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Abstract 

Understanding soot formation is a key factor for the development of next-generation clean combustion 

devices. In this paper, a new detailed mechanism for soot formation under pyrolytic conditions is 

presented. The work has been performed at ICARE – CNRS through the implementation of a python 

framework for automated mechanism generation (SMAuG - Soot Mechanism Automated Generator) 

which allowed the development of the solid-phase chemistry model. Such model is combined with the 

gas-phase mechanism developed in previous works specifically focused on PAH chemistry in single-

pulse shock tube experiments, up to C18 products. In addition, the polyynes chemistry has also been 

added through an upgrade of the gas phase kinetics part from literature up to C12 and the implementation 

of the reactions of polyynes in the soot model from inception in combination with PAHs and then surface 

growth. Initial comparisons of the new combined mechanism were made against experimental data, 

mainly soot volume fractions, from toluene pyrolysis obtained at ICARE by shock tube techniques.  

1 Introduction 

The formation of carbonaceous soot particles is a complex mechanism which involves several multi-

steps, multi-phase chemical and physical processes [1,2]. This complexity poses serious limitations to 

our capability to accurately model soot emissions from combustion devices, as accurately as needed for 

the development of solutions for next generation clean combustion technologies (engine optimization 

and fuel re-formulation). Detailed chemical kinetic soot models have been developed in the past based 

on laboratory-based experimental results. Among such models, sectional models have been popular for 

several years as they offer the possibility of building “apparently simplified” models for complex 

phenomenology such as soot formation in combustion, thanks to the use of lumped chemical species 

and reactions. The mechanism presented in this paper is the first version of ICARE_SMAuG_v1,  which 

combines the gas-phase PAH chemistry from our previous works [3] with the new solid-phase chemistry 

mechanism. Such mechanism is generated through the implementation of SMAuG (Soot Mechanism 
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Automated Generator) framework in python currently calibrated on the automated generation of detailed 

kinetic mechanisms of soot formation in pyrolytic conditions. 12 classes of reactions considered 

fundamental for soot nucleation and growth were considered. In addition, the gas-phase chemistry of 

ICARE_SMAuG_v1 model includes updated reactions for the pathway of polyynes as described in 

literature [4] and in particular using values from [5,6]. Experimental results on toluene pyrolysis were 

also obtained using conventional shock tube laser-based techniques, for validation of the current model. 

2 Experimental Setup and SMAuG  

In order to evaluate an initial performance of the proposed mechanism, the key features of which are 

outlined below, the heated shock tube (HST) at ICARE was implemented to obtain experimental results 

on toluene pyrolysis. The set-up is briefly described here. The HST is a widely used shock tube at 

ICARE for high-temperature chemical kinetics, in particular on soot formation [7,8]. In total it has a 

length of L=7.15 m, a 52.4 mm diameter driven section and a 114.3 diameter driver section made entirely 

of stainless steel, capable of operating at a maximum pressure of 60 bar. It is equipped with four pressure 

sensors (CHIMIE METAL A25L05B) positioned along the shock tube at a distance of 150 mm from 

each other. The sensors are used to measure the incident shock wave velocity extrapolated to the end-

wall, from which the thermodynamic conditions behind the reflected shock waves can be calculated by 

solving the conservation equations. The computed T5 has a maximum error of 25-30 K due to the wave 

attenuation and the uncertainty in determining the exact positions of the pressure sensor sensitive 

surfaces. A PCB Piezotronics pressure sensor located at the end-wall of the driven section measures the 

pressure–time profiles. The signal acquisition is obtained with three Rohde&Schwartz RTB 2004 

oscilloscopes that record pressure signals and signals from the laser acquisition system. Two lasers are 

used for quantification and characterization of the produced soot. Extinction measurements for 

quantification of soot volume fractions are carried out with a He:Ne laser @ λ=633nm, while 

extinction/Rayleigh scattering measurements with a Nd:Yag laser @ λ=532nm are implemented for the 

determination of the particle size. The detectors, both at 532nm and 633nm, are HAMAMATSU R59838 

photomultiplier tubes. For ICARE_SMAuG_v1 comparisons, the soot volume fractions fv’s at 2 ms and 

4 ms are calculated as in equation (1), where m is the complex refractive index of soot particles, l the 

length crossed by the incident beam (diameter of the shock tube), λ the wavelength of the transmitted 

beam, I0 the intensity of the incident beam. The function of the refractive index is assumed to be 0.36 as 

used in previous works in the literature, e.g. [9,10]. The experiments were performed with 0.07% toluene 

in argon, pressure behind the reflected shock wave between 16 and 18 bar, and initial carbon 

concentrations of 3-4 x 1017 atoms/cm3. 

 

 

 

Regarding the ICARE_Smaug_v1, it is basically modeled on the concept of pseudo lumped species 

BINs and its sections are implemented on the line of the scheme of the recent CRECK mechanism [11]. 

The framework is characterized by several .csv files containing the input information, including the 

reactant chemical species for the different classes (radicals, resonantly stabilized radicals, molecules, 

BINs). The kinetic parameters of the reference reaction for a specific class of reactions, at present, can 

be entered through a dual system i.e., from the launcher or from the .csv files themselves where the 

species are declared. The parameters are then scaled based on chemical kinetic theory. In particular, the 

BINs-BINs interactions from inception to aggregation are scaled according to [12]. The reference kinetic 

parameters are reported in Table 1. SMAuG's dedicated launcher allows it to interact with its core to use 

chemical species, kinetic parameters and reactions in order to generate kinetics and thermodynamics 

files in .dat, .CKI and .CKT, .cti and .yaml. 
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Eqn. 1 Experimental evaluation of soot volume fraction fv. 
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                      Table 1. ICARE_SMAuG_v1 Sections, reactions and rate kinetic parameters. 
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3 Results and discussion 

The mechanism currently generated by SMAuG and coupled with ICARE gas phase includes 644 

chemical species and 17326 reactions. At the current state of version 1.0 of SMAuG, it is possible to 

run 0D simulations with a batch isothermal and constant pressure reactor defined on Cantera [13] to 

postprocess the results and calculate the soot volume fractions using Eqn.2: 

 

 

 

 

In eqn.2  𝝆 is the density of the gas, 𝝆soot a general averaged estimated value of soot density, in this work 

1800 kg/m3, and wi are the mass fractions of the BINs produced (from 5 to 25) considering a range of a 

ESD in nm from 2 to 202.  

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Experiments and simulations of 0.07% toluene in argon. 

Figure 1 provides an enhanced view of the predictivity of the mechanism for the experimental data set 

obtained in the present work (0.07% C7H8 in argon). Figure 1a contains examples of soot volume 

fraction time-history profiles at different temperature conditions. As expected based on common 

features of soot profiles in shock tube experiments, the soot starts forming earlier at higher temperatures, 

while the maximum soot volume fraction is attained at around 1720 K before decreasing at higher 

temperatures. The profiles can be used to derive several kinetic parameters. First, the soot volume 

fractions at fixed times (2 and 4 ms) are reported in Figure 1b, together with the modeling results. As 

mentioned above, the maximum is reached at temperatures between 1700 and 1750 K. The kinetic model 

 𝑓𝑣_𝑚𝑜𝑑𝑒𝑙 =
𝜌
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 Eqn. 2  𝑓𝑣_𝑚𝑜𝑑𝑒𝑙   soot volume fraction implemented for SMAuG.  
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shows trends which are shifted towards lower temperatures, which results in an underprediction of the 

soot volume fractions at high temperature conditions. On the other hand, the simulations show that the 

curves at 2 and 4 ms converge at higher temperatures, as in the experiments. Concerning the induction 

delay times, defined as the time between the arrival of the shock wave at the endwall and the time 

obtained extrapolating the maximum slope of the fv curve to the baseline, the model provides a good 

description of the experimental curve at lower temperatures, while an overprediction of the induction 

delay times is observed at higher temperature conditions (Figure 1c). Finally, the average particle 

diameter as measured by Rayleigh scattering is presented in Figure 1d for an experiment at T5 = 1736 

K. The simulation profile is slightly shifted towards earlier times, but the overall trend is reproduced. 

At present, further relevant fine-tuning of kinetic parameters is needed to develop other versions of the 

mechanism that can make better and more accurate predictions in relation with the most significant 

discrepancies from the experimental data, especially at high temperatures. In order to achieve this, 

simulations and comparisons with experimental data from the HST will be carried out for different fuel 

molecules and mixtures. Therefore, the parameters presented in Table1 should only be considered as a 

first attempt to set up the reaction mechanism that will require further implementations. In the meantime, 

SMAuG will be further developed with analysis tools and optimized for soot model generation.  
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