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Abstract

Carbonaceous particles formed during the partial oxidation of a fuel constitute a primary
pollutant (i.e., soot) impacting human health and the environment. The competing soot
formation and oxidation pathways associated with fossil fuels and carbon-containing re-
newable fuels must be understood to support the development of energy-conversion devices
that limit health and environmental impacts. Such knowledge is also helpful in optimizing
the properties of carbon black and other carbonaceous materials used in major industrial
manufacturing processes, such as graphene, nanotubes, and (functional) carbon-coated
nanoparticles. The current Special Issue comprises 16 articles that highlight progress

relevant to carbonaceous particles.

Soot particles are carbonaceous particulates formed during incomplete
combustion or pyrolysis of carbon-containing fuels. Soot emitted into the
atmosphere has well-known detrimental effects on human health, agricul-
ture, air quality, and global and regional climate. Soot has been linked to
increased risks for cancer and pulmonary, cardiovascular, and neurological ill-
nesses, such as Alzheimer’s disease and Parkinson’s disease [1, 2]. Sawyer [3]
noted that, as early as 1775, Percivall Pott identified the role of high soot
exposure levels as a cause of cancer in adolescent chimney sweeps in Lon-
don, and current health-related work seeks to delineate the impact of particle
size and toxicity on bio-reactivity. Both size and toxicity have been shown
to be linked to the parent fuel and particle formation conditions. While a
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complete understanding of how exposure to particulate matter promotes can-
cer formation is lacking, significant progress is being made in understanding
how particles < PMj 5 promote lung cancer [4] by acting on cells that har-
bour pre-existing oncogenic mutations. The complexities associated with the
bio-reactivity of different types of carbonaceous materials has been further
highlighted by Smyth et al. [2] who showed that the impact of Diesel exhaust
and carbon black is qualitatively different in terms of increased cardiovascu-
lar risk. Furthermore, indications are that rapeseed-methyl-ester (RME),
a bio-derived Diesel replacement, can activate airway sensory nerves in a
manner similar to conventional Diesel [5]. Additionally, the fuel-dependent
distribution of combustion-related species deposited on soot particles will
likely impact their toxicity. As an example, the amount of benzo[a]pyrene
stored on soot particles is up to five times higher than in the gas-phase [6].
Benzola]pyrene is a Group 1 carcinogen known to cause skin tumors and
is a potential cause of the carcinoma of the scrotum identified by Percivall
Pott [3], and contact with soot particles could greatly enhance exposure to
this carcinogen. Such adsorption of co-emitted combustion byproducts onto
soot surfaces also increases the particle chemical reactivity [7, 8, 9, 10].
Soot is the second largest contributor to climate change via its large
positive direct radiative forcing and through indirect effects, such as con-
tributions to reductions in snow and ice albedo following deposition [11].
Soot plays a significant (though not well understood) role in the Earth’s
hydrological cycle through high-altitude cloud formation via aviation con-
trails and lofted ground-based emissions and low-altitude cloud dissipation
through ground-based sources [12, 13]; such indirect effects make it a lead-
ing source of uncertainty in climate models [14]. As understanding of the
environmental and health effects of soot improves, government regulations
are being tightened on soot emissions from combustion systems for power
generation and ground and air transportation, with increasing emphasis on
soot number densities [15] and even potentially particular sizes in the future.
Radiative heat transfer from soot facilitates fire propagation in building
and wildland fires and is a problem of growing concern as wildfires increase in
frequency and magnitude in the wake of climate change [16, 17, 18]. On the
other hand, soot plays a critical role in the operation of high-temperature de-
vices, such as furnaces and kilns, via radiative heat transfer. In fact, a major
challenge in the conversion of these applications to zero-carbon fuels, such
as hydrogen, is the reduced heat transfer efficiency without soot, requiring
a redesign of large facilities to address decarbonization [19]. In some cases,
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the loss of radiative heat transfer from soot is compensated by the increased
radiative heat transfer from the additional production of water [20], and the
use of carbon-capture and storage technologies is also possible [19, 21].

Carbon black and other synthesized carbon particles are extremely impor-
tant for a range of commercial applications, perhaps most notably as a filler
and reinforcement material for rubber and plastic products [22, 23]. Even the
use of these synthesized particles, however, requires additional research and
development to address concerns related to particle emissions, such as from
tire wear [24] for which the rate of wear and associated particle emissions are
linked to the properties of the carbon blacks used.

Fully addressing and mitigating the negative impacts of soot emissions
and capitalizing on its positive uses requires an understanding of the funda-
mental mechanisms of soot inception, growth, and destruction, its interac-
tions with gas-phase chemistry and molecular transport, and its additional
interactions with turbulent transport. Probing its formation and physio-
chemical evolution enables the development of predictive computational mod-
els, but also necessitates further innovations in experimental capabilities.
Advances in experimental techniques and theoretical models over the last
several years have significantly increased our understanding and predictive
capability, but these developments have also initiated new questions and new
challenges.

Advances in temporally and spatially resolved laser diagnostics have ush-
ered in unprecedented understanding of the interactions between gas-phase
chemistry, soot, and turbulence. Non-invasive measurements of volume frac-
tions of mature soot in laminar and turbulent flames using laser-induced
incandescence (LII) or elastic light scattering (ELS) have become common-
place, though quantitative measurements tend to have substantial uncertain-
ties largely because of uncertainties in the optical properties of soot [25, 26].
Conversely, non-invasive measurements of incipient particles have thus far
proven to be elusive or, at best, inconclusive [27] Incipient particles link
the formation of gas-phase precursors to condensed-phase particles via the
process of soot inception, and their measurements are thus crucial to the
understanding of soot inception, which is a priority area of inquiry identi-
fied by the ISF Workshop for the Measurement and Computation of Reacting
Flows with Carbon Nanoparticles (hereafter ISF). Capabilities have also been
developed for non-invasive measurements of mean primary-particle and ag-
gregate sizes of mature soot, primary-particle core-shell structures, soot and
gas-phase temperatures, flow velocities, and mass fractions of some small



species [26, 28, 29, 30, 31, 32, 33, 34]. In situ techniques have been devel-
oped for measuring molar particle C/H ratios, which are an indication of
particle maturity and can be inferred from in situ measurements of optical
properties, such as the dispersion exponent or optical band gap [34, 35, 36].
Inferring C/H ratios from such optical measurements, however, relies on the
correlations between them, and very few measurements of such correlations
have been reported in the literature. Some in situ techniques can even be im-
plemented simultaneously or with a single laser shot, i.e., without extended
averaging; both simultaneous and single-shot measurements are desirable for
turbulent flames. These capabilities have provided valuable insights into
mature-soot volume fractions and the parameters that influence them.

Ez situ measurements, on the other hand, have provided much of our
current understanding of soot elemental and fine-structure evolution and
chemical mechanisms involved in soot inception, growth, and oxidation [37].
Measurements of C/H ratios have been made primarily using elemental and
FTIR spectroscopic analysis of extracted particles [35, 38, 39]. The C/H
ratio is a measure of soot maturity and increases from a value close to two at
inception to values of close to 10 at full maturity [27, 36]. As particles grow
and mature at high temperatures, they lose hydrogen, and many of their
chemical and physical properties change: their density increases and specific
heat decreases [36]; their chemical reactivity decreases [40, 41, 42, 43, 44];
their hygroscopicity decreases, reducing their ability to adsorb water and act
as cloud-condensation nuclei [44, 45]; and their absorption efficiency increases
and becomes much broader with much stronger absorption in the visible and
near IR spectral regions, such that the dispersion exponent and optical band
gap decrease [27, 35, 36]. Incipient particles have disordered fine structure
and appear to be waxy or liquid-like [34, 27, 46]. As these particles mature,
they acquire a core-shell structure in which the core is disordered, and the
outer shell is composed of turbostratic graphite crystallites aligned prefer-
entially parallel to the primary-particle surface. These crystallites grow in
size as the particles mature. These property changes can have substantial
effects on not only climate and air quality but also on after-treatment (i.e.,
filtration) approaches.

Scanning mobility particle sizing (SMPS) is a common technique for
measuring an effective particle-size distribution associated with the electric-
mobility diameter [47]. Details about the evolution of aggregate morphol-
ogy and primary-particle size in flames have been derived from an extensive
history of particle imaging, including scanning electron microscopy (SEM),
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transmission electron microscopy (TEM), atomic force microscopy (AFM),
and helium ion microscopy (HeIM) [47], whereas information about parti-
cle fine structure, from amorphous incipient particles to the polycrystalline
turbostratic graphitic structure of mature-soot particles, has largely been
provided by high-resolution transmission electron microscopy (HRTEM), se-
lected area electron diffraction (SAED), and X-ray diffraction (XRD) [48, 49,
50, 51].

Experimental evidence for chemical mechanisms has been derived pre-
dominantly by mass spectrometric analysis of particles and gas-phase species
extracted from flames and pyrolysis systems. Molecular beam mass spec-
trometry (MBMS) and gas chromatography (GC) coupled with mass spec-
trometry (MS) have provided the foundation for the understanding of gas-
phase chemistry leading to precursor formation [52, 53, 54]. Clues about
particle inception and growth and the precursors involved have primarily
come from mass spectrometry of vaporized particles extracted from flames
and pyrolysis systems; these studies have suggested the active involvement
of molecular species with radical character, five-membered rings, odd num-
bers of carbon atoms, and aliphatic sidechains and bridges between aromatic
adducts [54, 55, 56, 57, 58, 59, 60]. Recent molecular images from high-
resolution atomic force microscopy have supported these results [61, 62].

In general, these developments have provided invaluable information about
soot inception, growth, chemical evolution, and oxidation, but more work
needs to be done to develop an understanding of the chemical mechanisms
involved in these processes. There is a particularly strong need for exper-
imental capabilities that can elucidate the chemical mechanisms leading to
soot inception and growth. As a measure of soot maturity, the C/H ratio
is particularly useful for validating chemical models of soot formation and
evolution, and the ISF community has targeted in situ measurements of C/H
ratios using non-invasive approaches as a priority. Accordingly, there con-
tinues to be a need for the development of in situ measurement capabilities
that yield additional information about particle characteristics.

In the current Special Issue, the paper by Kelesidis et al. [63] relates
mature-soot angular ELS distributions to aggregate mobility diameters, fa-
cilitating connections between in situ laser diagnostics and ex situ electric-
mobility-diameter measurements. The paper by Bauer et al. [64] demon-
strates an experimental approach to making two-dimensional measurements
of the optical band gap and dispersion exponent using hyperspectral absorp-
tion tomography. Because these optical parameters are associated with par-



ticle maturity, this elegant approach enables assessment of the soot maturity
throughout a sample, such as a flame. In fact, these measurements could be
used to infer C/H ratios of particles simultaneously in two dimensions. Such
measurements would be exceptionally useful in the context of determining a
range of particle characteristics tied to soot maturity. Particle density and
specific heat could be directly estimated from the C/H ratio [36], but other
properties, such as chemical reactivity and hygroscopicity, will require more
detailed investigations to explore any quantitative correlations.

With respect to chemistry, both Zhou et al. [65] and Zheng et al. [66] used
LITI calibrated with extinction to measure soot volume fractions and spectro-
scopic techniques to measure temperature in counterflow diffusion flames.
Both papers focus on the effects of increasing oxygen near the flame front
by increasing oxygen either in the oxidizer stream [66] or in the fuel stream
by premixing [65]. Both studies show that increasing oxygen increases tem-
perature, which increases soot volume fractions. Zheng et al. [66] demon-
strate that increasing oxygen increases both soot maturity and particle sizes,
and Zhou et al. [65] show that increasing the oxygen concentration does
not change the influence of the rate of strain on the rate of soot formation.
Zheng et al. [66] used their results to test the influence of dimensionality
in counterflow flames (one-dimensional versus two-dimensional), concluding
that thermophoretic and radial diffusion effects need to be taken into account
in one-dimensional modeling of the flames studied. These studies also high-
light the need to further delineate the influence of the chemical (oxidative)
and thermal (temperature) environments experienced by soot particles.

Multiple papers in this Special Issue address the need for investigations
targeting the chemistry leading to soot inception. The paper by Rundel et
al. [67] presents aerosol mass spectra of particles produced during pyrolysis of
propyne and propene; the results indicate that incipient-particle precursors
include species with significant aliphatic content, such as aliphatic-linked aro-
matics and aliphatic side chains. The results demonstrate that particles lose
hydrogen, becoming less saturated, with increasing temperature, but never
reach the C/H ratios characteristic of pericondensed polycyclic aromatic hy-
drocarbons (PAHs). Particle precursors also include resonance-stabilized
radicals (RSRs), a significant fraction of which are associated with aromatic
species with odd numbers of carbon atoms and five-membered rings. These
results demonstrate that the enhanced formation of RSRs leads to facile
particle formation through hydrocarbon clustering, possibly via a mecha-
nisms known as the clustering of hydrocarbons by radical chain reactions
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(CHRCR) [58]. Propyne is a direct precursor to the RSR propargyl, and
propene is a direct precursor to the RSR allyl. Propyne generates particles
at lower temperatures than does propene, and both fuels form particles at
lower temperatures than observed for ethylene [68, 67]. If ethylene is seeded
with a small amount of an RSR precursor, such as indene, which forms the
RSR indenyl, its temperature for particle formation onset is lowered to a
value between those of propyne and propene. These results shed light on
previous studies that demonstrated that propene formed sub-10-nm size par-
ticles much more readily than did ethylene in laminar [69] and turbulent [70]
flames. This work strongly suggests the need to augment the common use
of ethylene in fundamental sooting flame studies by the inclusion of unsat-
urated Cz and other fuels. Di Liddo et al. [71] used a dataset from Xu et
al. [72] combined with stochastic molecular dynamics (MD) and computa-
tional fluid dynamics (CFD) simulations as training data for machine learn-
ing for inception rates. Their results are consistent with those of Rundel et
al. [67] and show that precursors with five-membered rings, radical character,
and aliphatic side chains best reproduce the experimental results, providing
further evidence that such species are likely important in soot inception.

Liu et al. [73] investigated the effects of the COo/CH, ratio on selected
gas-phase species production and soot formation in an inverse diffusion flame
operated under conditions relevant for auto-thermal reforming (ATR) of
methane. They found that soot formation decreases with increasing CO,/CHy
ratio, but this effect saturates at high pressures. A non-sooting flame is
achievable at high pressures for high COy/CH, ratios and relatively low syn-
gas yield. Their measurements demonstrate that the soot volume fraction
reaches a plateau as a function of height above the burner (HAB) while
the PAH concentration continues to increase, a result that cannot be repro-
duced by their soot-inception model, which is based on physical nucleation
by PAHs. They conclude that soot inception is likely initiated by radical
species and suggest that inverse diffusion flames are a good choice for study-
ing soot-inception mechanisms.

Hagen et al. [74] investigated soot formation in a counterflow diffusion
flame using a range of in situ and ex situ measurement techniques, including
LII for soot volume fraction, primary-particle size, and ratios of absorption
probabilities at different wavelengths; GC for gas composition; SMPS for
aggregate and non-aggregated primary-particle size; and HRTEM for par-
ticle fine structure. Their results show soot formation on the fuel side of
the stagnation plane with bimodal distributions in particle size with max-

7



ima at 5 nm and 20 nm. Soot volume fractions appear to peak very close
to the stagnation plane. Increases in soot volume fraction are accompa-
nied by increases in volume fractions of small aromatics (benzene, naph-
thalene, and acenaphthylene) assumed to be soot precursors. Soot volume
fraction is also correlated with long-range order of the fine structure and
absorption at longer wavelengths, both of which are indicative of increasing
soot maturity. Their chemical kinetic model simulations provide reason-
able agreement with the experimental results. Langer et al. [75] developed
a new gas-phase chemical kinetic model, starting from C3H, isomers (e.g.,
propyne) and accounting for molecular weight growth up to acepyrene; they
validated this model extensively by comparisons with published experimen-
tal results. They concluded that the most abundant isomers of CioHg are
1-ethynylnaphthalene, 2-ethynylnaphthalene, and acenaphthylene, the latter
of which was also observed by Hagen et al. [74] in the gas phase. Rundel et
al. [67] also concluded that the isomers observed in the aerosol mass spectra
during pyrolysis of propyne and propene are consistent with acenaphthylene
and l-ethynylnaphthalene.? The ability to reproduce the PAH distribution
though detailed chemical kinetic models opens an opportunity to understand
the fuel dependency of the chemical pathways leading to the formation of
particularly harmful compounds (e.g., Class 1 carcinogens). Such models are
also a prerequisite for investigating soot inception and for deriving simplified
models that target specific conditions.

The development of these in situ and ex situ measurement techniques,
combined with our understanding and modeling of soot chemistry, is also
useful for developing a better understanding of other carbon-based particles
produced under high-temperature conditions. Lépez-Cdmara et al. [76] used
LII, TEM, and Raman spectroscopy to investigate the formation of soot-like
particles and particles composed of several layers of graphene generated by
plasma synthesis. A chemical kinetic model, originally developed for studying
soot formation, was used to simulate particle formation and graphene growth.
It was concluded that the ratio of amorphous to graphene particles formed
depends predominantly on the concentration of acetylene in the post-plasma
region, which in turn is determined by the oxygen content of the reactant

Rundel et al. [67] mistakenly wrote “l-ethylnaphthalene” instead of “I1-
ethynylnaphthalene” in the description of C12Hg isomers, and Langer et al. [75] mistakenly
wrote “acenaphthene” instead of “acenaphthylene” or “acenaphthalene” in the abstract.



and the reactant concentration. More generally, such synthesis methods can
lead to the efficient production of materials that require careful control of
process parameters [77].

In turbulent reacting flows, there is a key need for simultaneous high-
resolution (spatially and temporally) measurements of flow velocity, gas-
phase composition, temperature, and mixture fraction with soot volume frac-
tion and soot particle characteristics. In the current Special Issue, the paper
by Stohr et al. [78] demonstrates the state-of-the-art in simultaneous pla-
nar measurements of the turbulent flow field using Particle Image Velocime-
try (PIV), from which qualitative soot volume fractions were also derived
using the Rayleigh scattering signal, and OH using Planar Laser-Induced
Fluorescence (PLIF). From these measurements, the soot fluxes and source
terms were determined experimentally for the first time. Applied to a tur-
bulent swirl flame, the measurements revealed the formation of soot within
the recirculation zone where it is then transported toward the flame base
and oxidized. These results indicate the ability of modern laser diagnostics
techniques to not only provide data for model validation but also provide
mechanistic understanding in their own right. As discussed above, new it
situ laser diagnostics capability is required to measure not only soot volume
fraction but also soot composition including the C/H ratio, simultaneously
with gas-phase quantities, to understand how soot maturity evolves in tur-
bulent flames and how this process may differ from laminar flames; such
development remains a priority for the ISF community.

Computationally, advancements in gas-phase and soot modeling, com-
bined with large-scale computing, have allowed the insight gained from ex-
perimental measurements to be augmented by Direct Numerical Simulation
(DNS) [79, 80]. Taken together, these insights have enabled the development
of sophisticated models for unresolved soot, turbulence, and gas-phase in-
teractions for coarse-grained simulations including both Reynolds-Averaged
Navier-Stokes (RANS) and Large Eddy Simulation (LES) [81, 82]. Owing
to the complexity of the problem, a diversity of coarse-grained modeling
approaches have been pursued that allocate model fidelity (and thus compu-
tational resources) differently. While real advancements and predictive capa-
bility have been made, these various modeling approaches all suffer from some
weaknesses including, for example, the presumption of particular flame struc-
tures (e.g., mixture fraction-based models for asymptotically non-premixed
combustion), decoupling of the fast heat release and slow soot and radiation
time scales in manifold-based combustion models, and differential diffusion
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between soot and gas-phase species and unresolved turbulent mixing pro-
cesses in transported and presumed (subfilter) probability density function
(PDF) approaches. Research activity on improving these models for unre-
solved soot, chemistry, and turbulence phenomena remains intense, ongoing,
and a priority of the ISF community.

In this Special Issue, Maldonado Colméan et al. [83] developed a new pre-
sumed soot subfilter PDF model for LES to include the unresolved transport
of soot with respect to the flame. The soot subfilter PDF model is an impor-
tant modeling quantity since it provides closure for the filtered source term
in LES (or analogously the averaged source term in RANS). Compared to
previous work where soot oxidation was presumed to be either strictly kinet-
ically controlled or strictly mixing controlled to derive a soot subfilter PDF
model, their new soot subfilter PDF model accounts for finite-rate oxidation
relative to the transport of soot with respect to the flame. In a turbulent
non-premixed piloted jet flame, their model was shown to reproduce both the
soot inception regions and the final soot oxidation regions more accurately
than prior models. Perhaps more important, consistent with the experimen-
tal measurements and previous computational studies of Tian et al. [84] using
a transported PDF method, the new soot subfilter PDF model was shown to
predict minor soot leakage from fuel-rich regions into fuel-lean regions.

Additionally, the need to model the influence of, and interactions with, ad-
ditional multi-physics phenomena including radiation and liquid fuel sprays
presents a key challenge. Contributions addressing such phenomena form
part of the current Special Issue. For radiation, many computational mod-
eling approaches leverage a simple grey, optically thin approach because
they are validated against relatively small laboratory-scale flames that are
(nearly) optically thin. However, many practical systems at higher pressure
and higher soot loading are not optically thin®. Liu et al. [85] reviewed (1)
non-grey soot models and their importance in even laminar flames and (2)
turbulence-radiation interaction models and their influence on not only flame
temperature but also soot volume fraction, where predictions with and with-
out consideration of turbulence-radiation interactions can differ by a factor
of a few to several. For liquid fuel sprays, the dynamics of fuel vaporization

3In fact, the broader issue of modeling not just soot but the production of carbonaceous
materials when the volume fraction is not small but very large has been identified as a
priority area of the ISF community.
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play a critical role in forming fuel-rich regions where PAH can form and ul-
timately lead to soot. Gallen et al. [86] combined Lagrangian spray and soot
models to provide new insights into the influence of liquid fuel sprays on soot
evolution using LES. One marked feature of liquid fuel spray combustion is
the presence of multi-modal combustion, even in a nominally non-premixed
system [87], further emphasising challenges associated with oversimplified
presumed flame structure models. Gallen et al. [86] show that soot inception
occurs preferentially in regions of premixed combustion while soot oxidation
occurs preferentially in regions of non-premixed combustion. These results
highlight the important, though sometimes unexpected, interactions that can
lead to increased physiochemical complexity in multiphysics turbulent react-
ing flows.

The progress outlined above has enabled predictive modeling capabilities
to be deployed for real fuels and real combustion systems. While more fun-
damental soot research tends to feature ethylene flames because of the nom-
inally better knowledge of soot precursor chemistry, soot models are being
used for the simulation of combustion processes with practical fossil-derived
and sustainable alternative hydrocarbon fuels. In this Special Issue, Gallen
et al. [86] simulated a jet fuel by leveraging Analytically Reduced Chemistry
(ARC) leading to 29 transported species, including PAHs, to make the com-
putations affordable. From a systems standpoint, with advancements in CFD
technology for complex geometries, soot models are now being used to make
predictions in real geometries at real operating conditions, with aviation com-
bustors continuing to be a major driver whose importance will not diminish
in any foreseeable future. In the paper of Grader et al. [88], a model aviation
engine combustor was simulated at multiple operating points. Modal anal-
ysis was used to understand the intricate coupling between soot evolution,
fuel-air mixing, and a complex turbulent flow field including recirculation
and secondary air injection.

Interest is also intensely ramping up to understand the behavior of soot
in blends of hydrocarbon and zero-carbon fuels. Tian and Lindstedt [89]
analysed the influence of ammonia addition on soot formation in ethylene
flames. They showed that the experimentally observed suppression of small
soot particles with the addition of ammonia could be predicted quantitatively
using detailed PAH chemistry when coupled with a mass and number density
preserving sectional model. The analysis highlighted the influence of changes
in the H radical concentration leading to the reduced soot surface growth
with ammonia addition. The experimentally observed diminished impact
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of ammonia addition in turbulent flames compared to laminar flames was
also predicted, emphasising the importance of the flow field in determining
soot concentrations. The latter computations were performed using a fully
coupled transported PDF method featuring an 84-dimensional joint-scalar
space. Taken together, modeling capabilities for soot have reached a point
where reliable predictions are starting to be feasible in real systems with real
fuels, but the uncertainties are still considerable. For example, particulate
formation has been shown to be sensitive to fuel composition [90, 91, 92|,
but it is not yet known whether such sensitivities can be generally predicted
with current modeling capabilities.

Despite significant advances in predicting the soot evolution in turbulent
reacting flows, numerous challenges still remain, two of which are highlighted
here. First, little is known about the evolution of the soot particle size distri-
bution in turbulent flames. At this point in time, only probe measurements
are possible in turbulent flames, and these are very few [93, 94, 95, 70] with
limited associated modeling studies [96]. Sectional models have been coupled
to both RANS and LES, but remain computationally expensive with typically
60-70 sections required to discretize soot particle size distributions. Despite
this cost, some limited investigations into how soot, turbulence, chemistry
interactions depend on soot particle size have been undertaken including in
this Special Issue [86, 88, 89]. New, more efficient statistical models for the
soot size distribution that could be used with DNS would provide tremen-
dous insights and could also be used to lower the cost of RANS and LES.
Second, while detailed radiation models have been coupled to soot models in
RANS and LES (as reviewed by Liu et al. [85]), many uncertainties for soot,
turbulence, radiation interactions remain. DNS could be a useful tool, but
is computationally challenged by the large system sizes required for a non-
optically thin system combined with the relatively long time scales associated
with soot formation and complex hydrocarbon chemistry. Therefore, new ex-
perimental configurations and diagnostics specifically designed to probe soot,
turbulence, radiation interactions could be helpful [97]. Taken together, pre-
dicting the soot size distribution and soot, turbulence, radiation interactions
would be most helpful in predicting “smoking” combustion, which is still not
completely understood and remains an elusive modeling challenge.

The work outlined above highlights the progress made towards under-
standing the processes leading from a parent fuel to soot inception via gas-
phase precursors and the subsequent evolution of particle size distributions.
Such understanding is essential for supporting the development of efficient
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energy conversion devices and providing a framework for improved indus-
trial processes relating to products as diverse as carbon black and cement,
understanding the formation of soot in, and radiative heat transfer effects
from, (natural) fires and, perhaps, in the future leading towards a choice of
carbon-containing fuels that minimize the prevalence of key carcinogens, such
as benzola|pyrene. This work also highlights applications of this progress in
understanding towards the production of other carbon-based nanoparticles.

This Special Issue cannot include all work related to carbonaceous parti-
cles. Rather it presents a snapshot of the current state-of-the-art in terms of
our understanding of the relevant physics and chemistry, complementary di-
agnostic methods, modeling approaches, and their application. The articles
are accordingly diverse and include five articles on fundamental soot physio-
chemical phenomena and chemistry, four articles on soot evolution in laminar
flames, four articles on soot evolution in turbulent flames, two articles on soot
evolution in aviation combustors, and one article on particle synthesis. The
contributions include not only new understanding of soot phenomena but
also advancements in experimental measurement capabilities and predictive
modeling capabilities.
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