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ABSTRACT

The subject of soot formation in combustion is be-
ing extensively studied to decipher the relevant mech-
anisms. Despite considerable progress made in un-
derstanding some of the features of soot formation,
we still do not have sufficient details of the forma-
tion mechanisms to be able to calculate soot in the
flame of a given hydrocarbon fuel from first princi-
ples. This paper first gives an overview of the soot
particulate formation in combustion and its contribu-
tion to ambient particulate matter. The experimen-
tal burner types that are commonly used for soot re-
search are then reviewed and basic features of the
most commonty used laminar diffusion burners are
summarized. Soot particulate formation and emis-
sions in diesel and gasoline engines, and their rela-
tive contributions to ambient particulate matter, are
discussed. Methods based on physical sampling and
non-intrusive laser-based soot diagnostic techniques
are briefly reviewed and their capabilities and limi-
tations are discussed.

1. INTRODUCTION

A significant portion of atmospheric particulates
arises from combustion of fuels in various engines
and furnaces. In urban areas, mobile sources are ma-
jor contributors to ambient particulate matter (PM)
concentrations. The main constituent of the partic-
ulates generated by combustion is carbon. These
carbonaceous particulates, which are produced from
gas-phase combustion processes, are generally called
soot, and those that form as a result of direct pyroly-
sis of liquid hydrocarbon fuels are generally referred
to as coke or cenospheres.

The detrimental effect of soot particulates on hu-
man health is a current concern and various restric-
tions are being placed on particulate matter emissions
from vehicles and other sources. From an operational

point of view, soot formation is not desired in most
power plants. For example, in gas turbines, the pres-
ence of excessive soot reduces the combustor liner
life as well as contributing to the mechanical erosion
of turbine blades and nozzle guide vanes. In military
applications visible exhaust plumes enhanced by the
presence of soot particulates are highly undesirable.
On the other hand, in industrial furnaces of relatively
large capacities, the major portion of heat transmis-
sion is through thermal radiation, mainly facilitated
by the presence of soot particles in the combustion
volume. In the absence of soot particulates a substan-
tial portion of the released energy from the fuel, in-
stead of being transmitted directly to the heat absorb-
ing working fluid by radiation, must be appropriately
extracted by convection leading to larger and more
expensive systems capable of handling high tempera-
ture gases. The challenge in these fumaces is to boost
radiative heat transfer by promoting soot production
rate in such a manner that the soot is completely ox-
idized before leaving the combustion volume.

To be able to control soot in combustion, a de-
taited understanding of the key features of its forma-
tion and oxidation is required. Although considerable
progress has been made in recent years in the under-
standing of the soot particulate formation in com-
bustion, the essential details of the formation mecha-
nisms are sketchy at best. The state-of-the-art is not
yet at a stage where one could describe the process
of soot formaticn from a selected chemical compound
under well-defined conditions.

2. AMBIENT PARTICULATE MATTER

There is a mixture of pollutants in ambient air
classified as particles or particulate matter. They may
form in the atmosphere or originate from a variety of
sources. Their structure, morphology, size, and com-
position depend on the source. There is a substantial
contribution from fossil fuel combustion to ambient
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particulates of respirable size. The mass emissions
rate of particulates from on-road diesel vehicles has
already been regulated, and to meet the increasingly
stringent limits, the manufacturers have continually
improved engine designs and incorporated exhaust
control devices. Although heaith professionals sus-
pect that the size, number density, and chemical com-
position of the particles are more relevant to health
effects than concentration, these parameters are nei-
ther regulated nor routinely measured.

The total suspended particulates in ambient air
are crudely classified as follows {1]:
a. nonrespirable fraction (50 to 100 xm)
b. PM;g (smaller than 10 pm)
¢. PMgs (smaller than 2.5 pum)
d. PMy.; (smaller than 0.1 um)
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Figure 1. A typical volume-weighted size distribution
of ambient particulates. TSP = total suspended par-
ticulates. Adopted from [1].

Total particulates tend to fall into three modes
as seen in Fig.1. Since most particulates in ambi-
ent air are not spherical, the size is usually desig-
nated by the aerodynamic diameter. Figure | shows
a typical volume-weighted size distribution with three
commonly used measures of ambient particle concen-
tration, which are based on the size cutpoint of the
sampling and measurement systems. Particles from
on-road vehicles are primarily found in the ultrafine
and fine modes. The exhaust soot particulate from
on-road vehicles may contribute to street level par-
ticulate matter in urban centres by up to 50%.

The most widely used ambient particulate matter
sampling technigues are:

- Dichotomous sampler: low-volume manual sam-
pler, collects fine and coarse fractions of PM;g
on Teflon membrane filters,

- Size Selective High Volume Sampler: this is a
high-volume manual sampler, collects PM,o on
Teflon coated or quartz fibre filters.

- Tapered Element Oscillating Micro-balance (trade
name is TEOM): an automated instrument giving
a continuous record of mass of PMp or PMs 5
depending on the inlet used.

- Partisol Sampler: low-volume manual sampler,
collects either PM,y or PMs g on Teflon filters;
reference method for PMy .

3. SOOT PARTICULATE FORMATION IN
COMBUSTION

The formation of soot particulate, i.e. the conver-
sion of a hydrocarbon fuel with molecules containing
a few carbon atoms into a carbonaceous agglomer-
ate containing some millions of carbon atoms in a
few milliseconds, is an extremely complex process.
This process involves a transition from gaseous to
solid phase where the solid phase does not exhibit
any unique chemical and physical structure. The ac-
cepted mechanism for this process is as follows (see,
e.g. [2-51): The hydrocarbon fuel goes through py-
rolysis or partial oxidation during combustion and
forms small hydrocarbon radicals from which small
hydrocarbons, particularly acetylene(s), are formed.
Reaction of Cy species {e.g. diacetylene) with C;
species (acetylene) produce a Cg species which can
form an arpmatic structure through isomerization. It
is also possible to have CyH; dimerization with sub-
sequent isomerization to an aromatic structure. The
formation of larger aromatic rings occurs mainly via
an acetylene addition mechanism. Coagulation of
these larger aromatic ring compounds is proposed to
account for the formation of primary soot particles.
The smallest of these particles, when observed under
the electron microscope, are about 1.5 nm in diame-
ter, corresponding to a molecular mass of about 2000,
These primary particles then pick up molecules from
the gas phase promoting surface growth, whose rate
is one of the determining factors in final soot con-
centration. The final size of the soot particles results
from coagulation of primary particles to larger aggre-
gates. A schematic representation is given in Fig.2,
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Figure 2. A schematic representation of soot forma-
tion under premixed combustion conditions [2].

Diffusion Flames

Turbulent diffusion flames are the mode of com-
bustion in most practical combustion devices, includ-
ing diesel engines. Soot formation is an artifact of
this mode of combustion. In premixed flames, un-
less the fuel-air ratio is very rich, soot does not form.
The non-homogeneous nature of turbulent diffusion
flames makes it very difficult to isolate parameters
that affect soot formation and oxidation. For this
reason the more easily controlied laboratory exper-
iments are performed in shock tubes and laminar
diffusion flames. One disadvantage of the shock
tubes is that they have a very short residence time
as compared to practical flames. There are three
types of laminar diffusion flame burners that are com-
monly used by soot researchers: the coflow, counter-
flow, and the Wolfhard-Parker burners. Although the
counterflow (opposed jet} and the Wolfhard-Parker
burners produce almost one-dimensional flames, they
may suffer from stability problems under certain flow
conditions. In addition, in the counterflow burner
flames the stagnation point location is very critical
and it can vary by the choice of flow conditions.
Coflow burner flames are radiaily axisymmetric two-
dimensional flames with good stability. Most of the

n

Figure 3. A smoke point laminar diffusion flame
the author's laboratory.
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Figure 4. Measured centerline temperature profiles
as a function of axial position along the flame cen-
terline in ethylene flames with and without hydrogen
or helium dilution [6). Measurements taken by CARS
on the burner shown in Fig.3.

research work on soot formation and oxidation has
been conducted on coflow laminar diffusion flames.

A widely used coflow laminar diffusion flame
burner consists of a fuel nozzle made of 12.7 mm di-
ameter stainless-steel pipe providing the gaseous fuel.
Air is supplied from a concentric converging nozzle
of about 100 mm diameter. The flame generated re-
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Figure 5. Measured temperature profiles as a func-
tion of radial position at two axial heights in ethylene
flames with and without hydrogen or helium dilution
[6]. Measurements taken by CARS on the burner
shown in Fig.3.

sembles that of a candle flame {Fig.3). Coflow lami-
nar diffusion flames are buoyancy dominated and the
flame height is proportional to the fuel flow rate. The
smoke point is the maximum fuel flow rate at which
no soot escapes from the tip of the flame. Figure 3
shows an ethylene diffusion flame bumning just below
its smoke point height. Temperature measurements in
this flame obtained by CARS (coherent anti-Stokes
Raman spectroscopy) are shown in Figures 4 and 5
[6]. It has proved impossible to measure accurately
temperatures in these flames using conventional ther-
mocouple techniques. Such data are required to de-
cipher the effect of flame temperature on soot forma-
tion.

Figure 6 shows a schematic picture constructed
from the soot morphological data obtained by the
thermophoretic sampling technique combined with
the laser light scattering and extinction measurements
in a coflow laminar ethylene diffusion flame. Micro-
graphs obtained by transmission electron microscopy
from the soot samples at two different locations, one
at soot formation and growth region and the other at
where soot growth is compieted, are shown in Figures
7 and 8.

Note that in the growth region, both the primary
particle size and the number of primary particles in
the agglomerate are both increasing (Fig.6). In the
oxidation region, the size of the primary particles is
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Figure 6. A schematic representation of soot aggre-
gate morphological evolution in the coflow ethylene
taminar diffusion flame. The particle path inside the
luminous envelope corresponds to the location of the
maximum soot volume fraction, while the one on the
outside corresponds to location closer ta the flame
sheet [7].

reduced while the number of particles in the agglom-
erate remains unchanged.

Figure 9 shows the primary soot particle size in
two coflow laminar diffusion flames as a function of
flame height along the streamline of maximum soot
concentration. The lower fuel flow rate flame is a
smoke point flame in which the soot formed is com-
pletely oxidized within the luminous visible flame.
In the high fuel flow flame, soot particles are not
completely oxidized and they escape from the tip of
the flame (smoking flame). It seems that the size of
the particles are the same up to the flame height of
50 mm. In the case of the smoking flame, a reduced
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Figure 7. Micrograph of soot particles sampled from
a height of 10 mm and a radial location of 5 mm in
the flame shown in Fig.6 {8].

Figure 8. Micrograph of soot particles sampled from
a height of 330 mm on the centerline in the flame
shown in Fig.6 [8].

oxidation rate allows particles to escape after par-
tial oxidation. Thermophoretic sampling and trans-
mission electron microscopy examination of the soot
from this type of flame have shown that the soat par-
ticles consist of aggregates of nearly monodisperse
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Figure 9. Primary sooct particle diameter as a function
of flame height along the maximum soot concentra-
tion streamline in two ethylene-air laminar diffusion
flames. Data adopted from Megaridis and Dobbins
[7,9].

and nearly spherical primary particles [7,9]. The ag-
gregates vary in the number of primary particles they
cantain, which is often described by a log-normal
distribution.

The important parameters that influence the for-
mation of soot in such flames are the parent fuel
molecular structure [4,10,11], the flame temperature
[12-15], the amount and nature of diluents either in
the fuel or in the oxidizer [6,13,15-20], and the pres-
sure [21]. In practical combustion devices, the sit-
uation is more complex due to turbulent flow (two-
phase in most systems), complex fuel chemistry of
distillate fuels, and the operating conditions, espe-
cially transients.

Premixed Flames

Premixed bumers used in soot research offer one-
dimensional stable flames which lend themselves for
extensive intrusive and non-intrusive measurements.
In low pressure premixed flames, the reaction zone
gets thicker which provides excellent spatial reso-
lution (which translates into a good temporal res-
olution). Most of the mass spectroscopy measure-
ments (including time-of-flight) have been done on
premixed flames, see e.g. [22-24]. Soot formation in
rich premixed flames more or less follows the same
route as in diffusion flames, except that the situa-
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tion is not complicated by the presence of fuel and
oxidizer mixing found in diffusion flames,

Figure 2 shows a general schematic picture of soot
formation under premixed conditions. Soot formation
processes under premixed combustion conditions are
not expected to be influenced by the flame turbu-
lence [4]. Results from turbulent bunsen burners and
stirred reactors seem to support this contention,

The relative tendency of fuels to form soot under
premixed conditions generally has been measured by
observing the critical equivalence ratio, or the C/O
ratio, at which soot just forms [25]. It has been
shown that the critical equivalence ratios depend on
the flame temperature {25,26] and the OH (hydroxyl
radical) concentration [27]. In premixed flames the
higher the flame temperature, the less the tendency
to soot. This trend, which is the just opposite of the
diffusion flames, has been attributed to the fact that
as the temperature rises, oxidative attack on soot pre-
cursors increases at a faster rate than precursor for-
mation. Takahashi and Glassman [25] have shown
that at a fixed flame iemperature the critical equiva-
lence ratio could correlate with the “number of C-C
bonds™ in the fuel. It seems that, under premixed
conditions, all fuels must break down to the same
essential species—postulated to be mostly acetylene
[25]-which builds into a soot particle. This seems
to be supported by the findings of Harris and Weiner
[24].

In most premixed combustion applications, the
operating equivalence ratio is much leaner than the
critical equivalence ratio and hence no soot particu-
late formation is expected in such flames. However,
in the presence of nonhomogeneous pockets, the local
equivalence ratio may be rich encugh to form soot,
although the overall equivalence ratio is leaner than
the critical value. One exampile of this situation is the
cold start conditions in a fuel injected gaseline engine
in which the local equivalence ratios may exceed the
critical values for soot formation.

Particulate Emissions from Diesel Engines

The particulate emissions from diesel engines are
in the form of complex aerosols consisting primar-
ily of soot and volatile organics. There is limited
information currently available on the size and mor-
phology of diesel particulates; most measurements
have been for concentration only. However, soot it-
self has been studied in more detail. Most soot parti-
cles are agglomerates of 5 to 30 nm diameter primary
particles. Typical dimensions of these agglomerates

range from 10 to 1000 nm, but most of the mass is
log-normally distributed with mass median diameters
on the order of 100 to 250 nm [28,29]. These di-
mensions of the diesel soot particles are very similar
to those obtained from atmospheric diffusion flames
of gaseous hydrocarbon fuels (Figures 7-9). As the
particulate concentrations in the exhaust of modern
diesel engines are reduced, the agglomerate sizes are
also being decreased.

Figure 10 shows the average composition of the
typical diesel exhaust particulate matter. Inorganic
components in the diesel exhaust are products of en-
gine and component wear, or are frace contaminants
of the fuel and the lubricant. The metals found in
the particulate matter are primarily trace fuel con-
taminants such as antimony, arsenic, barium, beryl-
lum, cobalt, and strontium. These substances will
vaporize in the combustion chamber and then stick
to particles in the exhaust stream.

Metals 1.2%

Hydrogen 2.6%
Nitrogen 0.5%

Oxygen 4.9%

AN Sulfur 2.5%

Figure 10. Elemental composition of the typical diesel
particulate matter by mass [31].

For regulatory purposes, particulate matter emis-
sions are defined as the mass of the matter that can
be collected from a diluted exhaust stream on a filter
kept at 52 °C. This includes the organic compounds
that condense at Jower temperatures, but exciudes the
condensed water. Exhaust gas temperature, before
the exhaust is diluted, piays an important role on the
amount of adsorbed soluble organics; low exhaust gas
temperatures produce PM with more soluble organics
than PM measured from a high temperature exhaust
(30].
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Particulate Emissions from Gasoline Engines

There is limited information on the size, mor-
phology, and concentration of the particulate emis-
gsions from gasoline engines. The particulate size is
much finer than the diesel particulates and the con-
centrations are below the accurate detection limit of
standard detection techniques [1,32,33]. The major-
ity of the particles from gasoline engine exhaust have
aerodynamic diameters in the range of 20 to 200 nm,
with a peak at about 50 nm [1]. The particulate emis-
sions from gasoline engines are not currently legis-
lated. However, the adverse health effects of submi-
cron particulates have been recognized by EPA and
the other legislating bodies. It should be noted that
gasoline engines may contribute up to 25% of the
transportation generated particulate matter in urban
areas.

The source and the mechanism of particulate for-
mation in gasoline engines are largely unknown. In
a recent study [34], it has been shown that, under
steady state engine running conditions, the particu-
late malter comprise mostly of soot particles from
combustion when the mixture is fuel rich (fuel-air
equivalence ratio larger than about 1.43) . However,
when the mixture is in the lean to slightly rich region
(fuel-air equivalence ratio between 0.83 and 1.25),
the particulate matter is mostly derived from the lu-
bricating oil.

4. MEASUREMENT OF SO0T
PARTICULATES

Exhaust Particulate Measurements

For regulatory purposes, the particulate matter in
the exhaust is measured by collecting the PM on a
filter in a dilution tunnel. This measurement gives
the averaged PM emissions over the time period dur-
ing which the particulates are collected on the filter.
For exhausts containing lower concentrations of PM,
the collection time could be very long for collecting
enough PM for reasonable measurements. In spite of
its drawbacks and limitations, the filter technique is
being used for diesel engine and fuel certification and
testing. Since the collected PM and other condensed
material on the filter stick together, it is almost im-
practical to determine the particulate size and size
distribution. However, the soluble organic fraction
can be extracted from the collected material and an-
alyzed for its chemical composition.

One of the principal instruments for particulate
size measurements for particulates within an aero-

dynamic diameter range of 0.01 to | um has been
the differential mobility particle sizer (DMPS). This
device separates charged particles according to their
aerodynamic size using an electric field. Separated
particles are then counted using a condensation nu-
cleus counter which yields a number-weighted size
distribution. Since the response time of the instru-
ment is on the order of a minute, it is not suitable for
transient measurements [1].

A fairly new instrument capable of measuring
particle sizes in the 0.04 to 10 um range is the elec-
trical low-pressure impactor (ELPI). Particulates are
first charged and then passed through a cascade im-
pactor, which segregates them into a number of bins
(size ranges). Changes in the current deposited on
each impactor stage yield the transient concentrations
of particles of the corresponding aerodynamic size

[1}.

Non-Intrusive Soot Measurements

In combustion research soot volume fraction mea-
surements are important for studies of soot formation,
radiation processes, and for monitoring post-flame
particulates. Light extinction is a commonly used
diagnostic technique for measuring soot volume frac-
tion. However, it suffers from the drawback of mea-
suring a line-of-sight average, and while tomographic
reconstruction can be used to calculate scot profiles
in radially symmetric flames, this is not possible in
turbulent flames. Elastic scattering of light has been
widely investigated for soot measurements but the
fact that the signal is proportional to the square of
the particle diameter means that the technique is more
useful for particle sizing than volume fraction mea-
surements. More importantly, for agglomerated scot
particles (which are definitely not spherical), it has
become increasingly clear in the last few years that
the approach of applying Mie theory by assuming
spherical soot particles results in large errors [35-38].

By combining the elastic scattering and extinction
techniques it is possible to obtain the scot particu-
late morphological parameters. Kdylil [39] describes
an in situ particulate diagnostic technique based on
the Rayleigh-Debye-Gans polydisperse fractal aggre-
gate scattering interpretation of absolute angular light
scattering and extinction measurements. Using the
proper particle refractive index, the method yields
particle volume fraction, fractal dimension, primary
particle diameter, particle number density, and aggre-
gate size distribution [39]. However, the technique
is complex (the absolute scattering cross-section must
be measured as a function of scattering angle) and is
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limited to laminar cases (laminar flames and laminar
gas flows) and cannot be used in turbulent environ-
ments.

Laser induced incandescence (LII) has emerged
as a promising technique for measuring spatially and
temporally resolved soot volume fraction in flames
[40-49]. In LII the soot is heated by a short du-
ration laser pulse to produce incandescence. With
sufficiently high laser energies, numerical models of
the heat transfer indicate that the soot particles reach
temperatures of 4000-4500 K [40,41,45,47,48]. The
resultant radiation, which is blue shifted relative to
soot radiation at normal flame temperatures and is of
short duration, can readily be detected. LII typically
has a temporal resolution of 10 ns and can be used
to perform both point measurements and 2-D planar
visualization. The schematic of the LII setup at NRC
is shown in Figure 11.
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Figure 11. Schematic diagram of LII layout [50].

LII uses a pulsed focused laser beam to provide
an instantaneous (about 10 ns) energy source. Sev-
eral mJ of energy is used to rapidly heat particulates
to their evaporation temperature. The soot particu-
lates radiate incandescence as they cool back to the
ambient temperature which is about 1500 to 2000 K
in flames. The incandescence signal is collected and
imaged onto a detector as a function of time. This
signal is proportional to the particulate volume frac-
tion over a very wide dynamic range and it is also

possible to determine the particulate size [50]. It can
be used in any environment, including laminar and
turbulent flames and exhaust gas streams. Figure [2
shows a comparison of measurements of soot volume
fraction in a laminar diffusion flame by LII and by
line-of-sight extinction.
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Figure 12. Comparison of soot volume fraction de-
termined by LIl to radial profiles from Abel inversion
of line-of-sight extinction data at 40 mm above the
burner in a laminar diffusion flame of ethylene and
air [50).

5. CONCLUDING REMARKS

The details of the chemical and physical mech-
anisms of soot formation process in combustion re-
main uncertain due to the highly complex nature of
hydrocarbon flames, The mechanisms of soot forma-
tion have been investigated extensively over many
years and only very broad features of the forma-
tion processes have been established. In addition to
great uncertainties regarding formation mechanisms,
the controt and prediction of soot levels in practical
combustion devices are further impeded by the com-
plexities introduced by the transient operating condi-
tions, existence of a two-phase turbulent flow field,
and the chemistry of distillate fuels consisting of sev-
eral hundred hydrocarbon cormpounds,

The hope of reducing or eliminating soot partic-
ulate emission from combustion sources clearly re-
quires a better understanding of its formation and ox-
idation during the combustion process. The level of
understanding required to fully contro! soot may not
be available for some time because of the complexity
of the process. However, the advancement of laser-
based combustion diagnostic techniques for measur-
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ing spatially and temporally resolved scot morphol-
ogy, species concentrations. and flame temperature
combined with detail chemical kinetic modelling ef-
forts contribute to deciphering the complex issue of
soot formation.

The complex nature of engine combustion makes
the diesel engine unsuitable for more fundamental
studies. It is very difficult to interpret fundamental
ideas regarding soot formation in the engine com-
bustion context. However, a basic understanding of
soot formation and oxidation is central to the control
of particulate emissions from combustion sources.
One- and two-dimensional laminar flames are suit-
able devices to obtain this basic understanding at at-
mospheric conditions. Due to the very short time
scales associated with various stages of soot forma-
tion and oxidation, only simple, but well-controlled,
laboratory flames can provide the detailed informa-
tion required.
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