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Temporal Evolution of Soot Particlesfrom C,H,/O, Combustion in a Closed Chamber
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Nestetrabal ho, realizou-se um estudo daformag&o de particul as de fuligem durante acombustéo
de misturas de C,H,/O, em diferentes razbes C/O. A evolugdo temporal e afraggo de volume das
particulas de fuligem foram obtidas através da extingdo de um feixe de laser.

Constatou-se que o tempo total de formagéo da fuligem nas chamas de C,H./O, com razéo
C/O > 0.75 ou de C,H,/O,/Ar com razéo C/O = 1.00 é de cerca de 3.0-4.0 ms, apos o inicio da
reacdo. O maximo de emissdo dos radicais excitados e 0 méximo da pressdo nestas reagdes,
ocorrem praticamente neste mesmo intervalo de tempo. Observou-se aformagao de particulas de
fuligem compactas e aproximadamente esféricas com 60-150 nm de didmetro. Entretanto, os
agregados ndo sdo compactos e mostram uma estrutura de rede que se assemelhaa de um aerogel .

An experimental study of soot formationin C,H,/O, flames at different C/O ratiosin aclosed
chamber was carried out. The evol ution temporal behavior and the volume fraction of soot particles
were determined by laser extinction.

It was found that total time for the soot formation phenomenon in flames from C,H,/O, with
C/O ratio > 0.75 or CH,/O,/Ar with C/O ratio = 1.00 was around 3.0-4.0 ms after ignition. At
almost the same time the excited radical s reached their maximum emission intensity and the gases
under combustion reached their maximum pressure. The micrographs show compact and
approximately spherical soot particleswith diameterswithin 60-150 nm. However, soot aggregates

are not compact and they present a netlike structure similar to that of an aerogel.
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I ntroduction

In recent years, soot formation in hydrocarbon flames
has been intensively studied, due to the numerous types of
soot-containing flames as well as the environmental
implications.*® Heat transfer rates and, therefore, the
efficiency of the most practical combustion systems, such
as gas turbines, internal combustion engines, boilers,
industrial furnaces and fires, are strongly affected by the
presence of soot.2® Furthermore, the emission of fine
particles (organic carbon aerosols and soot) into the
atmosphere, generated by combustion systems, is directly
related to respiratory illness and mortality.”®

The chemistry of soot formation is a very complex
phenomenon involving homogeneous and heterogeneous
processes and the continuous competition between
formation and oxidation reactions.®

The overall mechanism of soot production isnormally
described as three steps: nucleation, surface growth and
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coalescence, then aggregation.®® The particle surface
growth has been found to dominate soot massyield, which
progresses via hydrogen abstraction, creating a surface
radical sitein preparation for carbon addition by principally,
C,H, molecules to the site (the HACA, hydrogen-
abstracti on/carbon-addition, mechanism).*!

Soot particlesemitted from combustion systems consist
of chainlike aggregates of spherical units having hexagonal
structures similar to graphite and having, generally,
diameters of 10-50 nm.*2 Particle sizes and the morphology
of soot are characteristic of the nature of original fuel and
its oxidation products.’®

Acetylene is one of the magjor intermediates in almost
all hydrocarbon flames.** Its combustion has been
extensively reported in the literature and can be used as a
model for other combustion and soot formation processes.

However, the mechanisms of soot formation have not
been fully established yet and the difficulty isto understand
the rapid growth of primary particlesinto soot particles of
10-50 nm diameters.

In such aspects, the accurate determination of the
temporal evolution of soot particles is very important to
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understand soot chemistry and itsinfluence on combustion
systems. The kinetics of soot production provides useful
information for simulation studies of soot formation
mechanisms and soot formation control.

However, most research has been conducted in open
systems of atmospheric laminar flames in which the
temporal growth of soot particles could only be estimated.

Several soot diagnostic techniques have been employed
in combustion research. Light extinction is one the most
widely applied techniquesfor soot diagnostics.4>71516 The
attenuation of light caused by the sum of scattering and
absorption by the particles provides a measure of the soot
volume fraction. Laser-induced incandescence is another
diagnostic tool for soot concentration and particle size
measurements.!1-1% Soot particle sizes have also been
determined by scanning and transmission electron
microscopy analyses.12416:20.21

The proposal of this work is to study the temporal
behavior of theinitial steps of soot formation: nucleation,
surface growth and coa escence and, the temporal evolution
of thevolumefraction from C,H./O, combustionin aclosed
chamber. Combustion in closed chambers more closely
resembles that of internal combustion engines and allows
the study of combustion with well-defined quantities of all
reagents, without the influence of the surroundings.

The temporal behavior of the evolution and the volume
fraction of soot particleswere established by laser extinction
and the morphology of these particles was analyzed by
scanning electron microscopy. The measurements were
carried out for C,H,/O, combustion at different C/O ratios
and, in order to evaluate the effect of inert gas addition on
the soot formation mechanism, argon was added to aC,H./
O, flame with C/O ratio = 1.00. The soot precursors are
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mainly polycyclic aromatic hydrocarbons (PAH)*? and
argon could influencethereaction kinetics of soot formation
from these species with high molecular mass.

Chemiluminescence of excited radicals and pressure
changeswere al so obtai ned for these combustion reactions.
The results of chemiluminescence and pressure
measurements were obtained independently of the laser
extinction measurements and they allowed determination
of the evolution of soot formation within the total time of
the combustion process.

Experimental
Experimental combustion system

Figure 1 showsthe experimental setup for combustion
analysis. It consists of a cylindrical closed chamber, a
pressure transducer, alight source, an optical arrangement
and adigital oscilloscope.

The combustion chamber hasa 200 mL volume: 18 cm
length, 3.4 cm internal diameter and 7.5 cm external
diameter. To start the combustion process, a spark plug
was attached at the center of the chamber wall. In order to
alow light detection, both ends of the combustion chamber
were closed by acrylic windows 1 cm thick. All gaseous
mixtures were prepared directly in the closed chamber by
means of a vacuum manifold. They were kept there for
30 min before the ignition process.

A helium-neon laser of 5 mW power was the light
source for light extinction measurements to study soot
formation. The laser beam was directed at the central axis
of the combustion chamber and it was detected and
analyzed by an optical system. The optical system is
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Figure 1. Experimental setup for soot formation analysis in the C,H,/O, and C,H,/O,/Ar flames.
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Table 1. Experimental conditions of C,H,/O, e C,H,/O,/Ar flames analyzed by laser extinction measurements.

P | MMHg Peyn | MmHg P., / mmHg P,/ mmHg C/O ratio
Mixture 1 140 55 85 - 0.65
Mixture 2 140 60 80 - 0.75
Mixture 3 140 63 e - 0.82
Mixture 4 140 65 75 - 0.87
Mixture 5 140 70 70 - 1.00
Mixture 6 210 70 70 70 1.00

composed of pinholes of 1 mm, slits and a 0.25 m
monochromator coupled to a photomultiplier. An
oscilloscope was used to record the change of laser
intensity. The digital oscilloscope was pre-triggered 2 ms
before starting the combustion by a home made electrical
discharge system to measure the || intensity at 632.8 nm.
In this optical configuration, the light emission from
combustion at the 632.8 nm wavelength was negligible,
compared to intensity of the laser light.

Soot particleswere collected in asample-holder, placed
inside the combustion chamber, using the thermophoretic
sampling method.*? The sample-holder works as a cold
metallic surface, where the soot particles are deposited.
After particle collection, the sample was coated with gold.
Scanning el ectron microscopy was carried out to determine
both the soot particle diameters and the aggregation
structure by using a JEOL type T 300 microscope.

Combustion propagation was monitored by pressure
measurements by using a KISTLER type 601A pressure
transducer connected to a KISTLER type 5011B charge
amplifier. Chemiluminescence measurements were
performed using a photomultiplier.

Experimental conditions

The experimental conditions are summarized in Table
1. Soot particle formation was studied for C,H,/O, flames
in the C/O ratio range between 0.65 and 1.00 and for
C,H,/O /Ar flames with C/O ratio = 1.00 (mixture 6) by
laser extinction measurements. Pressure measurementsand
scanning el ectron microscopy analyseswere only obtained
for C,H,/O, and C,H,/O,/Ar flames with C/O ratio = 1.00
(mixtures 5 and 6), due to the large soot yield in these
flames. Chemiluminescence measurements of excited
radicalsOH (A%Z - X?2I), CHO (AZ1 - X?2A"), CH (A2A
- XZI) and C, (A®T - X°II) at their corresponding
emission maxima, 306.4, 318.6, 431.3 and 516.5 nm?, were
also carried out for these both flameswith C/O ratio = 1.00.
The experimental setup used for chemiluminescence
analysis®* was similar to that in Figure 1. The He-Ne laser
was turned off and the monochromator entrance slit
(without pinholes) was placed directly at one of the
windows to avoid stray light.

Data acquisition

Each type of measurement (laser extinction, pressure
and chemiluminescence) was repeated three or more times
for each combustion mixture presented in Table 1. Figure
2 shows an example of five independent measurements
(oscilloscope records) of laser extinction for combustion
processes of C,H./O, with C/O = 1.00 (mixture 5). The
records were superimposed and were smoothed after
applying a mathematical filter of Microcal Origin 5.0,
which utilizes Fourier Transformation (solid linein Figure
2). Figure 2 also shows the smoothed data of pressure
change measurements inside the chamber.

Plots such as those shown in Figure 2 were obtained
for all combustion mixtures (Table 1) and, since excellent
reproducibility was observed among the different records,
hereafter only the smoothed data will be presented.

Results and Discussion
Formation of soot particles

C,H,/O, flames with C/O ratio = 0.65 (mixture 1) and
C/O ratio = 0.75 (mixture 2) presented no expressive
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Figure 2. Overlapping of five laser extinction records of five indepen-
dent C,H,/O, combustion processes with C/O ratio = 1.00 (mixture 5).
The solid line is the smoothed data for laser extinction. The dashed line
shows the smoothed pressure increase and subsequent decrease during
the combustion process.
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reduction of laser intensity. On the other hand, C,H,/O,
flames with C/O ratio > 0.75 show very intense laser
extinction during combustion. Hence, the C/Oratio = 0.75
isalower limit for soot formation.

Soot grows through nucleation, superficial growth and
coalescence of the particles. Figure 2 shows the total soot
formation process and the pressure change inside the
chamber for combustion of mixture 5 (Table 1). The
pressure rises significantly before of the detection of soot
particles with sizeslarge enough for laser beam extinction
(from 0to 2 ms). Thispressureincreaseis held for around
3 ms. After theend of soot formation, the pressure decreases
to values near theinitial ones (ca. 4.5 ms).

Pressure exerts a large influence on the temporal
behavior of soot formation® and the results in Figure 2
indicate that the pressure increase mainly affects the
beginning of the soot formation process (from 0 to 2 ms),
probably the nucleation step.

Figure 3 shows the temporal behavior of laser intensity
as consequence of soot particle formation during C,H,/O,
and C,H,/O,/Ar combustion processesfor mixtures 3-6. The
temporal behavior of soot formation is very similar for the
different flames. After aninduction timefor reaction of about
2 ms, al of them show an abrupt transmittance decrease
until the laser light is fully extinct (1/I, = 0). The induction
timeisprobably related to the nucl eation process of the soot
production mechanism. After the nucleation around 1.0-2.0
ms, for the C,H,/O, and C,H./O,/Ar flames, there is rapid
soot formation, as indicated by the abrupt laser signal
reduction. The total soot formation phenomenon in the
flamesstudied in aclosed chamber lasts 3.0-4.0 ms, asshown
in Figure 3. However, the chemiluminescence and pressure
changesaredtill detected until around 4.0-4.5ms, asindicated
in Figure 4.

The chemiluminescence of excited radicals and the
pressure change of gas mixtures under combustion reached
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a maximum simultaneously. The maxima occur
approximately at the end of the soot formation processin
the C,H,/O, and C,H./O,/Ar flameswith C/O ratio = 1.00.

Thetotal time of soot formation in atmospheric laminar
flames has been estimated to be around 10-30 ms,*** with
the initial 2-3 ms due to the nucleation step.® Our results
show that soot chemistry in closed chamber combustion
may be different, mainly in surface growth or coalescence
steps, which are faster than those in open system
combustion.

Figures 5 and 6 show micrographs of compact and
amost spherical soot particles with 60-150 nm diameters
and aggregates collected about five seconds after the
combustion reactions of C,H./O, and C,H,/O,/Ar with
C/O ratio = 1.00, respectively.

1.4 T T T M T T T M T
—— CH/0,(COratio =0.82)
1.24 —v—CH/0,(COratio=0.87) |
| —b&— CH /0, (CO ratio = 1.00)
1.0 —a— CH/O/Ar (C/O ratio = 1.00)
0.8 b
[
S 4
0.6 4
0.4 .
0.2 b
] |‘l"'|'1’|“i N T o y
0.0‘ il ,el'.nuvl g1 xL!rL-I_.I-‘ILv... B
T T T T T 1
-2 0 2 4 6 8
Time / ms

Figure 3. Temporal evolution of soot formation in the C,H,/O, with
different C/O ratios (mixtures 3, 4 and 5) at initial pressures of 140
mmHg and temporal evolution of soot formation in C,H,/O,/Ar with
C/O ratio = 1.00 at initial pressure of 210 mmHg.
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Figure 4. Chemiluminescence of OH*, CHO*, CH* and C,* excited radicals and pressure evolution from C,H,/O, (mixture 5) and C,H,/O,/Ar (mixture

6) flames with C/O ratio = 1.00.
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Figure 5. Scanning electronic microscopy (SEM) of soot particles and
aggregates from C,H,/O, with C/O ratio = 1.00 at an initial pressure of
140 mmHg, sampled five seconds after the reaction. Bar length = 1 um
(35000X).

30 203 Cb

Figure 6. SEM of soot particles and aggregates from C,H,/O,/Ar with
C/O ratio = 1.00 at an initial pressure of 210 mmHg, sampled five sec-
onds after the reaction. Bar length = 1 um (35000X).

Although argon addition does not change the time
behavior of chemiluminescence or the pressure change and
practically does not changethetotal time of soot formation,
the morphology of the primary soot particles was changed
(Figure 6), indicating amodification of the surface growth
and coalescence mechanism. For the C,H./O/Ar flame
(Figure 6), one can observe predominantly aggregates and
the soot particles are less spherical.

Studies have shown that the earliest formed particles,
which are considered to be the precursors of soot, have
typical sizes of about 2-3 nm.”® Our results show that after
only few milliseconds these small particles have grown
rapidly, reaching 60-150 nm (Figure 5 and 6).

By considering that soot particles are approximately
spherical, the soot volume fraction (f)) can be evaluated
by:2
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fi=Z ln(tl)X[l)
ks

wherer; isthe measured transmittance, A isthe wavelength
of laser light emission, k; is the absorption coefficient per
unit of volume fraction of soot (4.892 at 632.8 nm)® and s
is the uniform sample volume path Iength.

Figure 7 shows the soot volume fraction as a function
of time calculated from the laser extinction of the
combustion processes. The soot volumefraction datarefer
to the mean value, since the laser crosses the entire
combustion chamber. The soot volume fraction from laser
extinction (1/1 = 0) was measured up to 3 ppm, asthe upper
limit of detection of our system. This limit value was
reached inthetimeinterval of 3.0-4.0 msfor all theflames
studied and presents the same magnitude as that observed
at several different flame regionsin alarge fuel poal fire
experiment? and in laminar / turbulent flames.?®
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Figure 7. Soot volume fractions as a function of time for C,H,/O, flames

with different C/O ratios at initial pressures of 140 mmHg anda CH,/O,JAr
flame with C/O ratio = 1.00 at an initid pressure of 210 mmHg.

The soot volume fraction for the combustion of all
mixtures studied changes as a function of time, resulting
in different velocities of soot formation, as indicated in
Figure 7. The fuel-richest C,H./O, mixture (C/O ratio =
1.00) has aslower velocity and argon addition to C H,/O,
mixture increases the velocity of soot formation.

The higher velocity of soot formationinthe CH,/O,/Ar
flame could be explained by the reduction of flame
temperature caused by argon addition. Argon could dilute
the combustion mixture changing the reaction steps of
growth of species of high molecular mass (PAHS) to soot.
As reported by Takahashi and Glassman® at lower
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temperature the soot precursors production increases and
their oxidation decreases. The argon addition also changes
the morphology of particles asindicate in Figure 6.

Soot aggregation

Soot aggregation occurs after the final soot particle
formation. This meansthat the aggregation process occurs
in another time domain and its kinetics is much slower
than particle formation and growth.

The aggregation of the soot formed in CH,/O, and
C,H,/O,/Ar flames with C/O ratio = 1.00 was monitored
by the laser intensity change after reaction. Soot particles
inthese processes are confined in the closed chamber until
complete aggregation.

Figure 8 shows the transmittance enhancement that
could be correlated to soot aggregation as a function of
time for mixtures 5 and 6. The total aggregation time of
soot particles formed in the C,H,/O,/Ar combustion was
about 20 min while in the C,H,/O, combustion it was
approximately 12 min.
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Figure 8. Soot aggregation as a function of time in the C,H,/O, and
C,H,/O/Ar flames with C/O ratio = 1.00.

To evauate the morphology of aggregates formed in
the aggregation process, soot aggregates were collected at
different times after the C,H./O, combustion with C/Oratio
= 1.00. Figures 9, 10 and 11 show micrographs of soot
aggregates collected 1, 15 and 30 min after the reaction,
respectively.

Aggregates collected 1 min after the C,H,/O,
combustion (Figure 9) aredispersed over the sample holder
surface and they are composed of particles whose
morphology and sizes resemble the isolated particles
collected 5 sec after the reaction (Figure 5).

J. Braz. Chem. Soc.
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Flgure 9. SEM of soot aggregates from C,H,/O, with C/O ratio = 1.00
at aninitial pressure of 140 mmHg, sampled 1 minute after the reaction.
Bar length = 1 um (20000X).

Figure 10. SEM of soot aggregates from C,H,/O, with C/O ratio = 1.00
at an initial pressure of 140 mmHg, sampled 15 mlnutes after the reac-
tion. Bar length = 1 «m (10000X).

Figure 11. SEM of soot aggregateﬁfrom C,H,/O, with C/O ratio = 1.00
at an initial pressure of 140 mmHg, sampled 30 mlnutes after the reac-
tion. Bar length = 10 um (3500X).
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Spherica soot particles produce aggregates of increasing
sizes and the continuous deposition of the aggregates over
the sample holder along with time results in a netlike
structure, not compacted and similar to that of an aerogel.

Conclusions

Thereisintense soot formation during short periods of
time for flames from C,H,/O, with C/O ratio > 0.75 and
C,H,/O,/Ar with C/O ratio = 1.00 in a closed chamber.
Thetotal time of soot formation in these flameswas found
to be about 3.0-4.0 ms.

The chemiluminescence of radicals and the pressure
change reached a maximum simultaneously and at
approximately thefinal stage of the soot formation process.
The pressure increase has significant influence on the
nucleation step of soot formation.

The soot formation mechanism in a closed chamber
probably differs from that in open systems, mainly in
surface growth or coal escence steps, which are faster for
the closed system.

The soot precursors grow quickly, reaching compact
and almost spherical primary particles, with diameters of
60-150 nm for C,H./O, and C,H,/O,/Ar flames with C/O
ratio = 1.00 within milliseconds. The addition of argon to
the C,H./O, mixture changed the morphology of the soot
particles and the velocity of soot formation. It was found
that the velocities of soot formation are slower for thefuel-
richest C,H,/O, mixture (C/O ratio = 1.00) while argon
addition to the C,H,/O, mixture increases the velocity of
soot formation.

The compact and almost spherical soot particles
produce aggregates of increasing sizes. The total
aggregation time of soot particlesformedinthe CH,/O,/Ar
combustion was about 20 min while in the C,H,/O,
combustion it was approximately 12 min.
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