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Abstract 
Carbon nanoparticle (CNP) formation from hydrocarbon combustion is of high 
interest not only for the study of pollutant (soot) emissions, but also in the area of 
advanced materials. CNP optical and electronical properties, relevant for practical 
applications, significantly change with their morphology and nanostructure. This 
work extends a detailed soot kinetic model, based on the discrete sectional approach, 
to explicitly incorporate the description of CNP polydispersity, maintaining the 
CHEMKIN-like format. The model considers various nanosized primary particles, 
generated from liquid-like counterparts through the carbonization process. The 
model is validated against literature experiments from 11 laminar flames, in both 
premixed and counterflow configuration, over a wide range of operating conditions 
(P=1 5 atm, Tmax=1556-2052 K). The model captures the measured trends of the 
analyzed CNP properties. Model deviations from the experiments are also discussed. 
 
Introduction 
Recent scientific research is driving a paradigm shift on carbonaceous nanoparticles 
(CNPs) produced from hydrocarbon combustion, looking more and more often at 
them as attractive materials for new practical applications rather than as harmful 
pollutants [1].  
The strong variation of CNP physical and chemical characteristics as their size and 
nanostructure evolve in flames was highlighted in several studies. Their size-specific 
electronic and optical properties were measured and modeled [2], demonstrating the 
variation of ionization energies and optical band gaps with particle diameter. 
Regarding CNP morphology, it is known that polydisperse aggregates are formed by 
primary particles of different sizes [3]. Great efforts have been made to develop 
kinetic models that can describe this polydispersity in flames. For example, Thomson 
and coworkers [4] developed an advanced sectional model, based on the solution of 
transport equations for the number density of aggregates and primary particles. Kraft 
and coworkers [3] proposed a detailed population balance model (PBM), which 
describes the evolution of carbonaceous particles by solving the Smoluchowski 
equation [5]. These models were successfully applied in both one and two-
dimensional flame simulations to predict several soot measurements. 
This work presents the first discrete sectional model fully written in CHEMKIN 
format able to predict CNP morphology in terms of primary particle diameter (Dpp) 
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profiles, particle size distribution (PSD) and H/C ratio along 1D laminar flames. One 
of the main advantages of the proposed model is that neither the solution of many 
additional equations other than those for mass, energy, momentum, and species, nor 
post-processing steps of numerical results obtained through simplified methods are 
required. Moreover, the proposed model allows to account for the different reactivity 
of aggregates that share equivalent mass but possess different surface areas due to 
the presence of primary particles of different sizes. 
 
Kinetic model 
The main features of the discrete sectional model developed by the CRECK 
modeling group were described in previous works [4]. Large PAHs and CNPs are 
discretized into 25 sections of lumped pseudo species, called BINs, from 20 to over 
108 C-atoms. Based on a recent theoretical study on large PAHs [5], aromatic species 
with >100 C-atoms are modeled as persistent radicals. 
In this work, the assumption of primary particles (BIN12, Dp=10 nm) with a single 
fixed size, adopted in previous versions of the model [4,6], is removed to account 
for polydispersity. This enables an improved description of the morphology and in 
turn of the surface reactivity of carbonaceous particles. Carbonaceous particles are 
distinguished between liquid-like particles (BIN-L) and solid primary particles with 
an onion like nanostructure (BIN-PP), as shown in Fig. 1. Once the first liquid-like 
particles (BIN5, Dp=2 nm) form through inception of gas-phase large PAHs, they 

-L (vertical arrows in Fig. 1) or 
-PP 

(horizontal arrows in Fig. 1). Indeed, it was experimentally observed that incipient 
particles are liquid-like amorphous carbonaceous materials [7]. Then, an interplay of 
physicochemical phenomena governs the transition from liquid-like to solid 
particles. This transition is driven by the carbonization process. Dobbins [7] 
proposed a first-order Arrhenius rate constant for the conversion of CNP precursors 
to carbonaceous species in diffusion flames of eight different hydrocarbon fuels. 
This rate is here used as reference to model particle carbonization. 
Primary particles can then form larger BIN-PP through coagulation and growth 

1). The combination of primary particles of different size within the same aggregate 
would result in an enormous number of BINs. To limit the total number of species 
in the proposed model, each primary particle is assumed to aggregate forming 
monodisperse entities, with a fractal dimension Df = 1.8 [8]. Different monodisperse 
aggregates (e.g., BIN-AG-I, BIN-AG-II) with equal mass are considered in the 
model (Fig. 1).  
The reference rate parameters for aggregation of solid particles and aggregates are 
adapted from previous versions of the model [4,6]. The collision efficiency ( ) 
proposed in [6] is considered to account for the temperature, particle H/C ratio and 
size dependency of aggregation reactions. For coalescence, which involves at least 
one liquid-like particle (BIN-L), different rates are considered. In particular, a 
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unitary collision efficiency ( ) is assumed. Moreover, based on the molecular 
dynamic (MD) simulations performed in [9], coalescence rates are scaled with 
respect to the volume ratio of the colliding entities.

Figure 1.  Schematic representation of the polydisperse CRECK model. The 
arrows represent different reaction classes: carbonization, i.e., the transition from 

Reaction classes for inception, surface growth, dehydrogenation and oxidation with 
their reference rate parameters are taken from previous versions of the CRECK 
model [4,6]. The overall model, coupled with detailed gas-phase chemistry up to 5-
ring aromatics [6] and it is fully written in CHEMKIN format. Numerical simulations 
are carried out with the OpenSMOKE++ framework [10].

Results and discussion
Model validation is performed by comparison with data from 11 laminar flames, 
whose operating conditions are summarized in Table 1. The selected flames include 
three different configurations: premixed flat flames established on the McKenna-
type burner (LPF), premixed burner-stabilized stagnation flames (BSSF) and 
counterflow diffusion flames (CFDF).
The series of premixed ethylene flames experimentally studied by Xu and Faeth [11]
and the series of counterflow diffusion ethylene flames by Amin et al. [12] are 
selected to assess the model performances against literature data of average primary 
particle diameter (Dpp), at different equivalence ratios ( = 2.34-2.94) and pressures 
(P = 2-5 atm) in the premixed and in the counterflow configuration, respectively. 
In the series of premixed flames, the model captures the increase of average primary 
particle diameter (Fig. 2a) as the equivalence ratio increases. A good quantitative 
agreement between measurements and simulations is obtained for both carbonaceous 
particle properties at = 2.34 and 2.64, while larger deviations occur at = 2.94.
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Table 1. Laminar flames investigated. 
 

#Flame Type Tmax, K P, atm * /**Zst *v0, cm s-1/**KG, s-1 L, mm Ref. 
F1 LPF 1644 1 2.34 6.8 30 [11] 
F2 LPF 1600 1 2.34 6.8 30 [11] 
F3 LPF 1556 1 2.34 6.8 30 [11] 
F4 CFDF 1983 2 0.17 30 8.2 [12] 
F5 CFDF 2016 3 0.17 30 8.2 [12] 
F6 CFDF 2037 4 0.17 30 8.2 [12] 
F7 CFDF 2052 5 0.17 30 8.2 [12] 
F8 BSSF 1783 1 2.06 8 5 [13] 
F9 BSSF 1832 1 2.06 8 10 [13] 
F10 LPF 1700 1 2.40 4 14 [14] 
F11 LPF 1770 1 2.40 5 16 [14] 

*Equivalence ratio ( ) and cold gas velocity (v0) for premixed flames. **Stoichiometric 
mixture fraction (Zst) and global strain rate (KG) for counterflow flames.  
 
The evolution of Dpp profiles along the axial coordinate of the flame at different 
equivalence ratios is well reproduced, with maximum deviations by a factor of ~1.2 
at  = 2.94. Importantly, Fig. 2a shows the improved predictive capability of the 
proposed model, which accounts for CNP polydispersity, with respect to its previous 
version [4], which instead assumes monodisperse aggregates constituted by fixed 
size primary particles (Dpp=10 nm, red dashed line in Fig. 2a). 
In the series of counterflow flames F4-F7, the polydisperse model also captures the 
increase of Dpp (Fig. 2b). However, the measured peak Dpp is characterized by a more 
pronounced increase from 2 to 5 atm, i.e., from 13 to 52 nm, respectively, compared 
to the model predictions, i.e., from 28 to 40 nm. Moreover, the model predicts a 
steeper increase of the Dpp profiles from ~0.45 cm from the fuel nozzle toward the 
particle stagnation plane, where the larger primary particle diameters are reached. 
On the other hand, the model captures the increasing slope of the Dpp profiles from 
2 to 5 atm as well as the shift of the peak Dpp location towards larger distances from 
the fuel nozzle as pressure increases (Fig. 2b). 
Another key morphological property of CNPs is the particle size distribution (PSD). 
The PSD measurements of Shao et al. [13], performed in a series of BSS ethylene 
flames (F8-F9 in Table 2) at different height above the burner (Hp) are selected to 
analyze the related model predictions (Fig. 2c). The proposed model satisfactorily 
describes the transition from the unimodal to the bimodal distribution with the 
increase of particle residence time from Hp = 5 mm to 10 mm. The clear development 
of the throat at Hp = 10 mm obtained with the proposed model represents another 
relevant improvement in the description of the PSD evolution with respect to its 
previous version [6], which considers neither CNP polydispersity nor the scaling of 
coalescence rates with the volume ratio of the colliding entities described above. 
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Figure 2. Average primary particle diameter profiles in a) laminar ethylene 
premixed (F1-F3) [11] and b) counterflow flames (F4-F7) [12]. Particle size 

distribution at Hp=5 and 10 mm in BSS ethylene flames (F8-9) [13]. H/C ratio 
profiles in ethylene (F10) and methane (F11) premixed flames [14]. Symbols: 

experiments; lines: model simulations.

Finally, the model is validated against experimental data of particle H/C ratio in two 
laminar premixed flames fueled by ethylene and methane by Russo et al. [14]. Model 
simulations well capture the formation of more dehydrogenated carbonaceous 
particles in the ethylene flame (F10) with respect to those produced in the methane 
flame (F11), due to the related lower fuel H/C ratio (2 for C2H4 and 4 for CH4). These 
results highlight the good model description of carbonaceous nanostructure, which 
significantly determines not only the reactivity [2] but also the optical and electronic 
properties of CNPs, as discussed in the introduction of this work.

Conclusions
A novel detailed discrete sectional model for CNP formation has been presented in 
this work. The main novelty introduced is the description of CNP polydispersity 
achieved by considering the formation of primary particles with different sizes from 
liquid-like counterparts through the carbonization process. Compared to previous 
versions of the model, this allows to predict the evolution of average primary particle 
diameters (Dpp) measured in both premixed and counterflow diffusion ethylene 
flames. The model also captures the measured trends of particle size distribution 
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(PSD) and particle H/C ratio.  Future studies are necessary to perform more accurate 
rate estimation of key processes like carbonization, coalescence and aggregation, 
characterized by the largest uncertainties, but significantly affecting model 
predictions of CNP morphology. 
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