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Abstract

Simultaneous measurements of the temperature dependencies of the size, growth rate and relative yield
of soot particles were carried out in the shock wave pyrolysis of various carbon-bearing species (carbon
suboxide —-C30,, acetylene —C,H, and benzene —~C¢Hp). In all substances studied in the temperature ranges
from 1800-2000 K to 2500-3000 K, a sharp fall in soot size accompanied by a sharp increase in the rate of
their formation was observed. Analysis of the data obtained showed that the decrease of soot particle size
and decrease in total time of their formation with the temperature rise obey similar exponential dependen-
cies, which could be qualitatively correlated with an increase in the rate of decomposition of the initial car-
bon bearing molecules. It is established that the observed decrease in the total time of soot particle growth
with increased temperature is caused by a decrease in their final size, and the decrease of extinction at
633 nm reflects not a reduction of soot yield, but a decrease in the extinction coefficient upon the reduction
of soot particle size. Extinction measurements on a shorter wavelength (220 nm and 248 nm) indicated an
approximately constant soot yield in the specified temperature range.
© 2014 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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1. Introduction

In combustion and pyrolysis of carbon bearing
species, the size of soot particles formed at
different temperatures does not remain invariable.
In a number of works, a so-called bell-shaped
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temperature dependence of the soot particle size
in shock wave pyrolysis conditions has been
observed [1-4]. The shape of this dependence is
very similar for various species and up to temper-
atures of about T,,,,. = 1600-2000 K, the size of
soot particles increases, while with further rises
in temperature, it steadily decreases. The maxi-
mum particle size corresponds to the typical sizes
of soot of 15-30 nm, and at temperature increases
up to 2500-3000 K, it falls to 2-5 nm. There is nei-
ther a clear physical interpretation nor a model
description of this phenomenon in the literature.
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Note that in flames the particle size distribu-
tion function is also dependent on temperature.
At T<1850 K flames are characterized by the
bimodal particle size distributions, which at
higher temperatures transform to unimodal [5].
Similar transformation from small particles,
called nano-organic carbon (NOC), to usual soot
particles takes place at any flame temperatures
with increasing of height above the burner
(HAB) [6]. The mechanism of formation of second
maximum on particle size distribution proposed in
[5]1s particle—particle coagulation, which is inhib-
ited at high temperatures and apparently has no
enough time at the small HAB.

However, the conditions in shock wave pyroly-
sis are very different from flames. The temperature
range is much higher (2000-3000 K), while the
time scale is very short — the total observation
time is about 1 ms. In these conditions the parti-
cle—particle coagulation is negligible at any tem-
peratures. Besides that, the decrease of particle
size with the temperature rise in various hydrocar-
bons [1,2,4] and hydrogen free precursors [3] is
absolutely similar. Therefore the reasons of parti-
cle size decrease at the temperatures 7> 2000 K in
shock wave pyrolysis conditions are evidently
other from flames.

Importantly, the bell-shaped temperature
dependence of the soot particle size observed in
pyrolysis conditions is quite similar to the well-
known temperature dependence of soot yield,
usually presenting a bell-shaped curve with a max-
imum in the same temperature range (see review
[7] and references within). The reason for the
increase of the yield and the final soot size with
increasing temperature on the left branch of a
bell-shaped curve does not usually raise doubts —
it is an increase in the degree of decomposition
of the initial carbon bearing molecules. However,
the reason for the decrease in soot yield at temper-
atures above T,,,, is not so obvious. These tem-
peratures are much less than the characteristic
temperatures of phase transitions in carbon (so
all carbon has to be in condensed state), and at
the same time, the stability of all gaseous car-
bon-bearing molecules inevitably decreases with
the temperature growth. As it was shown in [5,8]
the ability of survival and dimerization even for
heaviest and most stable hydrocarbons of coron-
ene group (like circumcoronene CssHig), expo-
nentially decreases at the temperatures above
2000 K. Therefore the existence of any stable
hydrocarbon molecules at the temperatures
2500-3000 K looks very improbable. One can
add that the electron microscopic analysis of small
particles (<10 nm) formed from hydrogen free
precursors C30, and CCly at these high tempera-
tures has shown that they consist of pure carbon
and have the same structure of amorphous graph-
ite as usual soot particles (20-40 nm) [3,9]. There-
fore the presence of small NOC particles (less than

10 nm in size) observed in flames [5,6] in high tem-
peratures pyrolysis conditions is very unlikely.
Thus one can assume that after the pyrolysis of
any carbon bearing species at the temperatures
2500-3000 K only carbon particles of different
size, which we would attribute to soot-like parti-
cles and simple stable gas molecules (like H,, H,
CO, (I, etc.) remain in the mixture.

Note that the value of the soot yield is usually
extracted from extinction measurements at wave-
lengths of 633 nm. In review [7], it was assumed
that the apparent fall in soot yield is actually con-
nected with the decrease in size of the formed par-
ticles, resulting in a decrease of their refractive
index at this wavelength.

It is known that a decrease in the size of carbon
particles leads to changes in the spectral distribu-
tion of their refractive index [10-12]. Donn [10]
had shown that the spectral distribution of mass
extinction coefficient of pure graphite spheres
according to Mie theory is essentially changing
when particle size is falling down. The particles
of usual soot size 15-30 nm are practically grey;
i.e. they intensively absorb radiation in all visible
and near-IR spectral ranges, while upon a
decrease in size to 5-10 nm, their range of extinc-
tion is shifted towards short wavelengths. Such
particles become transparent for wavelengths of
more than 400-500 nm, but still absorb well at
4 <400-300 nm. The broadening of extinction
spectra from UV to visible and near IR range dur-
ing the growth of hydrogen free carbon particles
in shock wave pyrolysis of C30, was reported in
[9]. Similar data of broadening of extinction spec-
tra with time were presented for shock wave pyro-
lysis of toluene [13]. The direct observation of the
sharp rise of extinction at A= 1.06 & when soot
particles grow more than 10nm in size was
reported for ethylene/air flames [11] and shock
tube pyrolysis of acetylene [12]. The similarity of
behaviour of extinction spectra for hydrogen free
carbon particles [9] and small soot particles
formed from various hydrocarbons [13,14] in
shock wave pyrolysis conditions allows neglecting
the possible input of heavy hydrocarbons in UV
extinction, moreover the mass extinction coeffi-
cients of all hydrocarbons are less than those for
small carbon nanoparticles [10]. Therefore we will
regard all extinction observed in high temperature
pyrolysis of various carbon bearing species to the
soot particles of different size.

Another important characteristic of soot for-
mation process is the total time of particle growth.
Usually, researchers allocate three various stages
of this process: the induction period, surface
particle growth and coagulation. Shock tube
experiments in most cases only allow observation
of the first two stages of the process due to the
restriction of working time, and these stages are
significantly accelerated with temperature growth.
A sharp decrease of induction time with the
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