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ABSTRACT

Soot formation is quantified in detail (volume fraction, particle size, number concentration, and light
emissivity dispersion exponent) in a series of partially premixed counterflow flames of ethylene at equiv-
alence ratios, @, equal to 6.5, 5.0, and 4.0, and with maximum temperature spanning approximately
200K. The focus is to investigate the effect of peak temperature and equivalence ratio on soot formation
while maintaining constant global strain and stoichiometric mixture fraction. Oxygen is progressively dis-
placed from the oxidizer to the fuel stream of a diffusion flame to stabilize partially premixed flames of
decreasing ®, showing a double-flame structure consisting of a rich premixed flame component stabi-
lized on the fuel side of the stagnation plane and a diffusion flame component stabilized on the oxidizer
side. Soot is detected in the region sandwiched between the two flame components, is formed in both
of them, and is convected away radially at the Particle Stagnation Plane (PSP). At fixed ®, raising the
peak temperature invariably raises the soot volume fraction throughout the probed region. Vice versa,
at fixed peak temperature, lowering the equivalence ratio causes the premixed flame component to shift
away from the diffusion flame component, with the consequent broadening of the soot forming region
and an increase in both soot volume fraction as well as soot particle sizes through an enhancement of
surface growth. Detailed probing of the region in the vicinity of the PSP offers evidence of soot oxida-
tion from molecular oxygen. Furthermore, when the maximum temperature is sufficiently low, the net
soot production rate turns negative because surface oxidation overwhelms surface growth. Comparing
the soot number production rate inferred from experiments to the dimerization rate of benzene (CgHg),
naphthalene (CyoHg), and pyrene (CisHjg) reveals that only the smallest aromatics are present in flames
at sufficiently large concentrations to account for soot nucleation. This observation applies to both the
diffusion flame and the premixed flame components and confirms previous findings in strictly diffusion
flames.

© 2022 The Combustion Institute. Published by Elsevier Inc. All rights reserved.

1. Introduction

soot emission on human health [5] and climate change [6]. There-
fore, studying the formation of soot in partially premixed flames

Combustion systems are typically categorized as either pre-
mixed or non-premixed (i.e., diffusion), with soot formation be-
ing studied separately in either environment, as reviewed in [1-3].
In practical systems, however, situations arise in which these two
regimes may coexist. For example, in compression ignition engines,
a double-flame structure was suggested with soot forming in fuel-
rich premixed conditions before being oxidized in a non-premixed
flame [4]. Control and eventual abatement of soot formation under
these conditions are critical not only from the perspective of en-
gine performances but also in the context of the negative impact of
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(PPF), while avoiding the complexity of real engine conditions,
is of fundamental and practical interest. The laminar counterflow
configuration is ideal for such a task because it allows estab-
lishing a one-dimensional dual-flame structure, retaining the cou-
pling of chemistry and transport phenomena, with the sooting re-
gion being sandwiched between a premixed flame and a diffusion
flame [7].

Efforts to quantify the effect of equivalence ratio [7-13], pres-
sure [14,15], and fuel type [16-19] on PAH, soot, and NOx emis-
sions in partially premixed flames were the object of several stud-
ies. The effects of partial premixing are reported to increase the
concentration of soot and its precursors in previous studies of
our group [7,15], in contrast with the findings of [9,12] report-
ing that an increase in oxygen and oxidative reactions decrease
the concentration of soot precursors. An important difference that
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explains the discrepancy between the two types of investiga-
tions is that partial premixing in [7,15] is implemented un-
der conditions of constant stoichiometric mixture fraction, re-
quiring the shift of oxygen from the oxidizer stream to the
fuel steam to control the level of premixing. Holding the sto-
ichiometric mixture fraction constant ensures that the loca-
tion of the diffusion flame component is fixed and allows
for the isolation of the effects of partial premixing on soot
formation [11,12]. The fuel type must also be taken into considera-
tion as the effect of partial premixing on soot emissions in ethy-
lene flames may differ compared to propane [17] and methane
[12] ones. To isolate the effect of the equivalence ratio, one can
keep the diffusion (non-premixed) flame component invariant to
the changes in oxygen concentration in the fuel stream, which is
easily realizable in the counterflow configuration.

Another key parameter in soot formation is temperature. Sev-
eral studies focused on the effect of temperature in diffusion
flames [20-22] and premixed flames [23,24]. It is not surprising
that in counterflow diffusion flames, an increase in flame temper-
ature increases soot volume fraction because soot oxidation is of-
ten negligible when the flame is positioned on the oxidizer side
of the stagnation plane. In premixed flames, the effect of temper-
ature on soot load can be non-monotonic as oxidation reactions
decrease the concentration of precursors [23]. In view of the differ-
ent trends in the two separate flame environments, understanding
the effect of temperature in partially premixed flames, where both
flame components are present, is of interest. The effect of tem-
perature in partially premixed coflow flames were investigated in
[25], using different diluents (Ar, Ny, and CO,) to control temper-
ature. However, as reported in [21], the effect of inert dilution in
diffusion flames can be comparable or even larger than the tem-
perature effect, and CO, dilution can introduce additional chemical
effects, so it is ideal to isolate the effect of temperature by other
means. Following the method of [22], one can investigate the ef-
fect of temperature in detail by keeping constant equivalence ratio,
global strain rate, and stoichiometric mixture fraction.

Generally, there remains a lack of information on the crucial
step of particle inception [3] even in the much more extensively
studied diffusion flames and premixed flames, let alone the PPFs
under consideration. To follow the relevant gas-to-particle transi-
tion, gaseous sampling is virtually indispensable for the complete
chemical characterization of the flame environment up to multi-
ring aromatics [26]. Since the presence of soot and ensuing probe
clogging poses challenges to microprobe sampling, lightly sooting
conditions are typically established. Here we study soot formation
beyond the lightly sooting conditions by perturbing the investi-
gated flames in a highly controlled manner [22,27]. In a previous
study [7] we investigated a lightly sooting flame by quantifying
gaseous species up to three-ring aromatics to validate a chemistry
model in predicting temperature and important soot precursors
(e.g., acetylene and benzene). Now, we perturb the flame slightly
to vary the soot load and rely on the validated kinetic model to
predict the structure of the flame under perturbed conditions. The
level of inert dilution is selected to keep constant global strain rate
and stoichiometric mixture fraction, while adjusting the maximum
flame temperature in increments of approximately 50 K. The study
allows highlighting the effects of flame temperature and equiva-
lence ratio on soot formation in as controlled a fashion as possible.

2. Experimental and computational methods

2.1. Boundary conditions, flame selection criteria, and key flame
properties

Experiments are performed using a burner consisting of two
opposed converging nozzles, 8 mm apart, with a 6.35mm inter-
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nal diameter outlet. Both nozzles are surrounded by conical en-
closures conveying a nitrogen shroud flow to minimize external
disturbances to the flame. Further details regarding the burner ge-
ometry are in [28]. Calibrated flows of nitrogen/ethylene/oxygen
and nitrogen/oxygen are fed to the bottom and top nozzles, re-
spectively, to stabilize PPFs at atmospheric pressure. The mass av-
eraged velocity (at a reference lab temperature of 298 K) is fixed at
19.8 cm/s and 21.2cm/s for the fuel and oxidizer streams, respec-
tively, resulting in a global strain rate of 50s~!. One-dimensional
modeling of the flames is performed with ANSYS CHEMKIN-Pro
[29] and the most recent version of the soot model made avail-
able online by the group in Milan (C1-C16 HT SOOT, mechanism
Version 2003, March 2020). This mechanism considers 452 species
and 24,041 reactions [30,31] and includes 80 pseudo species ‘BINs’
composed of 20 up to 108 carbon atoms to model soot, as de-
scribed in [32]. We account for multicomponent diffusion coeffi-
cients, thermal diffusion, and thermal radiation of CO, CO,, H,O0,
and CHy4 in the optically thin limit [33]. Soot radiation is estimated
to be insignificant in these flames based on Dalzell and Sarofim
[22,34]. A 2-D axisymmetric model using COMSOL multiphysics is
applied to account for deviation from ideal plug flow boundary
conditions, as in [7]. This model estimates the centerline velocity
and its axial gradient (27.8cm/s and 52.9s~! for the fuel stream
and 34.1 cm/s and 32.4s~! for the oxidizer stream, respectively) for
a pure diffusion flame whose perturbation leads to the PPFs inves-
tigated in this study. The expected variations of the actual velocity
and velocity gradients at the burner nozzle caused by the imposed
perturbation of the flame temperature and equivalence ratio are
neglected.

The mole fraction boundary conditions of the investigated
flames at three equivalence ratios, ®, are reported in Table 1 with
bold entries highlighting the two flames that had been character-
ized comprehensively in [7] by measuring flame temperature and
mole fraction profiles of over 30 gaseous species. These measure-
ments were used to validate the computational chemical kinetic
model with respect to some important variables in soot formation
such as temperature, acetylene, and benzene concentrations, and
build confidence in its predictive capability under the present con-
ditions of modest perturbations in peak temperature of the vali-
dated flames.

With an approach similar to [22,27], flames are selected to
study the effect of temperature and equivalence ratio on soot for-
mation by perturbing the mass fraction of ethylene in the fuel
stream at constant stoichiometric mixture fraction, Zs =0.183. For
partially premixed flames, Zst=(1+5 Y;/Yoo)~! where Y= Yee(1
- 1/®) is assumed to be the mass fraction of the residual fuel as-
suming complete conversion to CO, and H,O from the premixed
flame (PF) component. The constancy of Zs and mass averaged ve-
locities (i.e., strain rate) ensures that the relative position of the
diffusion flame component with respect to the stagnation plane
is approximately constant, and therefore the perturbation in mass
fraction of fuel is primarily used to tune Tpax in increments of ap-
proximately 50 K. The approach allowed us to vary Tpnax at constant
®, spanning a range of approximately ~200K. The range is limited
to ~150K for the flames with ®=4.0 because of their sensitivity of
soot load to temperature.

2.2. Soot pyrometry

Soot measurements are performed using two-color pyrome-
try, as extensively detailed in [22,35,36] and only briefly covered
hereafter. Soot luminosity is measured by acquiring flame images
with a CCD camera (Nikon D70). The images are captured with a
210 mm focal length lens using a 550 nm long-pass filter so that
only the red and green channels of the camera are used for fur-
ther processing. The long-pass filter is used to remove some of
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Table 1
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Boundary conditions in mole fraction and computed maximum flame temperature, Tnmax, for all investigated flames at three equivalence
ratios, ®. The stoichiometric mixture fraction is held constant at Zg = 0.183. Flames whose gas-phase composition was characterized
experimentally in [7] are shown in bold, whereas flames reported in italic are ‘soot-free’ with respect to the detectable Rayleigh scattering

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

Tmax (K) CHy N 0, N 0,

®=6.5 1920 0.3000 0.5615 0.1385 0.8287 0.1713
1955 0.3100 0.5469 0.1431 0.8230 0.1770
2007 0.3250 0.5250 0.1500 0.8144 0.1856
2056 0.3400 0.5031 0.1569 0.8058 0.1942
2104 0.3550 0.4812 0.1639 0.7972 0.2028

$=5.0 1866 0.2800 0.5520 0.1680 0.8499 0.1501
1904 0.2900 0.5360 0.1740 0.8446 0.1554
1941 0.3000 0.5200 0.1800 0.8392 0.1608
2012 0.3200 0.4880 0.1920 0.8285 0.1715
2064 0.3350 0.4640 0.2010 0.8205 0.1795

®=4.0 1819 0.2600 0.5450 0.1950 0.8702 0.1298
1860 0.2700 0.5275 0.2025 0.8652 0.1348
1900 0.2800 0.5100 0.2100 0.8603 0.1397
1961 0.2950 0.4838 0.2213 0.8529 0.1471

the chemiluminescence signals from the two flame fronts. The lens
aperture is set at f/8 and mounted on extension tubes to pro-
vide a magnification of 15.6 um/pixel. Images are captured in a
12-bit lossless (raw) format and averaged over 20 samples. They
are split into individual red, green, and blue color channels and
deconstructed into a 2D projection using an Abel transform.

The ratio of the two deconvoluted color channels, S, is de-
scribed by the ratio of the radiation intensity emitted according
to Planck’s law

Sy _ /M%) A=G+[exp (1) — 1] da 0
St () A=+ [exp (+5) - 1]71(1)»’

where A, h, ¢, and kg are the wavelength, Planck constant, speed
of light, and Boltzmann constant, respectively. The subscripts r and
g represent the red and green channels of the camera, respectively.
The sensor detection efficiency and transmission losses through
the camera lens and the long-pass filter are accounted for in n(A),
resulting in measurements collected over an approximate spectral
range of 550nm to 700nm. Eq. (1) substitutes the emissivity of
soot particles with an assumed power-law dependence &(X) oc A%
[22,36], where « is referred to as the dispersion exponent. Consid-
ering that the dispersion exponent is far from constant in flames,
especially under incipiently sooting conditions [22,36,37], we use
the computed temperature profile in Eq. (1) to infer the profiles of
the dispersion exponent [22]. The dispersion exponent is not only
an important optical parameter describing the wavelength depen-
dence of the extinction coefficient [37], but also gives a rough in-
dication of the soot age, since it is related to the particle Hydro-
gen/Carbon (H/C) content [38].

The computed temperature profile is also used to extract the
soot volume fraction through

Ae Trefssoot hc 1 1
fv= I?extLp In {1 Eref (he) Tsoot Sref exp |: kgXe <Tref Tsoot ):| }’
(2)
where A is the effective channel wavelength, L, the pixel length,
and t the exposure time [39]. The subscript soot refers to the mea-
sured soot particles and ref refers to an absolute light calibration,
that was generated using an S-type thermocouple [40]. The dimen-
sionless extinction coefficient is assumed to be Koy = 5.34+2.68 for
all flames [22]; the uncertainty lumps the variability of the extinc-
tion coefficient to soot morphology and composition and the gen-
eral uncertainty of the absorption function E(m) [41]. Error bars
in the reported measurements of the dispersion exponent and the

I"’is Mirror
532nm Nd:YAG %
Pulsed 10ns I

Pyrometry
Nikon D70

pressure
chamber polarizing
beam
litt
burner spl i
|:Beam I I:| I
dump /
cylindrical v
lens
til/ 532nm filter
optical m==—==== ;|arizer
window
intensified

Ccamera

Fig. 1. Experimental layout for soot pyrometry and laser light scattering.

soot volume fraction represent the 95% confidence of the over-
all uncertainty in the measurements, including the uncertainty in
measured color ratio, the emissivity of the calibrating thermocou-
ple, the measured temperature, the extinction coefficient, and an
estimate of the transmission efficiency of the camera and the en-
tire optical lensing system.

2.3. Light scattering

Planar light scattering measurements are performed with the
(532nm) second harmonic of a 10ns pulsed Nd:YAG laser (New
Wave Gemini PIV). The experimental layout is shown in Fig. 1.
A cylindrical lens shapes the laser beam into a 4mm by 1mm
sheet at the center of the burner with the laser fluence kept below
100mJ/cm? to ensure that soot particles are neither significantly
overheated nor ablated by the high energy pulses [42], as verified
experimentally. The scattered light is imaged onto an intensified
camera (12-bit PCO DiCAM-Pro) positioned at a 90° scattering an-
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gle, through an optical train including an 80 mm macro lens, a po-
larizer, and a 532nm4+10 nm interference filter. Data analysis is per-
formed on the average of 500 images captured in a 20ns gating
window centered around the triggering of the laser pulse. Back-
ground subtraction is applied by imaging the flame without laser
illumination. The gas-phase total light scattering coefficient of the
investigated flames is calculated using the computed number con-
centration of the following gasses: H,, H,0, Ny, Oy, CHy, CO, CO,,
C2H2, C2H4, CzHG, C3H8, C3H4, C4H6, and CGHG whose scattering
cross-section are reported in the literature [43-46]. All species ac-
counted for in gas phase scattering, except for H,0, were measured
and quantified with the GC/MS in the fully characterized flames in
bold in Table 1. Multiring PAHs whose scattering cross-section is
expected to be much larger than that of benzene appear at signifi-
cantly lower concentrations and contribute negligibly to the overall
gas-phase scattering coefficient.

Calibration gasses (propane, ethylene, and nitrogen) are flowed
individually through both top and bottom nozzles and imaged onto
the intensified camera to verify that the appropriate ratios of the
scattering coefficient are obtained. The calibration of any one gas
(‘cal’) is used to convert the measured Rayleigh signal S to the scat-
tering coefficient Qyy,

cal
Qvu = srneasl\gcﬁa (3)
cal
where N is the local gas number density and Gy, is the scatter-
ing section of the calibration gas with the subscript ‘vv’ referring
to both incident and scattered vertically polarized light. The soot
number concentration N is evaluated under the hypothesis of size
monodispersity as

97 2F (m) f2
Ns = ngo[)ﬂ ’

where Q3% is the measured excess scattering coefficient attributed
to soot, net of the Rayleigh scattering contribution from the gas
phase, f, is the measured soot volume fraction via pyrometry,
and F(m)=0.69+0.13 is the dimensionless refractive index func-
tion at the laser wavelength A =532 nm based on the relationship
between F(m) and the dimensionless extinction coefficient [47].
The assumption of monodispersity in initial particle size leads to
underestimate the soot number density. This assumption is rea-
sonable in the zone where particles nucleate (mostly at high tem-
perature downstream of the diffusion flame component) but may
become progressively weaker as particles evolve on their path to-
wards the stagnation plane. Nevertheless, the small sizes measured
by light scattering should preclude the existence of a large polydis-
persity in the soot particle population and the soot particle diam-
eter can be safely assumed spherical and evaluated by

6\ "
d=<nNs> . (5)

Error bars in the reported measurements of the soot number
concentration and particle size represent the 95% confidence of the
overall uncertainty in the measurements, including the uncertainty
in measured scattering coefficient, the dimensionless refractive in-
dex function, and the soot volume fraction.

(4)

3. Results and discussion
3.1. Complementing the database

One of the objectives of the present work is to comple-
ment the extensive database of atmospheric partially premixed
flames [7] with soot measurements. An overview of the struc-
ture of a subset of the examined flames at approximately constant
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Tmax =1950K £ 11K but with different ®s is provided in Fig. 2,
comparing measured values from [7] (symbols) with simulations
from the CRECK kinetic model (lines). The computed soot profile is
the sum of all 80 pseudospecies BINs. The abscissa is the position
along the burner axis and is centered at the gas stagnation plane
(GSP). Negative values refer to the fuel stream and positive val-
ues to the oxidizer one, whereas the vertical solid line marks the
particle stagnation plane (PSP) calculated by V;;, = —0.538vV In(T)
[48], using the temperature gradient and kinematic viscosity (v)
from the model. Results of the model and experiments are over-
lapped by superimposing the computed maximum concentration
of CH* with the maximum chemiluminescence signal of the dif-
fusion flame component in the recorded images. Fig. 2 highlights
the evolution from the fuel (ethylene) to aromatics such as ben-
zene (CgHg), naphthalene (CyoHg), and pyrene (CigH1g). Pyrene was
not quantified experimentally and we provide only the computed
profiles. Profiles of oxygen and hydroxyl radical (OH) are also pro-
vided with the results of the soot measurements from this work.
The model captures well all of the gaseous species, but underpre-
dicts the volume fraction by approximately one order of magni-
tude. Fig. 2 includes the model predictions for a flame with $=4.0
(right panel) that has not been validated via gas phase speciation
but is the result of a small perturbation of the boundary conditions
of the other validated flames [7]. The existence of a double flame
structure consisting of a diffusion flame component, near the peak
of OH on the oxidizer side of the GSP, and a premixed flame com-
ponent on the fuel side, is highlighted by the “shoulder” of the OH
profiles at the left of the peak that is most apparent at $=4.0 and
5.0, as further discussed below.

To demonstrate the effect of temperature on the flame struc-
ture, we show in Fig. 3 the computed temperature, critical species
in soot surface reactions (i.e., OH, O, and C,H,) for all the inves-
tigated flames listed in Table 1. The predictive ability of the model
should be minimally affected by the perturbation of the boundary
conditions to vary ® and/or Tmax. Given the discrepancy between
the measured volume fraction and computed soot (BIN) profiles in
Fig. 2, we focus only on critical gaseous species. As already men-
tioned, the approach of keeping constant the stoichiometric mix-
ture fraction anchors the position of the diffusion flame compo-
nent (i.e., the location of Tpax) relative to the GSP as Tpax is var-
ied. The premixed flame component is stabilized on the fuel side
of the GSP at the position highlighted by the shoulder in the OH
profile where the (temperature and ®-dependent) stretched lam-
inar flame speed matches the local axial velocity. The premixed
flame component moves toward the fuel nozzle when one reduces
® and/or increases Tmax because of the increased laminar flame
speed while the velocity boundary condition is fixed. As a result,
the heat released by the premixed flame component progressively
broadens the temperature profile at decreasing ® and increasing
Tmax-

Overall, the increase in Tnax and the consequent boosting of the
laminar flame speed results in a nearly constant increase in tem-
perature throughout the entire soot-forming region of the flames.
The acetylene mole fraction peaks at increasingly larger values and
closer to the fuel nozzle (left), as Tmax increases and @ decreases,
while the bulk of hydroxyl radical remains primarily on the ox-
idizer side of the GSP. The relative concentrations of O, and OH
and their effect on soot oxidation will be revisited later in the dis-
cussion.

We perform Rayleigh light scattering measurements of a non-
sooting flame at each & to assess the beam steering effects
[49] and the accuracy of the implemented diagnostic. There are
two main objectives that the Rayleigh scattering measurements ad-
dress: i) verify that the scattering contribution of the gas phase
(Q5%) is well predicted and ii) assess the accuracy of the mod-
eled temperature profile in view of the fact that the laminar flame
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Fig. 2. Profiles of species concentration for flames at ®=6.5, 5.0, and 4.0 and a nearly constant computed Tmax =1950K + 11K. Gaseous species are taken from [7]. The
model [30,31] accounts for soot with 80 pseudospecies ‘BINs’ whose integrated concentration is shown with the solid black line.
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Fig. 3. Computed profiles of temperature and critical soot surface reacting species: OH, O, and C;Hj,

speed of the premixed flame component affects the width of the
temperature profile but is difficult to predict accurately. Fig. 4
shows results at each ® under the non-sooting flame conditions
(italic entries) in Table 1. The measured scattering coefficient pro-
files agree very well with those computed by relying on the gas
phase composition and temperature predicted by the model. The
comparison shows that the model accurately predicts the profile of
Q5% resulting from the convolution of temperature and concentra-
tion of major scattering species in all the non-sooting flame condi-
tions and that there are no significant artifacts due to beam steer-
ing. One would expect that the prediction of the model remains
accurate for small changes from the particular values of Tmax be-
cause the implemented perturbation of the flame boundary condi-
tions is small. This is particularly true for the portion of the pro-
file on the oxidizer side of the GSP that, as shown in Fig. 2 and
further discussed below, is the zone of the flame where the bulk
of soot is formed. For larger deviations of Tmax from the flames
shown in Fig. 2, the soot scattering signal dominates over the gas
phase such that any potential uncertainty in the computed Q& or
flame width does not affect significantly the inferred soot particle
size and number concentration. Potential issues with the model in
predicting the laminar flame speed and, consequently, the temper-
ature profile for the flames with largest Tpax and lowest ©, may
influence the soot volume fractions and dispersion exponent mea-
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Fig. 4. Computed and measured scattering coefficient of non-sooting flames at
three equivalence ratios.
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Fig. 5. Measured scattering coefficient of sooting flames. The continuous gray-shaded band at the bottom of the plots represents the computed scattering coefficient of the

gas phase for the flames at all investigated Tpmax.

sured on the fuel side of the PSP via pyrometry, but such an effect
appears to be insignificant, if present at all, in the context of the
ensuing discussion.

3.2. Soot volume fraction, dispersion exponent, and particle size

Before examining derived soot properties, it is useful to look at
the “primitive” measured variables such as the scattering coeffi-
cient (Quy), taken as the radial average of 10 pixels (approximately
250um) in the proximity of the burner axis at each axial position,
and shown in Fig. 5. The gray-shaded band represents the calcu-
lated gas-phase scattering contribution, Q57, for the flames at all
values of investigated Tpax, As done with the gaseous species in
Fig. 2, the results of the model and experiments are overlapped
by superimposing the location of the computed maximum con-
centration of CH* with that of the maximum chemiluminescence
signal of the diffusion flame component in the recorded images.
Despite a change in the flame temperature up to approximately
200K, the value of Q5 in the region between the PSP and DF
is marginally affected by Tmax, as indicated by the thickness of
the gray shaded region in Fig. 5. One can observe a progressively
more apparent (but still minor) broadening of the profile (i.e.,
thickening of the shaded gray area) on the fuel side of the GSP
when decreasing &, because of the effect of Tpax on the laminar
flame speed and, consequently, temperature profile thickness. The
overlapped experimental data are in good agreement with the
calculated Q57 in regions devoid of soot. Therefore, the difference
between the measured Q,, and Q%° can be attributed confidently
to soot. The experimental data is truncated for all investigated
flames when either the scattered signal is within 10% of the
background noise or the finite dynamic range of the intensified
camera makes it impossible to quantify Q%° in the region devoid
of soot. Qyy can span, in fact, up to four orders of magnitude in
the sooting containing zone for the flames at the highest Tpax and
lowest ®. Nevertheless, the majority of the soot-forming region
can be characterized also under the heaviest sooting conditions.
Note that the accuracy of the model to predict the effect of Tmax
on the laminar flame speed of the PF component does not affect
the inferred soot properties. The model has been validated at low
Tmax with the data in Fig. 4 and Q&7 becomes negligible (less than
1% of the measured scattering signal) compared to that of the

excess scattering from soot particles at higher Tpax. As a result, it
is not critical to validate the accuracy of the computed Q& in the
moderately sooting flames (e.g., Tmax > 2000K at & =5.0).

Unsurprisingly, the unequivocal observation emerging from
Fig. 5 is that soot is formed on both sides of the PSP. The light
scattering measurements complemented by the pyrometry-based
determination of the volume fraction allow for an assessment of
the relative contributions to soot of the two components of the
PPF, with potential uncertainty in the vicinity of the PSP (e.g., size-
dependent Brownian diffusion effects) where the two soot domains
interface.

Profiles of soot volume fraction and dispersion exponent mea-
sured via pyrometry are shown in Fig. 6. Vertical lines mark the
position of the Diffusion Flame (DF) component and PSP. The DF
component is positioned on the oxidizer side of the GSP and fixed
at z~0.77mm for all investigated flames. The position of the PSP
shifts slightly closer to the GSP as & is lowered because of the
progressively milder temperature gradient (see Fig. 3) in the re-
gion straddling the GSP, but is almost unaffected by changes in
Tmax at a fixed ®. The position of the premixed flame (PF) compo-
nent could not be determined via flame imaging but was inferred
from the computed heat release rate and CH* profiles to be be-
tween —0.2mm and —0.9 mm (Fig. 2), depending on Tmax and .
The PF gets closer to the fuel nozzle (i.e., at a more negative value
of the abscissa) as either @ is lowered or Tpax is increased because
of the attending increase in laminar flame speed.

The range of soot volume fraction that can be reliably mea-
sured in our experiments is limited either by the need to keep
soot at modest levels to neglect soot radiative losses in the com-
putation of the temperature profile or by the lower detection limit
of the technique that limits the minimum temperature at which
soot is detectable to approximately 1450K in the current inves-
tigated flames. Therefore, fewer data are shown on the premixed
side as compared to the scattering data in Fig. 5. For all flames,
soot nucleates downstream of the DF, where the flame temper-
ature is maximum, with large values of the dispersion exponent
(large H/C). The temperature monotonically decreases as the flame
products are convected toward the PSP while the soot volume frac-
tion increases and the dispersion exponent, «, decreases, as par-
ticles undergo growth and dehydrogenation. At the lowest values
of Tmax, the trend is reversed before soot reaches the PSP, as the
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Fig. 6. Measured profiles of soot volume fraction (top) and dispersion exponent (bottom). The abscissa is the axial position with the origin at the GSP, negative values in the
fuel stream and positive values in the oxidizer one. The vertical lines mark the position of the diffusion flame (DF) component on the right and of the PSP on the left.

volume fraction begins to decrease while the dispersion exponent
increases slightly. The reason for the reversal is the occurrence of
soot oxidation from molecular oxygen that is abundant in this zone
of the flame, whereas OH is present in concentrations that are too
low to play a role (see Fig. 3). The oxidative surface reactions cause
a decrease in volume fraction and an increase in the dispersion
exponent which is inversely related to soot hydrogen content and
maturity [38]. The apparent “de-aging” of soot particles caused by
oxidation is unexpected. The increase in @ may be due to a change
in the particle size affecting the optical properties via quantum
confinement effects [50].

The prevalence of oxidation over nucleation/growth in the prox-
imity of the PSP of the flames with the lowest Tmax causes the
appearance of a maximum in the soot volume fraction (minimum
in «) that is positioned to the right of the PSP. The shift in the
position of these maxima in the profiles suggests greater sen-
sitivity to Tmax of soot formation as compared to its oxidation.
Soot formation dominates clearly over oxidation for the flames
at the highest Tmax in which the maximum volume fraction is
positioned at the PSP where the formed particles are convected
away radially. The continuous increase in volume fraction mov-
ing from the DF toward the PSP, coupled with a gradually de-
creasing dispersion exponent, suggests that particles undergo con-
tinuous aging and dehydrogenation (e.g., through HACA surface
growth).

On the premixed flame side of the soot laden region, the
interpretation of the results is clearest at the lowest equivalence
ratio, =4, where the profiles are to some extent the mirror
image of those on the DF side. Soot forms in the post-PF region
and grows monotonically towards the PSP with the dispersion
coefficient nearly monotonically decreasing as the particle age.
The situation is progressively less clear-cut at higher equivalence
ratios, with too few data recovered on the PF side, especially at
®=6.5, to evidence the expected trend. The laser scattering data
in Fig. 5 indicate that there is soot formed on the PF side even at
®=6.5, but the low temperatures limit the quantification of soot
volume fraction in these flames.

The measured number concentration and diameter of soot par-
ticles are shown in Fig. 7. Data for the lowest Tpax are not shown
because the difference between the measured scattering coefficient
and the computed Q&7 is within the noise limit, so that the scat-
tering contributions from soot particles cannot be quantified. As
soot nucleates near the DF, there is an initial increase in num-
ber concentration followed by a decrease in the proximity of the
PSP, as particle coagulation dominates over nucleation. Despite a
consistent factor of two or three increase in volume fraction as
Tmax increases by approximately 50K, the number concentration
is nearly constant in the sooting flame with the lowest Tmax at
®=6.5 and ® =5.0. Therefore, the small change in Tpax does
not affect preferentially the soot nucleation rate but boosts soot
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Fig. 7. Profiles of (top) measured soot number concentration and (bottom) measured soot particle diameter by assuming monodisperse distribution.

growth, causing an increase in particle size (in the 1-2 nm range)
that contributes to the initial increase in volume fraction. At pro-
gressively higher Tmax, soot particle sizes increase monotonically
while soot is convected toward the PSP and particle coagulation
becomes increasingly more dominant as highlighted by the sys-
tematic decrease in number concentration. As @ is lowered, the
particle sizes increase and exhibit a greater sensitivity to Tmax, but
the maximum number concentration remains on the order of 1013,
a value consistent also with that measured in counterflow diffu-
sion flames at atmospheric pressure [49]. The strong sensitivity of
particle sizes to ® can be rationalized on the basis of the shift
of the PF component toward the fuel nozzle. This shift not only
increases the temperature straddling the GSP, boosting Arrhenius-
based (e.g., surface growth) reactions on the DF side of the PSP,
but also decreases the oxygen concentration in the soot forming
region and partially hinders soot oxidation. The data for ®=4 re-
flect a more specular behavior of the DF side and the PF side, with
nearly monotonic growth of both number concentration and diam-
eter towards the PSP from both sides.

3.3. Soot production rate

A net soot production rate in terms of either mass or number
concentrations can be extracted from the measured volume frac-
tion by writing the soot mass/number balance equation consider-
ing both thermophoretic and Brownian effects:

. . d dv,
s = s, cong = - (0¥s (Vax + Vi +V0)) + oY (6)

In Eq. (6), p and dV;/dr are the gas density and radial gradient
of the radial velocity computed with the 1-D model, Y; is either the

number concentration or the mass fraction of soot, the latter com-
puted as Ys = psfy/p using an assumed soot density ps=1.5 g/cm3
and the measured soot volume fraction in Fig. 5 from Eq. (2). The
term due to coagulation, @s, coag, iS NON-zero only when consider-
ing the production rate in terms of number concentrations; details
about the method to calculate it are reported elsewhere [26]. The
Brownian velocity is estimated by Vp = —Dp - dIn(Ys)/dz. The value
of the Brownian diffusivity is calculated as a function of the mea-
sured particle diameter d by

kBT _c
Dy = <3wd)[1 +akn(ABe )] 7)

with the Knudsen number, Kn, being the ratio of gas mean free
path to particle diameter, and A, B, and C empirical constants set
equal to 1.257, 0.4, and 0.55, respectively [51]. Since the residence
time approaches infinity at the PSP, Eq. (6) is discretized using up-
wind finite differences for the fuel and oxidizer streams individu-
ally, moving toward the PSP from each burner nozzle.

The soot production rate computed using Eq. (6) is shown in
Fig. 8. The lack of data near the DF is due to the lack of parti-
cle size data that are necessary to quantify the Brownian diffusion
contribution. Nevertheless, there are clear trends to infer the effect
of Tmax and & on soot formation in PPFs. The soot production rate
increases with both an increase in Tpax and a decrease in ®. The
effects of partial premixing are consistent with the trend reported
in [7,15] but in contrast with the findings of [9,12]. As mentioned
earlier, since the investigated flames are at constant stoichiomet-
ric mixture fraction, the location of the diffusion flame compo-
nent, which influences the sensitivity to partial premixing [11,12],
is fixed, thereby isolating the effects of partial premixing on soot
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Fig. 8. Calculated net mass production rate of soot based on the experimentally measured volume fraction.

formation. At ®=6.5, the soot production rate reaches a local max-
imum at approximately z=0.4 mm and decreases in the proximity
of the PSP, as Arrhenius-type surface growth reactions are slowed
by the lower local temperature and surface oxidation is boosted by
larger O, concentrations (see Figs. 2 and 3), eventually resulting
in a net negative mass production. The prevalence of oxidation is
progressively reduced with increasing Tmax and the Tpax necessary
to avoid net soot consumption by oxidation is reduced when de-
creasing ®. The reduced ability of soot oxidation to overtake soot
growth in the flames at low & occurs because the PF component
moves away from the PSP as @ is lowered, resulting in an overall
decrease in the O, concentration and an increase in both temper-
ature and CyH, concentration in the region of the flame straddling
the GSP where soot formation occurs (see Fig. 3).

As in previous figures, the case of ®=4 is a bit different, re-
vealing only the positive mass production rate with roughly spec-
ular behavior on either side of the PSP. Integrating Eq. (6) along
the traverse direction from the nozzle to the PSP provides the soot
production rate per unit flame surface area and provides a quanti-
tative way to compare the individual contribution of the DF and PF
to the flames overall soot load. In the two highest Tax flames at
both ®=4 and ®=5, the contributions from the PF are within 25%
of that of the DF.

To clarify further the observed effect of Tpax and & in Fig. 8,
we look specifically at surface growth/oxidation kinetics. Surface
growth is modeled by acetylene addition [52,53], by assuming a
steric factor (i.e., the probability of successful chemisorption) of
0.7, which is consistent with the values used in [52,54]. Oxida-
tion by OH is assumed to have a collision frequency of 0.13 [55],
whereas oxidation by O, is based on an empirically derived ex-
pression [56] and a temperature-dependent correction factor [57].
The surface growth/oxidation volumetric production rates are cal-
culated by multiplying the surface growth/oxidation kinetic expres-
sions by the total particle surface area per unit volume, S-N, where
S=m/4-d? is the surface area of a spherical particle with the mea-
sured diameter, d, and N is the measured number concentration.
The monodisperse approximation is expected to cause a slight un-
derestimation of the total soot surface area in the investigated con-
ditions, but the accuracy of the estimates affects equally oxidation
and surface growth reactions in each of the considered flames. For
clarity of presentation, the net computed surface growth rate is
presented in Fig. 9 only for the flames with the highest and the
lowest Tmax at each @, with these limits bracketing the trends
at intermediate temperatures. The shaded bands reflect the uncer-

tainty in two different O,-oxidation expressions and are bound by
a dashed line based on [56] and a solid line based on [57]. For
simplicity, we neglect the uncertainty of the assumed steric factor
and collision frequency, which should not affect severely the qual-
itative shape of the computed profiles. Oxidation by OH dominates
near the DF component, whereas oxidation by O, dominates near
the PSP where the OH concentration is low (see Figs. 2 and 3).
However, since the particle surface area per unit volume is small-
est near the DF and largest near the PSP, it is primarily O, that
contributes to the overall net consumption of soot in the investi-
gated PPFs.

Results in Fig. 9 are consistent with those in Fig. 8. The occur-
rence of negative surface growth supports the observed negative
production rate near the PSP. The rate of surface growth initially
increases approaching the PSP from the DF, as C,H;, concentration
increases, but reaches a maximum and decreases as temperature
decreases and O, concentration increases. Oxidation by O, appears
to dominate the region straddling the PSP at all s, but the uncer-
tainty in the existing O, oxidation models (note the difference be-
tween the two tested ones) makes it impossible to assess whether
either O, oxidation or C;H, growth dominates at a specific loca-
tion in each of the considered flames. Overall, the concentration of
0, and CyH, decreases and increases as Tmax increases and @ de-
creases, respectively (see Fig. 3), both resulting in the net positive
increase in surface growth that is observed in Fig. 8. These trends
indicate that a non-monotonic behavior between partial premixing
and soot emissions is possible at sufficiently high equivalence ra-
tios (&>6.5), similar to the trends reported in past studies [12]. At
®=4.0, the surface growth is predicted to be negative on the left of
the PSP, indicating that the PF component may nucleate particles
persistently downstream of the flame front when the net mass soot
production is measured to be positive (Fig. 8). The results suggest
that this persistent nucleation in the PF occurs at temperatures
(<1700K) which are sufficiently low to inhibit both surface growth
and high-temperature inception and is dominated by a mechanism
involving PAHs [22,58].

All in all, soot nucleation remains the most challenging pro-
cess to be quantitatively described. This is partly due to the
fact that the experimental tracking of gas-to-particle transition
is very difficult, especially so if spatial resolution has to be re-
tained. The discrepancy between state-of-the-art model predictions
of soot load and experimental results in Fig. 2, even though sim-
ple soot oxidation and surface growth describe reasonably well
the experimental results in Figs. 8 and 9, at least for ®=6.5 and
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Fig. 10. Profiles of soot nucleation rate inferred from experiments and modeled dimerization rate of several PAHs assuming 1% collision efficiency. The vertical line marks

the position of the PSP.

®=5.0, suggests that something is amiss also on the modeling
side.

To complement the analysis of surface growth and oxidation,
we analyze further the nucleation step in Fig. 10 by comparing
the soot number production rate inferred from experiments to
the dimerization rate of benzene (CzHg), naphthalene (C;oHg), and
pyrene (CigHyg) for two values of Tpax. Full symbols and solid
lines represent the lowest considered Tpax and open symbols and
dashed lines represent the highest considered Tmax. The method
used to evaluate dimerization rates from the validated concentra-
tions [26] is based on the kinetic theory collision rate considering a
1% dimerization probability upon self-collision of aromatic species.
Only the smallest aromatics are present in flames at sufficiently
large concentrations to account for soot nucleation. This finding is
consistent with a similar one in purely diffusion flames at several
pressures [26,49]. While we have assumed a comparatively large
probability for the sticking probability, we find that naphthalene
dimerization can provide a reasonable estimate for soot nucleation
as proposed in simplified kinetic models [59], particularly at higher
Tmax and lower ®. However, it remains a challenge for chemistry
mechanisms to predict accurately benzene and naphthalene for
a wide range of experimental flame conditions [7,15,24,32] while
also trying to predict larger species such as pyrene and coronene.

10

PAHs are more abundant in the region on the fuel side of the
GSP, so that progressively larger aromatics may contribute to nu-
cleation from the premixed flame component, especially for the
flames at the highest Tpax in which even the estimated dimeriza-
tion of pyrene can match the measured soot nucleation rate. How-
ever, it appears that the finding that small aromatics control soot
nucleation applies also to soot formed from the PF component in
flames at low Tmax. This is particularly true if one considers that
the dimerization probability of small PAHs is likely much smaller
than the assumed 1% and that the experimental data analysis may
significantly underestimate the number production rate for the
flames at the highest Tpax because of the assumed monodispersity
of the soot particle population.

Conclusions

We report on the effect of temperature and equivalence ratio on
soot formation in atmospheric pressure counterflow partially pre-
mixed flames (PPFs) of ethylene at equivalence ratios, ®, equal to
6.5, 5.0, and 4.0. Principal conclusions follow.

- At fixed @, raising the peak temperature invariably raises the
soot volume fraction throughout the soot laden region sand-
wiched between the two flame components and promotes soot
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formation from both the diffusion flame component and the
premixed flame component.

The region on the oxidizer side between the diffusion flame
component and the particle stagnation plane reveals the typi-
cal scenario of a purely diffusive flame: soot nucleates down-
stream of the diffusion flame, with large values of the disper-
sion exponent (large H/C). As the flame products are convected
toward the particle stagnation plane (PSP), soot volume frac-
tion increases and the dispersion exponent decreases, as parti-
cles undergo growth and dehydrogenation.

Except for the highest temperatures, when soot continues to
grow until reaching the PSP, the volume fraction begins to
decrease before the PSP while the dispersion exponent in-
creases slightly. This reversal is attributed to soot oxidation
from molecular oxygen diffusing near the GSP from the pre-
mixed component of the flame. Under these conditions, the net
soot production rate turns negative locally, with surface oxida-
tion prevailing on surface growth.

As the equivalence ratio is lowered, the premixed flame compo-
nent shifts away from the diffusion flame component. The re-
sulting broadening and local temperature increase of the soot
forming region promotes soot formation, as surface growth is
enhanced and oxidation is suppressed because of the lower
concentration of O,, resulting in the increase of both soot vol-
ume fraction and particle sizes.

Comparing the soot number production rate inferred from ex-
periments to the dimerization rate of benzene (CgHg), naphtha-
lene (CigHg), and pyrene (CigHqg) reveals that only the smallest
aromatics are present in flames at sufficiently large concentra-
tions to account for soot nucleation. This observation applies to
both the diffusion flame and the premixed flame components.
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