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a b s t r a c t 

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. 

(2015), 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 qual- 

itative 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 forma- 

tion in gasoline flames . Soot production is enhanced monotonically with increasing the 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 con- 

tent. 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 path- 

ways responsible for the synergistic effects on benzene and pyrene production are respectively C 6 H 5 CH 3 

(toluene) + H ↔ A1 (benzene) + CH 3 and A3- (C 14 H 9 ) + C 2 H 2 ↔ A4 (pyrene) + H. 

Crown Copyright © 2017 Published by Elsevier Inc. on behalf of The Combustion Institute. All rights 

reserved. 

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 transporta- 

tion sector is largely responsible for black carbon emissions in de- 

veloped 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 com- 

pared to the traditional port fuel injection (PFI) gasoline engines, 

which helps lower CO 2 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 vari- 

ous physical and chemical factors on soot formation to reduce soot 

emissions. Although it is important to investigate the effects of 
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these factors on soot emissions from GDI engines, it is challenging 

to isolate the influence of a particular factor, such as fuel chem- 

istry, on soot formation, as the high sensitivity of soot emissions 

from a GDI engine to various engine parameters can mask the ef- 

fect of this particular factor on soot formation. In order to circum- 

vent this drawback, well-controlled laminar diffusion flames have 

been often used [3–7] . 

Gasoline consists of hundreds of aliphatic and aromatic hy- 

drocarbon species. In order to make CFD analysis of gasoline en- 

gine performance and pollutants emissions tractable, it is neces- 

sary 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 

(nC 7 H 16 ), iso-octane (iC 8 H 18 ) and toluene (C 6 H 5 CH 3 ) [8] . The bi- 

nary mixtures of n- heptane and iso-octane are referred to as the 

primary reference fuels (PRF) for octane ratings. A binary mix- 

ture of n- heptane and iso-octane corresponds to a particular oc- 

tane number or octane rating. Most gasoline surrogates are com- 

posed of toluene (C 6 H 5 CH 3 ), iso-octane (i-C 8 H 18 ), and n- heptane 
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(C 7 H 16 ), also known as toluene reference fuels (TRFs) [8–12] . This 

has motivated the development of full and skeletal kinetic mecha- 

nisms for gasoline surrogates involving polycyclic aromatic hydro- 

carbons (PAHs), which are a prerequisite to model soot production 

[3 , 12–14] . 

Several experimental studies based on well-controlled lami- 

nar 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 experimen- 

tally investigated in a laminar coflow heated methane/air diffusion 

flame at atmospheric pressure by doping methane with a small 

amount of vaporized liquid fuels (220 0–230 0 ppm) [4] . Kashif et 

al. conducted similar experiments to characterize the fuel soot- 

ing propensity of binary mixtures of n- heptane and iso-octane, n- 

heptane and toluene, and iso-octane and toluene [5 , 6] . They con- 

sidered laminar CH 4 /air coflow diffusion flames doped with these 

vaporized binary mixtures. The sooting tendency of these binary 

mixtures was determined by considering the Yield Sooting In- 

dices (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 in- 

crease 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-by-volume model. In addition, the experi- 

mental data showed a larger degree of non-linear behaviour 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 ex- 

perimental 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 de- 

fined in a consistent manner with previous studies on soot and 

PAH formation and refers to the case when a mixture fuel (contain- 

ing two hydrocarbons) can produce more PAH and/or soot as com- 

pared 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 fo- 

cus 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 compre- 

hensive understanding of soot formation in diffusion flames fuelled 

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 frac- 

tion of toluene, X tol , which is varied between 0 (pure n-heptane or 

iso-octane) and 1 (pure toluene). The burner consists of two con- 

centric 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 at 

400 cm 

3 /min and 10.13 cm 

3 /min (at 20 °C and 1 atm), respectively. 

This leads to a mole fraction of the vaporized binary fuel mixture 

of 2.47 × 10 −2 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 

( 1 + αsa ) E(m ) , where αsa 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 tol . It should be pointed out that varying the refraction index from 

0.28 to 0.308 as X tol varies from 0 to 1 modifies the measurements 

of soot volume fraction by only about 10 %, which is significantly 

less than the experimental uncertainty related to the value of E ( m ) 

itself. Further details of the experimental setup and soot measure- 

ments using the LEM technique can be found in [5,6] . 

3. Numerical model 

The governing equations and 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 par- 

ticle number densities are solved to describe the soot particle dy- 

namics [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 2 , and 

H 2 O [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 devel- 

oped by Raj et al. [14] for gasoline surrogate fuel involving mix- 

tures 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 mecha- 

nism 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. As a 

validation study, the shortened Raj et al. mechanism described in 

[24] and the combined mechanism were used to predict the flame 

structure of a laminar premixed n-heptane flame and the predicted 

mole fraction distributions of several hydrocarbon species are com- 

pared with available experimental data in the Supplementary In- 

formation. 

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 di- 

mension 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 stud- 

ies [7 , 19–21] , 35 sections were used with a spacing factor of 2.35. 
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