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ABSTRACT 
 

The sooting propensity of laminar diffusion flames 
employing ethylene/methane mixture fuel is investigated by 
numerical simulation. Detailed gas phase chemistry and 
moments method are used to describe the chemical reaction 
process and soot particle dynamics, respectively. The numerical 
model captures the primary features experimentally observed 
previously. At constant temperatures of air and fuel mixture, 
both maximum soot volume fraction and soot yield 
monotonically decrease with increasing the fraction of carbon 
from methane in the fuel mixture. However, when the 
temperatures of air and fuel mixture are preheated so that the 
adiabatic temperatures of all flames are same, the variation of 
the maximum soot yield becomes higher than what would be 
expected from a linear combination of the flames of pure 
ethylene and pure methane, showing a synergistic phenomenon 
in soot formation. Further analysis of the details of the 
numerical results suggests that the synergistic phenomenon is 
caused by the combined effects of the variations in the 
concentrations of acetylene (C2H2) and methyl radical (CH3). 
When the fraction of carbon from methane in fuel mixture 
increases, the concentration of C2H2 monotonically decreases, 
whereas that of methyl radical increases, resulting in a 
synergistic phenomenon in the variation of propargyl (C3H3) 
radical concentration due to the reactions C2H2 + CH3 = PC3H4 
+ H and PC3H4 + H = C3H3 + H2. This synergistic phenomenon 
causes a qualitatively similar variation trend in the 
concentration of pyrene (A4) owing to the reaction paths C3H3 
→ A1 (benzene) → A2 (naphthalene) → A3 (phenanthrene) → 

A4. Consequently, the synergistic effect occurs for soot 
inception and PAH condensation rates, leading to the 
synergistic phenomenon in soot yield. The similar synergistic 
phenomenon is not observed in the variation of peak soot 
volume fraction, since the maximum surface growth rate 
monotonically decreases, as the fraction of carbon from 
methane in fuel mixture increases. 
 
INTRODUCTION 
 

Soot is one of primary pollutants emitted during the 
combustion of fossil fuels. Emission of soot not only has a 
detrimental effect on human health, but also contributes 
significantly to global warming. Therefore, various restrictions 
are being placed on soot emission today. Strategies are needed 
to control and reduce soot emission. Quantitative understanding 
of soot formation mechanism is crucial to the development of 
strategies for reducing soot emission.  

Soot formation in elemental fuel combustion has been 
extensively investigated. Relatively, the study on soot 
formation in the combustion of binary fuels or fuel mixtures is 
limited. In the literature, there is conflicting experimental 
evidence of the existence of synergistic phenomenon in soot 
formation of binary fuels [1,2]. In this context, a synergistic 
phenomenon means that soot formation in the flame of a 
mixture fuel is higher than the linear combination of the flames 
of both pure fuels. Frenklach [1] showed the presence of such a 
synergistic phenomenon in soot formation of numerous 
mixtures and indicated that the phenomenon could be due to the 
acetylene based inception and growth mechanisms. Hwang et 
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al. [2,3] investigated the effects of propane and oxygen addition 
on soot formation in ethylene diffusion flames. They observed 
a synergistic phenomenon in soot formation with the addition 
of propane or oxygen to ethylene, and attributed the 
enhancement in soot formation with propane and oxygen 
addition to the propargyl (C3H3) re-combination reaction. This 
conclusion challenged the early PAH and soot formation 
reaction scheme [4] that suggested that the first aromatic ring 
was formed by the addition of acetylene to C4 radicals and the 
key growth process toward large PAH occurred by continuous 
addition of acetylene (C2H2), but was qualitatively consistent 
with the assumption that benzene could be formed, in large 
part, from the re-combination of resonantly-stabilized propargyl 
radicals [5]. Roesler et al. [6] investigated the role of methane 
on the growth of aromatic hydrocarbons and soot, and also 
found that the existence of a synergistic chemical effect 
between methane and other alkanes in the production of 
aromatics, despite reduced acetylene concentrations.  They 
concluded that the synergistic phenomenon was caused by the 
ability of methane to produce methyl (CH3) radical that 
promoted production channels of aromatics that relied on odd-
carbon-numbered species, such as propargyl (C3H3).  More 
recently, Trottier et al. [7] carried out a detailed study on the 
sooting propensity of various binary fuel mixtures, and 
observed the synergistic phenomenon in some mixtures but not 
in others. Further analysis of [7] also suggested that the 
synergistic phenomenon resulted from the enhanced production 
of CH3 radical. McEnally and Pfefferle [8] measured soot 
volume fractions along the centerline of ethylene/air 
nonpremixed flames when dimethyl ether (DME) and ethanol 
(EtOH) were added, and found that the addition of either DME 
or EtOH enhanced the soot volume fraction, although pure 
DME and EtOH diffusion flames produced less soot than 
ethylene. Their measured profiles of C1-C12 hydrocarbons 
implied that due to the increased CH3, the addition of DME and 
EtOH enhanced the rate of C1 + C2 addition reactions that 
formed propargyl radical and consequently enhanced the 
formation of benzene through propargyl re-combination, 
resulting in the increase in soot formation. Apparently, most of 
these studies attributed the synergistic phenomenon of soot 
formation in binary fuel mixtures to the increased CH3 radical 
through its role in the formation of propargyl and finally 
benzene.  

A complete understanding of the synergistic phenomenon 
needs both experimental and numerical studies. Details of 
numerical results for the combustion of binary fuel mixtures 
can help not only identify the mechanism of the synergistic 
phenomenon, but also validate the chemistry and soot model. 
Most above studies on the synergistic phenomenon were by 
experiments. Two of them contained numerical investigations, 
but they either completely neglected soot [3] or employed 
simplified soot model [7]. Therefore, it is necessary to further 
investigate the synergistic phenomenon in the combustion of 
binary fuel mixtures by detailed numerical simulation.  

In this paper, a detailed numerical study on the synergistic 
phenomenon in soot formation from the diffusion flames of 
ethylene/methane mixtures is carried out. The purpose is to 
further identify the mechanism of the synergistic effects by the 
details from numerical simulation, and validate the existing 
chemical reaction scheme and soot model. We focus on the 
ethylene/methane mixtures, since pure ethylene/air diffusion 

flames have been extensively studied both experimentally and 
numerically, and the addition of methane can promote the 
formation of CH3 radical. The numerical model is described 
first. Then the results of simulation are compared with the 
experimental data of [7] for soot volume fraction and the 
maximum soot yield, followed by discussion using the details 
of numerical results. 
 
NUMERICAL MODEL 
 

The flames modeled in this paper are those employing 
ethylene/methane mixture fuel in our previous experimental 
study [7]. They were generated at atmospheric pressure with a 
burner in which the ethylene/methane fuel mixture issued from 
a 10.9 mm inner diameter vertical tube, and the oxidant (air) 
from the annular region between the fuel tube and a 100 mm 
diameter concentric tube. Soot volume fraction was measured 
by line-of-sight-attenuation (LOSA) optical diagnostic method. 
More details of the experiments can be found from [7]. 

To have a proper basis for comparison and be consistent 
with experiments, the carbon content of the fuel mixture is kept 
constant at a fixed carbon flow rate of 3.2 mg/s in all flames, 
while the contribution of each component (ethylene or 
methane) to the total carbon in the mixture varies from 0 to 
100%. The flow rate of the co-flow air is 284 L/min at room 
temperature and atmospheric pressure condition.  

Two sets of flames are studied. Both fuel mixture and air 
are at room temperature in the first set of flames (non-preheated 
case), whereas the fuel mixture and air are preheated so that the 
adiabatic temperatures of all flames are the same as that of the 
pure ethylene flame in the second set (preheated case). 

  The formation and evolution of soot particles are modeled 
by the method of moments [9]. The soot particle moments are 
defined as 
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where Mr is the rth moment of soot particle distribution, and mi 
and Ni are the mass and the particle number density, 
respectively, of the soot particles of size class i. The soot 
particle mass is represented by the number of carbon atoms. In 
this paper, six concentration moments (i.e. Mr = M1, M2, M3, 
M4, M5, M6) are used. 

The governing equation for each soot concentration 
moment is 
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where ρ is density (g/cm3), u and v the axial (z) and radial (r) 
direction velocities (cm/s), respectively, Qr the source term, and 
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Mr-2/3 the fractional moments obtained by interpolation between 

the whole moments. Quantity , iT xV  is the thermal diffusion 

velocity of soot in z or r direction, and is calculated by [11] 
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where ν is the kinematic viscosity. Quantity Dp,1 is the diffusion 
rate of the smallest soot particles, and is given by [9] 
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with m  being the mean mass of the gas (g), KB the 
Boltzmann’s constant (erg mol-1 K-1), T the temperature (K), αT 
the thermal accommodation coefficient (0.9), and d1 the 
diameter of the smallest soot particle (cm). The source term Qr 
in each moment equation accounts for particle nucleation, 
coagulation, surface growth and oxidation of soot particles.  

The nucleation is assumed to be due to the coalescence of 
two large size PAH, pyrene (A4), into a dimer. Then the 
particle size increases or decreases due to the particle 
coagulation, surface growth and oxidation.  

The gas phase reaction scheme and the calculation methods 
for the particle nucleation, coagulation, surface growth and 
oxidation are basically those developed by Appel et al. [10]. 
Although the methods and gas phase chemistry of Appel et al. 
have been validated by several premixed flames, soot volume 
fraction was significantly underpredicted when they were 
directly used for the diffusion flames of this paper. Therefore, 
several modifications are made. 

The first modification is to limit the particle coagulation by 
setting the coagulation rate as zero when the mean particle 
diameter is greater than 25 nm. This is based on the 
experimental observation that generally the maximum diameter 
of a primary particle is about 25 ~ 30 nm.  

Then we increase the surface growth rate by changing the 
acetylene (C2H2) addition rate and the parameter α – the 
fraction of surface sites available for surface reactions. The 
reaction rate of acetylene addition provided by Appel et al. [10] 
is increased by five times in this paper. The parameter α is still 
calculated by the Eq. 1 of Appel et al. [10], but the parameter a 
in the equation is increased by 3 times, and the parameter b is 

modified to 31.38 1.02 10b T−= − + × × , with T being local 
temperature.  

After above modifications, the peak soot volume fractions 
were reasonably predicted. However, soot volume fractions in 
the centerline region were still significantly underpredicted. 
Realizing that the chemistry developed by Appel et al. [10] 
underpredicted the concentration of pyrene (the inception PAH 
species) in some flames, we reduce the scrubbing factor of 
pyrene αA4 to 0.003, i.e. the reaction rate of pyrene is calculated 
by 4 , 4 4 , 4A g A A s Ar r rα= + ⋅ , where rA4, rg,A4, rs,A4 and αA4 are, 

respectively, the net rate, the rate due to gas phase reactions, 
the rate due to soot formation and the scrubbing factor of 
pyrene. This treatment is an ad hoc one. The scrubbing factors 
of all other species are unity. Other details of the soot model are 

the same as those given by Appel et a. [10]. The free molecular 
regime is employed for the calculation of coagulation.  

The governing equations for conservation of mass, 
momentum, energy and gas species mass fractions can be found 
elsewhere [11]. Low Mach number assumption is adopted. The 
governing equations are discretized using the finite volume 
method in axisymmetric cylindrical coordinates. The SIMPLE 
numerical scheme [12] is used to handle the pressure and 
velocity coupling. The diffusion terms in the conservation 
equations are discretized by the central difference method and 
the convective terms are discretized by the power law method 
[12]. To speed up the convergent process, the governing 
equations of gas species and soot moments are, respectively, 
solved in a fully coupled fashion at each control volume [13]. 
Those of momentum, energy and pressure correction are solved 
using the tri-diagonal matrix algorithm. 

The computational domain covers an area from 0 to 3.0 cm 
in the radial direction and 0 to 11.0 cm in the axial direction. 
The inflow boundary (z = 0 cm) corresponds to the region 
immediately above the fuel nozzle. Totally 160 (z) × 105 (r) 
non-uniform grids are used in the simulations, with finer grids 
placed in the primary reaction zone and near the fuel nozzle 
exit region. It has been checked that the further increase of grid 
number does not significantly influence the simulation results. 
The thermal and transport properties are obtained by using the 
algorithms given by [14,15].  

Radiation heat transfer is calculated by the method given 
by Liu et al. [16]. Other details of the numerical methods can 
be found from our previous publication [11]. 

 
RESULTS AND DISCUSSION 
 

Unless explicitly indicated, all the experimental data below 
are taken from our previous study [7]. 

 

Measured Predicted  

Fig. 1 Calculated and measured soot volume fraction (ppm) in 
pure ethylene/air flame. 

 
Figure 1 shows the measured [7] and calculated soot 

volume fraction of pure ethylene flame. It is observed that 
although the simulation slightly underpredicts the soot volume 
fraction in the centreline region, it has basically captured the 
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primary features of soot in the flame. The peak soot volume 
fraction and the distributions of soot are reasonably predicted. 

Figure 2 shows the variation of the maximum soot volume 
fraction when the fraction of carbon from methane in the fuel 
mixture changes from 0.0 (pure ethylene) to 1.0 (pure 
methane). We observe that when the fuel mixture is gradually 
changed from pure ethylene to pure methane, the maximum 
soot volume fraction monotonically decreases. The decrease 
slows down when both fuel mixture and air are preheated so 
that the adiabatic temperatures of all flames are the same as that 
of pure ethylene flame. However, there is not any synergistic 
behaviour. This is slightly different from the observation of 
Roesler et al. [6], who observed a synergistic behaviour for 
peak soot volume fraction. Although we are not sure what 
causes the difference, the different scenarios used in [6] and [7] 
might be one reason. The numerical simulation captures the 
basic feature of the maximum soot volume fraction, although 
there is a quantitative difference between simulation and 
experiment. 

 

Fraction of carbon from methane

0.0 0.2 0.4 0.6 0.8 1.0

M
a

x
im

u
m

 s
o

o
t 

v
o

lu
m

e
 f

ra
c
ti
o

n
, 

p
p

m

0.0

2.0

4.0

6.0

8.0

10.0

Measured, non-preheated

Predicted, non-preheated

Measured, preheated

Predicted, preheated

 

Fig. 2 Variation of the maximum soot volume fraction. 
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Fig. 3 Variation of the maximum soot yield. 
 

Figure 3 shows the variation of the maximum soot yield 
with increasing the fraction of carbon from methane. The soot 
yield (%) is defined as 
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where u is the velocity (cm/s), ρs is the density of soot (1.9 
g/m3), fv is soot volume fraction, and mc is the mass flux of 
carbon from the fuel mixture (3.2mg/s). We observe again that 
the simulation captures the primary features of experiment. For 
the non-preheated case, there is no any synergistic 
phenomenon. However, for the preheated case, the maximum 
soot yield becomes higher than what would be expected from a 
linear combination of pure ethylene and methane flames, 
showing the presence of a synergistic phenomenon. We shall 
discuss how the synergistic phenomenon occurs in the 
preheated case of ethylene/methane mixture below by using the 
details from numerical simulation. Unless explicitly indicated, 
all the data in Figs. 4-10 are from simulation.  

Soot formation consists of inception, surface growth and 
oxidation processes. The oxidation occurs mainly in the upper 
flame region. In the lower flame region, where most soot is 
formed, inception and surface growth dominates. Therefore, 
we’ll examine how inception and surface growth rates change 
over the range of ethylene/methane mixture.  
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Fig. 4 Variation of the maximum inception rate. 
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Fig. 5 Variations of the maximum surface growth, C2H2 
addition and PAH condensation rates. 

 
Figure 4 shows the variation of the maximum inception 

rate for both preheated and non-preheated cases. It is illustrated 
that for the preheated case, the maximum inception rate first 
significantly increases and then decreases, showing a 
synergistic phenomenon, when the fraction of carbon from 
methane increases. Differently, for the non-preheated case, the 
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maximum inception rate only slightly increases and then 
quickly decreases. Although not shown, the simulation also 
suggests that the maximum inception rate in a flame usually 
occurs in the centreline region. 

Figure 5 displays the variations of the maximum surface 
growth rate. Since surface growth consists of acetylene (C2H2) 
addition and PAH condensation, the maximum rates of both 
these two sub-processes are shown. Firstly, by comparing Figs. 
4 and 5, we observe that surface growth rate is more than one 
order of magnitude higher than inception rate for both 
preheated and non-preheated cases, meaning that surface 
growth dominates soot formation in terms of total soot mass 
formed. Secondly, Fig. 5 shows that the maximum total surface 
growth rate (black lines) is only slightly higher than the 
maximum C2H2 addition rate (red lines) for all flames, 
indicating that C2H2 addition dominates surface growth in the 
maximum surface growth rate region. These observations are 
consistent with the current understanding of soot formation in 
the literature.   

For both preheated and non-preheated cases, no synergistic 
phenomenon can be observed for the maximum C2H2 addition 
and total surface growth rates over the range of the 
ethylene/methane mixture fuel. The maximum C2H2 addition 
and the total surface growth rates monotonically decrease with 
the increase in the fraction of carbon from methane in the fuel 
mixture. However, a strong synergistic phenomenon is 
observed for the maximum PAH condensation of the preheated 
case, and a slight one is observed for that of the non-preheated 
case.  Please note that in Fig. 5, the summation of the maximum 
C2H2 addition and PAH condensation rates does not equal the 
maximum total surface growth rate, because the positions of the 
maximum C2H2 addition and PAH condensation are different. 
Usually the maximum C2H2 addition and total surface growth 
occur in the flame wing region (near the maximum soot volume 
fraction region, as in Fig. 1). Alternately, being similar to 
inception, the maximum PAH condensation occurs in the 
centreline region of a flame. 

Above results of inception and surface growth rates can 
explain the variations of the maximum soot volume fraction 
and yield in Figs. 2 and 3. Since surface growth dominates the 
total soot formation, the maximum soot volume fraction 
monotonically decreases and no synergistic phenomenon can be 
observed for both preheated and non-preheated cases, following 
the variation trend of the maximum surface growth rate. 
Although the variations of the maximum inception and PAH 
condensation rates show synergistic phenomenon, they cannot 
modify the variation trend of the maximum soot volume 
fraction, because of the much lower absolute values than the 
surface growth rate and the positions where the maximum 
inception and PAH condensation occur being different from 
that where the maximum total surface growth occurs.  

Soot yield is the integrated mass flow rate of soot at each 
section above the burner exit. Inception and PAH condensation 
sub-processes modify the total soot formation rates, although 
their maximum rates occurs in the centreline region of a flame 
while the maximum total rate, depending on C2H2 addition rate, 
occurs in the flame wing region. As a result, the variation trend 
of the maximum soot yield deviates from those of C2H2 
addition and total surface growth rates. However, because the 
rates of inception and PAH condensation are much smaller than 
that of C2H2 addition, the variation trend of the maximum soot 

yield does not completely follow those of the maximum 
inception and PAH condensation rates. Consequently, a 
synergistic phenomenon for the variation of the maximum soot 
yield is observed in Fig. 3 for the preheated case. The 
synergistic phenomenon cannot be observed for the non-
preheated case because the synergistic phenomenon in the 
variations of the inception and PAH condensation rate is not 
strong enough. Therefore, essentially the synergistic 
phenomenon for soot formation in the preheated 
ethylene/methane mixture is caused by the inception and PAH 
condensation processes. 

The monotonic decrease in the maximum C2H2 addition 
rate is caused by the decrease in the concentration of C2H2 
when the fraction of carbon from methane increases, as shown 
in Fig. 6. The decrease of the maximum C2H2 concentration and 
C2H2 addition rate in the non-preheated case is faster than in the 
preheated case, since flame temperature increases in the 
preheated case but decreases in the non-preheated case, as 
shown in Fig. 7.  The temperature decrease in the non-
preheated case is due to the lower adiabatic temperature of 
methane flame than that of ethylene flame. In the preheated 
case, the temperature increase is due to the reduction in 
radiation heat loss owing to the variation in soot volume 
fraction, although the temperatures of fuel mixture and air have 
been adjusted to keep a constant adiabatic temperature. 
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Fig. 6 Variation of maximum C2H2 mole fraction. 
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Fig. 7 Variation of maximum flame temperature. 
 



 6 Copyright © 2008 by ASME 

In the numerical model, the inception is assumed to be due 
to the coagulation of two PAH species, and the PAH 
condensation is due to the PAH species sticking to particle 
surface. In this paper, the PAH for inception and condensation 
is pyrene (A4). Therefore, we can figure out the reason for the 
synergistic phenomenon by examining the variation in the 
concentration of pyrene. The variation of the maximum pyrene 
mole fraction is displayed in Fig. 8, which shows a similar 
variation trend as those for inception and PAH condensation 
rates. In the gas phase chemistry employed in this paper and 
originally developed by Appel et al. [10], the formation of 
pyrene is closely related to that of benzene (A1). A pathway 
analysis suggests that the primary formation reaction of 
benzene is the recombination of propargyl radicals C3H3 + 
C3H3 => A1. The variation of the maximum concentration of 
C3H3 is also shown in Fig. 8. We note that the variation trend of 
propargyl radical shows the synergistic phenomenon over the 
range of ethylene/methane mixture. Therefore, the synergistic 
phenomenon can be examined by further tracking the formation 
of C3H3. 
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Fig. 8 Variations of pyrene (A4) and propargyl (C3H3). 
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Fig. 9 Variations of AC3H4 and PC3H4. 
 

The pathway analysis indicates that the two important 
formation reactions of C3H3 are AC3H4 + H = C3H3 + H2 and 
PC3H4 + H = C3H3 + H2. Since the flame temperatures do not 
change very much, as shown in Fig.7, the formation of C3H3 
mainly depends on the concentrations of H, AC3H4 and PC3H4. 
The simulation shows and it is easy to understand that the 

concentration of H radical monotonically increases with the 
increase in the fraction of carbon from methane. Therefore, we 
only examine the variations of AC3H4 and PC3H4 
concentrations. Figure 9 shows that AC3H4 monotonically 
decreases, whereas PC3H4 first increases and then decreases, 
when the fraction of carbon from methane increases. 
Accordingly, the synergistic phenomenon is caused by the 
variation in the formation of PC3H4.  

Further analysis reveals that the primary formation reaction 
of PC3H4 is C2H2 + CH3 = PC3H4 + H, suggesting that the 
formation of PC3H4 depends on the concentrations of C2H2 and 
CH3. Figure 10 shows that the concentration of CH3 
monotonically increases with the increase in the fraction of 
carbon from methane. This is easy to understand, since methane 
produces more CH3. The concentration of C2H2 monotonically 
decreases, as shown in Fig. 6. Therefore, the combined effects 
of the variations in the concentrations of C2H2 and CH3 result in 
the synergistic phenomenon in the variation of PC3H4 and 
finally the variation of the maximum soot yield for the 
preheated case in Fig. 3. For the non-preheated case, the 
slighter synergistic phenomenon in the variation of PC3H4 
cannot cause the final synergistic phenomenon in the maximum 
soot yield. 
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Fig. 10 Variation of CH3. 
 

 

 
CONCLUSIONS 

 
The characteristics of soot formation in laminar diffusion 

flames employing ethylene/methane mixture have been 
investigated by detailed numerical simulation. The numerical 
results have qualitatively captured the phenomena observed 
experimentally. A synergistic phenomenon is observed for the 
variation of the maximum soot yield over the range of 
ethylene/methane mixture when the temperatures of both fuel 
mixture and air are preheated so that the adiabatic flame 
temperature are same for all the flames. Detailed analysis of the 
numerical results suggests that the synergistic phenomenon is 
caused by the combined effects of the variations in the 
concentrations of C2H2 and CH3 radical. When the fraction of 
carbon from methane in fuel mixture increases, the 
concentration of C2H2 monotonically decreases, whereas that of 
CH3 radical increases, resulting in the synergistic phenomenon 
in the variation of C3H3 radical concentration, due to the 
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reactions C2H2 + CH3 = PC3H4 + H and PC3H4 + H = C3H3 + 
H2. This synergistic phenomenon causes a qualitatively similar 
variation trend in the concentration of pyrene. Consequently, 
the synergistic effect occurs for soot inception and PAH 
condensation rates, leading to the synergistic phenomenon in 
soot yield. The similar synergistic phenomenon is not observed 
in the variation of peak soot volume fraction, since the 
maximum surface growth rate monotonically decreases, as the 
fraction of carbon from methane in fuel mixture increases. As 
for the non-preheated case, the slighter synergistic phenomenon 
in the variation of PC3H4 is not enough to cause the final 
synergistic phenomenon in the maximum soot yield.  
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