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Abstract: The combustion process will continue to be one of the main sources
of energy for some time. However, this process causes environmental impacts with its
use, which brings global problems such as the greenhouse effect and particulate
emissions, such as soot. Therefore, studies are needed to make more sustainable and
efficient combustion processes. With this in mind, the use of biomass gasification has
been studied, resulting in a fuel known as syngas, composed largely of hydrogen and
carbon monoxide, which, as it comes from biomass, has a reduced effect on emissions.
Studies of combustion are also carried out in lean conditions that allow reduced
emissions. In this context, the work aims to present the experimental study of the
correlation between syngas use, the oxygen enhanced combustion (OEC) technique
in lean conditions with acetylene doping, in a confined diffuse flame and its associated
effects on soot formation. The laser light extinction technique was used to measure the
concentration of soot. Soot concentration were evaluated in equivalence ratios of 0.7
and 1.0, 21 and 30% of volumetric oxygen content in the oxidant and acetylene doping
of 5% (by volume). Analyzing the results in the condition of using OEC associated with
lean conditions in syngas burning, it was noticed an increase in the soot concentration
trend compared to the result without enrichment.
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AVALIAGAO DA ’FORMAgZ\O DE FULIGEM EM CHAMAS
CONFINADAS DE GAS DE SINTESE NA OEC USANDO CONDICOES
POBRES E DOPAGEM DE ACETILENO

Resumo: O processo de combustdo continuara sendo uma das principais fontes de
energia por algum tempo. No entanto, esse processo causa impactos ambientais com
seu uso, o que traz problemas globais como o efeito estufa e as emissdes de
particulas, como a fuligem. Por isso, s&o necessarios estudos para tornar os
processos de combustdo mais sustentaveis e eficientes. Com isso em mente, o uso
da gaseificacdo de biomassa tem sido estudado, resultando em um combustivel
conhecido como gas de sintese, composto em grande parte de hidrogénio e mondéxido
de carbono, que, como vem da biomassa, tem um efeito reduzido sobre as emissdes.
Estudos de combustdo também séo realizados em condi¢gbes pobres que permitem a
reducdo das emissdes. Nesse contexto, o trabalho tem como objetivo apresentar o
estudo experimental da correlagdo entre o uso de gas de sintese, a técnica de
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combustdo intensificada de oxigénio (OEC) em condigbes pobres com doping de
acetileno, em uma chama difusa confinada e seus efeitos associados na formacgao de
fuligem. A técnica de extingdo de luz laser foi usada para medir a concentragéo de
fuligem. A concentragédo de fuligem foi avaliada em razbes de equivaléncia de 0,7 e
1,0, 21 e 30% do conteudo volumétrico de oxigénio no oxidante e dopagem com
acetileno de 5% (em volume). Analisando os resultados na condi¢gdo de uso de OEC
associado as condi¢gbes pobres na queima do gas de sintese, percebeu-se um
aumento na tendéncia da concentracdo de fuligem em relagdo ao resultado sem
enriquecimento.

Palavras-chave: fuligem, gas de sintese, combustao pobre, dopagem com acetileno.

1. INTRODUCTION

Population growth in recent decades has led to extensive use of fossil fuel
combustion, which in turn causes damage to the global environment, the main source
of air pollution being emissions from all types of combustion systems. Carbon
monoxide (CO) and nitrogen oxides (NOx) are produced by burning fossil fuels and
are proven to be the causes of global warming and climate change. To reduce this
damage to the environment, most developed countries have tightened emission
regulations, which also reinforce studies on the clean use of fuels and techniques to
increase process efficiency.

With the need for industries to increase the efficiency, reliability and flexibility of
their processes, improving their competitiveness, optimizing energy use and
environmental performance, new changes are developed based on new raw materials
for industrial processes [1]. Additionally, according to [1], the global energy situation
demands the urgent development of an alternative to current energy sources through
combustion, in order to reduce dependence on fossil fuels, ensuring sustainability.

In this context, one of the alternatives is the use of synthesis gas (syngas), a
product of biomass gasification. According to [2], syngas is mainly used due to its
renewable condition and clean combustion, as opposed to burning coal, for example.
This gas is primarily composed of hydrogen, carbon monoxide and nitrogen, with
concentrations depending on the nature of its obtainment.

At the end of the 90's, the oxygen-enriched combustion process (OEC — Oxygen
Enhanced Combustion) appeared, which consists of a controlled process that causes
an increase in the concentration of O2 in the conventional oxidizing current
(atmospheric air).

According to [3], the application of OEC in combustion systems brings
considerable benefits, such as increased productivity and efficiency of heat transfer
processes, in addition to providing a smaller volume of exhaust gases and reduced
fuel consumption.

This is a technique already widespread in processes that work at high
temperatures such as steelworks, production processes for ceramic parts, heating and
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drying processes of materials and waste incinerators, but it is still little used in power
generation plants and in the industry of oil and gas.

The use of this technique associated with burners can lead to greater soot
formation in certain regions of the flame [4], and as soot is an important participant
medium in thermal radiation, it can with its properly controlled interaction with the OEC,
bring the increase of thermal efficiency in the burners, increasing the heat transfer from
the flames to the heating surfaces through thermal radiation.

Another technique that has been used for a little over a decade is combustion
under lean combustion conditions (lean combustion - LC), which aims to reduce
emissions as well as increase energy efficiency [5]. In it, combustion takes place under
conditions of fuel/oxidant mixtures with an excess of the oxidant, being poor in fuel.
With this, the mixture between fuel and oxidant is more easily achieved, as well as
lower flame temperatures are identified, and, consequently, some important pollutants
have their emission reduced, such as NOx and CO.

Despite having advantages from the point of view of obtaining and emissions,
the use of synthesis gas is restricted by the low energy and exergetic efficiencies
presented during its burning. Among other factors, this is due to the low rate of soot
formation in the flame, due to the low amount of carbon in the fuel, in addition to being
a gas rich in hydrogen [6].

Although according to [7], soot is capable of damaging equipment in addition to
being harmful to the environment and human health, being characterized as one of the
most dangerous toxic components of exhaust gases. In research, it was stated that its
presence in combustion it is critical to raise the levels of heat transfer by thermal
radiation, which leads to an increase in thermal efficiency and burning productivity [8].

Thus, seeking to increase this particulate in the burner, doping with acetylene is
used as a strategy, since experimental evidence indicates it as an important
intermediary in the soot formation process [8]. Studies have investigated syngas
burning with the aim of analyzing their energetic characteristics, flame propagation and
pollutant emissions [9-13].

In [14] studied the burning of syngas under LC conditions in a porous medium.
Researchers analyzed the effects of high pressures in flames with LC synthesis gas
[15].

The objective of this work is to evaluate the coupled influence of OEC and
confined combustion under lean mixture conditions in the burning of synthesis gas with
acetylene doping, verifying the effects on soot formation under the proposed
conditions.

2. EXPERIMENTAL SETUP AND METHODOLOGY

The experimental setup is shown in Figure 1. The construction of the
experimental burner was inspired by the combustion device developed by [16]. The
flame was generated in a vertical cylindrical combustion chamber, which consisted of
burner with two concentric tubes. Syngas flowed up through the internal tube, while
air, or enriched air, flowed through the annular region between this tube and the larger
diameter concentric tube. Syngas flow rates were controlled by valves and metered by
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rotameters. Soot concentration were evaluated in equivalence ratios of 0.7 and 1.0, 21

and 30% of volumetric oxygen content in the oxidant and acetylene doping of 5% (by
volume).

Soot concentrations were measured along the flame length using the laser light
extinction technique at eight points. The laser system was mounted on a step-motor
driven horizontal translation table, which allowed the beam coming from laser to reach
the flame at any desired level. The laser was of He-Ne, with a wavelength of 632.8 nm.
As the power output from the laser was only about 3mW, background radiation was
blocked from the flame by narrow band pass interference filters, at the laser
wavelength. The light was transformed into an electrical current signal by the
photodetectors, and registered by data acquisition.
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Figure 1. Experimental Setup.
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Soot volume fraction (ppm) was calculated from the laser light extinction data
using the Rayleigh limit of the Mie theory, so that:

A
9= > 1 Kabs (1)
m- -1
67 Im 7
m-+2
K, = lln[’_oJ 2)
L1,

A, is the laser wavelength, L the optical path length, lo and IL the laser beam intensity,
before and after traversing the flame, and m is the refractive index, adopted as m =
1.90-0.55i, according to [17].

3. RESULTS AND DISCUSSION

The Figure 2 presents the soot concentration in the basis case (equivalence
ratio 1.0 and 21% Oz volume). Figure 3 presents the results of equivalence ratio 1.0
with enrichment level 9% and without C2H2 doping, as also enrichment level 9%, C2H2
doping 5%.

There was an increase in the concentration of soot with the use of OEC in
relation to the base case (without enrichment). Especially in the condition of doping
use with 5% acetylene. The tendency to increase the concentration along the chamber
remains in the condition of enrichment, and it is not possible to notice its reduction in
the flame oxidation zone from the 6" measurement point.
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Figure 2. Soot concentration in combustion chamber: Equivalence ratio 1.0, basis
case.
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Figure 3. Soot concentration in combustion chamber: (a) Equivalence ratio 1.0,
enrichment level 9%, without C2H2 doping, (b) (a) Equivalence ratio 1.0, enrichment
level 9%, C2H2 doping 5%.

The Figure 4 presents the soot concentration in the lean condition basis case
(equivalence ratio 0.7 and 21% O2 volume). Figure 5 presents the results of
equivalence ratio 0.7 with enrichment level 9% and without C2H2 doping, as also
enrichment level 9%, C2H2 doping 5%.

Analyzing the results of the figures, there was a noticeable influence of doping
on the increase in the concentration of soot along the flame. There was influence on
the start of the flame in the condition of 5% of acetylene doping. It is known that syngas
does not have a tendency to form soot in its combustion, reducing its efficiency in
energy emission [4]. This result of a slight increase in the concentration of soot allows
us to infer a possibility of increased efficiency in these flames with the use of acetylene
doping.

This is possibly due to the fact that acetylene is a soot particle formation
nucleous, it promoted greater growth in its concentration in the flame pyrolysis zone,
with 5% doping.
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4. CONCLUSION

* A grater increase in the soot concentration trend was observed compared to
the result without enrichment, when the OEC was associated with flames with an
equivalence ratio of 0.7 and acetylene doping than verified for the equivalence ratio
1.0. But the concentration levels for the 0.7 condition were lower than the 1.0 condition.
This must have been due to the higher flame temperature level in the condition with an
equivalence ratio of 1.0, promoting a higher soot concentration. As a benefit of the
operation with the condition of 0.7 due to its lower temperature, there is a tendency to
reduce the formation of NOx.

» The association of proposed techniques in the syngas burning (a fuel with a future
for industrial application) brings some promising aspects for its application in industrial
burners. Some aspects need to be better understood for the effective development of
equipment.
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