
Combustion and Flame 255 (2023) 112899 

Contents lists available at ScienceDirect 

Combustion and Flame 

journal homepage: www.elsevier.com/locate/combustflame 

Soot nucleation in diffusion flames and the role of aromatic 

hydrocarbons 

Kevin Gleason 
1 , Alessandro Gomez ∗

Department of Mechanical Engineering and Materials Science, Yale University, 9 Hillhouse Avenue, New Haven, CT 06520-8286, USA 

a r t i c l e i n f o 

Article history: 

Received 5 February 2023 

Revised 6 June 2023 

Accepted 6 June 2023 

Available online 11 July 2023 

Keywords: 

Soot 

Counterflow 

Diffusion flame 

PAH 

Fuel surrogate 

a b s t r a c t 

We perform spatially resolved measurements of light scattering of soot in atmospheric pressure coun- 

terflow diffusion flames to complement previously reported data on soot pyrometry, temperature and 

gaseous species up to three-ring polycyclic aromatic hydrocarbons (PAHs). We compare two flames: a 

baseline ethylene flame and a toluene-seeded flame in which an aliquot of ethylene in the feed stream is 

replaced with 3500 ppm of pre-vaporized toluene. The goal is twofold: directly adding an aromatic fuel to 

bypass the formation of the first aromatic ring, widely regarded as the main bottleneck to soot formation 

from aliphatic fuels, and assessing the impact of a common component of surrogates of transportation 

fuels on soot formation. The composition of the fuel and oxidizer streams are adjusted to ensure invari- 

ance of the temperature-time history, thereby decoupling the chemical effects of the fuel substitution 

from other factors. The doping approach enables the comparison of very similar flames with respect to 

combustion products, radicals and critical precursors to aromatic formation (C2–C5 species), in addition 

to the temperature-time history. Doping with toluene boosts the aromatic content and soot volume frac- 

tion relative to the baseline ethylene flame, but, surprisingly, the soot number density and nucleation rate 

are affected modestly. As a result, the observed difference in volume fraction in the toluene-doped flame 

is reflective of larger initial particles at the onset of soot nucleation. The nucleation rate when soot first 

appears near the flame is of the same order as the dimerization rate of single-ring aromatics, in contrast 

with the expectation that the dimerization of larger PAHs initiates the process. Even though in and of 

itself nucleation contributes modestly to the overall soot loading, nucleation conditions the overall soot 

loading by affecting the size of the initial particle, which ultimately affects subsequent growth. 

© 2023 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 
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. Introduction 

There has been broad interest in assessing details of the soot 

ormation process of aromatic hydrocarbons for multiple reasons: 

1) they have a high tendency to soot, (2) they may offer a distinct 

ath to soot bypassing the formation of the first aromatic ring that 

s the typical bottleneck of the aliphatic path to soot, and (3) they 

re reference fuels in the composition of surrogates of transporta- 

ion fuels such as Diesel and jet fuel that are both rich in aromatic

ontent [1–7] . 

In a recent article we characterized an ethylene baseline 

ame and a modified ethylene flame, that had been doped with 

500 ppm of toluene, in terms of temperature, species and soot 

olume fraction [7] . We quantified aromatic species to define criti- 
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al pathways of PAH growth within our diagnostic constraints and 

he relative importance of different pathways such as Hydrogen 

bstraction Carbon Addition (HACA) [8] , PAH radical recombina- 

ion, or radical chain reactions [9–12] . We also quantified small 

liphatics contributing to cyclization and ring opening mechanism 

or aromatic parent fuels. Therefore, the comparison between the 

wo fuels in these flames provides a convenient means to track 

uantitatively the entire evolution from parent fuel(s) to PAHs and 

ventually soot in a single flame environment. The doping ap- 

roach, comparing and contrasting different fuels using a baseline 

ame and a doped variant, has the distinctive advantage of pre- 

erving a fixed temperature-time history, and fixing major com- 

ustion products and critical radicals (H, O, OH), bringing to the 

ore chemical kinetic effects brought about strictly by the dopant 

 4 , 13 , 14 ]. 

The present contribution introduces new measurements on soot 

sing laser light scattering that, coupled with pyrometric measure- 

ents, enable a full characterization of soot in terms of volume 

raction, dispersion exponent, particle size and number density, 
. 

https://doi.org/10.1016/j.combustflame.2023.112899
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Fig. 1. Profiles of temperature (a) and mole fraction of reactants, major species and some key aromatics, including benzene, naphthalene, and phenanthrene (g–i), adapted 

from [7] . A factor of 100 is applied to the baseline flame in the toluene profile (e). 
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nd, importantly, allow also for the assessment of the soot nucle- 

tion rate and its comparison with dimerization rates of aromatics, 

s in a previous study on an ethylene flame [15] . 

.1. Major products, intermediates and aromatics 

To orient the reader about the flame environment, this sec- 

ion briefly summarizes key measurements performed on the same 

ame, as reported in [7] . A probe connected to the injection port 

f a gas chromatograph/mass spectrometer system was used to ex- 

ract gaseous samples and quantify H 2 , O 2 , N 2 , CO, CO 2 , and hy-

rocarbons up to three-ring PAH (190 amu). Temperature measure- 

ents were performed using a silica coated R-type thermocouple 

nd applying standard corrections for radiative losses through a 

onvective-radiative energy balance. Soot volume fraction and dis- 

ersion exponent measurements were performed by pyrometry us- 

ng a digital camera with a calibrated spectral response. Details of 

he experimental approach are not repeated here since they are 

rovided in [ 7 , 16 ]. The flames investigated are laminar and very

table, with flame flickering, as determined by the position of the 

ame chemiluminescence, confined to within the pixel resolution. 

Profiles of temperature, reactants, major combustion products 

nd key aromatics are adapted from Ref. [7] and reproduced in 

ig. 1 to set the stage for further data analysis in the present arti-

le. For all figures, the baseline flame is shown with black solid 
2

ymbols and lines and the toluene-seeded flame is shown with 

lue open symbols and dashed lines, the lines pertaining to model 

redictions. The abscissa in all plots is the distance from the gas 

tagnation plane (GSP), based on the computed velocity profile, 

ith the fuel (oxidizer) stream on the left (right), represented by 

egative (positive) values of the axial position. Clearly, major com- 

ustion products and intermediates stem from the baseline ethy- 

ene flame and, with the exception of CO and C 2 H 2 that are over-

redicted by approximately 20% and 30%, respectively, [ 4 , 13 ] the 

ffect of toluene-seeding is properly modeled. Since the baseline 

ame structure is not significantly affected, we can focus on the 

mpact that doping has on the chemical pathways to soot and 

ts precursors, with the expectation that the addition of an aro- 

atic fuel with high sooting tendency should matter. The bottom 

ow in Fig. 1 shows profiles of key aromatic compounds like ben- 

ene, naphthalene, and phenanthrene. Doping with toluene fuel 

ncreases the mole fraction of each species by a constant factor 

f two to three relative to the baseline ethylene flame. In both 

ames, the peak mole fraction decreases by approximately one or- 

er of magnitude with each additional ring suggesting that there 

s a sequential growth of PAHs [ 15 , 17 ]. Limitations in the detec-

ion limit of phenanthrene at 1 ppm prevent us from resolving the 

ntire species profile in the baseline flame. Since experiments and 

odel are in good agreement we can confidently explore produc- 

ion rates using a hybrid computational/experimental approach. 
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Table 1 

Flame boundary conditions. 

Baseline Doped 

Fuel stream 

C 2 H 4 0.375 0.371 

N 2 0.625 0.625 

C 7 H 8 0ppm 3500 ppm 

V a v g 27.2 cm/s 27.2 cm/s 

V ax 43.4 cm/s 43.4 cm/s 

d V r /d r 23.7 s −1 23.7 s −1 

T 368 K 368 K 

Oxidizer stream 

O 2 0.238 0.241 

N 2 0.762 0.759 

V a v g 28.8 cm/s 28.8 cm/s 

V ax 41.25 cm/s 41.25 cm/s 

d V r /d r 40.4 s −1 40.4 s −1 

T 356 K 356 K 

Flame properties 

T max 2070 K 2079 K 

Z st 0.17 0.17 

a (s −1 ) 70 s −1 70 s −1 
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A

. Methods 

.1. Experimental diagnostics 

.1.1. Burner geometry and flame selection 

The burner used consists of two identical converging nozzles 

riented in counterflow configuration. The internal diameter of 

ach nozzle is 6.35 mm and the nozzles are separated by 8 mm. 

oth nozzles are surrounded by a nitrogen shroud to shield the 

ame from external disturbances. We start with a baseline incipi- 

ntly sooting diffusion flame of ethylene, feeding calibrated flows 

f ethylene/nitrogen and oxygen/nitrogen through the bottom and 

op nozzles, respectively. Momentum is unbalanced to position the 

ame front approximately centered between the burner nozzles, 

ith ρ f V 
2 
f 

= 1 . 2 ρox V 
2 
ox with obvious notation. The counterflow con- 

guration provides a one-dimensional flow field in the vicinity of 

he burner axis, as confirmed by digital camera photographs show- 

ng a locally flat flame. 

The maximum flame temperature, global strain rate, and sto- 

chiometric mixture fraction are chosen to ensure that the soot 

cattering signal is distinguishable from that of the gas phase. This 

aseline flame is perturbed by replacing a small amount of ethy- 

ene with vaporized toluene, and adjusting the oxidizer composi- 

ion to keep constant the stoichiometric mixture fraction Z st = 0 . 17 

nd the global strain rate a = 70 s −1 = (V a v g , f + V a v g , ox ) /L in order to

reserve the temperature-time history of the baseline flame. The 

ottom nozzle and fuel stream are heated to 368 K to prevapor- 

ze a spray of toluene injected with a syringe pump, and the pre- 

eat treatment is applied also to the baseline flame to ensure that 

he boundary conditions are otherwise identical. The amount of 

oluene added is such that the increase in soot load is distinguish- 

ble relative to the baseline flame. The difference in the computed 

eak flame temperature is less than 10 K, which is less than the 

xperimental uncertainty. The boundary conditions of both flames 

re listed in Table 1 , including molar composition, mass averaged 

elocity (V avg ) and axial velocity gradient (see Section 2.2 ), as well 

s measured temperature at the burner mouths. 

.1.2. Light scattering 

Planar light scattering measurements are performed with the 

532 nm) second harmonic of a 10 ns pulsed Nd:YAG laser (New 

ave Gemini PIV). A cylindrical lens shapes the laser beam into 

 4 mm by 1 mm sheet at the center of the burner with the laser

uence kept below 100 mJ/cm 
2 to ensure that soot particles are 
3 
ot ablated by the high energy pulses [18] . The scattered light is 

maged onto an intensified camera (12-bit PCO DiCAM-Pro) posi- 

ioned at a 90 ° scattering angle, through an optical train including 
n 80 mm macro lens, a polarizer, and a 532 nm ± 10 nm inter- 

erence filter. Data analysis is performed on an average of 500 im- 

ges captured in a 20 ns gating window centered around the trig- 

ering of the laser pulse and background subtraction is applied by 

maging the flame with the laser off. The gas-phase total light scat- 

ering coefficient of the investigated flames is calculated using the 

omputed number concentration of H 2 , H 2 O, N 2 , O 2 , CH 4 , CO, CO 2 ,

 2 H 2 , C 2 H 4 , C 2 H 6 , C 3 H 8 , C 3 H 4 , C 4 H 6 , and C 6 H 6 whose scattering

ross-section are reported in the literature [19–22] . All species ac- 

ounted for in the gas phase scattering, except for H 2 O, are mea- 

ured and quantified with the GC/MS in both flames. The scattering 

ross section of toluene is assumed to be equal to that of benzene. 

he aforementioned species with a known scattering cross section 

re more than sufficient to characterize the total scattering coef- 

cient of the gas phase [23] . Additionally, multiring PAHs whose 

cattering cross section is expected to be much larger than that of 

enzene appear at significantly lower concentrations, so their scat- 

ering contribution is expected to contribute little to the overall 

as phase scattering coefficient. 

Calibration gases (propane, ethylene, and nitrogen) are flowed 

hrough both top and bottom nozzles and imaged onto the inten- 

ified camera to verify that the appropriate ratios of the scatter- 

ng coefficient are obtained. The calibration of any one gas (‘ cal ’) 

s used to convert the measured Rayleigh signal S to the scattering 

oefficient Q vv , 

 vv = S meas 
NC cal vv 
S cal 

, (1) 

here N is the local gas number density and C vv is the scatter- 

ng section of the calibration gas with the subscript ‘ vv ’ referring 

o both incident and scattered vertically polarized light. The soot 

umber concentration N s is evaluated under the hypothesis of size 

onodispersity as 

 s = 

9 π2 F ( m ) f 2 v 
Q 

soot 
vv λ4 

, (2) 

here Q 
soot 
vv is the measured excess scattering coefficient attributed 

o soot, net of the Rayleigh scattering contribution from the gas 

hase, f v is the measured soot volume fraction via pyrometry [24] , 

nd F (m ) =0.69 ± 0.13 is the dimensionless refractive index func- 

ion at the laser wavelength λ=532nm based on the relationship 

etween F (m ) and the dimensionless extinction coefficient [25] . 

he assumption of monodispersity in initial particle size is con- 

ervative in the sense that it minimizes the soot number density. 

he soot particle diameter is assumed spherical and evaluated by 

 = 

(
6 f v 

πN s 

)1 / 3 

. (3) 

This assumption is reasonable in the high-temperature nucle- 

tion zone where particles nucleate but may become progressively 

eaker as particles evolve on their path towards the stagnation 

lane. Nevertheless, the small sizes measured by light scattering 

hould preclude the existence of a large polydispersity in the soot 

article population. Error bars based on 95% confidence are shown 

n every other symbol in Figs. 2 and 3 , as computed from the mea-

ured signals of scattering coefficient and soot incandescence and 

pplying general uncertainty analysis to propagate errors in the de- 

ived variables. 

.2. Flame modeling 

One-dimensional modeling of the flames is performed with 

NSYS CHEMKIN-Pro [26] using the KAUST chemistry Mechanism 
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Fig. 2. Computed gas-phase scattering coefficient (lines) and measured scattering 

coefficient (symbols) for both investigated flames. 

Fig. 3. Profiles of soot volume fraction and dispersion exponent (top), number con- 

centration (middle) and particle size (bottom) for the baseline flame (full symbols) 

and the toluene-seeded flame (open symbols). 
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KM2) [27] . We account for multicomponent diffusion coefficients, 

hermal diffusion, and thermal radiation of CO, CO 2 , H 2 O, and CH 4 

n the optically thin limit. The KM2 mechanism was validated in 

 baseline flame up to 6-ring PAH [15] and partially validated for 

urrogate mixtures [28] . Two-dimensional modeling is performed 

n ANSYS to quantify the departure from plug flow. Briefly, we 

odel the flow within the converging nozzle burner and shroud 

ousing, including reactions using a simple 5-step mechanism, 
4 
ixture-averaged transport, and buoyancy. The computed axial 

elocity ( V ax ) and velocity gradient ( d V/d z) from the 2-D simula-

ions are provided in Table 1 . The use of the simplified mechanism 

n the 2-D model is to account for the flames heat release which 

an influence the velocity profile at the burner exit. The 2-D 

imulation is identical to that described by Carbone et al. [29] , 

xcept for the use of a different software. 

. Results and discussion 

We begin with the measured scattering coefficient ( Q vv ) shown 

n Fig. 2 , which is taken as the average of approximately 250 μm 

10 pixels) along the burner axis at each axial position. The soot 

orming region is located between the two vertical lines, the flame 

ront shown as a dashed line on the right, and the particle stag- 

ation plane shown as dash-dotted line on the left. The latter is 

he location where the sum of the axial velocity and the ther- 

ophoretic velocity is zero. The thermophoretic velocity is calcu- 

ated by V th = −0 . 538 ν∇ ln (T ) [30] , using the model to determine

emperature gradient and kinematic viscosity ( ν). The blue lines 
epresent the calculated gas-phase scattering contribution, Q 

gas 
vv , 

ased on the computed molar fraction of the 14 species listed in 

he previous section. The toluene flame is represented by a blue 

ashed line, in which we assumed that the scattering cross section 

f toluene is equal to that of benzene. Within the soot forming re- 

ion and on the oxidizer side of the flame, both the toluene flame 

nd baseline flame gas-phase scattering coefficients are identical. 

n the fuel side, the gas-phase scattering coefficient of the toluene 

ame is less than 4% larger than that of the baseline flame and 

he overlapping experimental data are in good agreement with the 

alculated Q 

gas 
vv in regions devoid of soot which gives us confidence 

hat there is negligible error in the assumed scattering cross sec- 

ion of toluene. 

The experimental data, shown in symbols in Fig. 2 , are trun- 

ated when either the scattered signal is within 10% of the back- 

round noise or the finite dynamic range of the intensified cam- 

ra makes it impossible to quantify Q 

gas 
vv in the region devoid of 

oot. In the soot forming region, the measured scattering coef- 

cient departs from the calculated gas-phase. The difference be- 

ween the measured Q vv and Q 

gas 
vv can be attributed confidently to 

oot, which reaches a maximum at the particle stagnation plane 

nd drops sharply on the fuel side of the PSP where no soot is 

resent. Comparing the scattering coefficient of the two flames, the 

oluene flame peaks at almost one order of magnitude higher than 

he baseline flame. Coupling these light scattering measurements 

ith the measured volume fraction [7] will allow us to compare 

uantitatively the two flames in terms of soot number concentra- 

ion and particle size. 

.1. Soot 

Figure 3 presents profiles of measured soot volume fraction 

nd dispersion exponent of both flames from pyrometry measure- 

ents. They were presented in the same article from which the 

ata of Fig. 1 were adapted [7] . Vertical lines mark the position 

f the flame front and particle stagnation plane as in Fig. 2 . The

oot volume fraction profiles of both flames are qualitatively sim- 

lar, but values for the toluene-seeded flame are approximately a 

actor of two larger than those of the baseline flame through most 

f the domain, which is not surprising in view of the marked in- 

rease in mole fraction of soot precursors (see Fig. 1 and ref. [7] ).

he region between GSP at the origin and PSP is an exception. In 

hat region, approaching the GSP from the right, the dispersion ex- 

onent increases first for the baseline flame and closer to the GSP 

lso for the doped flame. This is attributed to a low-temperature 
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Fig. 4. Soot nucleation rate by assuming monodisperse particles and a coagulation 

efficiency of 2% with symbols as in Fig. 2 . Lines are the calculated dimerization rate 

of benzene, naphthalene, and phenanthrene via kinetic theory of self-collision at a 

1% collision efficiency. The baseline flame is shown in solid symbols and solid lines 

and the toluene-seeded flame is shown with open symbols and dashed lines. 
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oot forming mechanism resulting in the formation of new parti- 

les with large H/C content which is reflected by the larger disper- 

ion exponent [16] . These freshly formed particles, dominated by 

AHs or mixtures of PAHs and aliphatics, are more transparent in 

he visible spectrum [ 31 , 32 ] and small PAHs can be important for

oot surface growth [33] . The concentration of PAHs peak in prox- 

mity of the GSP [7] (see also Fig. 5 , discussed below), precisely 

here the increase in dispersion exponent occurs. 

The introduction of scattering measurements enables us to 

uantify soot number density and particle size from Eqs. (2) and 

 3 ) with the assumption of particle monodispersity; correspond- 

ng profiles are shown in the bottom half of Fig. 3 . Because of

he composition of the feed streams, the flame is positioned on 

he oxidizer side of the gas stagnation plane. As soot particles 

ucleate near the flame front, in the absence of oxidizers they 

row in size on the path towards the PSP where they are con- 

ected away radially. The number concentration profile appears 

o be initially shifted by less than 0.2 mm towards the PSP in 

he doped flame. The number concentration reaches a local max- 

mum near the flame front, decreases because of coagulation as 

he residence time increase in the right-to-left direction toward 

he PSP, and rises again near the GSP where the above-mentioned 

ow-temperature soot forming mechanism becomes dominant [16] . 

learly, the difference in volume fraction between the two flames 

s due largely to a difference in the initial particle sizes as shown 

t the bottom of Fig. 3 . Importantly, such a difference is preserved 

hrough the entire domain as the particles first grow and eventu- 

lly decrease in size near the GSP. We will revisit this point below 

n the discussion of Fig. 5 . 

.2. Production rates 

Since mole fraction and production rates of C 2 H 2 , the critical 

pecies in soot surface growth reactions via the HACA mechanism, 

re identical in the two flames, one may infer that the difference in 

olume fraction should be attributed to a difference in nucleation 

ate. However, the number concentration profiles in Fig. 3 do not 

eem to support this hypothesis. 

To probe this aspect further, we compare nucleation rates in the 

wo flames through the governing equation for the soot number 

oncentration. As mentioned earlier, for the small particle sizes in 

uestion we can assume that the size distribution is monodisperse 

ith reasonable accuracy in the nucleation region. Then, the nu- 

leation rate in the axis-symmetric flow field can be expressed as, 

∂N S 

∂t 

∣∣∣∣
nucl 

− γcoag 

√ 

24 k B T d 

ρs 
N 

2 
s = 

d 

dz 
[ N s · (V z +V th +V P ) ] + N s · dV r 

dr 
.

(4) 

On the LHS, the first term is the rate of change of the number

f soot particles per unit volume, N S , by nucleation and the 

econd term is the destruction by coagulation of monodisperse 

articles in the free-molecular regime [34] . γcoag is the collision 

fficiency, that is, the probability that particles stick together once 

hey collide, and is assumed constant at 2% [15] . On the RHS of

q. (4) , the axial velocity V z , radial velocity gradient d V r /d r, and

hermophoretic velocity V th are determined from the model, with 

he particle Brownian velocity estimated by V P = −D P · d ln ( N s ) /dz. 

he value of the Brownian diffusivity is calculated as a function of 

he measured particle diameter, d, by 

 P = 

(
k B T 

3 πρs νd 

)[ 
1 + 2 Kn 

(
A + B e −

C 
Kn 

)] 
, (5) 

ith the Knudsen number, Kn, as the ratio of gas mean free path 

o particle diameter, A, B, and C empirical constants set equal 
5 
o 1.257, 0.4, and 0.55, respectively [34] . The density of soot is 

ssumed constant at ρs = 1.5 g/cm 
3 , an intermediate value between 

he suggested density for nascent soot and mature soot (1.2 g/cm 
3 

nd 1.8 g/cm 
3 , respectively) [32] . 

The soot nucleation rate is compared to the irreversible dimer- 

zation rate that is based on the gas kinetic self-collision rate ac- 

ording to 

˙  DIM = η 2 . 2 

√ 

4 πk B T 

M PAH 

σ 2 N 
2 
a [ PAH ] 

2 (6) 

here η, k B , N a , M PAH , σ , are the dimerization efficiency (i.e., the

raction of collisions that result in dimerization events), Boltzmann 

onstant, the Avogadro number, the mass, and the collision diam- 

ter of the PAH under consideration, respectively [35] . The dimer- 

zation efficiency is assumed equal to 1% for all considered PAHs, 

hich is likely an overestimate for these particularly small PAH 

tructures, and the constant factor 2.2 is the van der Waals en- 

ancement factor [ 8 , 36 ]. 

Production rates with dimensions of number density per unit 

ime are shown in Fig. 4 based on Eqs. (4) and ( 6 ). The two flames

re nearly identical also in terms of soot production rates, but the 

ddition of toluene shifts the soot production rate slightly toward 

he fuel nozzle, as observed with the aromatic production rates 

ref [7] , Fig. 4 ibid). With a focus on the onset of soot, that is in

he region closest to the flame front, we notice that the nucleation 

ate of soot is at the level of the benzene dimerization rate and 

rders of magnitude larger than that of both two- and three-ring 

and even larger) PAHs. The results of Fig. 4 are consistent with 

he findings in [ 15 , 23 ] which investigated similar counterflow dif- 

usion flames of ethylene at different pressures, with no doping 

ut slightly different strain rate and Z st at 50 s 
−1 and 0.18, respec- 

ively. The present data seem to suggest an even more restrictive 

nterpretation with only the single ring aromatic accounting for the 

arliest stage of soot nucleation via aromatic dimerization and the 

imerization rate of any larger aromatic, including putative pre- 

ursors to soot, well below the production rate of soot. This re- 

ult is consistent with the model in [33] , concluding that dimers 

f benzene and other small PAHs contribute most to the total soot 

ucleation because of their relatively high concentration compared 
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Fig. 5. Comparison of the mass concentration of C 2 H 2 , aromatics including benzene 

and PAHs, and soot. 
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s

t

o larger PAHs, even though the authors analyzed a different (pre- 

ixed) flame. In fact, unmeasured larger species (pyrene, coronene, 

tc.) in the present study are expected to be at even lower concen- 

rations if one considers that both flames appear to follow a se- 

uential growth of PAHs [ 15 , 17 ] as opposed to the aromatic radical

ecombination route which would lead to larger PAHs appearing at 

igher concentration than smaller PAHs [ 12 , 37 ]. 

These findings apply to both the baseline flame of the aliphatic 

uel and the toluene-seeded flame, which bears the question: what 

auses the increase in volume fraction in the toluene-seeded flame 

f even the nucleation rate of the two flames is not affected by 

he increase in PAH concentration and the subsequent dimerization 

ate? 

To help answer this question, it is instructive to plot the mass 

oncentration of soot, of all measured PAHs combined and ben- 

ene, as well as C 2 H 2 in Fig. 5 . The low concentration of aromatic

pecies close to flame front makes it difficult to quantify them ex- 

erimentally, but the model predicts at least a factor of two in- 

rease locally because of the toluene addition. This multiplier in- 

reases moving away from the flame front to a value slightly above 

hree near the GSP where it peaks in both flames. The selection 

f the cumulative concentration of aromatics, including PAHs and 

enzene, stems from the consideration that we need to exclude 

oluene since it is the doping species whose concentration grows 

onotonically all the way to the fuel burner. However, path anal- 

sis in [7] shows that 33% of toluene evolves into mostly benzene 

nd some phenyl radical and the remaining into benzyl radical or 

arger species (Fig. 7, ibid). As a result, the benzene concentration 

hould account approximately also for the “active” toluene that is 

articipating in the prevailing chemistry. Values for C 2 H 2 are ap- 

roximately one order of magnitude larger than those of soot and 

pproximately two orders of magnitude larger than the mass con- 

entration of aromatics in the high temperature nucleation zone 

lose to the flame, for z > 0.6 mm. Benzene, partly derived from 

he doping with toluene, naphthalene, and phenanthrene account 

or more than 85% and 75% of the total mass in the baseline flame 

nd the toluene-seeded flame, respectively, and another 28 species 

hat were measured experimentally [7] account for the rest. Even 

onsidering only the three most abundant PAHs would not affect 

he data in Fig. 5 significantly. The reported total mass concentra- 

ion of all PAHs should not be significantly biased because of the 
6 
ack of quantification of larger PAHs since they would appear at 

ub-ppm concentrations. 

Maintaining the focus on the zone where nucleation dominates 

ver coagulation (0.4 mm < z < 0.8 mm), one is tempted to con- 

lude that the low mass concentration of PAHs cannot account for 

he difference in the measured volume (and mass) fraction be- 

ween the two flames. But, as observed in [15] , the small concen- 

ration of PAHs may be merely indicative of a steady-state condi- 

ion for this family of intermediates, which prevails if production 

ates and destruction rates are both large and comparable, so that 

he net production rate is very small [38] . So, even with a large

roduction rate, PAHs are used up quickly through adsorption on 

he initial single-aromatic dimers via a comparably large “destruc- 

ion” pathway ultimately leading to much larger peri–condensed 

AHs that are needed to provide the necessary resonance stabi- 

ization and preclude their fragmentation. Details of how this stabi- 

ization occurs to overcome kinetic and thermodynamic constraints 

re not addressed in the absence of experimental data in the rele- 

ant size and mass range. It remains to be seen if accurate pre- 

ictions of the consumption of the parent fuel components and 

he formation of small aromatic structures and acetylene suffice for 

oot modeling, with leeway on details of the intermediate growth 

o larger aromatic structures, which is much more challenging to 

odel. All in all, the picture that emerges is consistent with the 

eneral view of soot inception and growth except for the fact that 

he very first step of the inception stage is the formation of dimers 

f single aromatic structures as opposed to larger PAHs. Recent 

odeling following prenucleation evolution of PAHs [39] support 

ur experimental findings, at least for the case of two-ring aro- 

atics [15] . 

Farther from the flame front, the sum of the aromatics con- 

entration increases, approaching that of soot. This increase may 

xplain the more rapid growth in soot mass in proximity of the 

SP. A decrease in particle diameter and increase in soot number 

oncentration in that region is indicative of the secondary low- 

emperature nucleation zone near the particle stagnation plane, as 

lready mentioned in the context of Fig. 3 , that can be rationalized 

ased on dimerization of PAHs that exist in sufficient abundance to 

ield the measured soot. Although this last observation should be 

aken with the grain of salt since the assumption of size monodis- 

ersity may be questionable in that region, the sudden increase of 

he dispersion exponent confirms that nucleation of fresh particles 

lays a dominant role in that region. 

The first detected particles ( Fig. 3 ) are already the result of 

ome growth of subnanometer embryos, since diagnostic limita- 

ions prevent the quantification of even younger soot particles. This 

nitial growth is accelerated in the toluene-seeded flame leading to 

 larger particle at the first measurement location near the flame. 

fter this phase, surface growth via the abundant C 2 H 2 quickly 

vertakes and dominates soot. Since the mass concentration of 

 2 H 2 is essentially identical in the two flames, any difference in 

urface growth and ultimately particle size must be due largely to 

he difference in the initial nanoparticle size (and surface area). 

his observation is borne out of the data and facilitated by the 

omparison of very similar flames using the doping approach. As a 

esult, even though nucleation per se contributes modestly to the 

oot loading in a flame, the importance of the initial phase of nu- 

leation is apparent. Therefore, nucleation must remain a main fo- 

us of soot modeling for a correct quantification of soot loading in 

 flame. 

. Conclusions 

An experimental study of a toluene-doped atmospheric pres- 

ure counterflow diffusion flame of ethylene shows unsurprisingly 

hat replacing part of ethylene in a baseline flame with toluene 
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esults in a marked overall increase in soot formation, consistently 

ith the expectation that toluene pyrolysis leads readily to the for- 

ation of PAHs and bypasses the formation of the first aromatic 

ing as a potential bottleneck to soot formation. The comparison 

f the number nucleation rate of soot and dimerization rates of 

romatic compounds suggests that nucleation is initiated by the 

formation and/or) availability of single-ring aromatic compounds 

hrough a likely chemical clustering route, with larger PAHs play- 

ng a role only in the subsequent growth and stabilization of the 

imer, in contrast with the longstanding hypothesis that chemi- 

al bond-building and clustering of relatively large aromatic sys- 

ems triggers incipient soot. The comparison between very similar 

ames using the doping approach reveals the importance of the 

nitial nucleation step that, even though intrinsically contributes 

odestly to the overall soot loading of the flame, determines not 

nly the initial particle size but also conditions the soot loading. 
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