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Abstract 

Evolution of particle size distribution function (PSDF) was studied in premixed stretch-stabilized flat 
flames for the first time. The purpose is to demonstrate that stretch-stabilized flames can broaden the exper- 
imental flame condition space for studying soot formation in a pseudo-one dimensional flow configuration. 
PSDFs were measured in three series of atmospheric-pressure ethylene–oxygen–argon flames with maximum 

temperatures around 1980, 2000, and 2160 K. The measured PSDFs show a strong effect of flame tempera- 
ture as nucleation and growth of soot is found to be suppressed towards high temperatures. Simulations using 
a population balance soot model show reasonably good agreement with the 1980 and 2000 K series of flames, 
but it significantly overpredicts the number density and size of soot in the highest temperature flame. Nu- 
merical tests suggest that the discrepancy can be caused by high-temperature reversibility in surface growth 

and other processes. 
© 2016 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 
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1. Introduction 

It is well known that soot formation is greatly
impacted by thermodynamic reversibility towards
high temperatures. This reversibility causes soot
yield to follow a rise-then-fall behavior or bell-
shaped dependency with respect to temperature in
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shock tubes [1–3] and flames [4–7] . At a detailed 

level, the kinetic causes for the reversibility of 
polycyclic aromatic hydrocarbon (PAH) forma- 
tion and growth have been discussed some time 
ago [8,9] . For soot nucleation and size growth 

involving PAH clustering, PAH condensation and 

particle–particle coagulation, the importance of 
microscopic reversibility has been also discussed 

(see, e.g., [10–16] ). More recently, detailed mod- 
eling of soot formation has generally considered 

the reversibility of soot particle nucleation and 

coagulation in the form of a stick probability (see, 
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.g., [12,14,15,17,18] ), which is expected to be de-
endent on size, temperature and pressure. Physical
nd quantitative understanding of these dependen-
ies is currently lacking. In particular, reversibility
s amplified at high temperatures ( > 2000 K) yet
xperimental observations in flames with low-
imensional flow geometry (e.g., the McKenna
ype burner) above this temperature have proven
o be difficult for reasons to be discussed below. 

Previously we have shown that the burner-
tabilized stagnation flame (BSSF) approach cou-
led with mobility sizing can yield a wealth of in-

ormation about the competition between various
oot growth processes [19–21] . The approach al-
ows for the evolution of the soot particle size distri-
ution function (PSDF) to be followed quite closely
hile reducing the problem of probe perturbation
nd ill-defined boundary conditions [21,22] . The
ata generated have been useful to model devel-
pment and comparison (see, e.g., [14,18,23,24] ).
owever, the BSSF approach has limitations. Fun-

amentally, flame stabilization is achieved through
eat loss to the burner in burner-stabilized flames,
hus it is generally difficult to access high tempera-
ure flames ( > 2000 K) where the effect of thermo-
ynamic reversibility is expected to be amplified.
igh temperature flames also hasten non-uniform

orosity changes in the porous plug thus creating
 non-uniform radial velocity profile after some
eriod of measurement – an experimental issue
hat would impact data quality [21] . This porosity
hange problem is further exacerbated in experi-
ents for liquid fuels as keeping the fuel in a va-

orized state usually requires heating of the porous
lug. In addition to porosity changes, the elevated
emperature increases heterogeneous reaction rates
n the porous plug, which can lead to coking and
hanges in the composition of the unburned gas
ue to fuel cracking. 

For reasons discussed above, it would be ben-
ficial to develop a new burner that would remove
he aforementioned problem and still allow for
article size distributions to be followed in a
ne-dimensional or quasi-one-dimensional flame
ystem. In this work, we show that premixed
tagnation flat flames offer this alternative config-
ration and demonstrate that such flames can be
sed to extend the experimental range for studying
ascent soot formation through mobility sizing,
hile still maintaining well defined boundary con-
itions in a pseudo-one dimensional geometry. The
o-called stationary premixed planar flame in stag-
ation flow (alternatively known as a stagnation
ame or premixed stretch-stabilized flat flame) is
ommonly used to examine fundamental combus-
ion phenomena like flame speed and extinction
25] . Stretch-stabilized flat flames have certain
dvantages over burner-stabilized flames. The
ame stabilization mechanism of stretch-stabilized
ames is based on flow stretch rather than heat loss.
or this reason, stretch-stabilized flat flames have
maximum flame temperatures, T f ,max , approaching
the adiabatic flame temperature, and in many cases
exceeding the adiabatic flame temperature due to
Lewis number effects [25] . Studies of low-vapor
pressure, liquid fuels become significantly more
reliable because stretch-stabilized flat flames are
issued from a simple nozzle. In this work, exper-
imental observations of the PSDF in a series of 
ethylene–oxygen–argon flames are compared to
predictions from a population balance model. Rel-
atively high flame temperatures are accessed with
stretch-stabilized flat flames to assess the accuracy
of a soot model against the measurement. 

2. Experimental 

The experimental setup, summarized in Fig. 1 ,
consists of a burner with an aerodynamically
shaped nozzle, a stagnation surface/sampling probe
assembly and a scanning mobility particle sizer
(SMPS). The aerodynamic shape of the burner
nozzle body is designed to achieve plug flow at
the burner exit (1.43 cm nozzle exit diameter). The
distance between the burner nozzle and stagnation
surface, L , is held constant at 1.0 cm. The standing
distance between the flame and stagnation surface/
sampling probe, L s , may be varied by changing the
unburned gas flow rate. 

Flame sample was drawn into a micro-orifice
(127 μm diameter, 125 μm wall thickness) embed-
ded within and flush to the stagnation surface on
a water-cooled aluminum disc. The techniques for
sampling and dilution ratio calibration (based on
CO 2 concentration measurement) are identical to
our earlier work [21] . Figure S1 of the Supplemen-
tal material shows the dilution ratio calibration for
the current stretch-stabilized flame. An optimum
dilution ratio was established in accordance with
previously established procedures [21,26,27] . The
PSDF was determined in terms of mobility diame-
ter as measured by the TSI SMPS (models and set-
tings found in [19] ) with previously described mo-
bility diameter corrections [28,29] . 

The gas temperature at the nozzle exit, T n , was
measured with an uncoated fine-wire (125 μm wire
diameter) Pt–Rh thermocouple placed near the
centerline of the flow. Similar to the BSS flame sam-
pling technique [19] , the stagnation surface doubles
as a sampling probe. The temperature at the stag-
nation surface, T s , was measured by a type- R
thermocouple (0.2 cm wire diameter) placed flush
with the surface such that the bead is exposed to
the sample gas 1 cm away from the centerline of the
flame. The gas temperature at the nozzle exit was
determined to be T n = 347 ± 10 K; and the stagna-
tion surface temperature was T s = 385 ± 25 K. The
uncertainty values quoted here are one standard
deviation across all flames studied. Numerical
sensitivity calculations show that within the uncer-
tainty values quoted the flame structure exhibits
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Fig. 1. Experimental setup and image of a typical flame. 

Table 1 
Flame parameters a and lognormal distribution parameters measured for the large particle-size mode. 

Flame Velocity b Global strain Standing T f,max 
d t p ( L ) N 2 ×10 –10 σ g ,2 〈 D m 

〉 2 
No v 0 (cm/s) rate a (s –1 ) distance c , d L s (cm) (K) (ms) (cm 

–3 ) (nm) 

S1 series: 12.7% C 2 H 4 /15.8% O 2 /71.5% Ar ( T ad =1886 K) 
A 50 .9 58 .6 0 .36 1992 8 .8 9 .1 1 .36 5 .8 
B 45 .2 52 .0 0 .40 1977 9 .7 8 .4 1 .42 6 .8 
C 39 .7 45 .7 0 .44 1977 10 .6 6 .0 1 .43 8 .8 
D 31 .3 36 .0 0 .55 1972 11 .9 3 .5 1 .54 13 .7 

S2 series: 13.2% C 2 H 4 /16.5% O 2 /70.3% Ar ( T ad =1947 K) 
A 66 .0 76 .0 0 .32 1996 7 .0 7 .7 1 .31 3 .9 
B 57 .1 65 .7 0 .36 2006 7 .8 7 .5 1 .32 5 .0 
C 45 .8 52 .7 0 .44 2015 9 .2 6 .7 1 .34 5 .8 
D 33 .1 38 .1 0 .56 2023 10 .6 4 .9 1 .45 10 .0 

S3 series: 15.6% C 2 H 4 /19.5% O 2 /65.0% Ar ( T ad =2103 K) 
A 110 .0 126 .6 0 .34 2155 4 .1 0 .5 1 .12 3 .9 
B 77 .2 88 .9 0 .45 2169 5 .4 1 .5 1 .13 4 .3 
C 57 .5 66 .2 0 .56 2163 6 .4 1 .0 1 .13 4 .6 
a All unburned mixtures have the equivalence ratio equal to 2.4. Nozzle-to-stagnation surface separation ( L ) is 1 cm. 
b Unburned gas velocity at 298 K and 1 atm. Sheath N 2 velocity for each flame is v o . 
c Distance from the stagnation surface to position of maximum flame temperature. 
d Computed using OPPDIF and USC Mech II with T n =343 K and T s =395 K. 

 

 

 

 

 

 

 

 

little sensitivity towards the boundary temperature
variations. 

The evolution of the PSDF was determined for
three series of ethylene–oxygen–argon flames. The
unburned gas composition and cold gas velocity
are summarized in Table 1 for each series. The
maximum flame temperatures computed using
OPPDIF and USC Mech II (to be discussed later)
are around 1980, 2010 and 2160 K for flame series
S1–S3, respectively. In each series, the variation in 

unburned gas velocity has the effect of changing 
the flame standoff distance by altering the kine- 
matic balance between the local flame speed and 

the normal flow velocity immediately upstream of 
the flame surface [25] . The examined flames range 
from relatively high velocity flames approaching 
the limit where stretch-induced flame extinction 

processes occur to low velocity flames approaching 
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Fig. 2. Profiles of temperature, species mole fraction, ve- 
locity (the total velocity v p = v c + v t , where v c is the con- 
vective velocity of the gas and v t is the thermophoretic 
velocity of the particle, and particle time t p computed 
for Flame S2b. The band indicates the observed location 
of the blue flame. x f indicates the position of maximum 

flame temperature. 
he flashback limit. For each series of flames, the
volution of the PSDF was observed as a function
f flame standoff distance. The nitrogen sheath
ow velocity is matched to the cold gas velocity

or each flame because the flame edges can be
mpacted for high sheath flow rates (see Figure S2
f the Supplemental material). 

The position of the flame was also determined
xperimentally by flame luminosity. A Canon Rebel
5i DSLR was used with a shutter speed of 1/20 s
nd field of view of 12 cm ×8 cm. The position was
alibrated by averaging 4 images of a ruler to obtain
he pixel per millimeter count in the field of view.
o account for slight flame oscillation, 140 flame

mages were processed and averaged. The luminos-
ty was determined as a function of axial and ra-
ial position and a Sobel edge detection algorithm

30] in ImageJ was used to detect the edges of the
lue flame zone. 

. Computational 

The stochastic soot model was previously ap-
lied to model soot formation in laminar premixed
ames [28,31] . For the current flames, a modified
PPDIF [23,32] code was used to compute the gas-
hase species profiles, including PAH concentra-
ions as derived from the ABF model [33] which is
ased on the model described in Wang and Fren-
lach [34] with additional PAH growth reactions.
he ABF model has been shown to over-predict

he laminar flame speed of ethylene flames which
akes the predicted flame temperature lower than

bserved in BSS flames [23] . To address this lim-
tation, the temperature profile was obtained first
rom computations using USC Mech II [35] and
hen imposed onto the ABF model computations.
he boundary conditions for the energy equation
ere given by the measured temperatures at the
ozzle exit and the stagnation surface/sampling
robe. The stochastic model of soot formation was
hen applied as a post processing step where the im-
osed temperature and computed species profiles
ere supplied as input. The net molar rate of pro-
uction of pyrene was used to determine the rate
t which pyrene monomers are “inserted” into the
oot model particle ensemble. 

The stagnation flow field was simplified by in-
oking the pseudo one-dimensional formulation
36,37] . Plug flow is designated at the burner
oundary and non-slip conditions are assumed at
he stagnation surface boundary. The net diffusive
elocity at the stagnation surface is zero due to
alancing thermal diffusion and Fickian processes.
robe sampling effects such as the flow field per-

urbation due to the finite velocity at the stagna-
ion surface were not accounted for. The relevant
pecies profiles were expressed in terms of the resi-
ence time of a Langrangian particle traveling from
he burner to the stagnation surface by considering
the axial convective and thermophoretic velocities
[19,23] . 

The soot model assumes spherical particles
and pyrene dimerization as the inception step,
particle–particle coagulation, surface growth by H-
abstraction-C 2 H 2 addition, PAH (pyrene) conden-
sation and oxidation by O 2 and OH [33] . The reac-
tion steric factor, as given in [33] , is applied to the
overall surface growth rate 

The collision rates are determined by a
transition-regime coagulation kernel [38] . The
computed particle diameter is compared to mo-
bility diameter, although the particles as small as
those sampled here may not be spherical [21] . 

4. Results and discussion 

We first discuss the key characteristics of the
stagnation planar flames studied herein. Numeri-
cal solution of selected major and minor species of 
Flame S2b is shown in Fig. 2 . As a typical repre-
sentation of the structure for the stretch-stabilized
flames studied, the preheat zone of the flame is
not attached to the burner. Rather, the rise in



J. Camacho et al. / Proceedings of the Combustion Institute 36 (2017) 1001–1009 1005 

Fig. 3. Measured flame luminosity as a function of axial and radial position for Flame S3a. Lines: computed location of 
the peak CH 

∗ concentration (dashed line), the location of the peak flame temperature (solid line) and the midpoint of the 
measured edges of the blue flame zone (dash-dotted-dash line). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

temperature occurs where the local flow velocity
approaches the laminar flame speed of the underly-
ing mixture [25] . Markers for the flame location can
be taken as the chemiluminescence zone or the loca-
tion of the peak flame temperature with varying de-
grees of overlap reported between the two [39,40] .
The measured luminosity of Flame S3a is shown in
Fig. 3 . A straight luminosity plateau region is ob-
served and this may result from a combination of 
line of sight superposition, contributions from mul-
tiple chemiluminescent species and soot radiation
[40] . The blue zone location was measured by de-
tecting the edges with the Sobel algorithm. The lo-
cations of the computed peak CH 

∗ concentration,
peak flame temperature, and midpoint of the mea-
sured blue zone edges fall within the region of peak
luminosity observed. 

As shown in Fig. 2 , the observed chemilumi-
nescence zone is also close to the CH 

∗ production
zone and region of maximum flame temperature
computed for the centerline of Flame S2b. For all
flames studied, the average of the measured flame
edges consistently falls within 200 and 400 μm of 
the computed peak temperature and CH 

∗ concen-
tration, respectively, with the average edge loca-
tion falling somewhat downstream of the com-
puted CH 

∗ peak. Kojima et al. [40] reported that
the CH 

∗ peak detected experimentally in the planar
region of premixed fuel-rich slot flames also occurs
200 μm after the peak value. With the above con-
sideration, the agreement between the measured
flame position and the computed flame structure
is deemed reasonable. Furthermore, the plug flow
boundary condition assumed for the unburned gas
in OPPDIF calculation is appropriate. 
The variation in the unburned gas velocity cor- 
responds to changes in the global strain rate of the 
flame, a = v 0 ( T n )/ L , where v 0 ( T n ) is the unburned 

gas velocity at the nozzle exit, which in turn causes 
the flame standing distance and the particle time to 

vary within each series of the flame ( Table 1 ). For 
illustrative purposes we assume that particle time 
zero starts at the maximum flame temperature, and 

the particle time may be calculated by integrating 
the inverse of particle velocity, v p , from the max- 
imum flame position, x f , i.e., 

∫ L 
x f 

dx/ v p , where v p 
is a sum of the convective velocity, v c , and particle 
thermophoretic velocity, v t , approximated from the 
Waldmann theory [41] . As an example, Fig. 2 shows 
profiles of these velocity terms for Flame S2b. The 
total particle time, t p ( L ), is the time for which a par- 
ticle traverses from x f to L , where the soot PSDF is 
measured. This time is 12 ms or shorter, as shown 

in Table 1. 
Qualitatively the observed soot PSDFs are 

similar to those measured in ethylene BSSF pre- 
viously (see, e.g., [21,42] ), as shown in Fig. 4 for 
series S1 and S2 flames and Fig. 5 for series S3 
flames. For the lowest temperature flame studied 

(S1, ∼1980 K), the soot number concentration N 

exhibits mostly a bimodal distribution with respect 
to the mobility diameter D m 

. Within the range of 
particle size that can be detected, the PSDF evolves 
to mostly an apparent unimodal distribution for 
flames at ∼2010 K (series S2). Soot measured in 

series S3 flames with T f ,max ∼ 2160 K is relatively 
small and an apparent unimodal distribution is 
observed. In all cases, however, the PSDF may 
be characterized by a bi-lognormal distribution 

function (see, e.g., [42] ) consisting of a geometric 
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Fig. 4. Particle size distributions of series S1 and S2 flames. Symbols: experimental data (different symbols from repeated 
runs, showing data reproducibility); solid and dotted lines: fits using bi-lognormal distribution function; dashed line: com- 
puted using the population balance model. 

Fig. 5. Particle size distributions of series S3 flames. Symbols: experimental data (different symbols from repeated runs, 
showing data reproducibility); solid and dotted lines: fits using bi-lognormal distribution function; dashed line: computed 
using the population balance model. 
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tandard deviation σ g and median diameter 〈 D m 

〉
or each mode. Fits to each mode can be seen as
he dotted lines in Figs. 4 and 5 , while the fit to
he entire distribution function are represented by
he solid line. Due to limited data resolution in the
mall size range, only the large-size mode ( i = 2)
arameters are listed in Table 1 . For each series
f flames, the evolution in distribution number
ensity, median particle diameter and geomet-
ric standard deviation are largely governed by
particle–particle coagulation processes. As shown
in Table 1 , the distribution number density de-
creases as the particle time increases for each series
of flames. The decrease in the number density is
accompanied with an increase in the geometric
standard deviation and the median particle size.
Production of soot decreases from series S1–S3
as the flame temperature increases and particle
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Fig. 6. Sensitivities of PSDF to the efficiencies of par- 
ticle inception, particle–particle coagulation and PAH 

(pyrene) condensation computed for Flame S3c. Symbols: 
experimental; lines: computed. 

Fig. 7. Sensitivities of PSDF to (2) the collision efficiency 
and (3) the steric factor in the surface reaction model com- 
puted for Flames S1d and S3c. Symbols: experimental; 
lines: computed (1) base case ABF model, (2) using the 
size-dependent collision efficiency expression (Eq. (7)) of 
Ref. [18] and (3) using a = 12.0 – 0.00563 T instead of a 
= 12.65 – 0.00563 T in the α expression as in the ABF 

model. 
time decreases at the same time. The decreasing
particle time is not, however, the cause of soot
diminishment as will be discussed below. 

Also shown in Fig. 4 are the ABF model pre-
dictions. The agreement for S1a and S2a flame
is remarkably good. For other flames, the agree-
ment is less than satisfactory. The model tends to
underpredict the size growth rate towards longer
particle times as compared to the experiment.
The problem may lie in the spherical particle
model assumption which impacts both the surface
growth rate and the mismatch between mobility
and spherical-equivalent diameters. Recent helium
ion microscopy studies [43–45] and investigations
into the mass/mobility size relationship [21] have
shown that nascent soot particles can deviate from
spherical morphology even at the very early growth
stages. 

For series S3 flames, ( T f ,max ∼ 2160 K, Fig. 5 )
the model drastically overpredicts the particle for-
mation and growth both in particle number concen-
tration and size. Specifically, the computed number
density is larger than the measured values by up to
5 times and the computed particle size can be twice
that of the experimental value. Overall the volume
fractions are over-predicted by an order of magni-
tude for all three flames in series S3. 

Numerical sensitivity analyses were carried
out here to shed light on the above discrepancy.
Selected results are presented here. A complete ac-
count of these analyses can be found in the supple-
mental material. We expect that the effect of ther-
modynamic reversibility can exhibit in all nearly all
fundamental sooting processes, including particle
inception, coagulation, PAH condensation and
surface growth reactions. Thus, the influence of a
non-unity sticking probability (see, e.g., [16,28] for
particle–particle coagulation, PAH condensation
and pyrene dimerization leading to particle incep-
tion is examined by reducing the respective sticking
probabilities to 0.01. The results are shown in Fig.
6 for Flame S3c as an example. More thorough
results are provided in the Supplemental material.
Reduced coagulation and pyrene dimerization rates
lead to large changes in the PSDF for this and all
flames studied (see, Figs. S3–S5). It is tempting to fit
these stick probability values to the available PSDF
profiles but the inherent, complex coupling among
the particle processes along with the kinetic uncer-
tainty in pyrene concentration predictions across
the flames renders this a highly over-simplified
approach. 

Non-unity sticking probability has been dis-
cussed earlier [16] . Saggese et al. [18] proposed a
particle size-dependent sticking probability expres-
sion and used it to model the PSDFs in a burner
stabilized ethylene flame [21] . A test using the same
sticking probability expression shows less than sat-
isfactory result, as seen by comparing curve (2) of 
Fig. 7 with the experimental data and base case cal-
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ulation (curve 1). Specifically, the particle number
oncentration of Flame S3c is underpredicted by
s much as a factor of 100, yet the median particle
iameter is still substantially over-predicted. This
bservation leads to the question about the surface
rowth reaction rate. 

Appel et al. [33] proposed a temperature-
ependent surface steric factor, α, to describe the
educed surface reaction rates towards high tem-
eratures. They proposed an expression for α by
tting soot volume fraction data of eight burner-
tabilized flames with 1710 < T f,max < 2100 K. The
 parameter in the α expression has a high degree of 
catter leading to uncertainty when extrapolated to
he temperature of the current S3 flames. Subtract-
ng 0.65 from the y -intercept of the linear (in local
emperature) a parameter function has a substan-
ial effect. A reduction of the α value by a factor
f 4 to 40 depending on the average particle size,

s observed even though this lower value of a still
ies within the range of scatter (see the Supplemen-
al material for additional discussion of the above
oints). The effect of a reduced α value is to dras-
ically reduce particle size, as shown in Fig. 7 , in-
icating that the reversibility may also be a critical
actor in surface growth. 

In light of the above sensitivity tests, we can
ake the following points with regard to the in-

bility of the ABF model in reconciling the current
ata. First, it remains highly questionable whether
vailable soot models can be predictive outside the
onditions over which the model parameters have
een determined or estimated. Second, the cou-
lings among the various fundamental sooting pro-
esses and strong sensitivities of the PSDF to a
arge number of model parameters make it diffi-
ult to determine these parameters from flame data
lone, without additional experiments in which the
arious sooting processes can be studied in an iso-
ated manner. 

. Conclusions 

Nascent soot PSDFs were measured in pre-
ixed stretch-stabilized flat flames for the first time

o demonstrate that the proposed flame configura-
ion can broaden the experimental flame condition
pace for studying soot formation in a pseudo-one
imensional flow configuration. The measurements
how that, in agreement with previous understand-
ng, thermodynamic reversibility towards high tem-
eratures plays a critical role for soot formation.
or the three series of flames and within the range
f particle size probed, the PSDFs exhibit bimodal
ize distribution towards the lower end of the flame
emperature ( ∼1980 K) while they are apparently
nimodal towards higher temperature flames. 

Model predictions of PSDFs show reasonably
ood agreement with the experimental data for se-
ies S1 and S2 flames with maximum temperatures
at or below 2000 K. The model over-predicted the
particle number density and size for series S3 flames
at ∼2160 K. Sensitivity analyses suggests that a
proper consideration of the thermodynamic re-
versibility in soot nucleation, coagulation and sur-
face growth may be critical to predicting soot for-
mation at temperatures greater than 2000 K. 

Supplementary materials 

Supplementary material associated with this ar-
ticle can be found, in the online version, at doi:
10.1016/j.proci.2016.06.170 . 
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