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Abstract 

In this work, the formation and evolution of soot in a planar diffusion C2H2 flame 

have been numerically investigated, using the Discrete Sectional Method (DSM) 

for solid phase kinetics. The flame is wrapped up by a line vortex injected from the 

fuel side. Three regions have been identified in the vortex, based on the local 

values of curvature and scalar dissipation rate. The goal of this work is to 

numerically investigate the impact of thermophoresis in each region of the vortex, 

showing the different soot distribution and the effect of the flame curvature on the 

local thermophoretic velocity. It has been found that in flat regions, thermophoresis 

dominates over the convective flow in defining soot position, while in curved ones 

it is almost negligible, since soot is mainly transported by convection. 

 

Introduction 

The reduction of soot emissions is an urgent challenge, due to the negative impact  

on environment and public health. Detailed Numerical Simulations (DNS) are very 

helpful for the analysis of soot production in turbulent flames [3]. Unfortunately 

DNS are still too expensive, therefore an  alternative is given by the simulation of a 

laminar flame perturbed by a line vortex. A diffusion C2H2-air flame is perturbed 

imposing a temporal velocity profile at the fuel inlet, leading to the formation of a 

plane vortex interacting with soot. The advantage of this configuration is a lower 

computational cost and the possibility to model soot formation through the DSM. 

This approach has been already validated by Franzelli et.al. [4], by comparison 

with the experimental results of Cetegen et.al. [1]. In this work the thermophoretic 

effect [2] is analyzed. In particular, the objective of this work is to study the impact 

of the flame unsteadiness on the local thermophoretic velocity of soot particles, and 

eventually how thermophoresis affects the soot distribution along the vortex. This 

is done by defining unsteady properties of the flame: curvature, scalar dissipation 

rate and flame displacement velocity. These quantities are strictly connected and a 

brief analysis of their dependence is given. The same approach was also applied by 

Lignell et. al. [8] and Bisetti et. al. [3]. The vortex is then divided in three regions, 

characterized by different values of the aforementioned quantities. Two simulations 

are carried out, one in which thermophoresis is accounted for and one where it is 

neglected. The comparison between the two cases enlights the different soot 

distribution and the relative importance that the thermophoretic velocity has in 

each one of the three vortex regions. 
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Figure 1. Soot volume fraction field [-]: steady-state (a) and t=0.17 s (b). 

 

Numerical setup and kinetic mechanism 

The domain consists of two channels separated by a bluff-body. The length is 120 

mm, the bluff body thickness is 32 mm, while the width is 40 mm.  Fuel stream is 

fed from the top, oxidizer flows from the bottom. Fuel is C2H2, diluted with N2 

(25:75 mol/mol). Both flows are injected at 300 K, 1 bar, and average velocity of 

15 cm/s. Once the steady-state flame is obtained (Figure 1 a), a 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 injection velocity and B=0.004 is correlated to 

the impulse duration. The vortex formation is shown in Figure 1 (b). The 

simulations have been carried out with laminarSMOKE [5], an open-source CFD 

code designed to solve detailed laminar reactive systems. The time-step is 5 ∙ 10−5 s. 

Gas phase and soot are described by a kinetic mechanism composed of 156 species 

and 5619 reactions. DSM has been used for soot, dividing particle distribution in 

20 BINs, each one further divided in 3 classes depending on H/C ratio. [6]. 

 

Thermophoretic effect and global soot production 

Thermophoresis is included in the equations defining a velocity 𝒗𝑖,𝑡ℎ induced on the 

species i, added to the diffusion velocity 𝒗𝑖,𝑑  and the convective one 𝒗: 

 

𝒗𝑖 = 𝒗 + 𝒗𝑖,𝑑 + 𝒗𝑖,𝑡ℎ                 𝒗𝑖,𝑡ℎ = −0.55
𝜇∇𝑇

𝜌𝑇
                                      (2) 

 

where 𝒗𝑖,𝑡ℎ is the thermophoretic velocity. Its impact on the soot formation in the 

vortex will be analyzed by removing it from the numerical modeling. In Figure 2 

(a) the integral quantity of soot is plotted vs. time, for both the simulations (with 

and without thermophoresis). The qualitative trend is the same, caused by initial 

strain rate imposed by the vortex, which diminishes soot residence time and its 

concentration, followed by a curvature effect that increases soot production [4]. 

From a quantitative point of view, removing thermophoresis leads to a minor 

global soot production.  The additional effect of 𝒗𝑖,𝑡ℎ shifts the soot position where 

temperature is lower (~ − 𝛁𝑻), farther from the flame (Z=Zst). The consequence is  

that soot moves toward a richer zone, which facilitates surface growth. Another 

important effect is that soot, moving away from the flame, is less consumed by 

oxidation reactions, increasing its amount, as will be shown later. 
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Figure 2: Temporal evolution of the soot volume fraction integral 𝜉𝑠 for the two 

case studies (a). The same plot is reported in (b), with dimensionless variables 

(with respect to steady state conditions). 

 

Curvature, scalar dissipation rate, flame displacement velocity 

The configuration is here analyzed and discussed from a fluid dynamic point of 

view. The flame stretch  is defined as the sum of the strain rate and curvature [7]: 

 
𝜅 = (𝒏𝒏: ∇𝒗 + ∇ ∙ 𝒗) + (𝑠𝑑∇ ∙ 𝒏)                                                (3) 

 

where 𝒏 is the normal vector to a generic Z (mixture fraction) isoline and 𝑠𝑑 is the 

flame displacement velocity. This latter has the physical meaning of a relative 

velocity of a generic Z isoline with respect to the absolute convective velocity. Its 

sign describes the direction of the relative motion of the fluid with respect to a Z 

isoline [8]: 

𝑠𝑑 = −
∇∙(𝜌𝛼∇𝑍)

𝜌|∇𝑍|
                                                          (4) 

 

where 𝛼 is the thermal diffusivity. The divergence ∇ ∙ 𝒏 represents the geometrical 

curvature Γ. sd has a strong effect on the flame curvature: a positive (negative) sd 

provides a negative (positive) geometrical curvature, due to the relative flow acting 

on the Z isoline. Another effect is on the Z isolines distance, which increases for 

high absolute (both positive and negative) values of sd. The idea of Z isolines 

spacing is strictly connected to the concept of scalar dissipation rate 𝜒 : 

 

𝜒 = 2𝛼|𝛻𝑍|2                                                        (5) 

 

therefore concluding that high (low) absolute values of sd provide a low (high) 𝜒. 

The scatterplots in Figure 3 (a,b) confirm this behavior. Based on the local values 

of geometrical Γ, 𝜒 and sd, the vortex has been divided in three main regions: the 

vortex tail (Figure 3 c, top), characterized by a negligible curvature Γ, caused by an 

almost null flame displacement velocity sd. This latter also provides a high 𝜒.  The 

vortex core (Figure 3 c, middle), characterized by a negative curvature Γ , caused 

by a positive sd (relative flow from the fuel to the oxidizer side). 
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Figure 3: Scatterplots of sd in function of flame curvature (a) and scalar dissipation 

rate (b). Time t=0.17 s, Figure 1 (b). The three vortex regions in Figure (c). he           

 

This also  originates a spacing between Z isolines, providing a null 𝜒. The vortex 

recirculation (Figure 3 c bottom), characterized by a positive curvature Γ, caused 

by a negative sd (relative flow from the oxidizer to the fuel side). This still provides 

a low 𝜒. 

 

Removing thermophoresis 

The effect of the removing thermophoretic effect on soot formation is now 

analyzed.  In order to better analyze the soot distribution along the vortex, Z 

scatterplots are introduced. Figure 4 shows the soot volume fraction as function of 

the mixture fraction Z, colored by the scalar dissipation rate  (Figure 4 a) and by a 

curvature index (Figure 4 b), which identifies negative (black) and positive curved 

zones. These scatterplots show the relative position of soot with respect to the  

flame and its distribution in the Z space. The advantage of coloring the scatterplots 

is that we can easily recognize the three vortex regions: the red region (high 𝜒) in 

Figure 4 (b, e) represents the vortex tail, whose curvature is negligible (Figure 4 c, 

f). The two blue (low 𝜒) adjacent regions in Figure 4 (b, e) are the vortex core on 

the left side (whose curvature is negative in Figure 4 c, f) and the vortex tail on the 

right side (whose curvature is positive in Figure 4 c, f). Comparing the two cases, 

we can see that, removing thermophoresis, soot is less spread all over the Z space, 

the peaks are more tight, especially in the vortex tails (the red region). The peak is 

shifted to the left, towards the flame. This is coherent, since thermophoresis moves 

soot particles away from the flame. Its removal has as a primary effect the shift of 

soot particles closer to the flame, as the scatterplots clearly show. Moreover, the 

soot peak in this region is much higher.  Thermophoresis does not affect the soot 

production rate position (not shown) in the Z space, meaning that in both cases soot 

formation rate is maximum at the same Z coordinate and thermophoresis only 

moves soot volume fraction peak. When removing thermophoresis, soot particles 

occupy a thinner region, because of the flame vicinity, while for the complete case 

the vth moves soot at higher Z, having a diluting effect caused by the spread of soot 

throughout a wider zone. Actually, soot is also consumed by oxidation, more 

intense close to the flame, due to the higher amount of O2. This is the main reason 

explaining the lower global amount of soot when thermophoresis is removed. 
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Figure 4: Scatterplots of soot volume fraction as function of Z, for the case without 

(a,b,c) and with thermophoresis (d,e,f). Results colored by 𝜒 [1/s] (a, b, d, e) and 

curvature index (c, f). The  dashed line indicates the position of the flame (Z = Zst). 

 

The relative importance of 𝑣𝒊,𝒕𝒉 

The general shift of soot toward the flame occurs only for high  𝜒 regions. The 

vortex core (Figure 4 b, c, e, f, blue region on the left) peak has a nearly constant 

value and position (Z = 0.38). This behavior can be explained supposing that either 

the thermophoretic velocity 𝑣𝒊,𝒕𝒉 has major impact on the tail  than in the core of the 

vortex, or 𝑣𝒊,𝒕𝒉 is negligible in the vortex core, but not in the vortex tail.  Since 𝑣𝒊,𝒕𝒉 

acts relatively to the flame, it competes with sd in defining soot position. When sd is 

almost null (vortex tail), 𝑣𝒊,𝒕𝒉 is the only contribution in the definition of a relative 

velocity with respect to the flame, resulting in its higher impact on soot position. 

While in the vortex core, sd is already high and 𝑣𝒊,𝒕𝒉 plays a minor contribution 

(Figure 6 b). This behavior is enhanced by the local value of 𝑣𝒊,𝒕𝒉 in the core and in 

the  tail. Since 𝜒 reaches the highest values in the tail, the maximum of ∇𝑍 is found 

here. For Z>0, T decreases for increasing Z [7]. Assuming an inverse 

proportionality, we have that: 

 

∇𝑍~ − ∇𝑇 ~ 𝒗𝑡ℎ                                             (6)                                                 

 

The vortex tail (where ∇𝑍 and  𝜒 are max) is characterized by a higher 𝑣𝒊,𝒕𝒉 (Figure 

6 a), enhancing the difference between sd and 𝑣𝒊,𝒕𝒉, and making 𝑣𝒊,𝒕𝒉 more important 

than in the core. Conversely, in the vortex core ∇𝑍 and  𝑣𝒊,𝒕𝒉  are low, and this, 

combined with the stronger sd, makes 𝑣𝒊,𝒕𝒉 marginally affect soot position. 

 

Conclusions 

The goal of this work was to analyze the effect of the flame curvature on the local 

thermophoresis and on soot distribution. A laminar diffusion flame has been 

wrapped up with a line vortex, perturbing the soot evolution by quantities such as 

curvature and scalar dissipation rate. The vortex has been divided in three regions. 
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Figure 6: In Figure (a) a scatterplot of 𝑣𝒊,𝒕𝒉 vs. 𝜒 is reported. In Figure (b) a Z=0.4 

isoline is extracted and, from the vortex core, a curvilinear coordinate 𝛾 is defined. 

sd and 𝑣𝒊,𝒕𝒉 are plotted along it and compared (core for low 𝛾, tail for high 𝛾). 

 

Two cases are simulated, with and without thermophoresis. Adding thermophoresis 

shifts soot particles away from the flame. Soot particles are then less influenced by 

oxidation and global soot amount increases. 𝒗𝑡ℎ is found to have a stronger impact 

on the vortex tails, where the local values of sd and curvature are low and 𝜒 is high, 

while the effect in curved regions (with low 𝜒) is negligible. 
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