.4 0.30 - - -
4.3 0.30 6.3+1.3 1.8+0.7 -71.4+0.4
3.6 0.30 2.3+0.9 1.8+0.7 -21.7+0.6
3.1 0.30 - - -
5.4 0.39 - - -
4.3 0.39 - - -
3.6 0.39 3.1+0.6 3.1+0.7 0.0+0.3
3.1 0.39 -
Tabel C.11: Methanol (CH3OH) variation with plasma application
Methanol
Concentration | Concentration .
@reactor | Pglobal (no plasma) (plasma) Variation
ppm Ppm %
5.4 0.18 17.5+2.0 9.9+1.2 -43.4+0.2
4.3 0.18 11.5+1.3 7.6+1.0 -33.94+0.2
3.6 0.18 9.5+1.2 6.8+0.9 -28.4+0.2
3.1 0.18 3.8+0.5 1.6+0.4 -57.9+0.3
5.4 0.21 13.3+1.6 8.5+1.0 -36.1+0.2
4.3 0.21 9.7+1.1 6.5+0.8 -33.0+0.2
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36 | 021 7.6+0.9 4.5+0.7 -40.8+0.2
3.1 0.21 - - -
54 | 0.24 11.1+1.3 6.2+0.8 -44.1+0.2
43 | 0.24 7.7+0.9 3.6+£0.5 -53.2+0.2
3.6 | 0.24 5.7+0.7 1.7+0.4 -70.2+0.3
3.1 0.24 - - -
54 | 0.30 4.3+0.6 1.0+0.2 -76.7+0.2
43 | 0.30 4.1+0.5 0.5+0.2 -87.8+0.4
3.6 | 0.30 - - -
3.1 0.30 - - -
54 | 0.39 - - -
43 | 0.39 - - -
3.6 | 0.39 - - -
3.1 0.39 - - -

Tabel C.12: Formaldehyde (CH20) variation with plasma application

Formaldehyde
Concentration | Concentration .
Preactor | Pglobal (no plasma) (plasma) Variation
ppm ppm %
5.4 0.18 63.5+7.1 40.4+4.6 -36.4+0.2
4.3 0.18 41.1+45 30.7+3.5 -25.3+0.2
3.6 0.18 32.5+3.8 24.0+2.8 -26.2+0.2
3.1 0.18 - - -
5.4 0.21 54.5+6.0 37.7+4.1 -30.84+0.2
4.3 0.21 41.0+4.5 29.1+3.4 -29.0+0.2
3.6 0.21 30.2+3.4 16.9+2.0 -44.0+0.2
3.1 0.21 - - -
54 0.24 52.945.7 35.4+4.1 -33.1+0.2
4.3 0.24 39.0+4.3 20.1+2.3 -48.5+0.2
3.6 0.24 25.5+2.9 7.0+1.6 -72.5+0.3
3.1 0.24 - - -
5.4 0.30 46.3+5.4 10.7+1.4 -76.940.2
4.3 0.30 29.1+3.2 4.0+1.0 -86.3+0.3
3.6 0.30 - - -
3.1 0.30 - - -
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54 | 0.39
43 | 0.39
36 | 0.39
3.1 | 0.39
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