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Abstract 

The goal of this work is to numerically investigate the role of curvature, strain rate, 

and unsteadiness on the evolution of soot production in a laminar diffusion flame. 

A planar flame, fed with a mixture of C2H2/N2 and air, is numerically modeled 

using a detailed kinetic mechanism based on the Discrete Sectional Method 

(DSM). The flame is wrapped up by a line vortex, injected from the fuel side, and a 

Lagrangian analysis is carried out to better understand the production and evolution 

of soot, localizing nucleation, growth, and aggregation regions, as well as their 

dependence on local flame stretch.  

 

Introduction 

Reduction of soot emissions is nowadays of primary importance due to the 

negative effects on environment and public health. Several analyses have been 

carried out to understand the complex formation of soot in turbulent reactive flows 

[1, 2]. Detailed Numerical Simulation (DNS) is an important tool to investigate the 

complex nature of soot production in turbulent flames [2, 3]. However, due to their 

high computational cost, DNS are limited to low-Reynolds number configurations 

and rely on reduced description. Alternatively, a laminar flame which accounts for 

unsteady effects typical of turbulent flames, such as strain rate and curvature, can 

be studied by perturbing it with a vortex. A steady diffusion C2H2-air flame is 

perturbed by modifying the velocity profile at the fuel injection, leading to the 

formation of a plane vortex interacting with the flow and soot. The advantage of 

this configuration is that laminar systems are easier to manage and detailed kinetic 

mechanisms are here affordable. This approach has been already validated by 

Franzelli et. al. [4], by comparison with the experimental results of Cetegen and 

Basu [1]. Slightly different conditions have been used in terms of vortex 

parameters. In this work, a Lagrangian analysis is performed to identify regions of 

soot production, classify them and follow what exactly a fluid particle experiences 

entering the vortex, especially from a chemical point of view.  
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Numerical setup and kinetic mechanism 

The computational domain is shown in Figure 1 and consists of two channels 

separated by a bluff-body. The domain length L is 120 mm, the bluff body 

thickness is 3.2 mm. The domain width is 40 mm.   

 

Figure 1. Vortex evolution at t=0.17 s: soot volume fraction on the left (min 0, 

max 2.94 ppm) with flow direction (white arrows). Strain rate field on the right 

(min -21.5, max 21 1/s ).     

 

The fuel stream is fed from the channel at the top, while the oxidizer flows from 

the bottom. Fuel is acetylene, chosen for its sooting propensity, properly diluted 

with nitrogen (25:75 molar ratio) to better control soot formation. Both flows are 

injected at 300 K, 1 bar, and average velocity of 15 cm/s. Once the steady-state 

flame is obtained, an unsteady velocity profile is imposed to the fuel stream [1]: 

 

                       𝑣(𝑡) = �̅�𝑐 [1 + 𝐴 𝑒𝑥𝑝 (−𝑙𝑛2 (
𝑡 �̅�𝑐

 𝐵 0.01
))]                                               (1) 

 

where A=4 is the amplitude, �̅�𝑐 is the average velocity and B=0.004 is correlated to 

the impulse duration. Numerical simulations have been carried out with 

laminarSMOKE [5], an open-source CFD code specifically designed to solve 

detailed laminar reactive systems. The time-step is 5 ∙ 10−5 s. Gas phase and soot 

particles are described by a modular kinetic mechanism composed of 156 species 

and 5619 reactions. The discrete sectional method (DSM) has been used for soot 

description, distributing the particles in 20 BINs, each one further divided in 3 

classes (A, B, C), depending on the hydrogenation level (H/C ratio) [6]. 
 

Lagrangian analysis 

The work of Franzelli et. al. [4] is based on an Eulerian approach, through which 

the different regions in which formation of soot occurs are deeply analyzed. 

However, there is a lack in the description of the motion of soot particles, since the 

velocity field in a single instant is not sufficient to end up with the real soot 

trajectory in the whole simulation time. In the present work, a fluid particle with 

zero mass is injected at time zero and transported by the velocity field. Newton's 

equations of motion are integrated to provide the particle path (Fig. 2). The real 

advantage in this approach is the detailed knowledge of the history of soot 
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production experienced by the particle, with a particular focus on consequentiality 

of the phenomena involved. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Particle injection in steady state flame (a), at t =0.05 s (b), t =0.1 s (c), 

t=0.15 s (d), t=0.2 s (e). Flame front shown by orange line, absolute particle 

trajectory by white line, velocity vector field by blue arrows. Maps colored by soot 

volume fraction (min 0, max 2.94 ppm). 

 

Strain rate and curvature 

A first observation concerns the relative trajectory of the particle with respect to 

the vortex. The particle is transported along the vortex line (Fig. 2) from a high 

strain-rate zone to a low strain-rate zone (Fig. 3 f). According to [7], the stretch is 

given by 

 
𝜅 = (�⃗� �⃗� : ∇𝑣 + ∇ ∙ 𝑣 ) + (𝑠𝑑∇ ∙ �⃗� )                                                   (2)    

 

where �⃗�  is the normal vector to a generic Z iso-contour and 𝑠𝑑 is the flame 

displacement, approximated with the C2H2/N2 mixture flame speed (~77.5 cm/s). 

The first term in Eq. (2) represents the strain rate, while the second is the curvature. 

During its path, the particle changes its local residence time, defined here as the 

reciprocal of strain rate, and this is a key information to detect where soot 

aggregation and nucleation occur, exploiting their different characteristic times.  

 

Interaction of soot with the vortex 

As can be seen in Fig. 3, the particle crosses the flame at t~0.018 s. From now on, 

this instant is considered as the starting point for the description of soot evolution. 

Strain rate initially governs the flame stretch and the particle residence time (Fig. 

3f), resulting in a decrease of the total volume of soot in the domain [4].  When the 

vortex is fully formed, strain rate becomes nearly zero and curvature is dominant, 

increasing PAH concentration [4] and eventually soot amount by growth reactions 
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(Fig. 3 d, e). Among soot phenomena, nucleation is the only one which increases 

the soot number density. This happens at the beginning, where small BINs are 

produced (Fig. 3a). It is worth noticing that the BIN concentrations follow profiles 

which are typical of consecutive reactions (Fig. 3 a, b, c). A peak of mass fraction 

characterizes each profile, which is shifted to higher times as the BIN particle gets 

bigger. This means that soot particles size progressively increases, from small 

BINs to larger ones. This is confirmed by the decreasing profile of soot number 

density (Fig. 3e). The relative increase of soot volume fraction is governed by large 

soot particles, because of the high molecular weight, and further indicates that 

surface growth is progressively enlarging soot particle size. A big amount of soot 

tends to accumulate where a high concentration of PAH is present. 

   

   

antonio w7
Font monospazio

antonio w7
Font monospazio
III5.4



 

XXXIX Meeting of the Italian Section of the Combustion Institute 

 

Nucleation, growth, aggregation  

The fluid particle experiences nucleation during its whole life, due to the low 

residence time needed by large PAH to form small soot, whereas aggregation 

processes are much slower and higher residence time is required. In Fig. 4 some 

BINs are selected and studied by their net formation rate to better clarify where 

their formation is favored and where it is not. The total particle life has been 

divided in 4 intervals of 0.05 s. For each interval, the four principal reactions 

involving BIN5, BIN10 and BIN20 are selected and reported on a histogram, 

ideally representing small, intermediate and large soot particles. BIN5 is the 

smallest soot particle, thus its formation can be thought as representative of 

nucleation. Its formation rate is dominant during the first interval and starts even 

before the particle crosses the flame front (Fig. 4a). Nucleation rate progressively 

decreases in time and eventually reaches a value about two orders of magnitude 

lower (reaction 1), even though its absolute value still remains high. Reactions 5, 6, 

7, which lead to BIN6 formation, start to play an important role in the second 

interval, and eventually overcome BIN5 production. From Fig. 4d it is clear that 

nucleation is progressively substituted by growth reactions and aggregations 

processes, which eventually lead to larger BINs. Concerning intermediate particles, 

BIN10 starts to be significantly produced by reaction 8 only in the second interval, 

because of the low concentration of intermediate BINs in the first one. Also here, 

consumption reactions (13, 14) take place to produce heavier particles, competing 

with BIN10 production and eventually resulting in a net consumption (Fig. 4b). 

Large soot, here represented by BIN20, is not consumed (it is too distant from the 

flame to be oxidized and no higher BINs are available in the kinetic mechanism). 

Its production is mainly due to surface growth, whose rate increases as soon as 

PAH concentration gets higher (Fig. 4f). When strain rate approaches zero, 

aggregation becomes relevant (19, 20), overcoming the rate of three growth 

reactions (16, 17, 18). 

   

Figure 3. Lagrangian profiles of the fluid particle. Small (a), intermediate (b) and 

large (c) BINs mass fraction. PAH volume fraction (d) and soot (e) volume 

fraction and number density. Curvature and strain rate (f) are also reported and 

compared. Dashed grey line indicates when the particle crosses the flame front 

(𝒁𝒔𝒕 = 𝟎. 𝟐𝟕𝟏). 
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BIN 5 BIN 10 BIN 20

1.  H+BIN5CJ =>BIN5C 8.   BIN5C+0.06 BIN9B=>0.05 BIN10B 15.  C16H10+BIN19BJ=>0.9 BIN19B+3.2E-6 BIN20B 

2.  C16H10+BIN5CJ =>0.86 BIN5C+0.09 BIN5B 9.   0.1 BIN10C+C12H7=>0.01 BIN10B 16.  C12H8+BIN19BJ=>0.9 BIN19B+2.4E-6 BIN20B

3.  C6H6+BIN5CJ=>0.93 BIN5C+0.06 BIN5B 10. BIN6B+0.2 BIN9B=>0.09 BIN10B 17.  C6H6+BIN19BJ=>0.9 BIN19B+1E-6 BIN20B 

4.  C12H8+BIN5CJ=>0.9 BIN5C+0.07 BIN5B 11. 0.01 BIN9B+C12H7=>0.002 BIN10B 18.  C8H6+BIN19BJ=>0.9 BIN19B+2E-6 BIN20B 

5.  2 BIN5C=>0.75 BIN6C+0.25 BIN6B 12. BIN5C+BIN10A=>14 H2+0.02 BIN10B 19.  2 BIN19B=>BIN20B 

6.  BIN1B+0.2 BIN5C=>0.1 BIN5B+0.04 BIN6C 13. BIN1B+0.01 BIN10B=>0.003 BIN10A+0.002 BIN11B 20.  BIN18B+BIN19B=>0.5 BIN19B+0.5 BIN20B

7.  0.1 BIN5C+C12H7=>0.07 BIN5B+0.02 BIN6C 14. BIN5C+0.04 BIN10B=>0.006 BIN10A+0.025 BIN11B

 

Figure 5. Main reactions of BINs 5, 10, 20 reported in Figure 4. The reactions are 

here simplified, neglecting species with relatively low stoichiometric coefficients. 

 

Conclusions 

In this work, Lagrangian analysis of sooting flame-vortex interactions has been 

carried out. A massless fluid particle has been injected in the vortex, showing that 

its path goes from the vortex tail to the core, in relative motion with respect to the 

vortex and detecting a flame stretch variation, caused by strain rate decreasing and 

 
 

 
 

 

 

  

Figure 4. Small (a), intermediate (b) and large (c) BINs formation rate (left) and 

principal reactions of BIN5 (d), BIN10 (e), BIN20 (f). Dark grey color for 

production, light grey color for consumption. 
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curvature increasing values. Nucleation, surface growth and aggregations have 

different importance, depending on local residence time and particle history. These 

processes have been analyzed and compared, showing their relative importance 

during the particle path and enhancing the consequentiality of the phenomena. 

Further applications of this technique are for instance the injection of other 

particles, in order to follow different paths and behaviors and the analysis of 

thermophoretic effect on the soot history of the particle. 
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