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Abstract 
An improved consistent soot nucleation model was proposed 
and tested on ethylene counterflow flames at different strain 
rates. The main objective of the proposed model is to capture 
the correct strain rate sensitivity and broaden the applicability 
of the aerosol part of the soot model with different gas-phase 
kinetic mechanisms. Due to the uncertainties associated with 
experimental measurements of quantitative soot volume 
fraction (SVF), the approach’s effectiveness is mainly 
investigated on qualitative behavior in terms of strain rate 
sensitivity. Starting from a dimer-based nucleation model 
available in literature, soot inception is described as 
heterogeneous collisions of polycyclic aromatic hydrocarbons 
(PAHs) forming an intermediate dimer. Such a model justifies 
the inclusion of small precursors that conciliate a satisfactory 
reproduction of SVF sensitivity to strain rate, while retaining 
the quantitative accuracy of SVF prediction. The nucleation 
and condensation rates sensitivities are found to be regulated 
by the presence of the dimer to maintain the right balance with 
the upstream dimerization process. The heterogeneous 
collision model helps generalize the procedure and makes the 
model more adaptable to different kinetic mechanisms. Details 
about the inclusion of temperature-dependent sticking 
coefficients are also provided and found to be pivotal for a 
correct synergistic prediction of SVF trends and PAHs 
sensitivities to strain rate. The integration of important 
features in the soot nucleation model allows a generalized 
soot model free of empirical corrective factors, capturing the 
correct sensitivity to strain rates. Its ease of implementation 
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and low computational cost make it suitable for turbulent 
flame simulations. 

1 Introduction 

The formation of soot from combustion systems has long been a research subject for 

its practical importance. Its characteristics as a dangerous pollutant have always put 

its emission under increasingly stringent regulations. Its strong radiative 

characteristics can significantly reduce combustion efficiencies. Thus, it is of utmost 

importance to study and understand soot production in order to control and mitigate 

its formation during the oxidation of hydrocarbons as well as to improve combustion 

technologies. 

The chemical pathways from hydrocarbons fuels to soot have extensively been 

investigated. For most hydrocarbons fuels, the development of soot particles 

commonly originates from the polycyclic aromatic hydrocarbons (PAHs), also 

referred to as soot precursors (Frenklach 2002). PAHs are mainly made up of six-

membered aromatic rings, with sometimes the inclusion of five-membered aromatic 

rings or minor functional groups. Depending on the number of aromatic rings, they 

can be identified as A2 (naphthalene), A3 (phenanthrene), A4 (pyrene), etc. Due to 

their relatively large dimensions, the characteristic formation times for PAHs can be 

orders of magnitudes longer than typical combustion reaction times (Cuoci 

et al. 2009). Consequently, soot formation is considered a slow process, making it 

particularly sensitive to changes in flow residence times. This has important 

implications in practical flame conditions in which the turbulent flow fluctuations span 

a wide spectrum of transport time scales that may complicate the description of the 

temporal evolution of the soot dynamics. 

Recent advances in the laser diagnostic measurements of large molecules (Jin 

et al. 2021a,b,c) as well as theoretical predictions based on density functional theory 

(Li et al. 2019; Liu et al. 2019b, 2021) discovered many additional PAH growth 

pathways well beyond the conventional hydrogen-abstraction-C2H2-addition (HACA) 

(Frenklach and Wang 1991) and aromatic condensation (Böhm et al. 1998) 

descriptions, and these additional reactions have been implemented in the detailed 
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kinetic mechanisms (Liu et al. 2019a, 2021). A comprehensive review of recent 

progress on the subject can be found in the work by Wang and Chung (2019). 

Commensurate with the improved understanding of soot chemistry, predictive 

computational models for sooting flames have also evolved tremendously in the last 

decades. The earlier semi-empirical models based on acetylene as the main soot 

precursor (Leung et al. 1991) have been updated to incorporate various types of 

PAHs in the soot inception process, commonly up to A4 (pyrene) (Appel 

et al. 2000; Narayanaswamy et al. 2010; Raj et al. 2014) and more recently up to A7 

(coronene) (Raj et al. 2012; Wang et al. 2013; Selvaraj et al. 2016) as the largest 

gaseous molecules considered. Prediction of the total soot mass, as well as the size 

distribution, has been made possible by the development of the sectional method 

(Pope and Howard 1997; Richter et al. 2005; Wen et al. 2005) or more cost-effective 

methods of moments, which have also evolved from the original method of moments 

with interpolative closure (MOMIC) (Frenklach 2002) to many variants 

(McGraw 1997; Marchisio and Fox 2005; Mueller et al. 2009; Cheng and 

Fox 2010; Yuan et al. 2012). Unfortunately, the detailed soot models in the multi-

dimensional computational fluid dynamic (CFD) simulations, even in the most 

sophisticated form, cannot inherit all of the latest developments in the gas-phase 

kinetic mechanisms due to the excessive computational cost. A common practice is 

that the detailed kinetic mechanism of a few hundred species is reduced to a few 

tens to be amenable to CFD applications, and the reduced mechanism is coupled to 

the heterogeneous models that describe the solid soot particle dynamics such as the 

inception, growth, and oxidation. 

As such, the ultimate fidelity in predicting the soot formation depends on all 

underlying models from the gas-phase kinetics determining individual PAH species 

concentrations to the physical processes determining the soot mass and size 

distribution according to the aerosol dynamics. In particular, the critical link between 

the gas to solid particle transition is described by the nucleation model, which is 

commonly described as physical dimerization events. In recent years, however, 

chemical nucleation pathways have been gaining fundamental interest, and 

significant progress has been made on chemical formation of the soot precursor 

particles (Johansson et al. 2018; Frenklach and Mebel 2020; Nobili et al. 2021). 
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However, the computational cost to include such descriptions of the phenomena is 

still prohibitive for CFD applications. Indeed, the inclusion of radical chain reactions 

or radicalic behavior of PAHs inevitably adds complexity to the size of the kinetic 

mechanisms amenable to multi-dimensional flame simulations. Therefore, a 

consensus among the sooting flame modeling community is still centered around the 

dimerization process as a major pathway to nucleation of soot particles for most 

hydrocarbon fuels. Recent experimental studies (Mercier et al. 2019; Faccinetto 

et al. 2020) gave further evidence of the presence of dimer as an important 

intermediate species. Kholghy et al. (2018) developed a relatively simple chemical 

dimerization mechanism for aromatics, including reversible physical dimerization 

reactions, dehydrogenation of dimers and bonds formation. In fact, the cited authors 

argued that the reversibility of PAH dimerization (Eaves et al. 2017) should be 

attenuated by chemical bond formation between dimers. However, the approach has 

been questioned (Frenklach and Mebel 2020) based on the feasibility of such a 

physico-chemical process and the employment of extremely small aromatics as soot 

precursors, namely A1 and A1C2. 

In this context, it is a rational judgment that incorporating the latest developments on 

chemical nucleation in the comprehensive soot models for engineering simulations is 

a bit premature. Rather, a traditional yet effective assumption of physical collisions 

between PAHs leading to the dimer formation (treated as an intermediate species) 

still finds broad applicability for large scale problems (Blanquart and 

Pitsch 2009; Attili et al. 2014; Salenbauch et al. 2015). In this description, however, 

the choice of specific precursors and their collision efficiencies (referred to as the 

sticking coefficients) is critical in the quantitative prediction of soot. Due to the 

complexities in the physical process, these important model parameters are decided 

in a highly empirical manner, often in an overly simplified form designed with a 

specific emphasis on selected PAH species of their choice. Consequently, most of 

the existing nucleation models work with the specific gas-phase kinetic mechanisms 

they were designed for, and are not compatible with other competent kinetic 

mechanisms. For example, a nucleation model relying heavily on larger PAHs (e.g. 

A4-A7) (Wang et al. 2015; Selvaraj et al. 2016) cannot be used with many other 

kinetic mechanisms (Appel et al. 2000; Narayanaswamy et al. 2010) which consider 
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PAHs up to A4. Conversely, a nucleation model based mainly on A2 and A4 

(Blanquart and Pitsch 2009) ignores the fact that larger PAHs have higher collision 

efficiencies, and hence the model constants need to be re-tuned if a different kinetic 

mechanism including larger PAHs is to be used. Considering that kinetic 

mechanisms are continually updated to incorporate different fuels and operating 

conditions, a consistent nucleation model more generally applicable to a variety of 

competent gas-phase kinetic mechanisms is desirable. 

Our renewed interest in upgrading the nucleation model was motivated by the 

observation that most of the existing soot models failed to predict an important soot 

characteristic - the sensitivity to strain rate. An accurate description of the soot 

response to different flow time scales is crucial in many practical combustion devices 

operating under turbulent conditions, such as internal combustion engines and gas 

turbines (Qamar et al. 2005; Mahmoud et al. 2017; Shariatmadar et al. 2021). A 

number of fundamental studies using the counterflow diffusion flames (Vandsburger 

et al. 1985; Wang et al. 1996; Decroix and Roberts 2000; Beltrame 

et al. 2001; Böhm et al. 2001; Xiao et al. 2005; Yamamoto et al. 2007; Wang and 

Chung 2016; Kruse et al. 2019) reported that an increase in strain rate reduces soot 

formation due to the shorter residence times inhibiting the formation of PAHs and 

surface growth. In addition, PAH species with larger molecular sizes were found to 

be more sensitive to strain rate. Only a few computational studies attempted to 

capture the trend with partial success. For example, Wang and Chung (2016) 

conducted simulations of counterflow ethylene/air flames at different strain rates, but 

the sensitivity to strain rate was overpredicted. In a realistic swirl burner 

configuration, Koo et al. (2017) reported that the majority of soot was produced close 

to the wall where the merging of recirculation zones resulted in low strain rates with 

high temperatures. Chong et al. (2019) further showed the high sensitivity of soot 

formation in the near-wall and shear layer regions of the combustor where the strain 

rate fluctuations are large. These studies suggested that the existing soot models 

need to be improved to capture the correct scaling behavior to the strain rate. 

Considering that different PAH species respond differently to the strain rate, it is 

reasonable to examine the description of the nucleation process as a first step to 

improve the prediction. 
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Therefore, the objective of the present study is to develop a unified nucleation model 

that is compatible with a wide variety of gas-phase kinetic mechanisms that predict a 

wide range of PAH species. We do not intend to reinvent the wheel; many distinct 

models already exist in the literature. Rather, the goal is to consolidate the state of 

the art, and to develop a physically consistent nucleation model that is free of ad hoc 

corrective constants. The critical points of the nucleation process described through 

physical PAHs collisions are thoroughly analyzed to identify the key sub-processes 

that capture the correct soot sensitivity to strain rate. The main modifications are 

done in three components: 

(1) a dimer-based nucleation model; 

(2) the heterogeneous as opposed to homogeneous collision model; 

(3) a sticking coefficient with a proper temperature dependence. 

The validation of such a generalized approach for soot nucleation is performed in a 

wide range of strain rates, by comparing against experimental data on ethylene/air 

soot formation (SF) counterflow flames generated by two different research groups. 

The relatively low computational cost coupled with adequate accuracy will make the 

model a reference tool for multi-dimensional turbulent problems. 

2 Experimental data 

Two sets of experimental data on counterflow ethylene flames are analyzed in this 

study to examine the sensitivity of diffusion flames for a wide range of strain rates 

and to generalize the applicability of the proposed improved models. The first set of 

experiments has been performed by Wang and Chung (2016), who also provided 

numerical results. The second set is from Kruse et al. (2019), supported by a 

computational study for the lowest strain rate only. In this work, they will be referred 

to as, respectively, the KAUST and RTWH flames. Details about both experimental 

sets have been provided in literature, so they are only briefly described here. Inlet 

conditions are listed in Table 1. 

Table 1 
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Both cases correspond to the SF flame configuration, such that flame is located on 

the oxidizer side with respect to the stagnation plane. As such, the soot particles are 

transported back into the stagnation plane direction following the convective flow, 

and oxidation of soot particles is negligible (Wang and Chung 2019). Inlet streams 

are in momentum balance (
2 2 2 2

f f o x o x
v v 

), so the strain rate is calculated as: 

4
,

o x
v

a
L

  (1) 

where a is the strain rate, vox is the inlet velocity from the oxidizer side, and L is the 

distance between the two nozzles. The range of strain rates spanned by the two sets 

goes from 35 to 150 
1

s


. Fuel dilution level, which can be quantified in terms of 

stoichiometric mixture fraction ( s t
Z

) (Wang and Chung 2019), is lower for RTWH 

flames, resulting in a lower level of soot formation compared to the KAUST flame. 

s t
Z

 affects the position of the flame, as well as temperature and amount of 

precursors formed. More information about the differences caused in the two sets by 

dilution level will be provided in section 4. 

Fig. 1 shows the experimental measurements of the peak values of soot volume 

fraction (SVF) at varying strain rate for the two data sets. Differences greater than an 

order of magnitude are seen at common values of the strain rate. Two additional 

studies on similar flames show different values of peak SVF at the same boundary 

conditions. These are referred to as the WUT-KAUST (Yan et al. 2019a) and WUT 

(Xu et al. 2018) flames, whose results for the corresponding strain rate are also 

reported in Fig. 1. Boundary conditions for these two flames are the same as in the 

KAUST flames except that the oxygen level is slightly lower for the WUT-KAUST 

(0.24%vol with s t
Z

 = 0.074) compared to KAUST and WUT flames (0.25%vol with 

s t
Z

 = 0.075). It is seen that the peak SVF of both WUT-KAUST and WUT flames are 

different from the KAUST flames at the corresponding strain rates. This difference is 

attributed to the measurement technique used and the parameters adopted to 

transform the laser signal into quantitative values of SVF. In all cases except the 

WUT flame, laser-induced incandescence (LII) calibrated with laser extinction (LE) 

has been chosen to measure SVF. The WUT experiment has been performed 
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directly with the LE technique. The LE signal is in all cases converted into 

quantitative SVF through: 

,
6 ( )

ex t

v

K
f

E m




  (2) 

where   is the wavelength, ext
K

 is the light extinction coefficient, and ( )E m  is the 

refractive index function of absorption. The wavelengths used in the LE 

measurements by different groups vary from the visible to the infrared region: 514nm 

for KAUST, 980nm for WUT-KAUST and WUT, and 1064nm for RWTH. Moreover, 

when converting the signal from LE to SVF through Eq. 2, the assumed value of 

( )E m  has been recognized as a relevant source of uncertainties (Kruse et al. 2019). 

In the cases reported in Fig. 1, ( )E m =0.2959 was used by all authors except RWTH, 

who instead adopted 0.365. 

Comparing the KAUST results with the WUT-KAUST and WUT results, it is evident 

that longer wavelengths in the LE measurements tend to give lower values of SVF. 

This is because PAHs also absorb visible light, consequently affecting the final SVF 

quantity (Leschowski et al. 2015; Wang and Chung 2016; Kazemimanesh 

et al. 2020). In this regard, wavelengths outside the visible light should be preferred 

for a more targeted quantitative evaluation of SVF. In addition, the peak SVF values 

of the RWTH flames rescaled with E(m)=0.2959 are also shown in Fig. 1, resulting in 

an increase in SVF by 40% from the originally published value. Altogether, the 

discrepancy between the KAUST and RWTH results are narrowed, but still a finite 

gap exists at comparable strain rate conditions around 75 
1

s


, indicated by the 

dashed line. This is attributed primarily to the effect of dilution. 

The different measurement features and related issues discussed above are only a 

few examples of possible experimental uncertainties in measuring the SVF in more 

complex flame configurations. Indeed, the laser diameter has also been found to 

affect the results (Yan et al. 2019b) as well as the potential sublimation of small soot 

particles when hit by beams of LII (Cenker et al. 2017). Further discussion of 

experimental details is beyond the scope of this work. Nevertheless, Fig. 1 is 

intended to remind the readers about the large uncertainties associated with the 
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quantitative soot measurements, such that the present study is focused on the strain 

rate sensitivity in terms of the normalized SVF trends, while being conscious about a 

reasonable level of accuracy in the quantitative prediction of the total SVF. 

Figure 1 

3 Numerical approach 

Numerical simulations were conducted using the counterflow flame solver in 

OpenSMOKE++ (Cuoci et al. 2015). Gas-phase chemical reactions are described by 

a reduced version of the KAUST-Aramco PAH 1.0 mechanism (Raj et al. 2012) 

containing 99 species (Selvaraj et al. 2016). Validation of the mechanism is provided 

in the referenced paper. The mechanism was chosen because of its wide range of 

precursors up to A7 and the low computational cost associated with it, which is a key 

factor in a possible extension of the work to corresponding turbulent cases. 

However, the detailed version of the mechanism will also be used in this analysis to 

assess the extent of the limitations associated with the adoption of its reduced 

version. Validation of non-sooting scalars is provided in the online Supplemental 

Information. 

Soot in the solid phase is described through a number density function (NDF) built 

with the hybrid method of moments (HMOM) (Mueller et al. 2009). A total of 4 

moments are transported. Soot formation is modelled through nucleation, 

condensation, coagulation and surface growth. Oxidation is neglected because of 

the non-oxidative nature of the counterflow flames examined. Soot diffusion is 

considered in the equations of moments. Due to the large size and mass of soot 

particles, a Schmidt number equal to 50 is set (Franzelli et al. 2017). More 

information on this part is given in section 4.1 and in the online Supplemental 

Information. Thermophoretic flux is applied with velocity given by: 

0 .5 5 ,
th

d T
v

T d x


  (3) 

with ν representing the gas viscosity. Gas-phase and soot radiation are taken into 

account through the optically thin model. Planck mean absorption coefficients of 
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relevant species such as H2O, CO and CH4 have been taken from Barlow 

et al. (2001), while for CO2 from Chu et al. (2014) and for soot from Barlow 

et al. (2000). Mixture-averaged diffusion coefficients and the Soret effect are 

employed in the gas phase. 

Particular attention is paid to the nucleation part, which is largely responsible for soot 

formation. A detailed discussion is provided in the following. 

3.1 Soot nucleation model 

It is widely accepted that soot particles form from PAHs as precursors. Two main 

approaches have been adopted as the first step of soot formation as a physical 

process. The first one relies on the formation of dimers (Blanquart and Pitsch 2009), 

since PAHs are considered too small and their interactions are not always effective 

to directly generate the first soot particles. Therefore, the adoption of this approach 

usually implies the choice of a set of precursors that starts from A2 to higher. 

Alternatively, Wang et al. (2015) proposed the idea of soot being directly formed 

from larger PAHs (A4 or higher), due to their higher inertia and higher possibilities to 

stick to each other, thus discarding the formation of intermediate dimers in the 

process. 

The present study adopted the first approach with the following justifications. There 

are studies claiming that direct soot inception from PAHs collisions is only possible 

for particles made up of 50 or more carbon atoms, due to their stable Van der Waals 

forces (Herdman and Miller 2008). Commonly adopted kinetic mechanisms for flame 

simulations only predict PAHs formation up to A7, which contains 24 carbon atoms. 

Thus, shifting the main soot precursors from A2-A4 to larger A5-A7 species does not 

necessarily enhance the realism in the description of the phenomena. Rather, the 

difficulties in accurate measurements of large PAH species and the scarcity of 

reliable data contribute further to the uncertainties in the model constants. On the 

other hand, smaller PAHs such as A2 and A2R5 are present in orders of magnitude 

larger quantities, and hence the nucleation model based on these species are much 

less likely subjected to measurement uncertainties. Therefore, the proposed 

nucleation model incorporates all PAHs considered in the kinetic mechanisms, from 
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A2 to A7 or any larger molecules that exist in the model. While it is arguable whether 

small PAHs such as A2 or A3 species are able to form incipient soot particles (Wang 

and Chung 2019), the present approach should be viewed as a reasonable 

compromise that is amenable to CFD applications, since even the largest PAH 

species in the kinetic mechanism is still too small to represent the real physics; the 

notion of dimers is expected to absorb the detailed chemical pathways from gases to 

solid particles. 

While adopting the dimer-based nucleation framework, a revised description of the 

dimerization reaction was also employed. A commonly used dimerization model 

(Blanquart and Pitsch 2009), is a homogeneous collision model, i.e. only the PAH 

species of the same kind (A4 and A4, for example) collide to form a dimer. 

Alternatively, the present study adopted a more realistic heterogeneous dimerization 

model, consistent with those by Wang et al. (2015), by allowing collisions between all 

combinations of two PAH molecules. The resulting dimer generation rate follows the 

collision theory and is written as: 

2

, ,

1 ,

81
( ) [ ][ ] ,

4

n n

b

d im g en F i j i j i j

i j i i j

k T
E d d P A H P A H A v


 


 

    (4) 

where F
E

 is the van der Waals enhancement factor equal to 2.2, ,i j


 is the sticking 

coefficient (more details provided later), ,i j
d

 is the collision diameter of two species i 

and j, [ ]
i

P A H
 is the molar concentration of species i, Av is the Avogadro number, b

k
 

is the Boltzmann constant, T is temperature, and ,i j


 is the reduced mass. The 

diameter of different PAH molecules can be calculated in relation to the diameter of 

benzene (Frenklach and Wang 1994): 

6 6

2
,

3

c

P A H C H

n
d d  (5) 

with nc equal to the number of carbon atoms and 6 6

1 .3 9 5 3
C H

d Å
. 

Following Blanquart and Pitsch (2009), the dimer is considered a steady-state 

species whose concentration is determined as a balance between the above 
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dimerization rate and the consumption rate of the dimers due to nucleation and 

condensation: 

2

,
[ ] [ ],

d im con N C
d im er d im er     (6) 

where βN is the nucleation collision rate while βC is the one relative to condensation. 

More details about these two quantities can be found in the work by Blanquart and 

Pitsch (2009) and Mueller et al. (2009). A dimer is a generic species representing all 

classes of incipient soot particles, whose carbon number is determined based on a 

weighted average of carbon atoms in the PAHs involved in the dimerization reaction 

as: 

,

,

, ,

1

,

1

( )

.

i j

i j

n n

c i c j d im

i j i

c d im n n

d im

i j i

n n

n





 

 





 

 

 (7) 

Dimerization reactions are considered irreversible. The consumption of PAHs due to 

soot formation is taken into account in the gas phase through a sink term in the 

equations of mass fractions (balanced out in the equation of an inert such as N2). 

We remark that the choice of the present heterogeneous dimerization model was a 

pragmatic decision. With the uncertainties associated with quantitative predictions of 

different PAH concentrations, the inclusion of all available potential soot precursors 

in a weighted manner in the nucleation process is anticipated to mitigate the 

sensitivity of the soot prediction to the specific choice of the gas-phase kinetic 

mechanisms and the dominant soot precursor species, which continue to be debated 

and updated in the literature. 

Finally, the fidelity of the dimerization model in Eq. (4) is completed by a proper 

choice of the sticking coefficient which determines the weighting of different PAH 

species on their contribution to the formation of dimers. Analyzing the temporal 

evolution of nanoparticles number concentration in flames, D’Alessio et al. (2005) 

suggested that the sticking coefficient depends on the well depth potential 0


 and 

temperature ( 0
( , )T 

), according to the formula: 
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0 0

,
1 (1 ) ex p ( ).

i j

b b
k T k T

 
      (8) 

Their observations included particles whose diameters are in the range of 1 to 10 

nm. The expression in Eq. 8 was found to be in excellent agreement with particles 

having d around 1 or 2 nm. In the limit of 0d  , Eq. 8 reduces to 

2

0

b
T k


 

, yielding 

a reasonable asymptotic limit for smaller particles (e.g. PAHs with diameters less 

than 10 ångström). Following this assumption and recognizing that 0


 is a quadratic 

function of mass, Blanquart and Pitsch (2009) proposed a simplified expression for γ 

as a function of the fourth power of the mass, multiplied by a factor that was fitted to 

the experimental data for A4-based precursors. However, the sticking coefficients 

following the curve fit were shown to be too high for smaller A2-based PAHs, for 

which an ad hoc division by three was used. Moreover, the predicted sticking 

coefficient for species larger than A4R5 becomes inaccurate. Therefore, an 

improved estimate of the sticking coefficients is needed for the present dimerization 

model that accounts for a large number of PAH species. 

As an alternative approach, Raj et al. (2010) analysed the PAH mass spectra and 

deduced a generalised expression for the sticking coefficient in heterogeneous 

collisions as a function of mass and diameter of the smallest species involved in the 

reaction ( ( , )m d ). As pointed out by Abdelgadir et al. (2017), this method yielded the 

sticking coefficients comparable to those predicted by Blanquart and Pitsch (2009) 

for common PAH species; however, temperature dependence was not properly 

accounted for, so the validity was limited to problems with temperatures in the range 

under investigation, where Tmax = 2000 K (Raj et al. 2010). For higher or lower 

temperature ranges, a different corrective factor ( 


) was suggested (Wang 

et al. 2015). The same problem is encountered for Blanquart and Pitsch (2009), 

whose values have been calibrated based on PAHs profiles in a benzene flame 

having a maximum temperature around 1800 K. 

The importance of the dependence of sticking coefficient on temperature was 

reported in a number of studies (D’Alessio et al. 2005; Chung and Violi 2011; Totton 

et al. 2012), and was attributed to the increasing repulsive forces at higher 
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temperature, ultimately overcoming the Van der Waals forces between the colliding 

molecules. Furthermore, the smaller the molecules, the higher the kinetic energy 

associated with the Brownian motion and the resulting rebound effect. Thus, to 

properly account for the temperature dependence, Eq. 8 was adopted in this study, 

and the well-depth potential is calculated as described by Israelachvili (2011): 

0

( )
( ln ( )) ,

1 2 ( ) ( )( ) ( )( )

i j i j i j

i j i j i j

d d d d d d D DA

d d D D d D d D d D d D


 
  

     
 (9) 

where A is the Hamaker constant and D is the separation distance between the 

colliding molecules. This last quantity mainly depends on the size of the molecules 

and the temperature. As shown by Pejpichestakul et al. (2018), available 

experimental data on separation distance (Chung and Violi 2011; Totton et al. 2012) 

show a dependence on both temperature and equivalent diameter. In this study, the 

precursors considered range between A2 and A7, whose diameters are, 

respectively, around 6 and 9 ångström. Consequently, available experimental data in 

this relatively small range of diameters are averaged at each value of temperature 

and linearly fit for smooth transition depending on the actual value of temperature in 

the simulations. The Hamaker constant has been set to 5E–20. Indeed, it ranges 

from 3E–20 for H/C=1 to 5E–19 for H/C=0, assuming a value of 5E–20 for H/C=0.5 

(Sirignano et al. 2013). Due to the relatively small range of precursors adopted in this 

approach, the average H/C becomes approximately equal to 0.6, making the 

approximation of A  5E–20 reasonable. With this procedure, experimental trends of 

pyrene and coronene sticking coefficients reported by Chung and Violi (2011) are 

satisfactorily reproduced (as shown in Fig. 2). For comparison, values obtained with 

Raj et al. (2010) formulation are also shown in the same figure. Although no 

experimental data are available on A2, computed values for this species are included 

for completeness. 

Due to the absence of experimental data at temperatures higher than 1500 K and for 

species smaller than A4, extrapolation of the data should be done carefully. For the 

cases under study, the sooting regions do not exceed 2000 K, so the application of 

the proposed sticking coefficients is reasonable. Regarding small precursors (A4 and 

smaller), although no experimental data are available, many authors claim their 
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sticking coefficient becomes extremely small at high temperatures (Totton 

et al. 2012; Elvati and Violi 2013). The predicted sticking coefficient for A2 is indeed 

small such that their contribution becomes almost negligible at temperatures higher 

than 2000 K (as shown in Fig. 2). 

Figure 2 

Beyond the formation of dimers and the subsequent nucleation and condensation 

steps, the following processes are further characterized by surface growth, described 

through the HACA mechanism (Frenklach and Wang 1991), and coagulation, whose 

rate depends on whether the size of the colliding entities locates them in the free 

molecular regime or the in continuum one. More details about nucleation, 

condensation, surface growth and coagulation rates and source terms can be found 

in the work by Mueller et al. (2009). 

Note that the revised nucleation model through the dimer formation was intended to 

be physically realistic and generally applicable to different gas-phase mechanisms. It 

is anticipated that considering a large number of PAHs and the heterogeneous 

collision model would mitigate the species-specific model and measurement 

uncertainties. No further consideration was made to tune the sensitivity of soot to 

strain rate, which is to be examined in the next section. 

4 Results and discussion 

As discussed in section 2, the two experimental data show systematic differences in 

quantitative SVF measurements. This is partially due to the dilution level adopted in 

the two cases. However, it has been reported that the choice of parameters such as 

the wavelength and refractive index function value in the experimental measurement 

techniques, as well as the method to convert the laser signal into SVF, can highly 

influence the final soot quantity. For this reason, the main focus of this work is to 

assess the model’s prediction of the sensitivity to strain rate rather than the 

quantitative prediction of the soot volume and peak values. 

Fig. 3 shows the basic structure of the two sets of flames, including computed 

temperature and the mole fraction of A2R5, which is the PAH present in major 
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quantity. The positions of the stagnation plane and the OH peak, as a reference for 

the flame location, are also provided for all flames. It is evident that the peak 

temperature and A2R5 concentration decrease as the strain rate is increased due to 

the reduced residence times. Different dilution levels cause a difference in the 

maximum temperature of around 150 K between the KAUST and RWTH flames. 

Although the peak temperature for both flames far exceeds 2000 K, the majority of 

the soot forming regions represented by the presence of A2R5 reside in the region at 

temperatures well under 2000 K. This justifies the use of the sticking coefficient 

calculation discussed in the previous section. For both flames, the space between 

the stagnation plane and the OH peak is progressively reduced as the strain rate is 

increased, diminishing the available space and residence time for soot formation. 

Figure 3 

Results on soot predictions are presented in the next sections, which are structured 

in the following way: the effect of the employment of a dimer-based nucleation model 

is first investigated, with a focus on the role of small precursors, followed by a 

comparison between the homogeneous versus heterogeneous collision models; 

subsequently, the role of the temperature dependence of the sticking coefficient is 

discussed, and finally, the effect of the different detailed kinetic mechanisms is 

analyzed. 

To facilitate the reader through the parametric analysis on strain rate sensitivity, a 

summary with specifications on the different characteristics used in the nucleation 

models adopted in this work (that, for brevity, will be referred to as reference models 

(RM)) is provided in Table 2. RM1 is the reference and the most comprehensive 

model, considering all PAH species with a heterogeneous collision model. RM2 is 

the same as RM1 but a limited set of precursors from A4 to A7 are considered. RM3 

is the same as RM1 but the homogeneous collision model was used. RM4 is the 

same as RM1 but a different sticking coefficient without temperature dependence 

was employed. RM5 is the same as RM1 but the detailed mechanism was used. In 

addition, the dimer-less nucleation model following Wang and Chung (2016) was 

also considered, and finally, the approach by the RWTH group (Kruse et al. 2019) 

was also included for comparison. In the above, the A4-A7 PAH set includes a total 
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of eight precursors (Wang and Chung 2016): pyrene, 1-ethylnyl pyrene, 2-ethynyl 

pyrene, 4-ethynyl pyrene, benzo(a)pyrene, benzo(e)pyrene, benzo(ghi)pyrene and 

coronene. For the A2-A7 PAH set, smaller species such as A2 and A2R5 were 

included. Moreover, recent studies reported that some additional long precursors are 

present in a considerable amount in sooting flames (Veshkini et al. 2016). Since 

there is no reason to exclude them, they are all included in the present model. They 

are A4R5 and anthanthrene (A6). The online Supplemental Information provides the 

computational time comparison between RM1, RM2, RM3 and RM4. 

Table 2 

4.1 Effect of soot nucleation model 

The effect of the heterogeneous dimerization model is first investigated. Fig. 4(a) 

shows the peak SVF normalized by the maximum at the strain rate of 75
1

s


 for each 

case versus the strain rate. Cases RM1 and RM2, along with the result by Wang and 

Chung (2016), are compared against the experimental data. Overall, the nucleation 

model that proceeds through dimerization by heterogeneous collisions mitigates the 

sensitivity to strain rate compared to the approach by Wang and Chung (2016), 

giving a better agreement with the experimental data. Compared to RM1, exclusion 

of small precursors (RM2) tends to increase the sensitivity to the strain rate more, 

and yielding an even better agreement with the experiment, but this point will be 

further discussed later. 

Figure 4 

Fig. 4(b) shows the comparison of the spatial distribution of SVF. Quantitative 

prediction of soot is underestimated for both RM1 and RM2, while Wang and 

Chung (2016) model overpredicts the soot peak at a lower strain rate and then 

underpredicts at higher strain rates, reflecting the larger sensitivity shown in Fig. 

4(a). While Wang and Chung (2016) predict a SVF distribution close to experiments, 

both RM1 and RM2 result in a more realistic, rounder shape of the peak. This is 

attributed to the diffusion of soot particles considered in this work. Indeed, for the 

methods of moments, diffusion of soot moments is usually neglected (Wang and 

Chung 2016; Kruse et al. 2019). Nevertheless, the complete disregard of soot 
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diffusion might generate deviations from the correct physics (Roy et al. 2014). Soot 

diffusion can then be estimated by a presumed Schmidt number (which is taken at 

an ad hoc value of 50, for example), even though its choice, especially considering 

the variations among different particles’ sizes, is still subject to controversy (Bisetti 

et al. 2012; Franzelli et al. 2017). However, since most experimental data show a 

smooth distribution of SVF across the stagnation plane, the diffusion model adopted 

in this work is considered reasonable. More information on the choice of Schmidt 

number and the particle morphology are available in the online Supplemental 

Information. 

The introduction of small precursors (RM1) further decreases the sensitivity to strain 

rate with respect to the employment of A4-A7 only (RM2), as A2 and A2R5 require 

relatively short formation times compared to other precursors, so they are less 

affected by changes in strain rate. Also, the low sticking coefficient associated with 

these species is counterbalanced by their high concentration, resulting in an 

increased SVF production with their inclusion. Even though quantitative SVF data 

should not be taken as a benchmark, the employment of RM2 results in an 

underestimation of SVF by more than one order magnitude. On the other side, RM1 

gives a peak value that, on average, assumes values lower by a factor of 10 

compared to the experimental data (Fig. 4(b)). 

The sensitivity of PAHs to strain rate is another critical parameter. From previous 

studies, it has been demonstrated, both experimentally and numerically, that large 

precursors are more sensitive than smaller ones to changes in strain rate (Wang and 

Chung 2016; Cuoci et al. 2008). In fact, the effect of the latter mainly impacts the 

residence times in the gas phase, strongly affecting the production of large PAHs, 

which require longer formation times. However, considerations on this hierarchical 

behaviour in terms of the number of carbon atoms should be limited to six-

membered aromatic rings species since the other precursors may result from 

different kinetic pathways. Also, the wavelengths usually investigated experimentally 

can only be absorbed by the species mentioned above. Fig. 4(c) shows the 

comparison of normalized peak values of PAHs at varying strain rate for RM1 and 

RM2. A1 is never considered a precursor in this work but has been included for 

completeness. The behaviour of PAHs reflects the above considerations with minor 
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inaccuracies when the set of RM2 is used: indeed, in this case, A6 results to be 

more sensitive than A7. Nevertheless, it is noteworthy that this can not be 

considered a relevant inconsistency because, experimentally, the fluorescence 

signal through which PAHs have been detected represents a class of PAHs rather 

than specific molecules. Thus, being A6 and A7 very close in the number of aromatic 

rings, they are also expected to show similar sensitivities to strain rate, in such a way 

that a slightly more sensitive A6 than A7 can not be considered entirely unrealistic. 

To comprehensively understand the role of the dimer on soot sensitivity, with a focus 

on its effects on nucleation and condensation rates sensitivities, the normalized 

trends of dimerization rate, nucleation and condensation collision rate constants for 

RM1 are analyzed in Fig. 5(a). In the same plot, information on the dimer and a 

pseudo-PAH (calculated as the sum of 6-membered aromatic rings PAHs) 

sensitivities is provided. The dimer concentration is found to be almost insensitive to 

changes in strain rate. This result is attributed to the combined action of nucleation 

and condensation. In fact, the concentration of the dimer is estimated from Eq. 6, 

where the second-order term’s constant is given by the nucleation collision rate 

constant (βN) while the one relative to the first-order term is represented by the 

condensation rate constant (βC). βN is only affected by changes in strain rate through 

its dependence upon temperature. On the other side, βC also depends on the 

available surface area of already formed soot particles, which is affected by 

advection. This generally leads to higher sensitivity of βC to strain rate compared to β

N. In the limit of negligible condensation, the sensitivity of the nucleation rate 

resembles the one of dimerization and the dimer approximately the one of the PAH. 

However, when the two phenomena become comparable, dimer’s sensitivity 

becomes attenuated or enhanced depending on the relative importance of nucleation 

over condensation and vice versa, in such a way that the sensitivity of the sum of the 

nucleation and condensation rates in Eq. 6 coincides with the sensitivity of 

dimerization. Thus, the sensitivities associated with nucleation and condensation 

rates are ultimately determined by the competitive actions of the two and influence 

the several soot characteristics in the NDF depending on the contribution they give 

to each moment. In this set of flames, simulated with RM1, condensation is found to 

play an important role, as it surpasses nucleation in the soot mass growth (Fig. 5(b)). 
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In fact, condensation gains importance as the amount of soot formed increases due 

to the growing availability of surface area (Bisetti et al. 2012). As a result, the dimer 

sensitivity in Fig. 5(a) results significantly attenuated compared to the one of the 

PAH. 

Overall, the significant improvements of SVF sensitivity to strain rate with the 

adoption of a dimer-based nucleation model strongly support the idea of the 

presence of an intermediate species between PAHs and actual soot particles. This 

was also recently observed experimentally by Mercier et al. (2019). 

Figure 5 

4.2 Effect of heterogeneous collisions 

The effect of the adoption of heterogeneous dimerization reactions (RM1) over 

homogeneous ones (RM3) is examined on KAUST flames. Gas-phase kinetics is 

again solved employing the reduced KAUST-Aramco mechanism. 

The sensitivity of normalized SVF increases slightly when using the homogeneous 

model (RM3) (Fig. 6(a)) while the quantitative SVF decreases (Fig. 6(b)). These two 

features are explained considering the reactions involved in the two models. In the 

heterogeneous one (RM1), each precursor is allowed to react with itself and other 

PAHs, bringing the total number of reactions to: 

1, 1
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 (10) 

with n being the number of precursors chosen to form soot. This gives the 

heterogeneous model the capability of forming more soot (RM1). Besides, the PAHs 

present in larger amounts are the smaller ones, such as A2 or A2R5. These species 

are also the ones that are less affected by the changes in strain rate. Thus, their 

inclusion in a larger number of reactions in the heterogeneous model (RM1) 

attenuates the overall sensitivity of normalized SVF to strain rate. Full consideration 

of precursor interactions by RM1 maximizes the soot formation area, giving an 

integral closer to experimental data compared to RM3. 
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Qualitatively, the SVF distribution and peak position are closer to experimental data 

with RM1. However, peak positions may also be affected experimentally by the 

velocity of a nitrogen flow that isolates the flame from the external environment. 

Similarly, the exact location of SVF distribution may be affected by measurements 

techniques, with uncertainties that may arise from the determination of absolute 

distance above the nozzle (Xu et al. 2021) or inaccuracies of mass flow controllers at 

small flow rates (Alberts et al. 2022). Indeed, the offset between experimental and 

numerical data reduces as the strain rate is increased. In addition, previous studies 

(Slavinskaya et al. 2012; Bouvet et al. 2014; Niemann et al. 2015) suggested that 

boundary conditions should be carefully considered in both experiments and 

simulations, as they are common sources of errors. For example, Bouvet 

et al. (2014) suggested that the simulation should specify the spreading rate in 

addition to the plug flow velocity assumption. Niemann et al. (2015) also reported 

that this effect is particularly important with contoured nozzles. Consequently, even if 

an offset in SVF distribution is present between experimental and computational 

data, if the width and peak value of the distribution are correctly predicted, the results 

are still considered reliable. 

Overall, RM1 and RM3 seemingly lead to comparable results. However, 

heterogeneous collisions represent a more rigorous way to depict reality, thus 

reducing potential sources of error. For this reason, the heterogeneous model is 

preferred in this study. 

Figure 6 

4.3 Effect of sticking coefficient’s temperature dependence 

The adoption of a constant sticking coefficient with temperature is a crude 

approximation yet has commonly been chosen. However, due to the increasingly 

stronger repulsive forces at high temperatures, the probability of two molecules 

sticking to each other becomes relatively small compared to the corresponding case 

at low temperature. Often, a corrective factor is chosen to consider different 

temperature ranges. Such an ad hoc remedy is difficult to apply in a broader range of 

cases. Thus, to generalize the procedure, a sticking coefficient expression that 
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includes temperature dependence is recommended. In this section, a direct 

comparison between D’Alessio et al. (2005) (RM1) and Raj et al. (2010) (RM2) 

sticking coefficients is provided, to highlight the importance and the advantages of 

such choice in strain rate analysis. The expression of the two sticking coefficients 

has been extensively discussed in section 3.1. In addition, 


 is introduced, as it 

represents the corrective factor that takes into account a different temperature range 

with respect to the one investigated by Raj et al. (2010). The value assumed by 


 is 

inevitably influenced by the soot model adopted, the case under investigation and 

the optimization criterion chosen. For the same KAUST flames, the suggested value 

by Wang et al. (Wang and Chung 2016, 2019) is 0.0578, and it was selected to best 

match the quantitative SVF. Since it represents a good starting guess, it is also used 

in this work. 

SVF sensitivity increases with the adoption of ( , )m d 


 (RM4) (Fig. 7(a)) while 

quantitative amount of soot produced is underestimated by an additional factor of 2 

(Fig. 7(b)) compared to RM1. PAHs sensitivities are similar in both cases (Fig. 7(c)). 

These results are explained by the following considerations. The formulation of γ in 

RM4 has the effect of enhancing the consumption of large precursors (Fig. 7(d)) 

compared to the smaller ones. This produces an increment of A6-A7 contributions 

and a decrease of A2-A2R5 ones to the total dimerization rate, resulting in an 

augmented strain rate sensitivity of the latter (Fig. 8(a)) with respect to the case 

where 0
( , )T 

 (RM1) is employed (Fig. 5(a)). For the same reason, RM4 results in a 

higher SVF sensitivity and a smaller amount of soot produced as the concentrations 

of A6 and A7 are significantly smaller than A2, A2R5 and A4. In these conditions, the 

contribution of condensation related to RM4 becomes progressively smaller with 

respect to nucleation (Fig. 8(b)), increasing the sensitivity of the dimer (Fig. 8(a)) to 

balance out the nucleation and condensation processes according to the 

dimerization rate. 

Figure 7 

Figure 8 
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Not surprisingly, a sticking coefficient with embedded temperature dependence 

tends to increase the amount of soot produced close to the stagnation plane, as it 

predicts higher values of γ at lower temperatures. On the other hand, at higher 

temperatures, 0
( , )T 

 is overcome by ( , )m d 


 and SVF decreases more rapidly for 

RM1 compared to RM4. Repeating the same simulations with RWTH flames but with 

1

 , since the temperature range is now approximately the same as the one 

investigated by Raj et al. (2010), produces an excessively widened SVF curve (Fig. 

9(a)). Also, the sensitivities of PAHs become erratic, with the long precursors being 

less sensitive than benzene (Fig. 9(b)). However, with 0
( , )T 

 (RM1), the correct 

order is restored, except for A2, which will be discussed in the next section. 

Figure 9 

Note that experimental data in the RTWH flames show a more pronounced 

skewness of the curve than the KAUST flames. This phenomenon is found to be 

mainly due to the thermophoretic effect: indeed, as a result of the lower strain rate, 

the SVF curve is broader for the RTWH flames, thus being subject to a higher 

temperature gradient which enhances particles’ movement toward the colder region. 

The numerical approach adopted in this study (RM1) can capture the trend in both 

cases faithfully. 

In conclusion, the corrective factor 


 can be still tweaked in both sets of flames to 

best match one of the characteristics of counterflow flames; however, it is difficult to 

reconcile all competing effects for the absolute best reproduction in all aspects. In 

contrast, a sticking coefficient with embedded temperature dependence represents 

an excellent compromise to generalize the procedure, effectively catching SVF and 

PAHs sensitivities to strain rate while keeping quantitative SVF to reasonable values. 

Besides, as seen in section 3.1, the dependence of the sticking coefficient upon 

temperature is well noted in literature both from an experimental and a theoretical 

point of view, which endorses the adoption of a   function of temperature. 

4.4 Additional validations 
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The previous sections demonstrated the importance of validation over a wide range 

of strain rates and data collected by different experimental groups to draw more 

general conclusions. In this regard, RTWH flames represent a good alternative 

benchmark. In Fig. 10, the measured normalized values of SVF are shown for both 

sets of flames along with the simulated trends with RM1. Also for RWTH flames, the 

SVF increment moving toward higher strain rates is satisfactorily reproduced. The 

different slope in the two cases is partly due to the inversely proportional relationship 

between the strain rate and the characteristic residence times in the flame. This 

leads to an overall decreasing trend in the normalized SVF comparable in the two 

cases, even though the ranges of strain rates spanned are different. This effect is 

also evident in each dataset, as the same decrease in strain rate results in a 

progressively smaller percentage drop of SVF, making the trend non-linear. Besides, 

the different dilution levels in the sets of flames also impact the slopes, as 

demonstrated by Wang and Chung (2016). In particular, flames with lower dilution 

levels show higher sensitivity to strain rate. Finally, for the same strain rate 

increment, the percentage gap between experimental and numerical data is 

comparable for the two sets of flames. 

Figure 10 

Numerical computations shown up to now have been performed with a reduced 

mechanism in favor of its low computational cost, making it suitable for multi-

dimensional and turbulent cases. However, limitations associated with such 

mechanism can be expected; indeed, as seen in Fig. 9(b), A2 sensitivity to strain 

rate for RTWH set was overestimated compared to the expected behaviour. For this 

reason, the same test is repeated with the detailed version of the kinetic mechanism 

to investigate the role of a higher level of detail in the characteristics of counterflow 

flames at changing strain rate. 

In Fig. 11(a) the SVF profiles for RTHW flames, simulated with RM1 (reduced 

mechanism) and RM5 (detailed mechanism), are reported. Both are in good 

agreement with experimental data, with the reduced mechanism producing a slightly 

lower SVF compared to its detailed version. The improved quantitative match of SVF 

is expected to be mainly due to the wavelength used for experimental measurements 
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of this set of flames (see section 2), which is more precisely targeted for soot. For 

the lowest strain rate case, the trend appears similar to the one by Kruse 

et al. (2019), in terms of SVF peak position and value, as well as width of the curve. 

The only exception is represented by the difference in the shape of the peak, which 

is again attributed to the soot diffusion considered in this work compared to the 

others who neglected it completely. As seen before, Fig. 11(b) shows that the 

adoption of the reduced version of KAUST-Aramco mechanism for this set of flames 

results in a higher sensitivity of A2 to strain rate compared to A4. However, using the 

corresponding detailed mechanism, the right trends can be easily restored with no 

further manipulation. This proves that the PAH sensitivity to strain rate depends 

strongly on the characteristics of the soot model used and the kinetic mechanism 

employed. Due to the higher level of detail associated with this mechanism, A3 and 

A3R5 have also been added to the list of precursors. The sensitivity of A3 to strain 

rate is found to be slightly lower than A2 (and similarly A4 and A6 also), but, as 

discussed previously, being the two species very similar in the number of aromatic 

rings, this is considered acceptable. The computational cost associated with the 

detailed mechanism should not be neglected when dealing with multi-dimensional 

problems, especially in turbulent conditions. In that context, it is recommended to 

find a compromise between the computational cost and the level of details in 

selecting the kinetic mechanism for soot prediction. 

Figure 11 

5 Conclusions 

A generalized approach focusing on soot nucleation has been identified to 

comprehensively describe the behaviour of sooting flames at different strain rates. 

Details about the inclusion of heterogeneous dimerization reactions and computation 

of sticking coefficient were given to set up a model free of ad hoc corrective factors 

and consequently of broad applicability. Its validation on different sets of C2H4/air 

flames spanning a wide range of strain rates showed improved SVF trends and 

sensitivity to strain rate compared to previous studies. 
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The inclusion of a wider range of precursors from A2 to A7, combined with a dimer-

based heterogeneous nucleation model, was found to capture the correct 

reproduction of the strain rate sensitivity and the quantitative prediction of the soot 

volume. Moreover, the sticking coefficient’s temperature dependence was found to 

be crucial in the correct prediction of PAH sensitivities to strain rate as well as a 

correct shape of SVF distribution. The present model is comprehensive such that 

further improvements in detailed chemical pathways for individual species are 

properly reflected in an improved soot prediction. A thorough analysis of the 

dynamics contributing to the numerical representation of the entire nucleation 

process showed that, being the dimer a species at quasi-steady-state conditions, its 

concentration is adjusted to make the sum of nucleation and condensation rates 

equal the dimerization one. The present model allows the system to self-regulate the 

nucleation and condensation rates depending on the relative importance of their 

reaction constants while keeping PAHs’ sensitivity affected by their dimerization rate 

only. The model’s effectiveness and low computational cost make it easily applicable 

to multidimensional and turbulent flame simulations. 
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Table 1. Boundary conditions for KAUST and RWTH sets of 2 4
C H

 counterflow 

flames. 

 KAUST RWTH 

T0,f [K] 300 310 

T0,ox [K] 300 298 

Xf [-] C2H4 = 1 C2H4 = 0.89, N2 = 0.11 

Xox [-] O2 = 0.25, N2 = 0.75 O2 = 0.21, N2 = 0.29 

a [   ] 75, 100, 125, 150 35, 45, 55, 65 

L [mm] 8 13.75 

Zst [-] 0.075 0.07 
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Table 2. Information on the nucleation models features used in the sensitivity 

analysis. 

 MOM 
closure 

Dimer PAHs 
collisions 

PAHs set   Kin. mech. 

RM1 HMOM Yes Het. (A2-A7)         Reduced 
KAUST-
Aramco 
Selvaraj et 
al.(2016) 

RM2 HMOM Yes Het. (A4-A7)         Reduced 
KAUST-
Aramco 
Selvaraj et 
al.(2016) 

RM3 HMOM Yes Hom. (A2-A7)         Reduced 
KAUST-
Aramco 
Selvaraj et 
al.(2016) 

RM4 HMOM Yes Het. (A2-A7)          Reduced 
KAUST-
Aramco 
Selvaraj et 
al.(2016) 

RM5 HMOM Yes Het. (A2-A7)         Detailed 
KAUST-
Aramco 
Selvaraj et 
al.(2016) 

Wang and 
Chung 
(2016) 

MOMIC No Het. (A4-A7)          KM2 
Wang et 
al. (2013) 

Kruse et 
al. (2019) 

HMOM Yes Hom. (A2-A4R5)      ITV Cai 
and Pitsch 
(2015) 
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Figure 1. Experimental peak SVF as function of strain rate for the sets of flames 

analyzed in this study (KAUST (Wang and Chung 2016) and RWTH (Kruse 

et al. 2019)) and for similar flames available in literature (WUT-KAUST (Xu 

et al. 2018) and WUT (Yan et al. 2019a)). 
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Figure 2. Computed values of γ with D’Alessio et al. (2005) ( 0
( , )T 

) and Raj 

et al. (2010) ( ( , )m d ) formulations versus experimental data (Chung and Violi 2011) 

for different precursors. 
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Figure 3. Computed temperature and A2R5 profiles for (a) KAUST and (b) RWTH 

flames. 
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Figure 4. Normalized SVF as function of strain rate (a), SVF profiles along spatial 

coordinate (b) and PAHs sensitivities to strain rate (c) for KAUST flames with RM1, 

RM2 and experimental/numerical results from Wang and Chung (2016). 
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Figure 5. Normalized maximum values of pseudo-PAH and dimer concentrations 

along with dimerization rate, nucleation and condensation collision rate constants for 

RM1 (a); nucleation and condensation production rates contributing to total soot 

volume for RM1 (b). 

  

Acc
ep

te
d 

M
an

us
cr

ipt



 

 

Figure 6. Normalized SVF as a function of strain rate (a) and SVF profiles along 

spatial coordinate (b) for KAUST flames with RM1, RM3 and experimental data from 

Wang and Chung (2016). 
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Figure 7. Normalized SVF as function of strain rate (a), SVF profiles along spatial 

coordinate (b), PAHs sentivities to strain rate (c) and PAHs consumption rate along 

spatial coordinate (d) for KAUST flames with RM1, RM4 and experimental data from 

Wang and Chung (2016). 
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Figure 8. Normalized peak values of pseudo-PAH and dimer concentrations along 

with dimerization rate, nucleation and condensation collision rate constants for RM4 

(a); nucleation and condensation production rates contributing to total soot volume 

for RM4 (b). 
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Figure 9. SVF profiles along spatial coordinate (a) and PAHs sensitivities to strain 

rate (b) for RWTH flames with RM1, RM4 and experimental data from Kruse 

et al. (2019). 
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Figure 10. Experimental and computational normalized peak SVF for KAUST and 

RWTH flames with RM1. 
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Figure 11. SVF profiles along spatial coordinate (a) and PAHs sensitivities to strain 

rate (b) for RWTH flames with RM1, RM5 and experimental/computational results 

from Kruse et al. (2019). 
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