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Abstract:

The laminar coflow nitrogen-diluted methane/air diffusion flames doped with a small amount
of n-heptane/toluene and iso-octane/toluene binary mixtures, investigated experimentally by
Kashif et al. [Combust. Flame 162 (2015) 1840-18476], were simulated numerically by using
a detailed reaction mechanism and a sectional polycyclic aromatic hydrocarbon (PAH)-based
soot model. The numerical model provides results in reasonable qualitative agreement with
the experimental data by using the same chemical mechanism, the same soot model, and the
same set of constants employed successfully in a previous study to model the effects of n-
heptane/iso-octane doping, demonstrating that this overall model is promising to model soot

formation in gasoline flames. Soot production is enhanced monotonically with increasing the
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toluene content in either the n-heptane/toluene or iso-octane/toluene doping fuel mixture. The
increase in benzene and pyrene production displays a non-monotonic and synergistic response
to the increase in toluene content. These numerical results are consistent with available
experimental results as far as the trends in the effects of increasing the toluene content are
concerned. Model results show that the dominant pathways responsible for the synergistic

effects on benzene and pyrene production are respectively CcHsCHj3 (n-heptane) + H <= Al

(benzene) + CH; and A3- (Cy4Hy) + CoH, <= A4 (pyrene) + H.

Key words : Laminar coflow diffusion flame; Gasoline Surrogate; Toluene reference fuels;

PAH-based soot model; Synergistic effects.



1. Introduction

Emissions of soot produced during incomplete combustion from various combustion systems,
such as internal combustion engines and biomass burning, into the atmosphere have become a
serious environment and health concern worldwide [1, 2]. The transportation sector is largely
responsible for black carbon emissions in developed countries and most of the on-road
vehicles are powered by gasoline engines. The newly developed gasoline direct injection
(GDI) engines offer better fuel economy by about 5 to 15% as compared to the traditional port
fuel injection (PFI) gasoline engines, which helps lower CO, emissions. Unfortunately, GDI
engines emit much more soot due to the stratified combustion mode in such engines. It is
therefore desirable to understand the effects of various physical and chemical factors on soot
formation to reduce soot emissions. Although it is important to investigate the effects of these
factors on soot emissions from GDI engines, it is challenging to isolate the influence of a
particular factor, such as fuel chemistry, on soot formation, as the high sensitivity of soot
emissions from a GDI engine to various engine parameters can mask the effect of this
particular factor on soot formation. In order to circumvent this drawback, well-controlled

laminar diffusion flames have been often used [3-7].

Gasoline consists of hundreds of aliphatic and aromatic hydrocarbon species. In order to make
CFD analysis of gasoline engine performance and pollutants emissions tractable, it is
necessary to develop surrogate fuel models, i.e., a simple mixture of few hydrocarbon
compounds formulated in such a way that it has similar physical, chemical, and combustion
characteristics as the real fuel. The primary constituents of gasoline are n-heptane (nC7H¢),
iso-octane (iCsH;g) and toluene (C¢HsCHj3) [8]. The binary mixtures of n-heptane and iso-
octane are referred to as the primary reference fuels (PRF) for octane ratings. A binary

mixture of n-heptane and iso-octane corresponds to a particular octane number or octane
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rating. Most gasoline surrogates are composed of toluene (C¢HsCH3), iso-octane (i-CgHisg),
and n-heptane (C;Hj6), also known as toluene reference fuels (TRFs) [8-12]. This has
motivated the development of full and skeletal kinetic mechanisms for gasoline surrogates
involving polycyclic aromatic hydrocarbons (PAHs), which are a prerequisite to model soot

production [3, 12-14].

Several experimental studies based on well-controlled laminar diffusion flames and aiming to
understand soot formation in gasoline surrogates were reported. The sooting tendencies of
gasoline, diesel, jet-A fuels and their surrogates were experimentally investigated in a laminar
coflow heated methane/air diffusion flame at atmospheric pressure by doping methane with a
small amount of vaporized liquid fuels (2200-2300 ppm) [4]. Kashif et al. conducted similar
experiments to characterize the fuel sooting propensity of binary mixtures of n-heptane and
iso-octane, n-heptane and toluene, and iso-octane and toluene [5, 6]. They considered laminar
CHy/air coflow diffusion flames doped with these vaporized binary mixtures. The sooting
tendency of these binary mixtures was determined by considering the Yield Sooting Indices
(YSI) based on n-hexane and benzene. The soot production tendency of PRF was found to
increase linearly with the volume fraction of iso-octane [5]. In contrast, the sooting tendency
of n-heptane/toluene and iso-octane/toluene mixtures was found to increase in a non-linear
and monotonic fashion with the toluene mole fraction [6]. In other words, the peak soot
volume fraction in these binary mixture doped flames was found to be higher than that from a
simple linear-per-volume model. In addition, the experimental data showed a larger degree of
non-linear behavior in iso-octane/toluene mixtures than that in n-heptane/toluene mixtures [6].
The non-linear variation of the peak soot volume fraction with toluene content in the binary
mixtures is consistent with the experimental study of Choi et al. [3] conducted in n-

heptane/toluene and iso-octane/toluene mixtures in soot formation/soot oxidation counterflow



diffusion flames. Moreover, the experimental results of Choi et al. [3] showed that there exists
a synergistic effect in PAH production in these mixtures, especially in iso-octane/toluene
mixture, but not in soot formation. The synergistic effect is defined in a consistent manner
with previous studies on soot and PAH formation and refers to the case when a mixture fuel
(containing two hydrocarbons) can produce more PAH and/or soot as compared to the
individual pure fuels [3, 14-18].This study intends to gain fundamental understanding into the
effects of fuel chemistry of a TRF gasoline surrogate on soot formation. In particular, the
focus is on the chemical kinetic interactions between iso-octane and toluene and between n-
heptane and toluene with respect to PAH and soot formation. This study is complementary to
the previous studies [5, 19], where soot formation in laminar coflow methane/air diffusion
flames doped with iso-octane and n-heptane blends was conducted experimentally and
numerically, to gain a more comprehensive understanding of soot formation in diffusion

flames fueled with binary mixtures of TRF components.

2. Experiments

The laminar coflow diffusion flames studied experimentally by Kashif and coworkers [6] are
simulated. In these experiments, measurements of soot volume fraction distribution were
conducted in laminar coflow nitrogen-diluted methane diffusion flames doped with binary
mixtures of either n-heptane and toluene or iso-octane and toluene at atmospheric pressure.
The oxidizer is pure air. The composition of the binary mixture is identified by the volume
fraction of toluene, X;,;, which is varied between 0 (pure n-heptane or iso-octane) and 1 (pure
toluene). The burner consists of two concentric steel tubes of 11 mm (for fuel) and 102-mm
(for oxidizer) inner diameter, respectively. The carrier gas, with a composition of 50%
methane/50% nitrogen by volume, and the dopant (binary mixtures of n-heptane/toluene or

iso-octane/toluene) flow through the central fuel tube and their volumetric flow rates are kept
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at 400 cm’/min and 10.13 cm’/min (at 20°C and 1 atm), respectively. This leads to a mole
fraction of the vaporized binary fuel mixture of 2.47x10 in the fuel stream. The fuel line is

maintained at about 423 K to prevent the condensation of the dopant.

The distribution of soot volume fraction was measured by a 2D light extinction measurement
(LEM) technique at 645 nm. The value of the soot absorption refractive index function, E(m),

corrected to take into account the contribution of scattering ((l +a, )E (m) where o, is the

relative contribution of scattering to extinction) is taken equal to 0.28 for n-heptane and iso-
octane and 0.308 for toluene [6]. For binary mixtures of n-heptane/toluene and iso-
octane/toluene, this value is assumed to vary linearly with X,,. It should be pointed out that
varying the refraction index from 0.28 to 0.308 as X, varies from 0 to 1 modifies the
measurements of soot volume fraction by only about 10 % which significantly less than the
experimental uncertainty related to the value of E(m) itself. Further details of the experimental

setup and soot measurements using the LEM technique can be found in [5, 6].
3. Numerical model

The governing equations and the solution method have been given in previous studies [7, 19,
20] and will be described only briefly. The numerical model solves the conservation equations
for mass, momentum, gas-phase species mass fraction, and energy in the low Mach number
formulation and in axisymmetric coordinates by using a finite volume method and the
SIMPLE algorithm. Additional transport equations for sectional soot aggregate and primary
particle number densities are solved to describe the soot particle dynamics [7]. The
divergence of the radiative flux was computed by the discrete ordinate method coupled to a
statistical narrow-band-correlated k-based wide-band model for properties of CO, CO,, and

H,0 [21]. The spectral absorption coefficient of soot was obtained by Rayleigh’s theory.



The reaction mechanism was assembled by merging the PAH formation and growth sub-
mechanism developed at DLR [22, 23] to the non-PAH part of a shortened version of the
mechanism developed by Raj et al. [14] for gasoline surrogate fuel involving mixtures of n-
heptane, iso-octane, and toluene. The shortened version of Raj et al. mechanism was
described in [24] and the assembled hybrid mechanism for gasoline surrogate based on the
DLR PAH sub-mechanism and the shortened Raj et al. non-PAH mechanism was described in
detail in [19]. The final mechanism consists of 175 chemical species and 1175 reactions. The
validation of this mechanism has been documented by Raj et al. [14]. The replacement of the
original PAH sub-mechanism of Raj et al. [14] by that of DLR is not expected to alter its
performance in flame modelling other than concentrations of PAHs, which are in general very

low.

The fixed sectional soot model has been used and described in several previous studies, e.g.
[20]. The range of soot aggregate mass is divided into a number of discrete sections, each
with a prescribed representative mass [20]. In each section, all the soot aggregates are
assumed to be identical and to be comprised of equally sized spherical primary particles and
to have a fractal dimension of 1.8. The evolution of each section is governed by two transport
equations for the number densities of soot aggregate and primary particle [20]. The incipient
soot particles are assumed to be spherical and belong to the first section. As in previous
studies [7, 19-21], 35 sections were used with a spacing factor of 2.35. Coagulation terms are
calculated using the same method given in Ref. 25. The soot kinetics model is based on the
work of Appel et al. [26]. Soot inception is assumed to be the result of collision of two pyrene
molecules (A4). All the A4-A4 collision leads to the formation of a soot particle. Surface
growth and oxidation are assumed to follow the HACA mechanism, with the model

parameters taken as those prescribed in the original version [26], except the steric factor a.



Based on our recent study using the same assembled hybrid gasoline surrogate mechanism for
modelling soot formation in laminar coflow methane/air diffusion flames doped with iso-
octane and n-heptane blends [19], the same steric factor of o = 0.1 was also used in the
present calculations. Soot surface growth through PAH surface condensation was also taken
into account and modelled as the condensation of A4 molecules colliding with soot aggregates

[26]. A PAH condensation efficiency is introduced and assumed to be 0.5 [20].

It should be pointed out that the sub-models for gas-phase chemistry and soot production and
the set of model parameters are all the same as those considered in Ref. 19. They were found
to provide a reasonably good description of soot production in laminar coflow diffusion
flames of methane doped with different blends of n-heptane and iso-octane. As a
consequence, the present study presents additional more challenging cases in the validation of
these models for predicting soot production in methane doped flames with other binary TRF

components involving toluene.

Numerical calculations were performed according to the experimental conditions of Kashif et
al. [6] in a domain of 9.82 c¢cm (z) X 4.71cm () using 210 (z) x 88 (r) control volumes. A non-
uniform mesh was used with a resolution of 0.01 c¢cm in the r-direction and 0.01375 c¢m in the
z-direction near the burner exit. At the fuel inlet a parabolic velocity profile was considered
with a mean stream velocity of 7.19 cm/s. At the oxidizer stream, the inlet temperature was

set at 293 K and a uniform velocity of 12.32 cm/s was assigned.

4. Results and discussion

Figure 1 compares the computed temperature distributions in the n-heptane/toluene doped
flames of different X,,. A similar behavior is also observed for iso-octane/toluene doped

flames. Increasing the toluene percentage in the binary n-heptane/toluene or iso-
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octane/toluene doping mixture has only a minor effect on the total carbon flow rate, the
carbon-to-hydrogen ratio, or the oxidizer-to-fuel mass ratio. As a consequence, the peak flame
temperature, which occurs in the annular region low in the flame around z = 2 cm, and the
stoichiometric flame height, defined as the axial location of the maximum temperature, are
only slightly decreased and increased, respectively, as more toluene is added to the n-
heptane/toluene blend. The residence times of a fluid parcel to reach a given height in these
flames are therefore expected to be nearly the same. Although the peak flame temperature is
only slightly lowered (by 11 K), the temperatures in the centerline region around the flame tip
are actually significantly reduced with increasing X, from 0.2 to 0.8. This is explained by the
enhanced radiative heat loss associated with the increase in soot loading with increasing X,

shown below.
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The distributions of computed soot volume fraction are compared with those of experimental
measurement in both the n-heptane/toluene doped and iso-octane/toluene doped flames in Fig.
2. The experimental data (top plots in Fig. 2) show that, in both binary mixtures, the increase
in the percentage of toluene in the mixture leads to a monotonic increase in the peak soot
volume fraction i.e., in soot production. However, there is no synergistic effect in soot
formation in these binary mixture doped flames. In addition, for a given value of X, the iso-
octane/toluene doped flames, top right plots in Fig. 2, produce more soot than the n-
heptane/toluene doped flames, top left plots in Fig. 2. The higher soot volume fractions in the
iso-octane/toluene doped flames are somewhat expected, since the sooting propensity of iso-
octane is known to be higher than that of n-heptane [3,5,19].The experimental results of
Kashif et al. [6] obtained in laminar co-flow diffusion flames, shown in the top panels of Fig.
2, are consistent with those of Choi et al. [3] obtained in counterflow diffusion flames. The
experimental soot volume fractions also suggest that the luminous flame height behaves
differently from the stoichiometric flame height as Xy, is increased. The increase in the
luminous flame height with increasing X, is related to the increase in soot loading, which
requires more time to be fully oxidized. Overall, the trends in the numerical results shown in
the bottom panels of Fig.2 agree qualitatively well with the experiments, i.e., the peak soot
concentration increases with increasing X;,; and is higher in iso-octane/toluene doped flames
than in n-heptane/toluene doped ones. The predicted “luminous flame” height increases also
with X1, though the rate of increase seems to be lower than that observed experimentally. The
main deficiency in the predicted soot volume fraction distributions lies in the significant
underestimation in the centreline region of the upper portion of the flames, which has been
frequently observed in previous numerical studies of soot formation in laminar coflow
diffusion flames [7, 19]. The predicted peak soot volume fraction occurs in the annular region

of the flame wing, regardless of the toluene content in the doping mixture. On the other hand,
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the measured soot volume fraction in these liquid fuel doped methane/air flames displays high
values in the flame centreline region, which agrees with several recent experimental
measurements of soot volume fraction distribution in laminar coflow diffusion flame fuelled
with vaporized liquid fuels [4-7]. The occurrence of high soot concentrations in the flame
centreline region is an interesting feature of liquid hydrocarbon fuels. The deficiency in the
predicted soot volume fraction distribution is highly likely caused by the oversimplified
assumption that soot nucleation is initiated by collision of two pyrene molecules, whereas in

reality soot nucleation perhaps involve multiple PAHs [12,27,28]

Although the predicted peak soot volume fractions are about 30% lower than the measured
peak values, the discrepancy in the peak soot volume fraction between prediction and
experiment is likely smaller if one realizes that the employed value of E(m) (0.28) in the
experiments [6] is about 30% lower than the recently recommended value of 0.35 for soot

E(m) in the visible spectral region by Coderre et al. [29].
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Figure 2. Measured (top row) and computed (bottom row) distributions of soot volume

fraction in n-heptane/toluene doped flames, (a) and (b) (left column), and in iso-

octane/toluene doped flames, (c) and (d) (right column), for X, between 0.2 and 0.8.

The variation of the peak soot volume fraction with X, is plotted in Fig. 3a. As mentioned
previously, fsma, increases monotonically with X;,; in both the n-heptane/toluene and iso-
octane/toluene doped flames. The experimental variations are clearly non-linear. It appears
that adding toluene to n-heptane or iso-octane produces more soot than expected from the
simple linear-by-volume model [6]. The computed fs..c follows a similar trend to the
experiments, increasing monotonically with X;,; and exhibiting a similar non-linear behaviour,

albeit the overall variation with X, is somewhat less significant than that of measurements,

Fig. 3(a).
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Figure 3. Variations of the peak soot volume fraction and other soot related quantities with
Xoor: (a) the measured and predicted peak soot volume fraction, (b) the computed peak
nucleation rate and A4 molar concentration, (c) the computed peak condensation rate, A4
molar concentration, and soot surface area density, and (d) the computed peak HACA surface

growth rates, soot surface area density, and the number of de-hydrogenated sites.
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where ¢ is any quantity of interest, such as soot volume fraction or soot surface growth rate.
E. is positive when the actual quantity is higher than the value from the linear-by-volume

model, i.e., @, (X ol ) > ¢, (X ol ) The larger the value of E is, the stronger the non-linearity in

¢ is. The determination of E. in the case of the experimental data of peak soot volume fraction
shows that the non-linearity is stronger in iso-octane/toluene doped flames (£, = 1.07) than
that in n-heptane/toluene doped flames (£; = 0.59). However, the predicted soot volume
fractions show that the non-linearity of the peak soot volume fraction in the n-heptane/toluene
doped flames (£, = 0.63) is higher than that in the iso-octane/toluene doped flames (E, =
0.37). It is noticed that this disagreement between the model and experiments merely reflects
the fact that the predicted peak soot volume fraction in n-heptane/toluene doped flames has a
larger departure from the linear increase with X than that in iso-octane/toluene doped flames
shown in Fig. 3(a), while the opposite is true in the measurements. The departure from the
linear variation with Xi,, i.e., non-linearity, is a higher-order effect. What is much more
important is the fact that the model correctly predicts the main features of the results shown in
Fig. 3(a): the peak soot volume fractions increase with increasing X, and are higher in iso-
octane/toluene doped flames than those in n-heptane/toluene doped flames, in agreement with

the experimental measurements.

Although there are deficiencies in the current PAH/soot models, as reveled in the mismatch
between the modeled and measured peak soot volume fraction locations and the different
degrees of non-linearity in the peak soot volume fraction with respect to X, variation, it is
believed that the model is still capable of identifying the dominant pathways responsible for
the enhanced production in PAH and soot with increasing X, based on the overall qualitative

agreement between the predicted and measured soot volume fractions shown in Figs. 2 and

3(a).

The mechanisms responsible of the synergistic effects are analysed at the locations where soot

nucleation, PAH condensation, and surface growth through HACA rates peak. It is recognized
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that these peak soot formation rates occur at different locations in a given flame and even
differ from those in the experiments. However, such analysis is followed as a convenient way
to identify the main mechanisms responsible for the non-linear responses of soot nucleation

and surface growth through HACA and PAH condensation. The maximum rates for inception,

w

nucl >

and PAH condensation, @,,,,, occur along the flame centreline; however, the peak for

ond >

surface growth by C,;H, addition through HACA, g, appears along the flame wing. The

maximum rates for inception, PAH condensation, and surface growth through HACA are
plotted in Figs. 3(b), 3(c) and 3(d), respectively. Model results show that the HACA surface
growth process dominates the mass growth of soot particles. Figures 3(c)and 3(d) show that
the peak HACA surface growth rates are approximately an order of magnitude higher than the
peak PAH condensation rates, which are in turn higher than the peak inception rates, shown in
Fig. 3(b), by a factor of about 3 to 4. The three soot formation rates are lower in the pure n-
heptane or pure iso-octane (X;,; = 0) doped flames than those in the pure toluene (X,,; = 1)
doped ones. Between these two limits they increase monotonically with X, with the
exception of the peak nucleation rate in iso-octane/toluene doped flames, which exhibits a
synergistic effect and reaches a maximum at X,,; = 0.6, Fig. 3(b). In addition, all the soot
formation rates display a non-linear relationship with X;,; This suggests that all the three
modes of soot mass growth, especially the HACA surface growth which contributes for most
of the soot production, are likely responsible for the non-linear behaviour of fs ., shown in

Fig. 3(a).

The temperatures, 7, were found to remain nearly constant at the locations where soot
reaction rates peak as X, increases. As a consequence, temperature plays a negligible role in
how these soot formation rates vary with the toluene content in the binary doping fuel
mixtures. In addition, the pathways responsible for the non-linear behaviour of soot formation
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rates were found to be the same in both n-heptane/toluene and iso-octane/toluene doped
flames. As a consequence, to facilitate the understanding of results shown in Figs. 3(b), 3(c),
and 3(d), the following discussion will be focused on only one blend (either n-

hepthane/toluene or iso-octane/toluene).

In this study soot nucleation is modelled by the collision between two pyrene molecules [25,

26] [26]:

Byer = [AFNT (2)

where [A4] is the molar concentration of pyrene. The variation of [A4] at the location of the
peak nucleation rate with X, is also displayed in Fig. 3(b) in the iso-octane/toluene doped
flames. It is evident the molar concentration of A4 displays a synergistic effect with respect to

increase in Xy, and peaks at Xi, = 0.6, which explains why ;in iso-octane/toluene doped

wnuc

flames also peaks at X, = 0.6.

The soot mass growth by PAH condensation is modelled by the collision between soot
particles and pyrene molecules. As a consequence, it depends in a nonlinear fashion on
temperature, pyrene concentration, and soot particle size. Figure 3(c) shows the variation of
both [A4] and the soot surface area density, 4s, with X, at the locations where the PAH
condensation rates peak in n-heptane/toluene doped flames. Once again, [A4] exhibits a
synergistic effect and peaks at X, = 0.2, Fig. 3(c), though [A4] does not vary significantly
with Xi, at the location of peak PAH condensation rates. Clearly, the increase in the PAH
condensation rate of soot growth with increasing X, results from an increase in both [A4] and
As. On the other hand, the soot surface area density As increases almost linearly with X,,; due

to enhancement in both the soot number density, V, and the surface area per soot particle, As),
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i.e., a direct consequence of increased soot loading as more toluene is added to the fuel

mixture. The non-linear effects have been found to be more pronounced in @,,,, (£ = 0.62

on
from Eq. (1)) than in [A4] (E, = 0.44). At this point, it is useful to point out that the predicted
synergistic effects in PAH concentration (here A4), but not in soot volume fraction, and the
stronger synergistic effect of A4 in iso-octane/toluene doped flames than that in n-
heptane/toluene ones, are consistent with the findings of Choi et al. [3] in their experimental
investigation of counterflow diffusion flames. Such qualitative agreement supports the notion
that the present reaction mechanism and soot model are capable of capturing the overall
influence of toluene content in binary doping fuel mixtures of n-heptane/toluene and iso-

octane/toluene on PAH and soot formation.

The soot surface growth is modelled using the HACA mechanism [26]:

Wi * ky [CzH 2 ]ASXCW 3)

where k4 is only a function of temperature [26]. [CoHz] and % csoot are the molar concentration

of acetylene and the number of de-hydrogenated sites per unit soot surface area (cm?), given

by:

(e [X 1+ 5 [X oy D cvporis
kX i 1+ k[ X o 1+ K[ X o 1+ k5[ X, ]

X Csoot — (4)

where [Xj] represents the molar concentration of species i. The expressions of the reaction rate
constant k; can be found in Ref. [26]. Model predictions have shown that [C;H,] is almost
constant at the locations of the peak HACA surface growth rate at different Xi,;. The non-

linear relationship followed by the maximum value of @y as a function of X, can then only

be due to As and/or ¥csoor. Their variations with Xi, at the location where @g; is maximum
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are plotted in Fig. 3(d) in n-heptane/toluene doped flames. The soot surface area density Ag
increases monotonically and in a non-linear manner with X;,;. On the other hand, %csoot
decreases nearly linearly with X, due primarily to a decrease in H radicals (not shown). It
was found that the non-linearity in the product Asx xcsoot (£- = 0.60) is slightly stronger than

that in 4s (E, = 0.51).

The results discussed above reveal how a variation in the toluene content in the binary doping
fuel mixture affects the soot formation processes. Figure 4 shows the maximum molar
concentrations of benzene (A;), naphthalene (A,), phenanthrene (Aj3), and pyrene (A4) as a
function of X, in the iso-octane/toluene doped flames. The same trends can also be observed
for those in the n-heptane/toluene doped flames. It is clear that the concentration of A4
displays a synergistic effect and peaks at Xi,; = 0.6. It should be pointed out that the variation
of the maximum [A4], Fig 4, is consistent with that observed at the location of the peak
nucleation rate shown in Fig. 3(b). The variations of A; and A4 concentrations with X,
display a synergistic effect, but not those of A, and Aj, in qualitative agreement with the
experimental observations of Choi et al. made in soot formation and soot formation oxidation

counterflow diffusion flames [3].
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Figure 4. Variations of the peak molar concentrations of A, A,, A3, and A4 with X, in iso-
octane/toluene doped flames.
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The variation of the reaction rates of all the reactions leading to the production of A;, Ay, As,
and Ay as a function of X, has been analyzed. The following reaction
C,Hg + H < 4, + CH, (RO)

was found to be responsible for the synergistic effects for A; shown in Fig. 4. Fig. 5(a) shows
the maximum normalized reaction rate in the case of the iso-octane/toluene doped flames as a
function of X, as well as the corresponding normalized molar concentrations for the species
involved in this reaction (R0). The same behaviour also occurs in the n-heptane/toluene
flames. As X, increases, the molar concentration of toluene (C;Hg) increases monotonically,
whereas that of H decreases monotonically. These opposite evolutions are consistent with
those reported by Raj et al. [14] for the soot formation and soot formation/oxidation laminar
counterflow diffusion flames and are responsible for the synergistic effects observed for Aj.
The maximum reaction rate of RO displays a synergistic effect and peaks at X1 = 0.8, Fig.
5(a).

The formation of A, is dominated by the following three reactions:

2CsHs < A, +2H (Rl)
Az- +H e Az (R2)
C]ng + H Aad A2+H2 (R3)

The last reaction, R3, was found to exhibit a strong synergistic effect. The production of Aj is

mainly due to the following reactions:

A2R5 (blphenyl) + C2H2 — A3 (R4)
Ax+ C4Hy — Aj (R5)
A3- +H e A3 (R6)
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Model results show that there is a synergistic effect in the reaction rate of RS. Finally, the
reaction
A3- + C2H2 <> A4 +H (R7)

is found largely responsible for the production of A4 and the observed synergistic effects.
Figures 5(b), 5(c) and 5(d) show the variation of the maximum normalized reaction rates of
R3, R5 and R7 and the corresponding molar concentrations of the species involved in these
reactions with Xy, for the iso-octane/toluene doped flames. The results show that, consistently
with the findings of Raj et al. [14], the synergistic effects are likely to occur in the reactions in
which the concentrations of the two reactants evolve oppositely with X, see RO and R7 for
example. It is interesting to point out that A, does not display a synergistic effect, Fig. 4, even

though there is a strong synergistic effect in the reaction rate R3 shown in Fig. 5(b).
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Figure 5. Normalized reaction rates and species concentrations for the main reactions
responsible for the production of: (a) Ay, (b) Az, (c) As, and (d) As. These results are for the
iso-octane/toluene doped flames.

5. Concluding remarks
Axisymmetric laminar coflow nitrogen-diluted methane diffusion flames doped with binary
mixtures of n-heptane/toluene and iso-octane/toluene were simulated using a fairly detailed

reaction mechanism for gasoline surrogate and a PAH-based sectional soot model to gain
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insights into the influence of toluene content on soot formation. The following conclusions
can be drawn:

(1) The numerical model predicts that the peak soot volume fractions in both the n-
heptane/toluene and iso-octane/toluene doped flames increase with increasing the toluene
content in these binary doping mixtures and more soot is produced in iso-octane/toluene
doped flames. These results are in qualitative agreement with experimental measurements and
were obtained by using the same chemical mechanism, the same soot model, and the same set
of soot model constants used in a previous study to model soot formation in n-heptane/iso-
octane doped methane diffusion flames. This model performs fairly consistent in modelling
soot formation in laminar methane diffusion flames doped with any two components of the
toluene reference fuels for gasoline surrogate using the hybrid reaction mechanism.

(2) The model is capable of reproducing the experimentally observed phenomena of the non-
linear increase in soot formation and the synergistic effects in benzene and pyrene production
with increasing the toluene content in both the n-heptane/toluene and iso-octane/toluene
doped laminar methane diffusion flames.

(3) The overall flame model failed to predict the correct soot volume fraction distributions in
the diffusion flames investigated, i.e., the model predicted that the peak soot volume fraction
occurs along the flame wing, while the experimental measurements indicate that the high soot
volume fractions appear in the flame centerline region. Further improvements in the soot
nucleation sub-model are required to take into account soot nucleation by collision of other

PAH molecules in addition to pyrene.

(4) Reactions responsible for the synergistic effects of n-heptane/toluene and iso-
octane/toluene doping to methane on benzene (A1) and pyrene (A4) formation were found to

be C7H8 +H < Al + CH3 and A3- + Csz > A4 + H.
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List of figure captions

Figure 1. Distributions of temperature in n-heptane/toluene doped flames for different X
Figure 2. Measured (top row) and computed (bottom row) distributions of soot volume
fraction in n-heptane/toluene doped flames, (a) and (b), and in iso-octane/toluene doped
flames, (c) and (d), for different X

Figure 3. Variations of the peak soot volume fractions and other soot related quantities with
Xoot: (2) peak soot volume fractions, (b) peak nucleation rates and A4 concentration, (c) peak
condensation rates, A4 concentration, and soot surface area density, and (d) peak HACA
surface growth rates, soot surface area density, and the number of de-hydrogenated sites.
Figure 4. Variations of the peak molar concentration of A;, As, Az, and A4 with Xy, in iso-
octane/toluene doped flames.

Figure 5. Normalized reaction rates and species concentration for the reactions responsible of
the synergistic effects for the production of: a) Aj, b) Ay, ¢) A3 and d) A4. These results are

for the iso-octane/toluene flames.
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