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The study of fuel chemistry and soot inception in non-premixed combustion can be advanced by characterizing
flame configurations in which the advection and diffusion transport can be finely controlled, with the ability to
decouple pyrolysis from oxidation. Also, the ideal flames to be investigated should be perturbed minimally by
probes and thick enough for sampling techniques to yield spatially resolved measurements of their structure. The
Planar Mixing Layer Flame (PMLF) configuration introduced herein is established between a fuel and an oxidizer
slot jet adjacent to each other and shielded from the ambient air by annularly co-flowing inert nitrogen. The
PMLF flow is kept laminar and steady by an impinging flat plate equipped with a rectangular exhaust slit opening
which anchors the position of the hot combustion products via buoyancy. The PMLF is accessible to sampling and
its flow stability is preserved when using any tested probe. The experiments are complemented with 2D-
Computational Fluid Dynamics (CFD) modeling with detailed chemical kinetics. The results demonstrate that the
PMLF has a self-similar boundary layer structure whose horizontal cross-sections are equivalent to properly
selected and equally thick 1D- Counterflow Flames (CFs). The equivalence allows for excellent predictions of the
PMLF thermochemical structure characterized experimentally but at a small fraction of the 2D-CFD computa-
tional cost. The 1D-CF equivalence affects even aromatics less than twofold despite their kinetics being known to
be very sensitive to the temperature field. Importantly, the PMLF thickness is several millimeters and grows at
increasing HABs so that the equivalent 1D-CFs have strain rates as small as 7.0 /s which cannot be studied in CF
experiments. As a result, the PMLF emerges as a promising canonical non-premixed flame configuration for
studying flame chemistry and soot inception on time scales of tens of milliseconds typical of many combustion
applications.

sections are equivalent to 1D-CFs with strain rates much lower

Novelty and Significance Statement

than achievable in CF experiments. The equivalence enables
approximate 1D modeling at a small fraction of the 2D-CFD
computational cost. In brief, this and ensuing studies of the

This study introduces a novel canonical configuration for laminar
non-premixed flame studies that results from a substantial variant
of the original Wolfhard-Parker design. The innovation consists of

PMLF configuration can be instrumental to improving detailed
chemical kinetic models and unraveling the mechanisms of soot
inception in non-premixed flames.

a mixed impinging flow and buoyancy-driven stabilization

method that enable the study of an unconfined Planar Mixing
Layer Flame (PMLF), minimally perturbed by sampling and with
very mild spatial gradients. The PMLF has advection times of
several tens of milliseconds typical of many combustion applica-
tions and couples some of the advantages of Counter-Flow (CF)
and co-flow flame configurations in terms of both the range of
experimentally accessible conditions and ease of interpretation of
results. Also, the PMLF has well-defined boundary conditions that
ease its 2D-CFD modeling, and the structures of its horizontal cross
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Specialized agencies forecast carbon-based fuels to dominate the
satisfaction of the energy demand in the United States and the rest of the
world at least until the middle of this century [1-3]. Meanwhile,
governmental restrictions on the environmental impact of combustion
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push the research community to develop technologies with ever-reduced
emissions and -enhanced efficiency. Soot is a main by-product of the
combustion of carbon-containing fuels with significant effects on both
human health [4-8] and climate [9]. Soot formation has been a focus of
research for more than five decades [10-36], which generated a wealth
of knowledge about the many stages of the process. Still, the mecha-
nisms of soot inception which is the step leading to the transition from
the gas to the condensed phase, remain unclear and the role Polycyclic
Aromatics Hydrocarbons (PAHs) play in this step is an object of intense
debate in the scientific community [24,25,28-36].

The study of combustion chemistry and soot formation in practical
combustion applications is limited by several “complications” such as
the use of complex fuel blends, turbulent flow, and atomization and
evaporation of multicomponent sprays. Instead, the identification of
cause-and-effect relationships is simplified greatly in canonical laminar
flames of pre-vaporized pure fuel mixtures in which fluid mechanics are
simple but the oxidation and pyrolysis chemistry retains all its
complexity. The most common canonical configurations used for
studying non-premixed combustion are the Axisymmetric co-flow Flame
(AcoF) and the Counterflow Flame (CF).

AcoFs are easy to stabilize on relatively inexpensive burners and
enable the investigation of the effect of advection times of tens of mil-
liseconds, relevant to most applications. Therefore, AcoFs have been
used in a plethora of (soot formation) studies [e.g.,15,17,22,37-39],
including some at quite high pressure (p) [e.g.,11,26]. Unfortunately,
quantitative concurrent measurements of the gas components and soot
in AcoFs are rare [e.g.,17] and lack the spatial resolution necessary to
unravel the flame structure. Indeed the inherent spatial averaging
caused by sampling techniques is disruptive when the isosurfaces of the
fields to be measured have radiii of curvature comparable to the size of
the sampled volume [15,40]. The limitations are amplified for AcoFs at
increasing p which get increasingly thinner and prone to suffer flow
instabilities due to buoyancy [26]. Last but not least, the
thermochemical-advection histories vary broadly along different gas
streamlines within the same AcoF and buoyancy amplifies the differ-
ences between ACoFs at different p and/or maximum temperatures
(Tmax) [10]. The best evaluation of the effects of p in ACoFs can be
performed only by comparing AcoFs that have the same height and
reactant velocity (and, therefore, different Tj,q,). In these cases, only an
average of the global advection time can be kept approximately constant
[26]. The difficulty of performing detailed comparisons of different re-
sults in AcoFs persists even if one overlooks the hurdles, amplified at
high p, of achieving well-defined and ideally adiabatic boundary con-
ditions [e.g.,37]. Last, AcoFs do not allow for investigating the effect of
flame stretch (or, equivalently, strain rate, and/or scalar dissipation
rate) nor decoupling pyrolysis from oxidation along different gas
streamlines. In brief, the identification of cause-and-effect relationships
from results in different AcoFs is very difficult and ambiguous.

The CF configuration has been playing a significant role in studying
non-premixed flames since its introduction in the sixties because it
overcomes many limitations of AcoFs [41]. In the first place, the
asymptotic 1D self-similar structure of CFs [42] can mimic the local
structure of a variety of non-premixed flames including turbulent ones
[43-46]. Well-controlled CFs can be obtained at several p for several fuel
blends and under a broad range of values of the parameters controlling
its structure [14,16,23,29,47-54]. For example, the fuel and oxidizer
velocities (ur and uoy, respectively) and the nozzle separation distance
(L) determine a global strain rate value [47] (e.g., a=[up+upx]/L) and
the fuel and oxidizer compositions influence the stoichiometric mixture
fraction (Z) [16,29] and Tpyay [29,50-52]. Of course, p and Tyqy affect
the chemical reaction rates whereas, for a given burner geometry, a
determines the spatial distribution of the local flame strain rate (a’)
which controls the advection and diffusion transport, determining the
flame thickness [47,49-51]. On the other hand, Zy determines the po-
sition of the oxidation layer relative to the Gas Stagnation Plane (GSP)
[16] and, in turn, the achievement of either exclusively pyrolytic (i.e.,
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soot formation) or combined pyrolytic-oxidative (i.e., soot formation
and oxidation) conditions in the fuel stream and flame soot-laden zone
for Z4<0.5 or Z4>0.5, respectively [16]. Therefore, one should perform
studies of the effect of changing a, Zy, and Tpqy to unravel the chemical
complexity of any diffusion flame, or at least bear in mind changes in
their values when comparing results obtained in different CFs [29,36]. A
judicious selection of a, Zg, p, and Ty in the range that avoids 2D ef-
fects enables the achievement of constant thermochemical advection
and diffusion transport histories along most gas streamlines yielding
from either the fuel or oxidizer nozzle [36,49-52,55]. Additionally,
when a (precisely the a’ field) and Z; are kept constant while changing
either p and/or Tpay, the flame structure stays self-similar [51-53,56]
with constant advection histories of the reduced [57] profiles of Tem-
perature (T) and mole fractions (X;) of all of the i-species. In this way,
one can isolate the effect of p and Tjq [51-56] on the reaction kinetics
determining the maximum mole fraction (Xjmax) of each combustion
intermediate. Studies of this type in non-premixed and partially pre-
mixed CFs with Zg= 0.183 relied on capillary sampling followed by
chemical analyses of gaseous species complemented by in-situ optical
characterization of soot and showed that soot inception in
ethylene-fueled flames may be controlled by small aromatics [32,36,
50-56].

Unfortunately, CFs also have some limitations the first of which is
their inaccessibility to intrusive dilution and thermophoretic sampling
used to measure the Particle Size Distribution Function (PSDF) of soot
with DMA/SMPS [58-60] and microscopy techniques [61], respectively.
Indeed, the elliptic nature of the CF governing equations causes cold
probes to perturb the entire flame structure. The perturbation effects can
be so severe that some scientists are skeptical even about the accuracy of
capillary sampling the gas products along a thermochemical isosurface
[15] with a probe that is very thin (<0.35 mm) and almost at the same T
as the sampled flame layer [49]. Nevertheless, the literature reports a
couple of attempts to implement dilution sampling using a cold and (~6
mm) bulky quartz probe to sample the CF products from different flame
layers and measure the soot PSDF but the spatial resolution ot the
approach is unassessed [62,63]. These attempts consider CFs with
relatively large soot loads and average particle sizes and do not track
materials smaller than 3 nm that are those to study if one wants to un-
ravel the mechanisms of soot inception but also the most difficult to
measure with spatial resolution and without artifacts [30-33,36]. Last, a
in CF experiments must be larger than at least 25 /s to avoid flow
buoyant instabilities and substantial effects of radial mass and heat
transfer which can lead to perturbation of the 1D-CF self-similar ther-
mochemical structure [47,64,65]. As a result, CFs not only cannot be
made arbitrarily thick to counteract the intrusiveness of sampling but
also pose experimental limits on the longest global advection time
(which is inversely proportional to a) available for the slowest flame
chemical kinetics to manifest their effects measurably.

In 1949 Wolfhard and Parker (WP) [66] used a planar non-premixed
flame configuration whose cross sections are thick enough to perform
spatially resolved in-situ spectroscopy measurements. Their flame is
established near the interface between two adjacent planar co-flow jets,
one yielding the fuel and the other oxygen. They used nitrogen shielding
to isolate the two reactant streams from the surroundings and enclosed
the burner in a vessel equipped with quartz windows for optical access.
In the original WP design, the enclosure is essential to minimize any
perturbation of the flame that triggers the flow instabilities inherent to
the configuration, and to keep the flame laminar at Heights Above the
Burner (HABs) up to 12 mm where measurements are performed. The
WP flame configuration benefits from all the advantages of the CFs and
overcomes most of its limitations at the cost of the complete loss of
accessibility for sampling. This is not only because of the enclosure but
also because the insertion of a sampling probe would trigger flickering
which prevents any sampling with spatial resolution. To leverage some
advantages of the planar WP flames and overcome their stability limi-
tations, Kent et al. [13] modified the WP design by sandwiching the fuel
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jet between two air jets surrounded by shielding nitrogen to establish a
Planar co-flow Flame (PcoF). The modifications coupled with the
installation of a contraction at the top of the burner made of a pair of
wire gauze, minimize flame flickering and enhance the stability of two
planar flame sheets at large HABs. This modification enables sampling
the flame products at HAB up to 45 mm with some spatial resolution
using quartz probes to perform analyses with mass spectrometry (MS)
[37,67-72]. As a drawback, the PcoF design does not allow for the
decoupling of oxidation and pyrolysis along different gas streamlines
and is not suitable for simple computational modeling because of the
complicated gauze wire geometry [37]. The literature compared the
structure of a PcoF to that of an AcoF with the same reactant composi-
tion [13,37]. To overcome the geometrical differences, and inspired by
the flamelet approaches, the authors utilized geometry-independent
parameters such as mixture fraction and scalar dissipation rate. They
recommended extending the comparison to CFs [37], a task that has not
yet been completed.

In this work, we introduce a novel modification of the original WP
design which relies on a passive stabilization technique resulting in the
Planar Mixing Layer Flame (PMLF) configuration. The modification le-
verages the buoyancy of the hot flame products to anchor the flame to an
exhaust slit perforated in a stagnation plate installed downstream of the
burner nozzles without the need for an enclosure. The investigated
incipiently soot-forming PMLF is stable even when one inserts into it a
capillary sampling probe, a thin thermocouple, or a bulky horizontal
tube dilution sampling probe to characterize its structure. The PMLF is
adaptable to high-pressure studies of diffusion and partially premixed
flames fueled by several pre-vaporized fuels. Last but not least, the un-
perturbed PMLF can be modeled easily by 2D-CFD and its horizontal
cross-sections have a self-similar structure that is the same as that of an
equivalent 1D-CFs with a as small as 7.0 /s.

2. Experimental and computational modeling methods

2.1. The Planar Mixing Layer Flame (PMLF): burner design and test
conditions

Fig. 1 shows a cross-section of the Planar Mixing Layer Flame (PMLF)
burner. It consists of two adjacent and identical slot nozzles with 25 mm
by 50 mm rectangular cross-sections. The left and right nozzles deliver
laminar plug flow jets of the fuel and the oxidizer mixtures, respectively.
The two nozzles are surrounded by a 12 mm wide rectangular annulus
for flowing nitrogen which shields the jets of the reactants from the
surrounding air. The burner interior is filled with glass beads and
layered fiberglass padding, and wire meshes are installed at the outlets
of the nozzles and annulus to achieve the desired laminar plug flow
boundary conditions. A stainless-steel plate with a rectangular slit
opening whose position and width are adjustable using two shim stocks,
is installed orthogonally to the flow at HAB=80 mm. The slit is necessary
to exhaust the hot flame products while the surrounding cold flow im-
pinges on the plate. To achieve the best flow stability, the plate slit
opening must be as small as possible to anchor the hot stream of the
PMLF burnt products via buoyancy but large enough to exhaust all such
hot products without plate heating. Also, the stabilization plate slit has
to be centered near the horizontal maximum Temperature (T;,q) Which
is positioned off-axis since stoichiometric conditions are established in
either one of the fuel or oxidizer streams according to the selected value
of the stoichiometric mixture fraction (Zg).

The optimal slit width and position depend on the boundary condi-
tions of the PMLF and have to be determined by trial and error via flame
digital imaging with or without the assistance of computational
modeling. The PMLF investigated herein is fueled by ethylene and has
Z4—=0.183 as in a variety of literature studies on CFs [50-56]. The ve-
locities of the cold (i.e., nominally 298 K) fuel, oxidizer, and shielding
nitrogen streams are Vp= Vpy,= V2= 0.20 m/s. The ethylene and oxygen
mole fractions in the nitrogen-diluted fuel and oxidizer streams are set to
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Fig. 1. Cross-section of the PMLF burner with arrows showing the streams of
fuel (red), oxidizer (green), and shielding nitrogen (blue).

Xpp=0.260 and Xpp =0.179, respectively. These boundary conditions
establish a PMLF with a visually mild soot load (i.e., volume fraction of
the order of 107%) which is compatible with capillary sampling. To
achieve the best flow stability with the selected boundary conditions,
the optimal width of the exhaust slit in the stabilization plate is set to 14
mm with an off-axis displacement of 2 mm toward the oxidizer stream of
its center relative to the splitter of the reactant nozzles.

Digital imaging is performed to track the flame stability and the
positioning of the measurement probes. Images are acquired with a
resolution of approximately 15 pm/pixel using a Nikon D750 digital
camera equipped with a Nikkor F = 85 mm/1.4 prime lens coupled to an
achromatic close-up lens (sigma, AML72-01) with an angle of view
parallel to the splitter of the reactant nozzles. The lens is F-stopped
either at 8 to establish a deep field across the whole PMLF to check its
stability or at 2 for sharp probe positioning when acquiring images (or
videos). In each case, more than 50 images are captured at 1 Hz for
subsequent analysis. The great stability of the PMLF without and with
sampling is also documented by recording Videos S1 and S2-S3 of the
Supplementary Materials (SM), respectively. Specifically, Video S2
shows the PMLF during the capillary sampling used in this study.
Instead, Video S3 is recorded while sampling the PMLF with a horizontal
tube dilution probe of the type used for soot size distribution measure-
ments [73] but the results of applying this technique are not discussed
herein. Sections 2.2-2.4 below detail the techniques used to characterize
the investigated PMLF and a schematic of the whole experimental setup
is included in Fig. S1 of SM. A list of nomenclature used throughout this
manuscript is also included in section SM1 of SM.

2.2. Capillary sampling for quantitative GG/MS analyses

Capillary sampling has been used successfully in the literature to
resolve the structure of very thin CFs [32,36,48-56,74,75]. In this work,
a fused silica capillary (ID/OD= 0.20/0.31 mm) whose outlet is kept
under vacuum (i.e., increasing from 0 to 300 torr during sampling), is
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inserted in the PMLF at the desired HAB parallel to the splitter of the
reactant nozzles and the PMLF luminous layers to sample the gas from a
thin flame layer with nearly constant Temperature (T) and composition
[15]. The probe is pre-positioned at the desired HAB by moving the
burner with a vertical translation stage. Capillary sampling is performed
from different layers of the PMLF upon repositioning the burner as-
sembly relative to the fixed probe with a horizontal translational stage.
The horizontal distance between the capillary probe tip and the blue
chemiluminescence () is measured by processing in Matlab more than
50 digital images sharply focused on the capillary tip which are acquired
during each sampling, as further detailed in Fig. S2 of the SM. All
experimental results are presented with horizontal error bars of X
bracketing its 95 % confidence interval [76].

The flame samples are stored for less than 30 s at 300 torr and 473 K
before being injected in a custom configured Gas Chromatograph/Mass
Spectrometer (GC/MS). The path from the capillary probe to the storing
volume and GC injection ports is also kept at 473 K to avoid conden-
sation of heavy species. The GC/MS is configured to perform quantita-
tive measurements of more than forty-five i-species whose mole fraction
(X;) is as low as ~10 ppb. The sample components are separated, in most
cases with the desirable isomeric resolution, by four GC columns and
quantified by three detectors whose responses are calibrated using in-
ternal calibration standards [32,48-51]. The Thermal Conductivity
Detector (TCD) chromatogram is used to quantify No, Oy, HoO, CO, CHy,
CoHy, and Hj. The chromatogram measured by the Flame Ionization
Detector (FID) installed downstream of a methanizer quantifies CO, COo,
and (oxygenated) hydrocarbon species as light as CH4 and composed of
up to 7 carbon atoms (i.e., toluene). Repetitions of the TCD and FID
response calibrations and flame measurements of X; have an uncertainty
smaller than +2.5 % with a 68 % confidence [76]. The chromatogram
generated by MS quantifies (oxygenated) hydrocarbons composed of at
least 4 carbon atoms and as heavy as cyclopenta[cd]pyrene and its
isomers, including a broad variety of Policyciclic Aromatic Hydrocar-
bons (PAHs) that may be involved in soot inception. Repetitions of the
MS response calibrations and flame measurements of X; have an un-
certainty smaller than +10 % and +15 % with a 68 % confidence [76],
for species as heavy and heavier than naphthalene, respectively.

2.3. Fine thermocouple measurements

Measurements of T are necessary given its strong influence on all
chemical and soot kinetics [10]. They are performed at HAB= 50 mm
using a silica-coated cylindrical R-type thermocouple (TC) with a junc-
tion diameter dpeqq=137 um. The TC wires are inserted parallel to the
fuel/oxidizer splitter with the junction positioned in the middle of the
nozzles. A 60 mm wide holder establishes TC pre-tensioning to
compensate for thermal expansion [75,77,78] and minimize any junc-
tion positioning unsteadiness. The TC junction is sharply focused in the
more than 50 digital images acquired to track the measurement X, with
the same procedure as during capillary sampling. The results are pre-
sented with horizontal error bars of X bracketing its 95 % confidence
interval [76]. Measurements are corrected for radiation heat losses with
the method detailed in section SM2 of the SM and results are presented
with vertical error bars bracketing their 68 % confidence interval [76].

2.4. Computational modeling

Two-dimensional Computational Fluid Dynamics (2D-CFD)
modeling is implemented using the Fluent Ansys software package and
two detailed chemical kinetic models, namely USC [79] and a slightly
modified version [80] of ABF [19]. USC is one of the most robust models
detailing oxidation and oxidative pyrolysis of C1-C4 hydrocarbons over
a broad range of stoichiometries whereas ABF is comparatively less
detailed for C1-C4 but accounts for the formation of PAHs as heavy as
pyrene which may be involved in soot formation [18-20,30]. The
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modification [80] of ABF involves only two recombination reactions
forming phenanthrene (A3) isomers (i.e., phenylacetylene with either
phenyl or benzene) and consists of zeroing the temperature exponent
and reducing the original [19] pre-exponential factors and activation
energies of 53 % and 16 %, respectively. In the investigated conditions,
the modification affects only species composed of three or more aro-
matic rings causing a reduction of their predicted X; smaller than 10 %.

2D-CFD accounts for buoyancy and mixture-averaged diffusion
transport, including thermal diffusion (i.e., Soret effect) [81]. Heat
losses by gas radiation are computed under the assumption of an opti-
cally thin medium by implementing an Ansys Fluent external function to
calculate the spectrally averaged emissivities of CO2, CH4, CO, and Hy0
as a function of the local T using dedicated polynomial fittings [82,83].
Fig. 2 depicts a mesh of the 2D-CFD computational domain in which the
X axis is the horizontal distance from the splitter separating the fuel
nozzle on the left at x<0 from the oxidizer nozzle to the right at x>0. The
inflow and outflow boundary conditions are highlighted in the figure
using inward-pointing blue and outward-pointing red arrows, respec-
tively. Plug flows with V= Vpy= Vo= 0.20 m/s are assigned to both the
fuel, oxidizer, and shielding nitrogen inlets whereas a (near atmo-
spheric) Bernoulli distribution of p is assigned to the outlets. Adiabatic
nonslip boundary conditions are assigned to the rest of the boundary
(green without arrows) which correspond to the surface of the slotted
stabilization plate.

The Ansys Fluent adaptive mesh refinement is utilized within each
cell where the percentage changes (relative to the cell average) of the
values (G) and values of the gradients (C) of T, velocity magnitude, and
Xis of CoHy, O, and benzene (A1) are larger than selected thresholds.
Refined results are obtained by setting progressively smaller thresholds,
from 5 % to 0.5 % and from 10 % to 1 % for G and C, respectively. Mesh-
independent T and X,; fields with both USC and ABF are computed
when G <1 % and C < 2 % (see Fig. S3 in SM). Fig. 2 shows the refined
mesh satisfying these conditions with USC whose mesh-independent
results predict Tpqy in the PMLF horizontal cross-sections at HAB= 25
mm and 50 mm to be 1786 K and 1776 K, respectively. The lowering of

40-30-20-10 0 10 20 30 40
X, mm

Fig. 2. Refined computation mesh used for 2D-CFD with USC [79]. The blue
inward arrows highlight the plug flow inlets of fuel, oxidizer, and shielding
nitrogen whereas the red outward arrows indicate outlets with a near atmo-
spheric Bernoulli pressure distribution. Adiabatic non-slip conditions are
assigned at the plate surface which is the top green boundary without arrows.
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Tmax at increasing HABs is caused by radiation heat losses to which soot
is estimated to contribute [84] negligibly compared to the computed gas
heat losses, as documented in the literature for several CFs with
Z4—0.183 and soot volume fractions at least as large as 1077 [52,53].

One-dimensional CF modeling (1D-CF) is performed with the planar
solver of Ansys Chemkin Pro using either USC [79] or the modified ABF
[19,80] and accounting for mixture-averaged diffusion transport,
including thermal diffusion (Soret effect), as in 2D-CFD. Plug flow
boundary conditions with equal velocities for the fuel and oxidizer
counterflowing streams, up= up, = aelL/2, are used. A large 80 mm
nozzle separation distance (L) is selected to minimize CF confinement
effects on the field of local strain rate (a’). The global strain rate (a)
value is selected as in CFs characterized in the literature [e.g.,32,50-52]
or to obtain a T profile with the same thickness as the characterized
horizontal cross-section of the PMLF. As detailed in the results section, a
1D-CF with the same Zy, Tyax, and (T profile) thickness of the selected
PMLF horizontal cross-section mimics its entire thermochemical struc-
ture, including diffusion and advection transport. Therefore, the PMLF
horizontal profiles can be modeled approximately as an equivalent
1D-CF using any, even extremely detailed, chemical kinetic model at a
fraction of the 2D-CFD computational cost.

3. Results and discussion
3.1. Boundary layer structure of the Planar Mixing Layer Flame (PMLF)

The left panel of Fig. 3 shows a typical digital image of the investi-
gated PMLF with an angle of view parallel to its luminous layers. The
blue chemiluminescence overlaps with the oxidation layer [85-87]
whereas the adjacent orange luminosity is an incandescent soot layer
growing thicker at increasing HABs. The thickening continues until the
flow accelerates near the slotted cold stabilization plate which distorts
the PMLF structure at HAB> 65 mm. Digital imaging guides the
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Fig. 3. Overall structure of the investigated nitrogen-diluted PMLF fueled by
ethylene with Z;=0.183, Xpr=0.26, and 0.2 m/s velocity at the nozzle outlets.
The digital image of the PMLF in the left panel highlights the blue chem-
iluminescence of the oxidation layer and the orange luminosity of soot. The
right panel shows the results of 2D-CFD with the temperature (T) field super-
imposed to (colored) gas streamlines including the Gas Mixing Interface (GMI,
in black) which separates the fuel streamlines (in red) to its left from the
oxidizer streamlines (in green) to its right, all being sandwiched between the
streamlines of the shielding nitrogen (in gray). The abscissa is the horizontal
distance (X) from the fuel and oxidizer splitter.
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identification of the operating conditions to achieve the desired PMLF
stability, horizontal thickness, and slight sooting loads compatible with
implementing intrusive sampling with the desired spatial resolution.
The flow stability is assessed by tracking the horizontal displacement of
the flame blue chemiluminescent layer which fluctuates horizontally
less than a twentieth of the horizontal thickness of the orange luminous
zone of the flame at all investigated HABs.

Indeed, the horizontal position of the maximum blue chem-
iluminescence fluctuates with a standard deviation smaller than 0.10
mm and 0.15 mm at HAB=25 mm and 50 mm where the thickness of the
orange sooting luminous zone is approximately 2.3 and 2.9 mm,
respectively. The flow stability of the investigated PMLF is further
highlighted in Videos S1-S3 included in the SM. The negligible fluctu-
ation and large thickness in a planar geometry make the PMLF ideal for
obtaining experimental results with good spatial resolution even when
using intrusive sampling.

The right panel of Fig. 3 depicts the results of 2D-CFD with the gas
streamlines originating from the fuel (in red to the left) and oxidizer (in
green to the right) nozzles sandwiched between the gas streamlines of
the shielding nitrogen (in gray on both sides), being superimposed on
the color-coded Temperature (T) field. The comparison of the left and
right panels of Fig. 3 highlights that the positions of the T maxima (Tpnax)
in the horizontal cross-sections of the PMLF lie within the oxidizer
stream and overlap with the blue chemiluminescence maxima. Indeed,
the heat release rate and CH* peak at the same locations in most
hydrocarbon-fueled flames [85-87]. At increasing HABs, the Tpq, and
blue chemiluminescence experience a progressive displacement to the
right away from the fuel and oxidizer splitter at x= 0 mm and the Gas
Mixing Interface (GMI). The GMI is the gas streamline separating the
fuel and oxidizer streams and is shown in black at the center of the right
panel of Fig. 3. The position of Ty to the right of the GMI is consistent
with the selection of Zy=0.183<0.5 which causes the stoichiometric
mixing necessary for the main oxidation reactions to be established in
the oxidizer stream [16]. The displacement away from the GMI indicates
that the flame experiences decreasing strain rates at increasing HABs,
consistent with the decrease in scalar dissipation rates observed by
Norton et al. in a modified Wolfhard-Parker planar co-flow flame [37].
The comparison of 2D-CFD and experimental results in Fig. 3 reveals
also that the faint soot-orange luminosity observed in the image is
mostly sandwiched between the blue oxidation layer and the GMI. In the
right panel of Fig. 3 an exemplar green gas streamline originating from
the cold oxidizer nozzle at X= 5 mm crosses Tyq, before entering the
soot-laden region and approaching asymptotically the GMI. This means
that soot particles nucleate and age as the flame products are trans-
ported by advection away from the oxidation layer toward the colder
and carbon-richer GMI and possibly beyond it by thermal and Brownian
diffusion. It appears that the advection histories leading to soot forma-
tion in the PMLF are very similar to that established in CFs with the same
Z4=0.183 where soot formation occurs while the flame products are
advected from Tj,q, toward the Gas Stagnation Plane (GSP) separating
the fuel and oxidizer streams [36,88]. In brief, there are substantial
similarities between a PMLF and a CF with the same Z but the advection
histories along different gas streamlines of each reactant are slightly
polydisperse in the PMLF, as further detailed in Section 3.4, whereas
they are monodisperse in a 1D-CF [49-51].

Before diving into the detailed comparison of a PMLF and CFs with
the same Z in ensuing sections, it is worth providing some additional
insight into the overall boundary layer structure of the PMLF. Fig. 4
depicts the PMLF horizontal thermal thickness () which is two times
the FWHM of the horizontal profiles of the reduced temperature (0=[T-
Tminl/ [ Tmax-Tmin]) [57] field computed by 2D-CFD, validated by T
measurements at HAB= 50 mm. Fig. 4 includes also the horizontal
thickness of the orange sooting luminosity (5s500¢) With the shaded area
bracketing the standard deviation of the results obtained by processing
100 images of the PMLF. The values of &y are quantified as two times
the FWHM of the horizontal profile of the reduced [57] red channel
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Fig. 4. PMLF horizontal thicknesses (twice the FWHM) at different HABs of the
reduced T (i.e., ®) computed by 2D-CFD (§7) and the luminous sooting layer
measured in digital images (5s00t), compared to the estimated thickness of a
thermal boundary layer (5,) growing as a result of thermal diffusion due to the
heat of reactions being released in a thin layer in the proximity of the GMIL

counts at all HABs but at HAB < 22 mm where such value is reduced of
the FWHM of the reduced blue channel counts profile to compensate for
the fact the blue chemiluminescence dominate over the soot luminosity
at those low HABs.

The profiles of 57 and 8,0 as a function of HAB are compared to that
of the estimated thickness (5, = 3.6-\/agmr-temr) [57] of a thermal
boundary layer growing during the advection time (tgpy) along the GMI,
necessary for the flow to reach different HABs after exiting either of the
reactant nozzles. The estimate is based on the local value of the thermal
diffusivity (agmp) along the GMI at each tg)-HAB which is calculated as
the integral along the GMI of the inverse of the velocity magnitude. A
very similar shape of the §, profile in Fig. 4 is obtained if the advection
time and the thermal diffusivity are estimated along any other stream-
line originating from either the fuel or the oxidizer nozzle. It is also
noteworthy to mention that profiles with the same shape as that of 5, are
obtained also by estimating the thickness of the mixing boundary layer
of any i-species (Jp;) by replacing agyy with its molecular diffusivity (D;
emp) along the GMI or any other streamline. The overlapping of 57 and &,
in Fig. 4 highlights that the PMLF has a boundary layer structure from
the diffusion transport point of view, as further detailed in the ensuing
Sections 3.2-3.3. Also, Fig. 4 highlights that the similarity may apply to
soot as well, given that s, is approximately a quarter of St at any
HABs>22 mm. Importantly, the horizontal cross-sections of the PMLF
are much thicker compared to CFs which can be stabilized and charac-
terized reliably in experiments. For example, 650 is 2.9 mm at HAB= 50
mm which is approximately three times thicker than the sooting zone of
CFs with Z;=0.183 and a = 52.6 /s investigated in the literature [32,36,
50-56]. Last but not least, the structure of a PMLF horizontal
cross-section is minimally influenced by any downstream perturbation.
This is due to the co-flow nature of the PMLF and the governing equation
of any boundary layer being mathematically parabolic. These charac-
teristics make the PMLF amenable to achieving the desired spatial res-
olution using intrusive sampling, including the dilution probes (see
Videos S3 and [89]) used routinely to measure the soot size distribution
function in burner-stabilized premixed flames [58-60]. As an additional
benefit, the PMLF enables the investigation of chemical kinetics on
relatively long time scales (r = HAB/\/2g-HAB-[1 — Tmin/Tmax]) of the
order of tens of milliseconds that are directly relevant to combustion
applications. Therefore, all the experimental datasets generated in
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PMLFs will be valuable in validating chemical kinetic models in
application-relevant conditions that cannot be investigated in 1D-CF
experiments.

3.2. Thermochemical self-similarity of the PMLF and its equivalent 1D-
CFs

Fig. 5 depicts the boundary layer self-similar structure of the hori-
zontal cross-sections of the PMLF and compares it to the computed
structure of a few planar 1D-CFs with the same Zy=0.183. The figure
includes the profiles of the reduced T (i.e., ©=[T-Tninl/[ Tmax-Tmin]) and
mole fractions (i.e., Z,=[X; - X min]/ [Xi max- Ximin]) of CO-C2 species [57],
including the reactants, as well as that of benzene (A1) which is an
important intermediate to soot formation [20]. The solid and dotted
lines show the horizontal profiles computed by 2D-CFD with USC at
HAB= 50 mm and 25 mm, respectively. Also, the solid and hollow
symbols depict the experimental results at HAB= 50 mm and 25 mm,
respectively. 1D-CF results with USC (dashed lines) are computed for
planar 1D-CFs with Zy4=0.183 and are practically indistinguishable for
computations performed reducing a from 52.6 /s, as in literature
axisymmetric CFs [32,36,50-56], down to 7.0 /s, as in a 1D-CF with the
same thickness of the horizontal cross-section of the PMLF (67 in Fig. 4)
at HAB= 50 mm. Almost identical computational results are obtained by
using ABF rather than USC, as shown in Fig. S4 of the SM, or an
axisymmetric rather than a planar 1D-CF solver.

The distance (x) in the abscissa of Fig. 5 is divided by the 7 of the
considered case (see legend) and measured horizontally from the GMI in
the PMLF (x = X— Xgur@HAB) and from the GSP in 1D-CFs, being
negative and positive in the fuel and oxidizer streams, respectively. The
GMI position (Xgy@HAB) is obtained from the 2D-CFD results by
assuming the horizontal maxima of the blue chemiluminescence to
coincide with that of the heat release rate and CH* [85-87]. The PMLF
horizontal cross sections (and their equivalent 1D-CFs) have 7 = 10.3
mm and 12.0 mm in the PMLF at HAB= 25 mm (1D-CF with a = 9.8 /s)
and 50 mm (a = 7.0 /s), respectively (see also Fig. 3). 1D-CF with a =
52.6 /s, also considered in Fig. 5, has 67 = 4.50 mm.

In Fig. 5, the non-dimensionalization of x using the &7 (thermal)
diffusion length and the ordinate by reducing [57] T and X;s highlights
the self-similarity of the flame structures. Each profile in Fig. 5 is the
same in different PMLF horizontal cross-sections as in 1D-CFs with the
same Zy=0.183. The shape of the profiles is determined exclusively by
the spatial distribution of the (normalized) production rate of the
considered i-species (heat release rate for ®) in addition to that of its
molecular (thermal for ©) diffusivity. The agreement between compu-
tational and experimental results in Fig. 5 demonstrates not only that the
models can predict accurately the aforementioned spatial distributions
for the heat release rate and production rate of C0-C2 species and ben-
zene but also that capillary sampling spatially resolves the structure of
the investigated PMLF horizontal cross sections. One may notice only a
slight variation in the boundary condition of C;Hg which is present as an
impurity at the hundreds of ppm level in the used ethylene bottle. Such
experimental deviation is not significant and is caused by the level of the
CoHg impurities changing for repetitions of the experiments on different
days as the bottle content stratifies. Fig. 5 demonstrates that the PMLF
horizontal cross-sections have a flamelet structure equivalent to that of
1D-CFs with the same Z, the most significant difference being that the
maximum &7 achievable in 1D-CF experiments is strictly limited by the
onset of buoyant instabilities and 2D flow distortions as one reduces a
[47,65]. Therefore, it is not possible to stabilize and investigate exper-
imentally a quasi-1D CF with arbitrarily low values of a and corre-
spondingly large 57 as in the PMLF. Nonetheless, experimentally
inaccessible 1D-CFs can be modeled to find what value of a makes the 57
of a CF the same as that of a designated horizontal cross-section of the
PMLF.

For the sake of completeness and ensuing quantitative comparisons,
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Fig. 5. Self-similar profiles of reduced a) temperature (®) and mole fraction (Z,) of a) ethylene, methane, and oxygen; b) ethane, CO, and CO; ¢) Ha, N, and H,0;
and d) benzene (A1) and acetylene. Measurements and computations with USC [79] are shown as a function of the distance (x), scaled over the thickness (57) of the ®
profile, from the GMI and the GSP in the PMLF and CFs, respectively. Results consider the PMLF at HAB= 25 mm and 50 mm and planar 1D-CFs with the same

Z4=0.183 and any a from 7.0 /s to 52.6 /s.

the values of Traxw Tmin, Ximaxs and X;min used to reduce the profiles in
Fig. 5 (and Fig. S4) are listed in Table 1 for both experimental and USC
and ABF modeling results. Also, the non-reduced T and X; profiles are
shown in Figs. S5-S6 of SM. Fig. 5 and Table 1 (and Fig. S5) provide a
validation of the capability of 2D-CFD to predict accurately the PMLF T
field. Such validation is highlighted by an excellent agreement between
the thermocouple measurement and the model results over most of the
horizontal span of the PMLF at HAB= 50 mm which is the highest
investigated HAB. Indeed, one expects the model to have increasingly

Table 1

less accurate predictive performances at increasing HABs due to error
compounding in solving the approximately parabolic governing balance
equation. This is the case even though ANSYS solves the fully coupled
elliptic governing equations.

Table 1 includes the results for 1D-CFs with a = 9.8 /s and 7.0 /s
whose Zy; 67, and Tpax are equal to that of the PMLF horizontal cross-
sections at HAB=25 mm and HAB=50 mm, respectively. It appears
that these properly selected equivalent 1D-CFs can mimic not only the
shape of the profiles of Fig. 5, but also X; max and, therefore, the absolute

Mole fraction maxima (Xj nax) used for reducing the self-similar profiles of Fig. 5 which depict the structure of several nitrogen-diluted planar non-premixed flamelets
fueled by ethylene with Z,=0.183 and with reactants temperature Tiz=298 K. Note Xy3 mex=1 and X; mi»=0 for all species but Xy min=1- Xpp.

XFF Xoo Xi,ma.x
Flame profile Tmax, K CoHy, 0,, Ha, CHy,, H,0, Co, CO,, CoHo, CoHg, Al, ppm

% % % % % % % % ppm
Meas-PMLF@HAB=50mm 1793 26.0 17.9 1.40 0.10 8.75 3.23 8.27 1.33 98 138
2D-CFD-USC@HAB=50mm 1776 26.0 17.9 1.12 0.13 8.76 3.23 8.09 1.16 168 48
1D-CF-USC@a=7.0/s 1776 27.2 18.7 1.10 0.10 8.87 3.36 8.78 1.14 169 51
2D-CFD-ABF@HAB=50mm 1782 26.0 17.9 1.73 0.09 9.28 3.50 7.78 2.07 180 105
1D-CF-ABF@=7.0/s 1782 27.6 19.0 1.66 0.06 9.37 3.71 8.61 2.05 172 66
Meas-PMLF@HAB=25mm - 26.0 17.9 1.57 0.14 8.86 3.38 7.99 1.38 150 134
2D-CFD-USC@HAB=25mm 1786 26.0 17.9 1.16 0.17 8.77 3.41 7.98 1.14 202 41
1D-CF-USC@=9.8/s 1786 27.0 18.6 1.15 0.11 8.76 3.53 8.57 1.16 168 45
2D-CFD-ABF@HAB=25mm 1803 26.0 17.9 1.81 0.13 9.28 3.73 7.76 2.06 241 138
1D-CF-ABF@=9.8/s 1803 27.8 19.2 1.80 0.06 9.42 4.00 8.47 2.18 173 70
Meas-CF@=52.6/s [50] 1989 33.0 22.9 3.29 0.13 - 5.44 9.39 2.51 93 137
1D-CF-USC@=52.6/s 2006 33.0 22.9 2.18 0.19 10.5 6.54 8.91 1.85 206 54.5
1D-CF-ABF@=52.6/s 1980 33.0 22.9 3.10 0.10 11.0 6.77 8.55 3.37 206 110
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production rates of CO-C2 species. To select the equivalent 1D-CF, a and
XcoH4.max in the fuel stream (Xgp) have to be tuned for the 1D-CF to
match 67 and Ty of the selected PMLF horizontal cross-section,
respectively. Therefore, one may notice that the nitrogen dilution of
the equivalent 1D-CF has to be slightly perturbed compared to the PMLF
boundary conditions to match the target Tyq.. The perturbation is
necessary because of unavoidable 2D effects and since, according to 2D-
CFD and 1D-CF results, radiation heat losses are relatively less signifi-
cant in the PMLF compared to the equivalent 1D-CF. The change in the
boundary conditions consists of a minimal increase of Xgr and X0z max in
the oxidizer stream (Xgp), consistent with keeping Z;=0.183. Table 1
lists the values of Xgr and X set for 1D-CFs to have the same Ty,qy as the
PMLF at HAB 25 mm and 50 mm, respectively. One can rescale the 1D-
CF results by multiplying the computed X;s by the ratio Xpp.cp/Xrr-pMLE
which is equal to 1.038 and 1.046 for USC (1.067 and 1.061 for ABF) to
account for the slightly different carbon flux in the equivalent 1D-CFs
compared to that in the PMLF at HAB= 25 mm and 50 mm, respec-
tively. Even upon considering such a small correction, Table 1 demon-
strates that the equivalent 1D-CFs predict the experimental horizontal
profiles of CO-C2 species in the PMLF with the same accuracy as 2D-CFD
using either USC or ABF. The only exception is that 2D-CFD predicts
roughly twofold more benzene than 1D-CF with ABF. As for other small
inaccuracies of tested chemical kinetic models in reproducing the
experimental results, USC underpredicts hydrogen noticeably, acetylene
slightly, and benzene approximately threefold whereas ABF over-
predicts both hydrogen and acetylene noticeably but is somewhat more
accurate than USC in predicting benzene in 2D-CFD.

All CO-C2 combustion products are relatively well predicted by both
USC and ABF which is the result of the robust existing knowledge of the
kinetic parameters for the main oxidation reactions of C1-C4 hydro-
carbons as an outcome of decades of studies of laminar flames [e.g.,90,
91]. Given this fact, Fig. 6 depicts the profiles of some major and minor
radicals and hydrogen peroxide in the PMLF at HAB= 25 mm and 50 mm
computed by 2D-CFD and equivalent 1D-CF with USC [79]. The abscissa
of Fig. 6 is the same as in Fig. 5 to highlight to what extent the
self-similarity applies also to the profiles of radicals involved in the
flame oxidation and pyrolysis chemistry. Indeed, the predictions of
2D-CFD and equivalent 1D-CF are virtually indistinguishable from each
other in the oxidizer stream at x > 0. Specifically, the profiles of H, O,
and OH show that these important radicals are mainly produced in the
oxidation layer of the flame at x/57 > 0.20 near but to the right of Ty
which is at x/67 ~ 0.20. On the other hand, the profiles of propargyl
radical (C3Hgs) and other hydrocarbon radicals not shown in the figure
also peak near Ty,q, but lean toward the carbon-richer zone of the flame
at Ts exceeding 1000 K in the region where —0.05< x/&r < 0.20. Lastly,
oxygenated species formed at both high and low Ts, such as hydrogen
peroxide (H205) and hydroperoxyl radical (HO»), have double-peaked
profiles with one peak in the oxidizer stream x/5r > 0.30 which is the
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same in 1D-CF and 2D-CFD and another peak at x/67< —0.10 in the fuel
stream which is predicted only by 2D-CFD. The HoO5 and HO, peaks at
x/8r< —0.10 are more pronounced at HAB=25 mm compared to
HAB=50 mm and are due to advective leakage of flame intermediates
generated in the PMLF leading edge at low HABs < 5 mm.

In summary, Fig. 6 broadens the applicability of the equivalent 1D-
CF to radical species but shows that 2D effects may modify the self-
similar profiles of some species in the cold (T < 1000 K) fuel pyrolysis
region (x< —0.05) of the flame. One type of 2D effect is due to the
advective leakage of flame intermediates from the PMLF leading edge at
low HABs which cannot be accounted for in the equivalent 1D-CF.
Fortunately, the X;s of the leaked Hy02 and HO, are too low (about 10
ppm) to affect substantially the PMLF structure at either HAB= 25 mm
or 50 mm.

3.3. Self-similar profiles of C3-C18 species in the PMLF and equivalent
1D-CFs

One would wonder if the equivalent 1D-CFs with the same Zg, 67, and
Tmax as the investigated PMLF horizontal cross-sections can predict the
profiles (i.e., diffusivity and the relative spatial distribution of the pro-
duction rate) of minor flame products, including Policyciclic Aromatic
Hydrocarbons (PAHs) which are important in soot inception, as well as
their X; max (i.e., absolute values of their production rates). To investi-
gate this aspect and compound the data in Figs. 5-6 and Table 1, Figs. 7-8
show the X; profiles of C3-C18 species measured in the PMLF at HAB=
25 mm and 50 mm with hollow and solid symbols, respectively. Figs. 7-8
include the results of 2D-CFD and equivalent 1D-CF depicted with solid
and dash-dotted lines, respectively. All profiles are plotted as a function
of the distance (x) from the GMI in the PMLF cross-sections or the GSP in
1D-CFs, still with x < 0 and x > 0 being in the fuel and oxidizer streams,
respectively.

To begin with, Fig. 7 shows the profiles of C3-C7 species as heavy as
toluene, most of which are relatively well predicted only by USC which
is the only chemical model considered in the figure. ABF is somewhat
less effective compared to USC in predicting most C3-C5 species and the
comparison of its predictions with the experimental results is relegated
to Fig. S7 of the SM. An aspect to notice in Fig. 7 is that for certain
species, primarily formaldehyde (CH;0) and CsHg and, to a much lesser
extent, propyne (p-CsHj), C3Hs, C4Hg and c-CsHe, 2D-CFD predicts
noticeably larger X;s for x < 0 and better captures the shape of the
experimental profiles compared to 1D-CF. This difference is likely due to
the 2D leakage discussed in Fig. 6 for HoO5 and HO,. The shape of the
profiles predicted by 2D-CFD and equivalent 1D-CFs are virtually
indistinguishable or at least very close to each other for all other species,
including allene (a-CgHy4). USC in 2D-CFD reproduces extremely well the
measurements of p-C3H,, C3Hg, CH50 (both at x < 0 and x > 0), C3Hg,
and C4Hg whereas it overpredicts, roughly by a factor of two, X;s of C4Hy
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Fig. 6. Profiles of major radicals, HO, H;0,, and C3Hj in the PMLF at HAB= 25 mm and 50 mm as computed by 2D-CFD (solid lines) and equivalent 1D-CF (dashed
lines) with USC [79]. The distance (x) from the GMI of the PMLF and GSP of CFs in the x-axis is scaled over dr, as in Fig. 5.
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Fig. 7. Measured and computed profiles of C3-C7 species at HAB= 25 mm and HAB= 50 mm. Computations are performed by 2D-CFD and equivalent 1D-CFs with
USC [79]. The abscissa is the distance (x) from the GMI in the PMLF cross-sections or the GSP in the equivalent 1D-CFs.

and C4Hg. On the other hand, USC underpredicts roughly by a two-factor
some species important in the formation of the first aromatic ring such as
a-CsHa, C3Hg, and C4Hy4. The large underestimation of Al and toluene
(roughly three- and five-fold, respectively) can be attributed only in part
to the underestimation of these C3-C4 species. It is noteworthy to
mention that the USC predictions of A1 in the ethylene-fueled CF with Zg,
= 0.183, a = 52.6 /s, and Tpe=2000 K [50-53] are also roughly
threefold smaller than the measured values (see Table 1) [50]. The
approximately 200 K higher Ty,qy of the literature CFs compared to the
considered PMLF compensates for its larger a and results in approxi-
mately equal measured and computed X7 max in the two flames which
have similar incipiently sooting loads.

It appears that experiments in PMLFs enable testing chemical kinetic
models in a broader range of a and Tj,q compared to that in CFs and all
flaws of chemical kinetic models are likely to be amplified for PAHs in
the challenging long residence time conditions established in the PMLF,
especially when one considers species further down the chain of re-
actions initiated by ethylene oxidation and pyrolysis. Fig. 8 shows the
profiles of C8-C18 aromatics in the PMLF at HAB= 25 mm and 50 mm
and compares the measurements to the predictions of ABF which is the
only of the two tested chemical kinetic models accounting for the for-
mation of some (but not all) of the quantitated heavy PAHs. One can
notice that ABF in 2D-CFD predicts noticeably larger X;s but similar
profile shapes for most aromatics compared to the equivalent 1D-CF, the
difference being within a 2-factor in all cases but at x < 0 for aromatics
with oxygen functional groups such as phenol. The underprediction of
1D-CF compared to 2D-CFD is not surprising since benzene which is the
main starting point for aromatic growth, is also underpredicted (see
Table 1 and Fig.S7). The overlapping of the profile shapes predicted by
1D-CF and 2D-CFD which is apparent for most aromatics in Fig. 8
excluding phenol, indicates that the 2D advective leakage does not affect
aromatics (neither directly nor indirectly) other than the oxygenated
ones that may be formed via reactions with the HyO2 and HO, leaking
from the PMLF leading edge (see Fig. 6). Instead, the slight poly-
dispersity of the T advection histories of the PMLF reactant streams
discussed in Section 3.4, may contribute significantly to the X;s of

aromatics in 2D-CFD being larger (but with the same profile shapes)
compared to that in the equivalent 1D-CF which, instead, has mono-
disperse histories in both streams of reactants. ABF [19,80] emphasizes
the aromatic growth via the HACA mechanism [18] and, in 2D-CFD,
closely reproduces the experimental results for most aromatics (i.e.,
phenol, phenylacetylene, styrene, naphthalene isomers, acenaph-
thylene, and phenanthrene) even if it underpredicts benzene by
approximately 30 % at HAB= 50 mm (see Table 1) and overestimates
(approximately twofold) acenaphthylene at both HABs, compared to
measurements. Even the predictions of pyrene, the heaviest PAH
considered by ABF, are within a 1.5 factor from the experimental results.
The most significant flaw of ABF is the large (hundred times) underes-
timation of fluoranthene which is the heaviest PAH with a 5-membered
ring it considers. Recent work suggests that 5-membered ring PAHs may
be mechanistically important in soot formation [35] and the experi-
mental results in Fig. 8 include the quantitation of quite heavy species of
this type being present in the PMLF. For example, approximately 100
ppb of methyl-fluoranthene and cyclopenta[cd]pyrene isomers are
measured at both HAB= 25 mm and 50 mm.

The comparison of the results at HAB= 25 mm and 50 mm in Figs. 7-
8 enables the visualization of the slight broadening of the self-similar
profiles caused by the boundary layer growth (Fig. 4) and the underly-
ing decrease in the flame strain rate at increasing HABs. ABF in 2D-CFD
predicts a slight reduction of the X; of most aromatic species at HAB= 50
mm compared to 25 mm. The reduction at increasing HABs is not pre-
dicted by the equivalent 1D-CF for most aromatics and, therefore, is
likely caused by the 2D effects. 2D-CFD likely overestimates such 2D
effects since the reduction is not noticeable in the experimental results.
Instead, most of the experimental profiles in Fig. 8 exhibit the same if not
higher peak values at HAB= 50 mm compared to 25 mm. This indicates
that the chemistry of most aromatics is insensitive to the slight change in
the strain rate from 7.0 /s to 9.8 /s, a behavior that is predicted by ABF
in 1D-CF, or that the 2D effects are compensated by reactions not
considered by ABF, enhanced at increasing residence times. Indeed,
naphthalene isomers, acenaphthylene, anthracene, cyclopenta[def]
phenanthrene, and the isomers of methyl-pyrene are slightly more
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Fig. 8. Measured and computed profiles of C8-C18 aromatics at HAB= 25 mm and 50 mm. Computations are performed by 2D-CFD and equivalent 1D-CFs with the
modified ABF [19,80]. All isomers (but those grouped with a square in the legend) are measured individually (see Fig. S8 in SM) but have been lumped during the
processing of the results to ease the comparisons with the models. The abscissa is the distance (x) from the GMI in the PMLF cross-sections or the GSP in the

equivalent 1D-CFs.

abundant at HAB= 50 mm compared to 25 mm. This observation is not
affected by uncertainty since the increase is observed across the entire
width of the profiles and for two species, one (acenaphthylene) being
formed from the other (naphthalene isomers) via acetylene addition (i.
e., HACA). Therefore, the difference is likely caused by a reaction path
producing naphthalene which is enhanced at low strain rates and long
residence times but is not considered by ABF, such as cyclopentadienyl
recombination [20,21]. Additionally, an enhanced addition of cyclo-
pentadienyl to indene, naphthalene isomers, and acenaphthylene may
also cause the observed X; nqx increase of anthracene, cyclopenta[def]
phenanthrene, and the isomers of methyl-pyrene, respectively.
Benzene is the most abundant aromatic at both HAB= 25 mm and 50
mm with Xz7 max &~ 150 ppm which is more than one and two orders of
magnitude more abundant than naphthalene and heavier PAHs such as
pyrene, respectively. Some recent studies indicate that small aromatics
(i.e., as heavy as acenaphthylene) may participate directly in soot
inception in ethylene-fueled CFs [32,56] and burner-stabilized premixed
flames [36]. This is in contrast to the widespread assumption that only
PAHs as heavy and heavier than pyrene may cause soot inception. The
experimental data included in Fig. 8 suggest that small hydrocarbons
may be relevant to soot inception also in the investigated
ethylene-fueled PMLF. Indeed, the concentrations of aromatics heavier
than pyrene are far too little for them to contribute directly to a
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significant fraction of the incipient soot nanoparticles which are ex-
pected in numbers of the order of 102 ~10% ecm ™3 [32,36,89].

In summary, the data shown in Figs. 5-7 and 8 (and S4-S7) and
Table 1 demonstrates the excellent capability of the equivalent 1D-CF to
mimic the structure of the horizontal cross-sections of the PMLF at
HAB= 25 mm and 50 mm at a small fraction of the computational cost of
2D-CFD and with reasonable quantitative accuracy even for heavy
PAH:s. The relatively small imprecision of the equivalent 1D-CF is a more
than worthy price to pay, especially if one considers that the savings in
terms of computational cost enable one to perform path and sensitivity
analyses of complex kinetic models [90,91] that would be otherwise
prohibitive in 2D-CFD.

3.4. Thermochemical advection histories in the PMLF and equivalent 1D-
CFs

An additional analysis of the PMLF flow structure based on 2D-CFD
results is necessary to assess if the equivalence between the PMLF hor-
izontal cross-sections and 1D-CF is limited to diffusion transport, as
shown in Sections 3.1-3.3, or applies at least approximately, also to the
thermochemical advection histories experienced by the flame products.
To this end, Fig. 9 shows finely spaced gas advection streamlines (gray
dotted-dashed lines) computed by 2D-CFD with ABF. The streamlines
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Fig. 9. Flow structure of the PMLF predicted by 2D-CFD with modified ABF
[19,80], as depicted by gas streamlines (dotted-dashed lines) and the sections of
the particle streamlines (dotted lines) lying in the soot-laden region between
Tmax (grayscale-coded thick solid line) and the Particle Mixing Interface (PMI).
The abscissa is the horizontal distance from the GMI (x@HAB = X —
Xemi@HAB). The PMI is the particle streamline originating from the splitter
between the fuel and oxidizer nozzles. The streamlines are superimposed to
solid lines tracking the position of Ty, (grayscale-coded value) and X; mqx of
acetylene (CyH,), benzene (A1), naphthalene (A2), phenanthrene (A3), and
pyrene (A4) in the PMLF horizontal cross-sections.

are plotted as a function of the horizontal distance from the GMI at
increasing HABs (i.e., x@QHAB =X — Xy @HAB), instead of the absolute
horizontal coordinate X which is used for the coarsely spaced gas
streamlines of Fig. 3. As a result of the x-axis choice, the GMI is the
thickest vertical gas streamline at x = 0 in Fig. 9, allowing one to
visualize the positioning of the self-similar profiles shown in Figs. 5-8.
The choice of the x-axis also nullifies the distorting displacement of the
GMI toward the fuel stream (i.e., to the left) at increasing HABs below 5
mm apparent in Fig. 3, which is caused by the thermal expansion
ensuing heat release in the oxidizer stream to the right of the GML In
Fig. 11, the heat release rate-induced thermal expansion causes only the
initial divergence of the gas streamlines at increasing HABs below 5 mm
before they start converging toward the GMI under the effect of buoyant
acceleration. The gas streamlines are superimposed to solid lines
tracking the position of Tpay (thick line with grayscale-coded value) and
Xi max of five species involved in fuel pyrolysis and ensuing soot incep-
tion, namely acetylene (CyHy), benzene (A1), naphthalene (A2), phen-
anthrene (A3), and pyrene (A4). The lines tracking X; mqx are not shown
at HAB <16 mm where the 2D-CFD with ABF predicts their X; nq to be
negligibly small and soot is not visible in digital images (Figs. 3-4).
Additionally, Fig. 9 depicts the particle streamlines (dashed lines)

computed by considering the particle velocity (7;) field. The latter
differs from the gas velocity (7g)) field because of the thermophoretic

drift velocity (V—[h)) whose field for particles small enough to be in the
free molecular regime, such as incipient soot, is determined by the fields

of the temperature gradient (VT) and kinematic viscosity (v) of the gas
mixture [92,93]:

— —_— — — ?T
Vo = Vg + Vin = Vg 0538w

@

The particle streamlines are plotted exclusively in the soot-laden
region of the PMLF which, according to the structure depicted in
Figs. 3-8, is the carbon-rich one to the left (i.e., downstream) of Tyqx. The
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particle streamline which originates from X=0 at HAB = 0 is sandwiched
between those yielding from the oxidizer and fuel nozzles and is named
the Particle Mixing Interface (PMI). The PMI is expected to delimit the
soot-laden region because to its left T drops below 1030 K which is
considered too low for activating soot inception in the fuel stream [10,
12,24,25,27-32]. It is noteworthy to mention that the horizontal span of
the zone between T4 and PMI identified in Fig. 9 is nearly equal to the
measured thickness of the PMLF luminous soot layer 50 in Fig. 4. Only
a very small fraction of the smallest soot nanoparticles may cross the
PMI via Brownian diffusion although the value of their diffusivity is
substantially smaller compared to that of PAHs. In brief, the PMI of the
PMLF is equivalent to the Particle Stagnation Plane (PSP) of 1D-CFs
[52-56] and the horizontal distance of the PMI from the GMI in the
PMLF is also equal to that of the PSP from the GSP in the equivalent
1D-CF. It appears that the equivalence between the PMLF horizontal
cross-sections and 1D-CFs apply also to the advection of incipient soot
particles.

A careful observation of Fig. 9 reveals that the X; ;qs of the selected
species are all located within the soot-laden region with those of acet-
ylene and benzene being the closest to Trqx (i-€., the most upstream) and
the GMI (i.e., the furthest downstream), respectively. The X; mqs of ar-
omatics of increasing molecular weight are sorted from left to right (i.e.,
from downstream to upstream) as predicted by the results of both 2D-
CFD and equivalent 1D-CF results which are validated by experiments
in Figs. 5-8 and Table 1. Therefore, in both PMLF and equivalent 1D-CFs,
aromatic growth and ensuing soot inception take place in a non-
sequential manner during the advection of the flame products. Instead
one should consider both advection and diffusion transport to ratio-
nalize the relative position of the X; nqy in Fig. 9. To begin with, acety-
lene is mostly produced by the dehydrogenation of the ethylene fuel that
is promoted at high Ts. Nonetheless, ethylene crosses the GMI via
diffusion from the fuel stream and is increasingly less abundant away
from it. As a result, acetylene production is maximum somewhere in
between T;,,q and GMI whereas the production of A1 occurs downstream
(i.e., to the left) compared to that of acetylene and other (mostly C2-C4)
fuel pyrolysis products, indicating that A1 production has a significant
induction time. Next, all subsequent aromatic growth reactions are
enhanced at increasing Ts, are fast compared to Al production, and
require acetylene (as well as other C1-C5 fuel pyrolysis products). As a
result, the optimal conditions for A2 production are established via the
back diffusion of Al from its X7 max peak toward Xcan2 max and Trmax. By
reiteration of the back diffusion of aromatics to which acetylene (and
other fuel pyrolysis products) are added the production of progressively
heavier PAHs is maximized closer and closer to Xc2p2max and Tmgx.
Consequently, the X; qx of A4 which is the heaviest PAH considered by
ABF, occurs roughly at the same position as Xc2p2 max-

At this stage, one could wonder about the actual thermochemical
histories the gas parcels experience in the PMLF while they are advected
along each gas streamline depicted in Fig. 9. Additionally, given the
similarity between the PMLF horizontal cross-sections and their equiv-
alent 1D-CFs, one would like to compare them with the monodisperse
advection histories the gas parcels yielding from either the fuel or
oxidizer nozzle experiences in the equivalent 1D-CFs [51-52,55]. The
dotted lines in Fig. 10 present the profiles of T and X;s of CO,, H,0, CO,
Ho, acetylene, and selected PAHs the gas parcels experience to reach
HAB= 50 mm as a function of the advection time (ty;) calculated as the
integral of the inverse of the velocity magnitude along different gas
streamlines equispaced at the PMLF fuel (left panels) and oxidizer (right
panels) nozzles. The tg zero is set along each gas streamline at the point
where 2D-CFD predicts the local X¢2p2 to be 75 % of its value on the GMI
(i.e., at x = 0) at HAB= 50 mm. Such a point is crossed by each gas
streamline a bit upstream of the PMI which is positioned at tgq~ 7 + 3
ms in the left panel of Fig. 10, and slightly downstream of Tp,q, which is
not shown but would be found at tges=~ —10+5 ms in the right panel of
Fig. 10, in the fuel and oxidizer streams, respectively. In brief, Fig. 10
depicts the thermochemical advection histories the gas parcels
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Fig. 10. Thermochemical histories the gas parcels experience as a function of the advection time (tg) either in the PMLF (dotted lines) while they reach HAB=50
mm or in the equivalent 1D-CF (dashed lines). Solid lines show the averages of the slightly polydisperse PMLF thermochemical histories to ease the comparison with
1D-CF. The ty zero is at the position along each streamline where 2D-CFD predicts the local X¢ap2 to be 75 % of its value on the GMI (i.e., at x = 0) at HAB= 50 mm.

experience within the entire PMLF before contributing to the structure
of the soot-laden zone in the PMLF cross-section at HAB= 50 mm. For
the sake of completeness, the thermochemical advection histories
leading to the structure of the PMLF at HAB =25 mm and its equivalent
1D-CF are shown and compared in Fig. S9 of SM.

For comparison, the dashed lines in Fig. 10 show the monodisperse
thermochemical advection histories experienced by any gas parcel
yielding from the fuel and oxidizer streams in the 1D-CF equivalent to
the PMLF at HAB= 50 mm. To ease the visual comparison between the
PMLF and 1D-CF, the solid lines depict the average T and X;s for all gas
streamlines in the PMLF at any tg;. Such averages do not differ signifi-
cantly from the mass-averaged thermochemical properties of the whole
fuel and oxidizer streamtubes. Indeed, the streamlines are equispaced at
the outlet of the fuel and oxidizer nozzles where the mass flux and
composition are uniform. The comparison confirms a close agreement
between the thermochemical advection histories established in PMLF
and equivalent 1D-CF. The average T-ty (panel a) in the PMLF differs at
most 87 K from that in 1D-CF, the latter being slightly colder and hotter
than the former in the fuel and oxidizer streams, respectively. The dif-
ferences are similarly minor for X¢zp2 and Xpy20 (panel a) and X¢p and
Xp2 (panel b) whose averages in the PMLF differ less than 11 %
compared to that in the 1D-CF. The most evident deviation for C0-C2
species is noticeable for X¢p, (panel b) but only in the oxidizer stream
where it is approximately 16 % lower in the PMLF compared to 1D-CF.
The difference is likely related to the average T-tyqs of the oxidizer stream
(where oxidation reactions take place) being slightly colder in the PMLF
than in the equivalent 1D-CF. Still, such a difference in X0 is not ex-
pected to affect significantly the kinetics of soot inception. Turning
attention to the advection histories in the bottom panel (c), it is known
that the X;s of PAHs are very sensitive to even small changes in the T-tgqs
[49]. It appears that the slight polydispersity of the T-tg histories
experienced along different streamlines of the PMLF causes an
enhancement in the formation of most aromatics (see Fig. 8) since the
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1D-CF predicts their X;s to be approximately twofold smaller compared
to 2D-CFD. Nonetheless, the imprecision of the equivalent 1D-CF model
compared to 2D-CFD is a more than worthy price to pay if one considers
the savings in terms of computational cost. Indeed, 1D-CF not only
mimics with reasonable accuracy the PMLF advection and diffusion
transport but also enables the path and sensitivity analyses of complex
kinetic models [90,91] that are prohibitive to implement in 2D-CFD.

3.5. Reaction pathway analyses in PMLF equivalent 1D-CFs

Reaction path and sensitivity analyses of chemical kinetic models in
canonical 1D flame configurations have become essential tools to
improve their predictive capabilities [90,91]. Additionally, reaction
path analyses can be used to pinpoint the effect of perturbing some
boundary conditions of 1D-CFs on reactions relevant to PAHs and soot
formation [48,50-52]. Initially, one may think that the 2D nature of
PMLFs makes them unsuitable for performing such analyses which are
difficult to implement and computationally prohibitive in 2D-CFD.
Nonetheless, the previous sections demonstrated that the horizontal
cross-sections of a PMLF can be modeled with reasonable accuracy as
equivalent 1D-CFs with the same Zy and Ty, and the value of a that
makes its thermal thickness equal to that of the PMLF at the selected
HAB. The equivalent 1D-CF mimics the PMLF from both the diffusion
and advection transport point of view and is readily amenable for re-
action path and sensitivity analyses. The path analyses are performed by
integrating the Rate Of Production (ROP) of the i-species of interest over
the entire x span for each reaction considered in the chemical kinetic
model. Net production (consumption) reactions have positive (negative)
integral ROP. The percentage contribution of each production reaction
is calculated by dividing its integral ROP by the sum of the integral ROP
of all production reactions.

This section examines the effect of changing a from 7.0 /s to 50 /s
while keeping constant Zg = 0.183 and Tp,qx=1786 K, on the reaction



M.K. Ashour and F. Carbone

pathways leading to the formation of benzene (Al) from the parent
ethylene fuel. The largest considered value of a = 50 /s is typical of 1D-
CF experiments whereas a = 7.0 /s makes the 1D-CF equivalent to the
cross-section at HAB= 50 mm of the PMLF characterized herein. The
analyses are performed using USC which has good performances in
predicting the concentration of C0-C4 flame intermediates playing a
critical role in the formation of benzene and, subsequently, heavier ar-
omatics. Also, USC yields almost identical results in either 2D-CFD or
equivalent 1D-CF, as depicted in Table 1 and Figs. 5-8. The reaction path
analyses of 1D-CF with a = 9.8 /s equivalent to the PMLF cross-section at
HAB= 25 mm are relegated to SM (Fig.S10) because they yield very
similar results as for a = 7.0 /s. The SM presents also the path analyses
performed with ABF which is somewhat less reliable in predicting C0-C4
species (see Table 1 and Figs.S3-S7), upon considering the reactions
leading to the production of benzene (Fig. S11) as well as those causing
its subsequent growth to form PAHs (Fig.S12).

The results of path analyses are summarized in Fig. 11 in which each
solid arrow is coupled to a number that quantifies the total contribution
percentage of reactions involving the reactant at the arrow origin, to the
production of the product the arrow points to. The percentage refers to
1D-CF with a = 7.0 /s equivalent to the PMLF at HAB= 50 mm and is
followed by a second percentage in parentheses which refers to a 1D-CF
with @ = 50 /s typical of CF experiments. Some dashed arrows run
parallel to the solid ones to identify a significant reaction partner
contributing to the considered reactant-to-product conversion. The red
bold font identifies the stable species quantified in the experiments and
for which USC showed relatively good predictive performances (see
Figs. 5 and 7 and Table 1). One can assume that the USC predictions of
carbonaceous radical species are as accurate as those of their stable
counterparts. For example, the accuracy in predicting the methyl, vinyl,
ethyl, and propargyl (C3Hs) radicals is expected to be similar to that of
the predictions of methane, ethylene, ethane, and CsH4 isomers,
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respectively. Cancellations of errors are always possible but are unlikely
to be significant for such small radicals that are prevalently formed via
hydrogen abstraction reactions, as evidenced in Fig. 11.

Fig. 11 highlights that Al is produced mainly via two pathways
namely C3Hs recombination and reactions of C4 with C2 species (i.e.,
C4Hs + CoHj and C4Hg + CoHs). The relevance of these two paths in
flames fueled by linear aliphatics is well documented in the literature
[18-21,24,25,29-31,35,94,95] but different kinetic models may
emphasize one over the other. For example, ABF underplays the
contribution of C3H3 recombination because of the high energy required
for cyclization and hydrogen redistribution to form Al from the
C3Hs3—-CsHs adduct [95]. However, many studies have shown that CsHs
recombination can contribute substantially to Al in most flame condi-
tions thanks to the resonant stabilization which makes C3Hg persistent
with relatively large Xcsuss (e.g., Fig. 6) [94]. Fig. 11 shows that, ac-
cording to USC and regardless of the value of a, C3H3 formation is caused
overwhelmingly, and in approximately constant proportions, by H
abstraction from C3Hy isomers and by either direct or indirect methyl-
idyne addition to acetylene. USC predicts acetylene accurately whereas
it underpredicts the total X;s of CsHy isomers (mostly allene) by
approximately twofold (Fig. 7). Also, C4Hs is mainly produced via
H-abstraction from the isomers of 1,3-butadiene (C4Hg) whose (lumped)
Xcane profile is also well predicted by USC (Fig. 7).

Most importantly, Fig. 11 highlights that the lowering of a from 50 /s
to 7.0 /s, whose experimental investigation is enabled in the PMLF, leads
to an approximately 50 % enhancement of the relative contribution of
CsHs recombination to form A1 either directly or through the addition of
the H radical to the so formed phenyl radical. Concurrently and conse-
quently, the relative contribution of the C4+C2 reactions is predicted to
be halved. If one considers that USC underpredicts CsH4 roughly twofold
(therefore, it is likely to underpredict also C3Hs) but is accurate in
predicting C4Hg which is the most relevant starting point of the C4+C2
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Fig. 11. Pathway analyses of the USC [79] reactions forming benzene (A1) in 1D-CF with Z3=0.183, T;,,;x=1776 K, and a = 7.0 /s equivalent to the PMLF at HAB=
50 mm (or a = 50 /s typical of CF experiments). Each solid arrow connects a reactant to a product and is coupled to a number listing the percentage the identified
reactions contribute to the product for a = 7.0 /s (a = 50 /s). Dashed arrows identify significant reaction partners and the red bold font highlights the species that

have been quantified in the experiments.
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pathways, it is plausible that the relative enhancement of the C3Hj
pathway is partially responsible for the roughly threefold under-
prediction of benzene. It is also possible that additional pathways
leading to benzene formation are not considered by USC but they may
become increasingly more relevant when lowering a from 50 /s to 7.0 /s
and, therefore, in PMLF compared to CF experiments.

In summary, the PMLF experimental results reported in this manu-
script are instrumental in quantifying the enhancement of any reaction
as well as in identifying any potentially unaccounted pathways that are
active in non-premixed flame characterized by low strain rates and
advection time of the order of tens of milliseconds. Therefore, the study
of PMLFs may contribute substantially to the improvement of the pre-
dictive capabilities of any chemical kinetic models in a range of sooting
and non-sooting flame conditions that are relevant to several non-
premixed combustion applications but not accessible in experiments
performed in other canonical flame configurations.

4. Conclusions

An incipiently sooting laminar Planar Mixing Layer Flame (PMLF)
accessible to intrusive sampling has been stabilized by introducing a
buoyancy-driven passive flow stabilization. The PMLF structure has
been investigated experimentally using capillary sampling followed by
GC/MS analyses, fine thermocouple measurements, and digital imaging.
Computationally, two detailed chemical kinetic models are used in a 2D-
CFD model of the PMLF and a 1D model of Counterflow Flames (CFs)
equivalent to selected PMLF horizontal cross-sections. The PMLF
equivalent 1D-CF has the same stoichiometric mixture fraction (Zs),
maximum temperature (Tpqy), and thermal thickness as the PMLF at the
selected Height Above the Burner (HAB).

The main findings follow below.

The PMLF thickens at increasing HABs and remains very stable while
being probed by capillary sampling, horizontal tube dilution sam-
pling, or a fine thermocouple.

There is a self-similarity between the horizontal cross-sections of the

PMLF and 1D-CFs with the same Zg but the PMLF is three times

thicker than CFs suitable for experimental studies.

e Thanks to its boundary layer structure and large thicknesses, the

PMLF is amenable to being sampled with any type of intrusive probe

without sacrificing the spatial resolution necessary to follow the ki-

netics of fuel oxidative pyrolysis and soot inception.

The structures of the PMLF horizontal cross-sections at HAB= 25 mm

and 50 mm have been characterized experimentally by quantifying

temperature and the mole fractions of forty-five species. The dataset
can be used as a testbed to improve chemical kinetic models.

e The horizontal cross-sections of the PMLF can be modeled as an
equivalent 1D-CF with strain rates not achievable in 1D-CF experi-
ments. The equivalence greatly simplifies the testing of chemical
kinetic models but causes slight (mostly less than twofold) under-
predictions of species with highly temperature-sensitive kinetics
such as aromatics.

e The 2D effects include a minor leakage in the fuel stream of some

species from the PMLF leading edge which affects moderately only

oxygenated species, and a slight polydispersity of the advection
histories which impacts (mostly less than twofold) the predictions of
aromatics.

Reaction pathway analyses in the equivalent 1D-CF assess the impact

of lowering the strain rate from values typical of CF experiments to

that of the PMLF on the reactions leading to benzene formation.

Results show an enhancement of propargyl recombination and sug-

gest that some reactions active at low strain rates may be not

considered in the tested kinetic models.

The PMLF is a promising canonical configuration to perform detailed

experimental studies of combustion chemistry and soot inception in
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non-premixed flames with low strain rates and on time scales of tens
of milliseconds which are relevant to many combustion applications.
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