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ABSTRACT 
The formation of ammatic compounds such as toluene, naphthalene and phenylacetylene is 
discussed in the context of soot nucleation in flames. Detailed kinetic mction steps have been 
reviewed and a reaction mechanism has been constructed. It is shown that good quantitative 
agreement between computations and measurements can be obtained for minor aromatic 
compounds in premixed benzene flames with the notable exception of naphthalene. Benzene 
flames have been preferred on the grounds that the uncertainties associated with the formation of 
the first ring can be avoided and as a detailed reaction mechanism for benzene oxidation has 
recently been proposed. Special attention has been given to species and processes, such as the 
HACA sequence, which are generally considered essential to the soot nucleation process. 

INTRODUCTION 
To develop a predictive capability for the formation of PAH and soot in laminar and turbulent 
flames is of fundamental scientific and practical interest. For diffusion flames with Cl-C3 fuels it 
has been shown [l] that predictions of soot are insensitive to the exact nature of the nucleation 
process for a wide range of conditions. For example, an ad hoc approximation assigning a C6o 
shell as a typical particle size where mass growth becomes dominant over nucleation, has been 
shown [l] to be satisfactory, provided that nucleation occurs close to the correct location in the 
flame structure. By contrast, it is reasonable to expect that in premixed flames the dynamics of 
the nucleation process becomes more important due to shorter time scales. Thus while the use of 
benzene [l], or even ethyne [2] ,  as indicative species has been shown to be satisfactory in 
diffusion flame entironments, this situation is unlikely to prevail for premixed or partially 
premixed combustion. Furthermore, many practical fuels, e.g. kerosene, contains a spectrum of 
aromatic fuel components. Clearly, for these cases current simplified approaches require 
refinement The most obvious way of introducing improved descriptions of soot nucleation leads 
to the introduction of reaction steps for the formation of the second and subsequent aromatic 
rings. Modelling of the formation of the second ring requires accurate predictions of the 
underlying flame structure. For benzene flames this has proved difficult in the past. However, 
recently a benzene oxidation mechanism has been proposed [31 which gives good quantitative 
agreement for the flame features of relevance to the present study. 

CHEMISTRY 
Uncertainties have long prevailed regarding the benzene formation steps in flames burning Cl-C4 
fuels. For methane flames it appears clear that the predominant path passes via 

with the subsequent cyclization of the linear C&5 species [3,41. The situation for higher 
hydrocarbons is not as firmly established. However, there is some evidence [5] to suggest that 
reactions via the C4 chain become competitive for ethyne flames. 
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C3H3 + C3H3 = l-C&5 + H (1) 

C2H2 + nCqHjl = l-CgH5 (2)  
C2H2 + nCqH5 = l-CgH5 + H2 (3)  

To by-pass the uncertainty associated with the formation reactions for the first ring the present 
work considers benzene flames. The reaction mechanism used is that proposed by Lindstedt and 
Skevis [3] which has been shown to predict the MBMS data by Bittner and Howard [6] well. 

The reaction sequence adopted for toluene, phenyl-acetylene and naphthalene (the second ring) 
formation is outlined below. Toluene is produced by methyl radical attack on the benzene ring 
according to 

+ CH3 = c7Hg (-4) 

c7H8 + H =  C7H7 + H2 (6) 

cgH5 cdr6 + CH3 = C7Hg + H  (-5) 
Toluene subsequently undergoes H atom attack on the side chain to form the benzyl radical 

The benzyl radical further dissociates by ring opening either to cyclopentadiene and acetylene or 
to vinylacetylene and the propargyl radical thus feeding into the C5 and C4 chains respectively. 
Both reactions are assumed to be uni-molecular 

C7H7 = c-CgHg + C2H2 (7) 
C7H7 = C4H4 + C3H3 (8) 
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The phenylacetylene mechanism used here is adopted from the work of Herzler and Frank [7] 
who obtained data in a shock tube at temperatures in the range 1500 - 1900 K. Phenylacetylene is 
formed by direct C2H2 attack on the benzene ring via 

Phenylacetylene may subsequently undergo ;uyl H atom abstraction giving ethynylphenylene. 

Styrene formation was also considered and postulated to occur via vinyl radical attack on the 
benzene. 

The plausibhty of naphthalene formation via the building blocks of the HACA sequence [8,9] is 
here investigated further. In the CloHg formation sequence ethynylphenylene undergoes a further 
acetylene attack on the free sire thus forming B di-silbstituted aromatic compound which 
subsequently isomerises to naphthyl radical. Naphthalene is then formed by a second H attack on 
the ring. 

CgHg + C2H2 = c8H6 + H  (-9) 

CXH6 + H = C8H5 + H2 (10) 

ce? + C2H3 = c8H8 (-11) 

c8H5 + C2H2 = CgHqC2H2C2H (12) 
Cfl4C2H2C2H = c I @ 7  (13) 
cI#7 + H = cI@8 (14) 

The above mechanism may readily be written in a genedised form for the formation of higher 
PAH [8] and soot. For the latter only the equivalent of reaction (10) is treated as reversible while 
reactions (12) and (13) are written in a slightly different form. Table 1 provides a listing of the 
most important reactions and rate coefficients in the present mechanism. The thermodynamic data 
was mainly obtained from the CHEMKIN database [lo]. Toluene and naphthalene were assigned 
AH’ values of 12 kcal/mole and 36 kcdmole respectively, while the heat of formation of the 
benzyl radical was set at 51.9 kcal/mole. Styrene was assigned a heat of formation of 35.5 
kcal/mole. The heats of formation of phenylacetylene, 78.2 kcal/mole, and ethynylphenylene, 
133.6 kcallmole, were adopted from the work of Herzler and Frank [7]. For CgHqC2H2C2H the 
heat of formation was adopted from Frenklach et al[19]. Group additivity [ l l ]  was employed to 
estimate thermodynamic data for species not found in the literature. 

RESULTS AND DISCUSSION 
The first flame considered in this study was the rich, laminar, low-pressure 21.8% C & 5 ,  68.2% 
0 2 , 1 0 %  Ar flame studied by McKinnon [12]. The flame was assumed to be burner stabilised and 
the experimental temperature profile was imposed on the calculations. However, it was found 
necessary to shift the temperature profde by 2 nun with respect to the species concentration 
profiles in order to account for probe effects. Profiles of the major species are shown in Figures 1 
and 2. Clearly, major species are predicted well and the benzene consumption rate is matched 
Also the model gives excellent agreement for acetylene and methane concentration levels as 
shown in Figure 3. The second flame considered was the rich, laminar, near-sooting 13.5% 
C&45, 56.5% 02, 30% Ar flame of Bittner and Howard 161, which has been studied extensively 
elsewhere [3]. Redictions of toluene and phenylacetylene levels are within a factor of 2 or better 
as shown in Figure 4. Computations using a lower heat of formation for C8Hg - 75.2 kcal/mole 
as suggested in [lo] leads to equally acceptable phenylacetylene levels. Good agreement, again 
within a factor of 2, was also observed for styrene levels in the flame. Toluene and 
phenylacetylene profiles are also shown in Figure 5 for the 14.8% C & 5 ,  55.2% 0 2 ,  30% Ar 
flame studied by McKinnon [121. The agreement is again acceptable. Naphthalene chemistry is 
important because it provides the fust step for PAH mass growth in flames. Initial computations 
using the above sequence [8,9] led to severe under-prediction of C l @ s  levels - by a factor of 15 
or more. In order to partially resolve the issue, the reaction sequence was retained but reactions 
(12) and (14) were postulated to proceed with a collision efficiency of 5%. This led to an increase 
of naphthalene levels by a factor of 3, as shown in Figure 6. Even assigning a collision efficiency 
of 1, unreasonable for a gas phase reaction, results in under-predictions by a factor of 4. Given 
the accuracy of predictions of other minor aromatic species this is of concern for quantitative 
predictions of soot nucleation based on the above reaction sequence. 

CONCLUSIONS 
It has been shown that good agreement between measurements and predictions may be obtained 
for small aromatic compounds in benzene flames and that consequently improved soot nucleation 
models may be developed. However, it has also been shown that significant uncertainties 
surround the reaction sequence for the second aromatic ring. It appears that either the reaction 
rates in the formation sequence [91 have to be assigned collision efficiencies similar to those used 
for soot mass growth [81 or that the whole mechanism for second ring formation has to be 
refined. For gas phase reactions the latter is clearly preferable. This may involve distinguishing 
between active sites, accounting for steric effects, incorporating attacks by a variety of radicals 
and exploring supplementary reaction paths. 
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Figure 1 . Comparison between computed (lines) and experimental (points) profiles lor C6H6. H2 and H20  
Experimental data are from McKinnon [12] 
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Figure 2 - Comparison between computed (lines) and experimental (points) profiles for 02 ,  CO and C02 
Experimental data are from McKinnon [t2] 
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Figure 3 - Comparison between computed (lines) and experimental (points) profiles tor C2H2 and CH4 
Experimental data are from McKinnon 1 1 4  
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Figure 4 - Comparison between mmputed (lines) and experimental (points profiles for C7H8 and C8H6 
Experimental data are from Bktner and Howard 161 
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Figure 5 - ComDarison between computed (lines) and experimental (points) profiles for C7H8 and C8H6 
Experimental data are from McKinnon (121 
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Figure 6 - Comparison between computed (lines) and experimental (points) profiles for C10H8 
Experimental data are Irom Biitner and Howard [6] 
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