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a b s t r a c t

Soot surface reactivity is numerically studied in laminar ethylene/air and methane/air coflow diffusion

flames. Surface reactions are found to be important for many processes involved in soot formation, including

surface growth and oxidation which contribute significantly to soot yield. It has recently been shown that

soot particle reactivity changes as particles age during both surface growth (Veshkini et al., 2014) and oxi-

dation (Khosousi and Dworkin, 2015). A newly developed surface character model simultaneously accounts

for soot surface reactivity in surface growth and oxidation by considering soot ageing and its effects on the

particle surface, reconciling the aforementioned works. This new development eliminates tuning from case

to case of one parameter used in soot numerical simulations, α, the portion of soot surface sites available for

reaction, which is implemented as a function of temperature and residence time (particle history). Thus, the

new model reconciles the quantification of the evolving soot surface character for both growth and oxidation.

The model is shown to be uniquely capable of predicting soot concentrations and smoke emissions within

experimental uncertainty in a wide range of laminar diffusion sooting flames, without any variation of model

parameters.

© 2015 The Combustion Institute. Published by Elsevier Inc. All rights reserved.

1. Introduction

Soot emissions pose a potent threat to human health and should

be avoided in combustion systems [1]. Soot is a leading contribu-

tor to the darkening of cityscapes and air pollution in the urban

environment [1]. Environmental and health issues lead combustion

device designers to attempt to reduce combustion-generated soot

emissions; however, this challenge requires a comprehensive un-

derstanding of the physics of combustion, especially that of soot

formation, which is particularly complex and remains poorly un-

derstood today. A complete understanding of this phenomenon is

crucial to meet the required demands of reduced pollution. Since

soot is a major health hazard in the urban environment, its pre-

emission consumption in combustion is extremely important. Soot

particle formation is a highly complex multi-physics phenomenon

that includes fluid mechanics, heat transfer, thermodynamics, and

multiphase flows [2]. Much progress has been made in the numer-

ical modelling of combustion and soot formation in recent years

[3–11]. Numerical modelling of soot formation and oxidation is very

challenging in that it involves complex processes including those

contributing to the formation and growth of soot particles, such
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as inception, condensation, surface growth, and coagulation, and

those contributing to the destruction of soot particles, such as oxi-

dation and fragmentation. Therefore, an accurate model which pre-

dicts soot formation in flames requires precise models for these

processes.

The precision of soot particle dynamics models strongly depends

on the accuracy of the predictions for species and PAH concentra-

tions, which are used in the sectional particle dynamics submodels

to compute soot growth and oxidation rates. Therefore, for accurate

prediction capabilities of the numerical modelling of soot formation,

detailed chemical kinetic mechanisms for gas-phase reactions are

required. The widely used mechanism developed by [3] attributes

the growth of PAH soot precursors and also the growth of soot sur-

faces to hydrogen-abstraction-carbon-addition (HACA). This mecha-

nism has been effectively used in various numerical studies to model

soot formation [4–6,12,13], representing a major step towards quan-

titative prediction. Slavinskaya and Frank [7] presented a more com-

prehensive PAH growth mechanism, which introduced additional re-

action pathways for PAH formation and allowed for abstraction and

growth in the HACA mechanism by additional species. This mecha-

nism that has been widely validated for a variety of flames and condi-

tions [8,9,14–16] permits the use of more physical assumptions about

the number of active sites on the soot particle and is used in the

present study. The use of this mechanism has been shown to produce

more accurate predictions of aromatic and soot concentrations on the
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Table 1

HACA-based soot surface growth and oxidation reactions [3], k = AT be−Ea/RT .

No. Reaction A (cm3/mol s) b Ea (kcal/mol)

S1 Csoot–H + H ⇔ Csoot◦ + H2 4.2 × 1013 0.0 13.0

S2 Csoot–H + OH ⇔ Csoot◦ + H2O 1.0 × 1010 0.73 1.43

S3 Csoot◦ + H → Csoot–H 2.0 × 1013 0.0 0.0

S4 Csoot◦ + C2H2 → Csoot–H + H 8.0 × 107 1.56 3.8

S5 Csoot◦ + O2 → 2CO + product 2.2 × 1012 0.0 7.5

S6 Csoot–H + OH → CO + product γOH= 0.13

centreline, providing a better foundation to study the surface reactiv-

ity of soot.

2. Soot surface reactivity

The primary processes contributing to formation and growth of

soot particles are inception, condensation, and surface growth. The

surface reactivity of soot particles is an important factor in soot for-

mation as surface growth is a significant contributor to soot yield

and in some systems, it dominates [17]. Polycyclic aromatic hydro-

carbons (PAHs), which are known to be the precursors to soot forma-

tion, collide and dimerize to form PAH clusters, which further com-

bine or grow, leading to inception of soot particles. These incipient

soot particles condense, aggregate, and grow through surface reac-

tions, forming larger soot particles. Surface growth has been found to

have a major impact on soot formation on the wings of the coflow

diffusion flames [18].

In order to study the surface reactivity of soot, it is crucial to

understand how surface reactions of soot and other species such as

H2, H2O, H, C2H2, or O2 could lead to soot growth/decay. Hydrogen-

abstraction-carbon-addition (HACA) is known to be the main

mechanism accountable for soot surface growth, while oxidation con-

tributes to the decay of soot. Abstraction of an H atom from an arm-

chair site on the soot particle provides a soot particle with an active

(dehydrogenated) site which can react with H2, H2O, H, C2H2, or O2.

The reaction of this active site with acetylene (C2H2) leads to addition

of two carbon atoms to the soot particle and formation of an addi-

tional aromatic ring at the active site, thus contributing to its surface

growth. The reaction of the active site with O2, however, leads to re-

moval of carbon from the soot particle, translating into its decay. The

rate expressions for HACA-based soot surface growth and oxidation,

adopted from [3], are provided in Table 1.

It is known that the surface growth of the soot particles is a ma-

jor contributor to soot mass yield. The surface of the soot particles

reacts with the gaseous species when exposed to high temperatures.

Reactivity of the soot surface, however, depends on the number of

active/dehydrogenated sites which are available to react with stable

gaseous species. The number of active sites per unit surface area is

correlated to the concentration of C–H sites. It has been observed

that the concentration of C–H sites decreases as soot matures, which

confirms the experimental observations suggesting that the reactiv-

ity of surface sites changes with particle ageing [19–22]. It has been

observed that the C/H ratio of a soot particle increases with particle

residence time [23,24], resulting in the reduction of C–H sites and

consequently reduced soot surface reactivity.

Frenklach and Wang [20] introduced the parameter α, which is

based on the number of surface sites available for a given reaction, to

account for particle orientation/collision probabilities and soot sur-

face ageing. This parameter is used in numerical works to reconcile

the inaccuracies associated with treating the sites on the soot surface

like those on the corresponding PAH. The surface ageing effects were

taken into account using α for calculation of reaction rates. Therefore,

the rate of HACA surface growth (reaction S4) is calculated by

R4 = αk4[C2H2][Csoot◦ ] (1)

where k4 is the per-site rate coefficient for C2H2 addition (for reac-

tion S4), [C2H2] is the concentration of acetylene, and [Csoot◦ ] is the

concentration of dehydrogenated sites given by

[Csoot◦ ] = As

Av
χCsoot◦ (2)

in which As (cm2/cc) is the surface density of soot particles, Av is Avo-

gadro’s number, and χCsoot◦ is the number of dehydrogenated sites

per unit soot surface area.

How best to implement α in the numerical models has been the

subject of various studies [8,18,20]. It has been shown in the literature

that treating α as a single, unchanged constant inhibits broad model

applicability [18]. As a result, there have been many works suggest-

ing that α varies with different flame properties. Much attention has

been given to investigate the correlation between α and flame tem-

perature, particle residence time, and particle size. A constant α has

effectively been used in many numerical works to model HACA sur-

face growth and soot formation [8,9,20,25], which provides sufficient

accuracy to capture the correct trend of soot formation within differ-

ent flame configurations. However, the value for α often needs to be

adjusted as flame conditions vary. Using a constant value for α de-

creases the accuracy of soot modelling and adds a tunable modelling

parameter as the peak soot is matched to the experimental values.

It has been shown in [18] how the accuracy of using a constant α de-

creases as the dilution levels of the fuel increases. Referring to the im-

portance of α to model surface growth using the HACA mechanism in

soot formation, it is suggested that accurately predicting soot volume

fraction in different flames requires using a non-constant (functional

form) α. The use of a function for α is found to be crucial to cap-

ture the correct soot volume fraction on the wings of coflow flames

due to the fact that surface growth is the primary process contribut-

ing to soot formation in this region. Different functions for α have

been proposed in the literature, summarized in [18]. The initial focus

of most works was on temperature-dependent functions. However, it

soon became apparent that incipient soot particles, usually compris-

ing small PAHs, are covered with more dense active sites. Therefore,

the use of a function, dependent only on local temperature, results in

unphysically low values of α for the young soot particles, suggesting

that α should be a function of more than just local flame temperature.

Furthermore, considering only local temperature in determining α ig-

nores the relatively long characteristic times of soot growth, and the

importance of particle history.

Veshkini et al. [18] studied various flame properties and their im-

pact on α in surface growth regions. Their work showed that it is im-

possible to find a function for α based on either flame peak temper-

ature or local temperature at the location of peak soot, which was

also observed previously in the work of Singh et al. [26]. Veshkini et

al. [18] further studied other flame properties and based their work

on experimental observations suggesting that the age of a soot parti-

cle is a significant contributor to soot surface reactivity [27,28]. They

combined the effects of temperature and the age of a soot parti-

cle, into one parameter, thermal age, defined as the integral of the

temperature that a soot particle experiences over its residence time,

Ta = ∫
Tdt . This parameter accommodates the effects of both temper-

ature and residence time. This definition implies that a soot particle
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