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a b s t r a c t 

On the heels of a recent study in an atmospheric pressure ethylene diffusion flame in which the transition 

from parent fuel molecule to Polycyclic Aromatic Hydrocarbons (PAHs) and, eventually, soot was studied 

by spatially resolved measurements of PAH concentrations and soot quantities, we extended the focus to 

diffusion flames with self- similar structure in the 0.101–0.811 MPa pressure range. To that end, we com- 

plemented pyrometry based measurements of soot volume fraction with light scattering measurements 

that, once corrected for beam steering, yielded soot particle size and number concentration profiles. A 

chemistry model, that had been validated for all species up to 3 ring aromatics in one of the flames in- 

vestigated at each pressure and up to 4-rings for the flame at atmospheric pressure, was used to compare 

profiles of chemical species to those of soot quantities. Further analysis yielded the assessment of num- 

ber nucleation rates of soot and their comparison to the dimerization rates of PAHs. Soot nucleation rate 

is consistent only with the dimerization of one- and two-ring PAHs, an observation that confirms find- 

ings in the atmospheric pressure flame. Changes in pressure and temperature have a progressively larger 

impact on the concentration of aromatics of increasingly larger molecular weight and, even more so, on 

soot volume fraction and nucleation rate. A four-fold increase in pressure from 0.101 MPa to 0.405 MPa 

increases the soot nucleation rate and PAH dimerization rate in flames with constant peak temperature, 

which is primarily a concentration effect on bimolecular collision rates; a similar but less pronounced 

effect is observed in the higher (0.405–0.811 MPa) pressure range. Changes in pressure and temperature 

tend to be progressively more consequential on aromatics of increasing molecular weight and soot. 

© 2021 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 
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. Introduction 

Soot formation has been a subject of research for decades 

1–3] , with recent effort s f ocusing on the inception stage, that 

s, the transition from gaseous precursors to solid particulate. A 

ritical variable that contributes to soot formation is pressure, and 

igh pressure is of interest because of its prevalence in practical 

pplications, with soot formation being exacerbated under these 

onditions [1 , 3] . On the other hand, experimental work on the 

nception of soot tends to be focused on flames at either atmo- 

pheric pressure [4 , 5] or even low pressures [6 , 7] . As a result, there

emains reasonable uncertainty concerning the extrapolation of 

onclusions from this body of work to high-pressure environments. 
∗ Corresponding author. 

E-mail address: alessandro.gomez@yale.edu (A. Gomez). 
1 Current Address: Department of Mechanical Engineering, University of Con- 

ecticut, 191 Auditorium Road, Unit 3139, Storrs, CT 06269–3139, USA. 

t

s

e

C  

c

d

ttps://doi.org/10.1016/j.combustflame.2021.01.015 

010-2180/© 2021 The Combustion Institute. Published by Elsevier Inc. All rights reserved
Soot inception is often modeled by considering the dimerization 

f PAHs such as 4-ring or larger PAHs [8–12] or resonantly stabi- 

ized radicals [4 , 13] . The reaction rates of these dimers are flame 

pecific with the rates tuned to match experimentally measured 

oot volume fraction and particle size, but the number concentra- 

ion of these large PAHs and/or radicals are low [14 , 15] . A measure-

ent campaign quantifying both soot and critical PAHs in the same 

et of flames is needed especially at high pressures, to shed light 

n critical aspects of soot inception. Unfortunately, soot measure- 

ents are rarely accompanied by gaseous measurements because 

he presence of soot leads to clogging of the sampling probe, leav- 

ng an information gap in the path from aromatic precursors to 

article inception. However, if conditions of incipient soot forma- 

ion are established, measurements of both gaseous precursors and 

oot particles are available [15 , 16] , building confidence in mod- 

ls predictions of some of the critical soot precursors such as 

 2 H 2 , C 6 H 6 , small PAHs (i.e., with less than 3-rings), and, in some

ases [15] , even relatively large (i.e., 6-ringed) PAHs. This type of 

ata provides a direct comparison of gaseous precursors and soot 
. 

https://doi.org/10.1016/j.combustflame.2021.01.015
http://www.ScienceDirect.com
http://www.elsevier.com/locate/combustflame
http://crossmark.crossref.org/dialog/?doi=10.1016/j.combustflame.2021.01.015&domain=pdf
mailto:alessandro.gomez@yale.edu
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articles to assess which PAHs control ultimately the soot nucle- 

tion rate. 

Limiting measurements to only incipiently sooting flames pro- 

ides a very narrow range of conditions to explore how key pa- 

ameters such as pressure and temperature influence soot forma- 

ion. Alternatively, so long as the perturbed flames do not depart 

ignificantly from the validated flames, one can rely on a partially- 

alidated chemistry model to predict the gaseous precursors in 

erturbed flames with an increased soot load that would be other- 

ise incompatible with microprobe sampling of the gas precursors 

16 , 17] . This is the approach followed in the present study by rely-

ng on a set of counterflow flames with a self-similar structure. 

These flames are chosen as a convenient theater to track the 

volution of fuel to soot thanks to their one-dimensionality and 

uitability to high pressures through the avoidance of buoyant 

nstabilities [18] . Viable soot measurement techniques in such 

ames include pyrometry, to quantify the volume fraction and 

ispersion exponent [16] , light extinction and laser induced in- 

andescence to quantify soot volume fraction and particle size 

19–21] . Pyrometry is advantageous because it is minimally af- 

ected by the steep temperature/density gradients. Laser diagnos- 

ics, on the other hand, are plagued by beam steering, although 

ay-tracing algorithms can correct for it if measurements are per- 

ormed in two dimensions [22] . Pointwise line-of-sight measure- 

ents may be less influenced by beam steering, but they lack the 

ecessary spatial resolution at high pressures and are difficult to 

mplement in the soot inception zone because of flame curvature 

nd two-dimensional effects [19] . Measurements were performed 

n high-pressure co-flow flames [3 , 23–26] , but they focused on ma- 

ure soot rather than the inception stage, in addition to presenting 

he drawback of two-dimensionality. 

This work is an extension of [16] introducing two important 

ovelties: first, it complements previous measurements of volume 

raction with particle size via laser light scattering. To that end, an 

pproach is developed to correct for the inevitable beam steering 

n high-pressure flames, improving the accuracy of measuring the 

as phase Rayleigh scattering contribution and ultimately allowing 

or the quantification of the smallest (2–3 nm) soot particles. Sec- 

nd, it capitalizes on an extensive database regarding the chemical 

tructure of self-similar flames in the investigated pressure range 

ncluding species up to 3-ring aromatics [27] and recent work at 

tmospheric pressure that determined spatially resolved profiles of 

he concentration of PAHs composed of as many as 6-rings [15] . 

he comparison of the experimental results with model predictions 

ffered the (partial) validation of the kinetic model and enabled us 

o use its predictions in the high-pressure flames of the present 

tudy. With measurements of soot at the onset of nucleation along 

ith measurements and/or reliable predictions of gaseous precur- 

ors, we compared soot nucleation rates to those of PAHs and as- 

essed which PAHs control soot nucleation in counterflow diffusion 

ames of ethylene in the 0.101–0.811 MPa pressure range. We also 

stablished the pressure and temperature dependence on soot in- 

eption and growth. 

. Methods 

.1. Flame selection and modeling 

The counterflow burner is described in detail in [28] . The 

urner consists of two identical nozzles converging to an outlet in- 

ernal diameter of 6.35 mm and separated by a distance L = 8 mm. 

oth nozzles are surrounded by conical enclosures to flow shroud 

itrogen and shield the flame from external disturbances. Cali- 

rated flows of nitrogen/ethylene and of nitrogen/oxygen are fed 

o the bottom nozzle and top nozzle, respectively. The boundary 

onditions of all the investigated flames are listed in Table 1 , in- 
385 
luding: mole fractions, mass average velocity, and the computed 

aximum flame temperature. Rows in bold pertain to flames that 

ave been characterized with GC/MS and temperature measure- 

ents [15 , 27] whereas those in italics above the bold ones refer 

o flame for which the scattering contributions from soot cannot 

e distinguished experimentally from that of the gas molecules. All 

ames are flat in proximity to the burner axis, as verified by digital 

maging, and will be treated as one-dimensional in computational 

odeling and data analysis. 

This work is aimed at complementing previous measurements 

f soot volume fraction [16 , 17] by quantifying particle size and 

umber concentration via laser light scattering. The additional in- 

ormation will enable us to make a direct comparison between in- 

ipient soot formation and the formation of aromatics to assess 

hich are the critical species in the evolution to soot. Starting 

rom incipiently sooting diffusion flames at 0.101 MPa, 0.405 MPa, 

nd 0.811 MPa, we study the effect of temperature and pressure 

n soot formation and growth by perturbing such flames at con- 

tant stoichiometric mixture fraction, Z st , and global strain rate, a , 

o control the maximum flame temperature, T max , in increments 

f approximately 50 K, bracketing the flames that were character- 

zed by GC/MS and temperature measurements [27] . The constancy 

f Z st and a ensures that the relative position of flame and Gas 

tagnation Plane (GSP) is unchanged at a fixed pressure and that 

ames are reasonably self-similar with respect to temperature and 

aseous species [16 , 17] at different pressures. Such a characteristic 

llows one to isolate T max as a controlling parameter. Mass aver- 

ged velocities of fuel, V f , and oxidizer, V ox , streams are selected 

o ensure momentum flux balance ( ρ f V 
2 
f 

= ρox V 
2 
ox ) and are approx- 

mately constant for the investigated flames. 

Flames are modeled with ANSYS CHEMKIN-Pro [29] and the 

RECK 2015 chemistry mechanism [30] . The velocity boundary 

onditions were corrected for departures from plug flow as de- 

cribed in [27] . The axial velocity and velocity gradient are nearly 

ndependent of T max as verified in the atmospheric pressure flames 

17] , so the velocity boundary conditions are assumed fixed at 

ach pressure as listed in Table 2 [27] . Heat losses due to the 

hermal radiation emitted by CH 4 , H 2 O, CO, and CO 2 were eval- 

ated by emission band integration in the optically thin limit [31] . 

eat losses associated with soot emission were not included in the 

odel but were estimated using the approach detailed in [32] and 

ound to be significantly smaller than those due to gas radiation 

ecause of the light soot loading of the investigated flames. 

.2. Experimental methods 

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 100mJ/cm 
2 to ensure that soot particles are 

ot ablated by the high energy pulses [33] . The scattered light 

s imaged onto an intensified camera (12-bit PCO DiCAM-Pro) 

ositioned at a 90 ° scattering angle, through an optical train 

ncluding an 80 mm macro lens, a polarizer, and a 532nm ±10 nm 

nterference filter. The pixel resolution is 22.7 μm/pixel. Data anal- 

sis is performed on an average of 500 images captured in a 20 ns 

ating window and background subtraction is applied by imaging 

he flame with the laser off. The gas-phase total light scatter- 

ng coefficient of the investigated flames is calculated using the 

omputed number concentration of the following gases: H 2 , H 2 O, 

 2 , O 2 , CH 4 , CO, CO 2 , C 2 H 2 , C 2 H 4 , C 2 H 6 , C 3 H 8 , C 3 H 4 , C 4 H 6 , and

 6 H 6 whose scattering cross-section are reported in the literature 

34–37] . These 14 species account for more than 99% of the flames 

olar composition at any axial position, the remaining < 1% is 

ue to a multitude of small radicals and multiring PAHs whose 
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Table 1 

Computed peak flame temperature and boundary conditions (mole fractions and mass averaged velocity). All flames 

have constant stoichiometric mixture fraction ( Z st = 0.183) and global strain rate ( a = (V avg- f + V avg-ox )/ L = 50s −1 ). Bold 

rows pertain to the only flames characterized with GC/MS and temperature measurements [27] and italicized rows 

above those in bold pertain to flames that do not have a measurable light scattering signal from soot particles. 

Fuel Stream ( T = 298 K) Oxidizer Stream ( T = 323 K) 

T (K) C 2 H 4 N 2 V avg (cm/s) O 2 N 2 V avg (cm/s) 

0.101MPa 1922 0.305 0.695 20.2 0.211 0.789 19.8 

1960 0.315 0.685 20.2 0.218 0.782 19.8 

2013 0.330 0.670 20.2 0.229 0.771 19.8 

2063 0.345 0.655 20.2 0.240 0.760 19.8 

2113 0.360 0.640 20.2 0.250 0.750 19.8 

2160 0.375 0.625 20.2 0.261 0.739 19.8 

2207 0.390 0.610 20.2 0.272 0.728 19.8 

0.405MPa 1665 0.225 0.775 20.1 0.155 0.845 19.9 

1721 0.235 0.765 20.1 0.162 0.838 19.9 

1775 0.245 0.755 20.1 0.168 0.832 19.9 

1826 0.255 0.745 20.1 0.176 0.824 19.9 

1875 0.265 0.735 20.1 0.183 0.817 19.9 

1923 0.275 0.725 20.1 0.190 0.810 19.9 

1970 0.285 0.715 20.1 0.197 0.803 19.9 

2016 0.295 0.705 20.1 0.204 0.796 19.9 

0.811MPa 1556 0.205 0.795 20.1 0.140 0.860 19.9 

1635 0.215 0.785 20.1 0.147 0.853 19.9 

1696 0.225 0.775 20.1 0.155 0.845 19.9 

1754 0.235 0.765 20.1 0.161 0.839 19.9 

1809 0.245 0.755 20.1 0.168 0.832 19.9 

1862 0.255 0.745 20.1 0.176 0.824 19.9 

1914 0.265 0.735 20.1 0.183 0.817 19.9 

Table 2 

Velocity and velocity gradient boundary conditions com- 

puted with 2D modeling [15 , 27] to account for deviations 

from plug flow. 

0.101MPa 0.405MPa 0.811MPa 

Fuel stream 

V avg (cm/s) 20.2 20.1 20.1 

V ax (cm/s) 27.8 23.4 21.6 

dV/dz (s −1 ) 26.4 17.4 16.2 

Oxidizer stream 

V avg (cm/s) 19.8 19.9 19.9 

V ax (cm/s) 34.1 28.3 25.9 

dV/dz (s −1 ) 16.2 9.15 8.54 
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ontribution was estimated assuming an average value for their 

cattering cross-section. All species accounted for in gas phase 

cattering, except for H 2 O, were measured and quantified with the 

C/MS in one flame at each pressure [15 , 27] . 

Rayleigh scattering calibrations are performed with propane, 

thylene, and nitrogen to verify that the appropriate ratios of the 

cattering coefficient are obtained. The calibration gas is flowed 

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

ed camera using the same experimental parameters (laser power, 

amera gating time, chamber pressure, etc.) that are used during 

he in-flame measurements. The calibration of any one gas (‘ cali ’) 

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

oefficient Q vv , 

 vv = S meas 
NC cali vv 
S cali 

(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 λ4 
, (2) 
vv 

386 
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 [16] , 

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 [38] . 

he soot particle diameter is evaluated by 

 = 

(
6 f v 

πN s 

)1 / 3 

(3) 

nder the assumption of spherically shaped particles that are 

onodisperse in size. The error bars on the measured soot num- 

er concentration and particle diameter are estimated through er- 

or propagation by applying general uncertainty analysis to Eqs. 

2) and ( 3 ). 

The soot volume fraction is measured by pyrometry imaging the 

ame onto a Nikon D70 camera with a 210 mm focal length lens 

topped at f/8. Measurements are performed by averaging 20 im- 

ges. Images are split into red, green, and blue color channels and 

econvolved into a two-dimensional field using an Abel transform 

39] . The soot volume fraction is evaluated through 

f v = − λe 

˜ K ext L p 
ln 

{
1 − εc ( λe ) 

τc S s 
τs S c 

exp 

[
− hc 

k B λe 

(
1 

T c 
− 1 

T s 

)]}
, (4) 

here λe , ˜ K ext , L P , and τ are the effective wavelength of the color 

hannel, dimensionless extinction coefficient, pixel length, and ex- 

osure time, respectively. The subscripts c and s refer to the cal- 

bration and measurements on soot particles, respectively. An S- 

ype thermocouple is used as a light calibration source [40] . We as- 

ume a constant ˜ K ext = 5.34 ±2.68 [17] . The temperature of soot, as- 

uming thermal equilibrium between soot particles and gas phase, 

s based on one-dimensional modeling that has been validated 

y thermocouple measurements [15 , 17 , 27] . The uncertainty in the 

omputed temperature is ±16 K throughout the entire soot forming 

egion based on the uncertainty in stream composition and veloc- 

ty of both streams. 
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Fig. 1. (Left) Measured (symbols) and predicted (lines) spatial profiles of temperature and selected species relevant for modeling the Rayleigh scattering cross-section of the 

gas phase. (Right) Spatial profiles of selected species relevant to soot formation. Five-ring (C 20 H 12 ) and six-ring (C 22 H 16 ) PAHs that are quantified in the 0.101 MPa flame are 

not included in the model. The experimental data were presented originally in [15 , 27] . The right (left) vertical line in the right column panels marks the position of the 

flame (PSP). 

3

3

c

p

b

i

fl

t

a

t

l

t

fl

i

fl

t

R

w

w

Q

Q

c  

T

a

Q

w

T

t

o

t

p

fl

t

p

i

t

d

p

a

. Results 

.1. Beam steering corrections 

One challenge of optical diagnostics in counterflow flames espe- 

ially in high-pressure environments is the intrinsically steep tem- 

erature and density gradient, with ensuing steering of the laser 

eam. This work introduces a hybrid experimental and model- 

ng technique to correct for beam steering using highly-controlled 

ames that exhibit a self-similar flame structure. We demonstrated 

hat counterflow diffusion flames at constant global strain rate 

nd stoichiometric mixture fraction are self-similar with respect 

o the dimensionless profiles of temperature and gas species, iso- 

ating T max as a controlling parameter to investigate soot forma- 

ion [16 , 17] . In this work, starting from an incipiently sooting 

ame, we perturb it to decrease T max progressively, while maintain- 

ng constant Z st = 0.183 and a = 50s −1 and stabilizing a non-sooting 

ame. So long as the temperature and the molar composition along 

he flame axis are provided by a partially validated model, the 

ayleigh scattering contribution of the gas phase Q 
model 
vv can be 

ell predicted and, in the absence of beam steering, should agree 

ell with the experimentally measured Rayleigh scattering signal 

 
meas 
vv of the non-sooting flame. If there is a discrepancy between 
w

387 
 
meas 
vv and Q 

model 
vv , one concludes that beam steering affected the 

alibration constant C cali vv / S cali in Eq. (1) by the ratio Q 
model 
vv / Q 

meas 
vv .

he beam steering-corrected scattering coefficient along the burner 

xis is therefore evaluated as 

 
meas 
vv | corr = S meas 

NC cali vv 
S cali 

[
Q 

model 
vv 

Q 
meas 
vv 

]
non −sooting 

(5) 

here the bracketed ratio is the beam steering correction factor. 

he correction of Eq. (5) results in a position-dependent calibra- 

ion of the scattering intensity measured by the camera that relies 

n the local soot-free flame products as a calibration gas mixture 

hat is already affected by beam steering. The correction factor is 

ressure-dependent but it applies to both sooting and non-sooting 

ames provided the flames maintain a self-similar structure and 

he departures from T max are modest. To determine Q 
model 
vv we need 

rofiles of temperature, reactants, and dominant species. 

Figure 1 shows the 0.101 MPa, 0.405 MPa, and 0.811 MPa exper- 

mental profiles of these variables. The boundary conditions for 

hese flames are listed in bold in Table 1 and the experimental 

ata were presented originally in [15 , 27] . Lines represent model 

redictions of the CRECK kinetic model. In Fig. 1 , the fuel stream 

pproaches the flame from the left and oxidizer from the right 

ith the zero axial position marking the gas stagnation plane (GSP) 
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Fig. 2. Measured (symbols) and modeled (lines) profile of the scattering coefficient in self-similar flames where the contribution to the light scattering of soot particles is 

negligible or absent (i.e., non-sooting flames). The right (left) vertical line marks the position of the flame (PSP). 
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hich is defined as the location where the axial velocity as de- 

ermed from the model, is zero. At all pressures, the model pre- 

ictions are in excellent agreement with the experimental data. 

o validate the model further in the context of soot formation, 

igure 1 also shows the experimental profiles of acetylene, benzene 

C 6 H 6 ), and naphthalene (C 10 H 8 ) for the same flames. The experi-

ental profiles at 0.101 MPa also include phenanthrene (C 14 H 10 ), 

yrene (C 16 H 10 ), benzopyrene (C 20 H 12 ), and benzo[ ghi ]perylene 

C 22 H 12 ) [15] . Vertical lines mark the position of the flame (right)

nd Particle Stagnation Plane (PSP) (left). The PSP is defined 

s the location where the sum of the axial velocity and the 

hermophoretic velocity is zero; the latter is defined as V th = 

0 . 538 ν∇ ln (T ) and is calculated using the viscosity ( ν) provided
y the model and the computed temperature profile. The model 

nd experiments are in good agreement also for these species, 

xcept for phenanthrene that is underrepresented by a factor of 

hree by the model. The CRECK kinetic model does not include 

pecies larger than pyrene (C 16 H 10 ). The results in Fig. 1 serve as

 partial validation of the one-dimensional model up to at least 

 10 H 8 , which will be exploited when we compare the formation 

ate of soot to the production rate of key aromatics to identify fea- 

ible PAH precursors to soot inception. Furthermore, in comput- 

ng Q 
model 
vv we implicitly assume that the model is only marginally 

ffected by the small changes in the composition of the fuel and 

xidizer streams and by a less than 250 K change in T max . As a re-

ult, we rely on the kinetic model with reasonable confidence to 

rovide the flame temperature and molar concentration also for 

ames that were not sampled and analyzed with the GC/MS. 

Figure 2 shows the measured (symbols) and predicted (lines) 

cattering coefficient of non-sooting flames at 0.101 MPa, 0.405 MPa, 

nd 0.811 MPa for various T max . Experimental data at each axial po- 

ition is the average of 10 pixels ( ∼225 μm) along the burner axis. 

he boundary conditions for these flames are italicized in Table 1 . 

he soot forming zone would be bound between the vertical lines 

arking the position of the flame front and PSP, but soot formation 

s suppressed because of the low T max of these flames. If one ne- 

lects differences in the molar composition of the flames, one can 

cale Q 
model 
vv ∝ N ∝ P/T . Therefore, it is expected that Q 

model 
vv sys-

ematically increases with increasing pressure and reaches a mini- 

um at the flame front where the temperature is maximum. With 

 ∼150 K ( < 10%) change in T max and a ∼13% change in fuel mole

raction in the high-pressure flames, Q 
model is nearly constant at 
vv 

388 
ach pressure because the flames maintain a self-similar structure 

nd the molar composition is not significantly affected. We can ex- 

ect that an additional modest increase in T max to promote soot 

ormation will result in nearly identical scattering coefficient as 

hese non-sooting flames in regions devoid of soot. 

For light scattering measurements in the non-sooting flames 

t atmospheric pressure, where beam steering is absent/minimal, 

he measured Rayleigh scattering signal Q 
meas 
vv reproduces Q 

model 
vv . 

t higher pressure, however, there is a consistent offset between 

 
meas 
vv and Q 

model 
vv . It is important to note the qualitative agree- 

ent between experiments and model – the change of T max at 

onstant pressure has a nearly inconsequential change on the scat- 

ering signal. The minimal uncertainty in the model predictions 

annot explain this discrepancy in the high-pressure flames. Ad- 

itionally, any temperature dependence of the scattering cross- 

ection of species is estimated to cause less than a 5% variance at 

32 nm [34] . Therefore, the discrepancy between Q 
meas 
vv and Q 

model 
vv , 

hich is present only in high-pressure flames, must be attributed 

o beam steering. 

Figure 3 (top) shows the imaged Rayleigh signal of a non- 

ooting flame at each pressure to illustrate clearly the severity 

f beam steering as pressure increases. To orient the reader, we 

dentify several features of each image: the dashed yellow line 

arks the position of the burner axis where measurements are 

erformed; the dark region represents the high-temperature zone 

i.e., the flame) which curves upward at the periphery because of 

uoyancy; the higher scattering signal below the flame is in the 

uel stream resulting from the higher scattering cross-section of 

uel molecules compared to the oxygen/nitrogen mixture from the 

op nozzle; the green arrow indicates the direction of propagation 

f the laser; the laser sheet enters the pressure chamber from the 

ight with a uniform intensity profile. At 0.101 MPa (top image) 

eam steering is negligible and the laser profile exiting the pres- 

ure chamber (left) remains uniform. Above atmospheric pressure, 

he flame deflects the laser beam and the intensity profile is no 

onger uniform after passing through the flame, which is particu- 

arly visible at 0.811 MPa with the appearance of distinct stripes to 

he left of the burner axis. 

The graph at the bottom of Fig. 3 shows the experimentally de- 

ermined correction factor Q 
model 
vv / Q 

meas 
vv for non-sooting flames at 

he three pressures obtained from the data in Fig. 2 . As expected, 

he ratio is near unity throughout the flames at atmospheric pres- 
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Fig. 3. Top: Rayleigh signal of a non-sooting flame at each pressure. The laser path 

is from right to left as indicated by the green arrow and the yellow dashed line 

marks the burner axis. Bottom: spatially-dependent beam steering correction factor 

at three different pressures to account for the increasingly more severe effect of 

beam steering as visible in the images above. (For interpretation of the references 

to colour in this figure legend, the reader is referred to the web version of this 

article.) 
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Fig. 4. Scattering coefficient for all flames investigated after correcting for beam 

steering. Dotted colored lines represent data that have been extrapolated to a lo- 

cation near the flame front where the contribution from soot is expected to be 

negligible. The right (left) vertical line marks the position of the flame (PSP). 
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ure, implying that the gas phase Rayleigh scattering contribu- 

ion is well predicted and beam steering is negligible; the larger 

ariability in the high-temperature region (0.5 < z < 2.0) is due to 

he small scattering coefficient and the subsequent low signal-to- 

oise ratio. Above atmospheric pressure, the ratio Q 
model 
vv / Q 

meas 
vv is 

on-unity but does not vary by more than 3% at a given position 

or flames with different T max but constant pressure. Fig. 3 reveals 

hat a single spatially- and pressure-dependent correction factor of 

he measured scattering signal can be applied to the results ob- 

ained for flames perturbed in the chosen range of T max . These data 

rovide the beam steering correction factor on incipiently sooting 

ames, that is, on flames that were perturbed progressively to in- 

rease T max while maintaining constant Z st = 0.183 and a = 50s −1 . 

.2. Results in sooting flames 

Profiles of the corrected scattering coefficient measured in all 

ooting flames are shown in Fig. 4 . The measured scattering coeffi- 

ient ( Q 
meas 
vv , symbols) is in good agreement with the one predicted 

or the gas-phase contribution ( Q 
model 
vv , lines) in regions devoid of 

oot, confirming our previous expectation that a modest increase 

n T max and the consequent presence of soot particles does not af- 

ect significantly the scattering coefficient in regions devoid of soot. 

nly one line is shown at each pressure in Fig. 4 because changes 

n Q 
model 
vv for a less than 250 K change in maximum flame temper- 

ture are nearly indistinguishable (see Fig. 2 ). In the soot forming 

egion, bound between the flame and PSP, Q 
meas 
vv begins to depart 

rom Q 
model 
vv and the departure is progressively more drastic with 

ncreasing T max . Q 
meas 
vv reaches a maximum at the PSP, rapidly de- 

reasing to Q 
model 
vv on the fuel side (left) of the PSP where no soot

s present. Experimental data are truncated when the scattered sig- 

al is within 10% of the camera background noise. The limited (12- 

it) dynamic range of the camera makes it impossible to quan- 

ify the scattering coefficient over the full-scale range which can 
389 
pan three orders of magnitude or more for the flames at the high- 

st temperatures. As a result, the experimental profiles for flames 

t sufficiently high temperatures show no data overlapping with 

he gas phase boundary conditions. To recover partially the high- 

ressure data in the high-temperature region, the dotted lines in 

ig. 4 represents an extrapolation of Q 
meas 
vv . Clearly, we expect Q 

meas 
vv 

o approach the gas phase value close to the flame front where 

he soot contribution must have vanished. The experimental Q 
soot 
vv 
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Fig. 5. Measured soot volume fraction (top) from [16] , number concentration (middle) and particle size (bottom) under the assumption of monodisperse size distribution, at 

pressures of 0.101 MPa (left), 0.405 MPa (middle), and 0.811 MPa (right). Solid lines rely on the extrapolated soot scattering coefficient in Fig. 4 . The right (left) vertical line 

marks the position of the flame (PSP). 
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s fitted with a Gaussian curve and restricted to be less than 1% of 

he gas phase at the flame front. A Gaussian curve fitting the right- 

ost set of experimental data close to the flame provided the best 

hape-preserving fit for extrapolation to the flame front. This ap- 

roach allows us to extend our analysis into the high-temperature 

egion, where the experimental signal has fallen to the noise limit. 
390 
ince the extrapolated data are subject to larger uncertainties, we 

ill alert the reader when the discussion relies on such data. 

Figure 5 summarizes the soot measurements in all counter- 

ow diffusion flames. Soot volume fraction measurements were 

cquired by pyrometry as reported in [16 , 17] . Symbols represent 

xperimental data and solid lines represent data that rely on the 
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Fig. 6. Number concentrations of aromatic species at different pressures. At each pressure, results are shown for two flames, the one at the lowest peak temperature at 

which soot is quantified (solid line) and the other at the highest considered peak temperature (dashed lines). The right (left) vertical line marks the position of the flame 

(PSP) (The reader is referred to the web version of this article for a colored version of this figure in which the identification of each curve is clear cut.) 
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xtrapolated Q 
soot 
vv . To avoid excessive clutter, error bars represent- 

ng 95% confidence intervals are provided only for the lowest and 

ighest T max and we do not consider potential errors associated 

ith the uncertainty of extrapolation. Data for the lowest T max - 

ames in Fig. 4 (1960 K at 0.101 MPa, 1826 K at 0.405 MPa, and

754 K at 0.811 MPa) are not shown because the difference be- 

ween Q 
meas 
vv and Q 

model 
vv is within the noise limit. The reported 

umber concentration and particle diameter are calculated under 

he assumption of monodisperse particles. Several observations are 

n order: 

i) as expected, soot nucleates near the flame front on the right, 

experiencing continuous growth in its (right to left) path to- 

wards the PSP until it is convected away radially, with es- 

sentially no opportunity to oxidize; 

ii) as pressure increases, there is a significant increase in soot 

volume fraction and number concentration; 

iii) the particle size is smallest, at a few nanometers, close to 

the flame front where soot inception begins and remains be- 

low 9–11 nm in all flames after soot particles have enough 

time to grow; and 

iv) at the lowest T max , regardless of pressure, the particle size 

is nearly constant which is reminiscent of the “nucleating 

flame” reported in [6] , where surface growth and coagula- 

tion are almost entirely suppressed and soot mass (volume 

fraction) increases only by particle nucleation. 

At atmospheric pressure, the number concentration has a local 

aximum near the flame front. As the residence time increases, 

oving from the flame front towards the PSP, the number con- 

entration decreases, and particle size increases because of ongo- 

ng coagulation. In proximity to the PSP, the trends are reversed: 

umber concentration rapidly increases and particle diameter de- 

reases. These trends are consistent with the “low-temperature”

oot forming mechanism that was rationalized in [16 , 17] from just 

olume fraction and dispersion exponent measurements. Initially, 

oagulation enlarges the particle diameter and decreases the par- 

icle number concentration, whereas surface growth reactions in- 

rease both the volume fraction and particle diameter. The low- 

emperature soot forming mechanism which activates at temper- 

tures below 1600 K [17] becomes the dominant mechanism near 

he PSP and it results in an increase in number concentration and a 

ecrease in particle diameter. This low-temperature mechanism is 
391 
ue to nucleation rather than growth involving PAHs that was spec- 

lated to be the mechanism at high pressures [16 , 41] . Diagnostic 

imitations prevent the quantification of soot number concentra- 

ion close to the flame front in the high-temperature 0.405 MPa 

ames, but the extrapolation on Q 
soot 
vv suggest that the profiles of 

he number concentration of soot particle are qualitatively simi- 

ar to the ones measured at 0.101 MPa. At 0.811 MPa, the measured 

umber concentration profiles monotonically increase and the par- 

icle diameter shows a mild increase relative to the 0.101 MPa 

nd 0.405 MPa trends. The 0.811 MPa data suggests that the low- 

emperature nucleation mechanism is more active at higher pres- 

ure and is nearly balanced by particle coagulation before the low- 

emperature nucleation takes over in proximity to the PSP. 

As to the temperature effect at a fixed pressure, it invariably 

esults in an increase in soot volume fraction and particle sizes and 

 decrease in number concentration. Particle sizes remain within 

he 2–11 nm range and the number concentration of incipient soot 

articles in proximity to the flame front is approximately invariant 

ith pressure. 

.3. Soot nucleation rate versus PAH dimerization rate 

The goal of this section is to assess the soot nucleation rate 

n each flame and compare it to the dimerization rate of criti- 

al aromatics to identify feasible soot precursors. To that end, we 

rst illustrate the effect of temperature and pressure on PAHs in 

ig. 6 , showing the computed number concentration of aromatic 

pecies for flames at the highest and lowest T max for which soot is 

uantified. Note that the larger PAHs are more sensitive to changes 

n T max and such a sensitivity increases with pressure. Specifically, 

enzene increases by approximately 30% whereas pyrene increases 

y a factor of three, when T max increases by ∼200 K at 0.101 MPa 

nd by ∼100 K at 0.811 MPa. This trend is consistent with the 

ncreased sensitivity of soot volume fraction at higher pressure 

 Fig. 5 ). At constant T max , a four-fold increase in pressure (i.e., com- 

aring the 0.101MPa-2013 K flame and the 0.405MPa-2016 K flame) 

esults in a two-fold increase in benzene concentration but a fac- 

or of four increase in pyrene concentration and approximately a 

actor of fifty increase in soot concentration. 

A comparison of Figs. 5 and 6 demonstrates that there is a 

isparity in the molar abundance of soot and large PAHs, such 

s pyrene or larger ones [9 , 10 , 12] , that are often postulated as
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he precursors to soot, with the soot being at much larger num- 

er concentrations. This disparity makes it difficult to justify that 

hese large species are those driving the nucleation of soot. Rather, 

e argue that small aromatic species such as one-ring or two- 

ing compounds are controlling the soot nucleation rate from non- 

romatic fuels, as further illustrated in the ensuing discussion. 

Using the partially validated profiles of concentration of PAHs, 

ow we can calculate the profiles of their dimerization rate based 

n the gas kinetic (self-)collision rate according to 

˙  DIM = η

√ 

4 πk B T 

M PAH 

σ 2 �∗( T ∗) N 
2 
a [ PAH ] 

2 
, (6) 

here η, k B , N a , M PAH , σ , �∗( T ∗) are the dimerization efficiency 

i.e., the fraction of collisions that result in dimerization events), 

oltzmann constant, the Avogadro number, the mass, the colli- 

ion diameter, and the reduced collision integral [42] of the PAH 

n question. [PAH] is the molar concentration of species ‘PAH’ and 

˙  DIM 
has units of number concentration (cm 

−3 ). The dimerization 

fficiency is assumed η = 1% for all considered PAHs, which is likely 

n overestimate, particularly for the smallest ones (e.g., benzene 

nd naphthalene), which are expected to have much lower dimer- 

zation efficiency [11 , 43 , 44] . 

Turning our attention to the soot nucleation rate, 
∂ N S 
∂t 

| nucl , we 

an recover it from the governing equation for the number concen- 

ration N S of soot particles along the axis, z , of the axis-symmetric 

ow field, namely, 

∂ N S 

∂t 
| nucl − γcoag 

1 

2 
K coll N 

2 
s = 

d 

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

dr 
. 

(7) 

The second term on the LHS is the destruction rate due to 

he coagulation of particles that are monodisperse in size. γcoag is 

he collision efficiency (the probability that particles stick together 

nce they collide). The collision kernel, K coll , is calculated using the 

xpression 

 coll = 8 πd · D P 

{
d 

d + 

√ 

2 · g 
+ 

8 D P √ 

2 c · d 

}
, 

ith 

 = 

πc 

24 d · D P 

{ (
d + 

8 D P 

πc 

)3 

−
[
d 2 + 

(
8 D P 

πc 

)2 
]3 / 2 

} 

− d, (8) 

nd 

 = 

√ 

48 k B T 

π2 ρs d 3 
, 

nd d is the measured particle size. The thermophoretic velocity is 

stimated by V th = −0 . 538 · ν · d ln (T ) /dz and the particle Brown- 

an velocity by V P = −D P · d ln ( N s ) /dz. The value of the Brownian 

iffusivity is calculated as a function of the measured particle di- 

meter by 

 P = 

(
k B T 

3 πρs νd 

)[ 
1 + 2 Kn 

(
A + B e −

C 
Kn 

)] 
. (9) 

The Knudsen number, Kn , is the ratio of gas mean free path to 

article diameter, and A, B, and C are empirical constants set equal 

o 1.257, 0.4, and 0.55, respectively [45] . The density of soot is as-

umed constant at ρs = 1.5 g/cm 
3 . The temperature T , axial velocity 

 z , radial gradient of the radial velocity d V r /dr, and viscosity ν in 

qs. (7) -( 9 ) are extracted from the one-dimensional model. 

The evaluation of Eqs. (6) –( 7 ) in various flames is presented 

n Fig. 7 . The grey shaded region and the dashed one pertain to 

he use of the experimental data and extrapolated data of Q 
soot 
vv , 
392 
espectively. They are obtained from Eq. (7) by assuming γcoag = 

% (lower bound) and 100% (upper bound). The data in Fig. 7 are 

seful to identify trends on the effect of pressure on the number 

ucleation rate of soot and its precursors. We shall focus on the 

blue) shaded region next to the flame corresponding to the hot 

oot nucleation zone. In the inception zone, and throughout most 

f the soot forming region in the low T max high-pressure flames, 

t is clear that dimers consisting of only one or two rings have 

ormation rates comparable to soot whereas the low abundance 

f the larger aromatics cannot account for it. While the inception 

one in the 0.405 MPa and 0.811 MPa pressure flames relies on ex- 

rapolation for the intermediate and high peak temperature, the 

xperimental data alone are sufficient to conclude that the nucle- 

tion rate of soot is consistently at the level of the dimerization 

ate of two-ring aromatics, especially in the most lightly incipient 

ooting conditions at low T max . Therefore, our principal observa- 

ion does not depend significantly on the extrapolation that was 

iscussed in connection with Fig. 4 and it holds regardless of pres- 

ure and temperature. As already mentioned, we also emphasize 

hat the assumption of 1% dimerization efficiency is generous for 

AHs smaller than pyrene [43] . But, even with the low estimate 

f the soot nucleation rate deriving from the assumption of size 

onodispersity and a high estimate of the molecular dimerization 

ate, there remains a large disparity between the two when con- 

idering PAHs larger than three-rings. A four-fold increase in pres- 

ure from 0.101 MPa increases the soot number nucleation rate and 

AH dimerization rate in flames with constant peak temperature, 

hich is primarily a concentration effect on the bimolecular colli- 

ion rates. A similar but perhaps less pronounced effect is observed 

n the higher (0.405–0.811 MPa) pressure range (see, for example, 

ata for T max = 1875 K at P = 0.405 MPa, and those for T max = 1862 K

t P = 0.811 MPa; see also data for T max = 2013 K at P = 0.101 MPa,

nd those for T max = 2016 K at P = 0.405 MPa). Changes in pressure

nd temperature tend to be more consequential on large aromat- 

cs. 

The same considerations apply to the number nucleation rate 

ssociated with the low-temperature nucleation mechanism that 

s active between the GSP at the origin of the abscissa and the 

SP where the left vertical line is located. This is particular true 

or the low temperature flames in the top row of Fig. 7 , the so-

alled nucleation flames, in which particle size is approximately 

onstant and size distribution effects are anticipated to be mod- 

st: for such flames the above discussion holds throughout the soot 

aden region. On the other hand, in the graphs of some of the other 

ames, such as those at the highest temperature at 0.101 MPa and 

.405 MPa in the bottom row of Fig. 7 , the number nucleation rate 

f the low-temperature mechanism appears to be at the level of 

he dimerization rate of 3–4 ringed aromatics. However, the as- 

umption of monodisperse particle sizes used in the data analy- 

is is likely to be inaccurate in these cases, since the nucleating 

articles are detected alongside larger particles that underwent co- 

gulation and were transported from the high-temperature region, 

t positive values of the abscissa. In consideration of the fact that 

he PAH dimerization efficiency is largely overestimated, one can 

afely speculate that the low-temperature number nucleation rate 

s also controlled by aromatics composed of one or two rings even 

n these cases. 

It is important to consider not only the formation rates from 

ndividual species but the cumulative combination of isomers of 

imilar size. From the GC measurements in the 0.101MPa-2013 K 

ame [15] (top left panel of Fig. 7 ), it was concluded that the cu-

ulative number concentration of all species composed of at least 

hree aromatic rings is a factor of two or three below the one of 

aphthalene (C 10 H 8 ). Additionally, radical species are predicted to 

xist at concentrations of at least one order of magnitude lower 

han their respective stable counterparts. Therefore, it is estimated 
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Fig. 7. Number production rate of soot compared to the dimerization rate of various PAHs calculated by assuming 1% dimerization efficiency. The grey shaded region (and 

the dashed one) represent soot production rate for a monodisperse size distribution by assuming γcoag = 2% (lower bound) and 100% (upper bound). They pertain to the use 

of the experimental data (grey region) and extrapolated data of Q soot vv (dashed region). The right (left) vertical line marks the position of the flame (PSP). (For interpretation 

of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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y the model that the dimerization/clustering of all isomers with 

ore than 13 carbon atoms would result in nucleation rates of soot 

elow the ones predicted for the dimerization of naphthalene. It 

ppears that only the smallest aromatics are present at sufficient 

oncentrations to account for the measured soot nucleation rate. 

n fact, soot nucleation via dimerization can be narrowed down 

erhaps to only single-ring aromatic compounds if one consid- 

rs smaller, more realistic, dimerization efficiencies for the small- 
393 
st PAHs [43] . Even the near-irreversible collision between a PAH 

olecule and a PAH radical [8] must involve small aromatic com- 

ounds because of the low concentration of radicals predicted by 

he kinetic model. The results in Fig. 7 suggest that, although large 

AHs are expected to contribute to the overall growth of the incip- 

ent soot particles, the role of the smaller PAHs and their modeling 

s more important to predict soot nucleation rates in flames fueled 

y aliphatic fuels. 
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A seemingly peculiar trend is exhibited in the coagulation re- 

ion of the 0.101 MPa and 0.405 MPa high- T max flames because the 

ucleation rate of soot drops drastically in the logarithmic scale of 

he graph ordinate. This is a consequence of vanishingly small val- 

es of the number nucleation rate (of course, the nucleation rate 

annot but remain positive in both terms of mass and number 

hroughout the soot forming region) compared to the destruction 

ate due to the coagulation. The latter is the most intense in these 

ame conditions compared to the others and only estimated in our 

ata analysis. 

In conclusion, the comparison of the number nucleation rates 

f soot and dimerization rates of aromatic compounds in high- 

ressure flames confirms results that were reported in [15] at at- 

ospheric pressure: the rate-limiting step in the sequence that ul- 

imately controls the nucleation rate appears to be the formation 

f either single-ring aromatic compounds or, at most, two-ring aro- 

atic compounds. Certainly larger PAHs play a role in the overall 

ormation of soot, but not in the very early stage of soot nucle- 

tion, in contrast with the long-standing hypothesis that chemi- 

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

ems such as pyrene trigger incipient soot [8–12] . Large PAHs are 

ikely to be short-lived intermediates that participate in the overall 

rowth of the incipient soot particles by adsorbing quickly on the 

nitial dimers, leading to much larger peri-condensed PAHs with 

he necessary resonance stabilization that prevents their fragmen- 

ation [4] , consistently with the presence of PAHs of several hun- 

red Da in the ordered stacks and disordered clusters that consti- 

ute soot nanoparticles [43 , 46] . 

. Conclusions 

Light scattering measurements in counterflow ethylene diffu- 

ion flames in the 0.101–0.811 MPa pressure range, in conjunction 

ith previously reported measurements of soot volume fraction 

nd predictions of the spatial sequencing of species from the par- 

nt molecule to multi-ring PAHs using a partially validated chem- 

stry model, yielded an assessment of the PAHs controlling soot 

ucleation rate. Flames were studied at constant stoichiometric 

ixture fraction, Z st = 0.183, and global strain rate a = 50s −1 to iso- 

ate pressure and peak flame temperature as key controlling pa- 

ameters. Principal conclusions follow. 

• Non-sooting flames can be used to determine a pressure- 

dependent beam steering correction factor. Provided that both 

sooting and non-sooting flames maintain a self-similar flame 

structure, these corrections can be applied to sooting flames, 

to improve the accuracy of measuring the gas phase Rayleigh 

scattering contribution and ultimately allow for the quantifica- 

tion of the soot particles in the 2–3 nm range in challenging 

pressurized counterflow flame conditions. 

• A comparison of the soot number nucleation rate and dimeriza- 

tion rate of PAHs reveals that the soot nucleation rate is con- 

sistent only with the dimerization of one- and two-ring PAHs 

and that large PAHs (composed of three or more aromatic rings) 

are not key intermediates to soot inception in ethylene fueled 

flames. 

• A four-fold increase in pressure from 0.101 MPa to 0.405 MPa 

increases soot nucleation rate and PAH dimerization rate in 

flames with constant peak temperature, which is primarily a 

concentration effect on bimolecular collision rates; a similar 

but less pronounced effect is observed in the higher (0.405–

0.811 MPa) pressure range. Changes in pressure and tempera- 

ture tend to be progressively more consequential on aromatics 

of increasing molecular weight and soot. 

• Soot particle sizes remain relatively small ( d < 11 nm) despite 

the fact that the volume fraction spans over three orders of 
394 
magnitude in all investigated flames. An increase in T max at 

constant pressure increases volume fraction and particle sizes 

and decreases soot number concentration. Particle sizes (num- 

ber concentration) decrease (increase) in proximity of the par- 

ticle stagnation plane where a low-temperature soot forming 

mechanism is activated. 

• The number nucleation rate of the low-temperature mechanism 

is also consistent only with the dimerization of one- and two- 

ring PAHs and faster than that of larger aromatics. 
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