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EMPI, Institute for Energy and Materials Processes — Reactive Fluids, and CENIDE, Center for Nanointegration Duisburg-Essen,

University of Duisburg-Essen, Duisburg, Germany

Abstract

Premixed flat flames provide an ideal platform for investigation of soot formation by optical diagnostics.
The local conditions can, however, be strongly affected by species diffusion and heat transfer perpendicular
to the flow direction. This work investigates the influence of the burner geometry and shielding of the target
flame by a nitrogen coflow or by a surrounding non-sooting fuel-rich methane/air flame. The analysis is
based on 2D simulations as well as measurements of temperature and species concentration profiles at
atmospheric pressure and 10 bar. The simulations indicate that the deviation from the ideal case caused by
species diffusion and heat transfer is especially strong at near-threshold sooting conditions investigated in
ethylene/air flames with an equivalence ratio ¢=2.1 and methane/air flames at ¢ = 1.82. The influence of
species diffusion and heat transfer on the axial temperature and species concentration profiles is
considerable at atmospheric pressure and becomes lower at 10 bar. Quasi unchanged axial profiles of
temperature and soot volume fraction are observed for burner diameters of > 40 mm shielded by a non-
sooting flame and for > 60 mm shielded by a nitrogen coflow. The measured soot volume fraction profiles
of different ethylene/air ¢ = 2.1 flames with diameters of 20 and 60 mm and oxygen-containing or inert
shielding coflows show almost no difference at low heights above the burner (i.e., <14 mm) but become
significant at larger heights, especially for the low diameter 20 mm of flame with nitrogen as shielding
coflow.

Keywords: Soot threshold, species diffusion, flat flame, one-dimensional simulation, combustion

evaluation.



1. Introduction

Premixed flat flames are often used to study species and soot formation in the laboratory and to support the
development of detailed reaction mechanisms. Ideally, such flames provide reaction environments where
conditions change in one dimensiononly, oftenreferred to as “height aboveburner”, HAB. Radial variation
in species concentrations and temperatures is therefore expected to be negligible. For the most frequently
used McKenna burner, Migliorini et al. [1] showed that for studies with rich premixed ethylene/air flames,
the 1D situation, and even axial symmetry is not reached. Since flat flames are stabilized by heat transfer
to the matrix, temperature inhomogeneities in the burner matrix affect the geometry of the flame. In studies
of the influence of the burner diameter on methane/air flames by Chander et al. [2], it was concluded that
the heat flux distribution was directly related to the shape and the size of the flame. On the other hand, the
surrounding environment affects the flame through diffusion, where the transport of oxygen is of special
interest in rich mixtures modifying the local fuel/air equivalence ratio related to the feed gases provided to
the burner. Increasing the diameter of the burner to an extent that species diffusion and heat transfer from
the environment that we call “lateral” in this paper do not affect the gas composition in the center of the
flame is usually not possible. Therefore, the investigation of sooting flames requires the shielding against
the influence of the surroundings and — in case, such an influence cannot be avoided — methods must be
derived to calculate the influence and thus determine the actual conditionsalong the center line. While such
a flame can then no longer be simulated based on 1D models, also measurement methods that derive
information from line-of-sight measurements must be carefully considered.

In this paper, we study the influence of the burner diameter and shielding by inert and reactive coflows on
the evaluation of combustion products and temperature of a sooting premixed flame. This will be applied
here to the methane/air and ethylene/air flames that are operated at and slightly above the threshold of soot

formation of ¢ =1.82 and 2.1, respectively, similar to the conditions previously investigated in Refs. [3, 4].

In sooting flames, the partial pyrolysis of a parent fuel under fuel-rich conditions leads to the formation of
soot precursors such as acetylene and benzene, leading to the formation of polycyclic aromatic
hydrocarbons (PAHS). This process is often described based on gas-phase chemical kinetics mechanisms
that provide species input to modeling the subsequent soot formation. The species growth eventually leads
to soot nucleation— one of the least understood steps in soot formation. Detailed studies of incipient soot
formation in rich premixed flames have been done by Desgroux etal. [5-7]. This process occurs close to
the flame front. At sub-atmospheric pressure, the zone of incipient soot formation is further enlarged and
therefore easier to spatially resolve experimentally.



Temperature is known to have a strong influence on soot formation leading to specific temperature regimes
that favor soot formation. The temperature influence on the soot yield is especially strong at the low- and
high-temperature threshold of the so-called bell-shaped curve that describes the soot yield as a function of
temperature [8, 9]. In the early soot formation zone, where the flame temperature is low, small aromatics
and PAHs are formed in larger amounts, but the low temperature hindersthe reactive inception of these
species and aliphatic radicals to condense into first nuclei [10]. At higher temperatures, oxidation is very
active in the secondary oxidation zone of the flame, thus destroying PAHSs that are then not available for
formation of larger species. Consequently, soot inception is reduced and only particularly stable structures
such as graphene are formed [11, 12]. In the intermediate temperature range, the temperature is ideal for

the formation of PAHs and their transformation to soot particles [8].

Many studies of premixed combustion utilize flat-flame burners with a sintered porous plate for flame
stabilization and anchoring. At higher pressures, strong heat fluxes can deteriorate sinter plates over time,
even when internally cooled. In addition, the porous matrix needs to be very homogeneous to avoid the
formation of luminous soot streaks (i.e., inhomogeneous gaseous flow through the matrix) to appear [13].
Furthermore, the fresh gas flow has important influence on flame stability. If the gas inlet-velocity is too
high, the flame can become turbulent. When it is too low, the flame is unstable and may extinguish due to
too much heat loss to the burner surface. Undersuch conditions, stagnation plates can be used for flame

stabilization through reducing buoyancy effects [14].

To reduce the influence of the surrounding oxygen on the studied flame, two approaches are often
employed. The more common one is to shield the flameby aninert-gas coflow at flow velocities comparable
to those of the hot burned gases [15]. The second, which also limits heat transfer to the environment is to
protect the target flame by a co-annular flame, e.g., a slightly fuel-rich non-sooting methane/air flame [16-
21]. Such a co-annular flame therefore enables temperature profiles with less steep or even vanishing
gradients at the transition between inner and outer flame. To illustrate such a case with a simple example
of non-reactive diffusive mixing of gaseous flows exiting this kind of co-annular burner geometry, Fig. 1
depicts radial species profiles at increasing HAB of two fuels (C,H, and CH,, both diluted in nitrogen) and
Ar through the inner and outer burner and the co-flow, respectively, at representative temperatures of a
premixed flame (1500 K) and a room temperature co-flow (300 K), respectively. Simulations were
performed with a standard CFD-solver (see below) showing increased diffusive mixing when HAB

increases.
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Figure 1: CFD-simulations of atmospheric pressure diffusive mixing ofthree species (C2Hs, CHa, Ar) asrepresentative
tracer species exiting a flat flame burner matrix configuration (as described in detail in [20]) consisting of a central
burner (20 mm diameter), a rind-shaped co-annular burner (56 mm outer diameter), and anotherring-shaped co-flow

(86 mm outer diameter), separated by 1 mm thick rings. Shown are mole fraction radial profiles at three HAB.

Enclosed burners additionally encounter the effect of heat transfer between the flame and chamber walls
and modified fluid flow, guiding of flame gases towards the exhaust opening [22]. These combined effects
lead to velocity, temperature, and species concentration variationsacross the burnerand therefore canaffect
the conditions along the center line, which complicates comparisons between experiments and simulations
— especially when obtained in different burners. Furthermore, the resulting variations need to be considered

when interpreting data obtained from line-of-sight integrated measurement techniques.

The differences found in previous measurements of the soot volume fraction (f) in various premixed flat
flames from different labs, as presented in Figure 2, triggered the investigation presented in this paper.
Both, burners that are open to the atmosphere (OB) and enclosed burners (EB) are considered here.
Premixed open ethylene/air flames of ¢ = 2.1 and 2.34 with matrix diameters of 48 and 60 mm shielded by
a nitrogen coflow were studied at atmospheric pressure by Carbone et al. [23] and Xu et al. [24],
respectively. In our lab, f, was measured by Mi et al. [21] using three-pass extinction in an enclosed 20-
mm diameter burner shielded by a non-sootingmethaneflame of ¢ =1.2. The same burner was investigated
in this work without enclosure by cavity ring-down extinction (CRDE) [5, 25, 26]; this was necessary
because any additional optical losses in the beam path between the high-reflectivity mirrors by, e.g., optical



windows, will severely reduce the detection sensitivity in this method and make soot detection in the ppb
concentration level impossible. In some measurements, the matrix diameter was extended to 56 mm by
operatingthe central circular disk and the surrounding matrix ring (previously used for operating a shielding
non-sooting methane flame of ¢ =1.2; note that both zones are separated by a 1 -mm-wide stainless steel
ring [20]) with the same gas mixture. In this case, a third ring-shaped matrix is providing an outer shielding

coflow of nitrogen. The full description to the experiment is presented in the supplemental material.
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Figure 2: Measured soot volume fractions fv in enclosed (EB) and open (OB) burners operated with premixed
ethylene/airflamesof ¢ = 2.1 and ¢ =2.34 atatmospheric pressure. Various diameters of burner matrices were used
as given in the legend. Diamonds: Three-pass extinction data [21], circles: Laser extinction data for ¢ = 2.1 [23] and
¢ = 2.34 [24], triangles and squares: Cavity ring-down extinction data (this work).

As can be seen in Fig. 2, for the ¢ = 2.34 sooting flame, the experimental data are in relatively good
agreement (within a factor of about two). The results diverge more strongly for the low-sooting flame at
¢ = 2.1, where the enclosed burner shows higher f, than those of Carboneetal. [23] even with a 20 mm
matrix diameter, while the larger diameter open burner f, results are closer (although still far off) to those
of Carboneetal. [23]. All these variations of experimental data on one physical quantity (f,) in dependence
on the burner configuration makes data inter-comparison difficult, especially for soot formation at near-
threshold conditions (i.e., ¢ = 2.1), where small changes in oxygen concentration that can be caused by

diffusion would alter soot formation/oxidation rates.

For maintaining 1D flow conditions, burners of infinitely large diameter would be ideal for providing a
central flame zone undisturbed by the environment. In such a case, axial profiles of combustion species and
temperature would depend only on the operating conditions, such as inlet velocity, fresh-gas composition,

temperature and pressure. In practice, therefore, burners with a sufficiently large matrix diameter would be



preferred, as long as the gas inlet-velocity and the temperature homogeneity of such matrices can be
ensured. Therefore, this work presents an experimental investigation of the correlated influence of the
diameter and of shielding coflows in premixed sooting flames caused by lateral diffusion of species and
heat. Furthermore, as there is still no chemistry mechanism that can accurately predict soot-formation at
the specific near-threshold conditions of this work, we compare the experimental findings to simulations
based on established soot-formation mechanisms to find the best compromise for experiment design. This
concerns the range of matrix diameters (up to 60 mm) and the effect of different types of outer shielding
flows using either inert gases or reactive flows, which are able to produce almost unchanged temperature

and species profiles independent of the burner configuration. To this end, the following strategy is applied:

I.  We benchmark ourmodeling approach against experimental data for methane/air flames of Do et al.
[3] and ethylene/air flames of Carbone et al. [23] at near-threshold sooting conditions.

Il. We systematically study 2D simulations for each target burner configuration (diameters: 20, 40, and
60 mm; inert and flame shielding). The simulation results are then analyzed to indicate appropriate
burner configurations for achieving quasi unaffected axial temperature and species profiles.

I1l. As an experimental demonstration, we compare trends of simulated axial soot volume fraction with

experimental data for selected burner configurations.

2. Simulation conditions and approaches

Several recent studies focused on soot formation at near-threshold sooting conditions, e.g., of Desgroux et
al. [6,7,25,27-31] and Gleason et al. [6, 25, 27,32, 33]. Two cases, premixed ethylene/air and methane/air
flames were selected for the present investigation. The first one is a target flame for soot studies listed at
the International Sooting Flame Workshop (ISFW) [34] as an atmospheric laminar premixed low-sooting
ethylene/air flame ¢=1.2 [23], which was the subject of several modeling and experimental investigations
[14,17,21,23,35-38]. The second one is an atmospheric pressure laminar premixed methane/air flame
operated at the threshold of soot formation of ¢=1.82 [3]. Table 1 presents the main operating conditions

of the selected flames for this investigation.

2D simulations are accomplished by assuming burner plates of increasing diameters, i.e., adding annular
rings with a width 10 mm to cover the target flame diameter of 20 mm and increasing their diameters to 40
and 60 mm, respectively. Each such burner matrix is surrounded by an additional concentric ring for the
shielding coflow consisting of either nitrogen or another flame. In a practical experiment, such combined
concentric matrices are separated by a narrow metal ring and the resulting discontinuity in flow conditions

can have a significant effect on local temperature, species concentrations and soot formation. In 2D



simulations, this effect is found to have a limited effect on these global quantities, therefore, we consider
here an idealized case of directly interconnected co-annual matrices. Figure 3 shows the computational
domain applied in Fluent®, where a 2D axisymmetric laminar flow simulation on a uniform mesh has been
employed containing ~8000 cells, adequate to ensure grid-insensitive results of reactive flow over the four
burner matrices and therefore not focus solely on axial parameter changes or near critical regions like the
stagnation plate, which is not crucial for this work. In the simulations, the P1 radiation model [39] was
adopted to approximate gas-phase thermal radiation, and soot formation was simulated using the Moss-
Brookes soot formation model [40], while the CHEMKIN-CFD solver of Appel el al. [41] and GRI-3.0
[42] mechanisms for ethylene/air and methane/air combustion are implemented, respectively. Two soot
formation models are available in Fluent because of their limited computational cost. Both the semi-
empirical two-equation Moss-Brookes model considering acetylene and ethylene as soot precursors [40]
and the Frenklach method of moments [43] were tested. The Moss-Brookes model was then adopted for its
better prediction of the flame conditions investigated in this work. The inlet temperature of the unbumt gas
is setto 323 K [14, 23] and boundary conditions are air at standard temperature and pressure. Simulations
were carried out for the two flames described in Table 1. The target flame (TF) was surrounded either by a
non-sooting methane/air (¢ = 1.2, vy = 6 cm/s) co-annular flame (CF) or by a N, coflow (CN) atv, = 21
cm/s. Table 2 shows the combinations that were investigated in the simulations. N and M indicate cases
with surrounding nitrogen coflow or flame, respectively, and the numbers (20-60) indicate the diameter of
the target flame matrix in mm. All cases given in tables 1 and 2 were studied for 1 and 10 bar.

Table 1: Main operating conditions of the studied flames. Inflow velocities are identical for the 1 and 10 bar

simulations.
Fuel C/O ¢ Stagnation Fuel/air N2 coflow Burner Ref.
ratio plate distanceand | inletvelocity | inletvelocity diameter
temperature vg / (cm/s) vg / (cm/s) / mm
(mm, K)
C2Hy4 0.69 2.1 40,900 5.87 21 48 [23]
CH4 0.45 1.82 22,700 8.79 22 60 [3]

Table 2: Burner configurations considered in the 2D simulations. See text for labeling of the flame/burner
configurations.

Case/Matrix inlet 1 2 3 4
N20 CN -
N40 CN
N60 TF F TF CN
M20 CF - i
M40 CF
M60 F TF CF




Outlet
C— Stagnation plate

Outlet

Symmetry axis

Matrix 4 Matrix 3 Matrix 2 Matrix 1
inlet inlet inlet inlet

Figure 3. Mesh and boundary conditions used in the 2D simulations.

3. Results and discussion

3.1. Simulation capability for near-threshold sooting flames

To ensure that our simulation approach is able to appropriately predict soot formation, we use the semi-
detailed mechanism of Appel el al. [41] and in a first step compare the simulation results with experimental
data for premixed ethylene/air flames (¢ = 2.1) from Carbone et al. [23]. The data contains species
concentrations from gas chromatography coupled with mass spectrometry (GC/MS), temperature from
either thermocouple or soot pyrometry measurements, and soot volume fractions from light extinction
measurements. The flame (cf. Table 1) was stabilized with a 150-mm diameter stagnation plate 40 mm
above a 48-mm diameter stainless-steel honeycomb burner matrix and shielded by a N, coflow emanating
from a co-annular matrix with an outer diameter of 76 mm. The stagnation plate reached a steady-state
temperature of 900+£50 K. The second data set is from a premixed methane/oxygen/nitrogen flame
(¢ = 1.82) stabilized by a stagnation plate 22 mm above the matrix of a 60-mm diameter McKenna burner
by Do etal. [3, 29] (cf. Table 1). Since the aim of this work is not the numerical prediction of experimental
data of the studied flames, these comparisons are moved to the Supplemental Material. Figures S2-5 show
that for both the ethylene and methane low-sooting flames, the simulation is in reasonable agreement, at
leastas farasthe trend is concerned, with the measured centerline profiles of temperatureand major species
concentrations, especially the target one of f,, asshown in figure 4 extracted from figures S3 and S5, which

makes itpossible to consider their results in this study as a compass indicator for perspective investigations.
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CO and H;, concentration profiles were chosen for comparison due to their importance in soot formation
[44-47] and those considered as soot precursors of C,H,4, C,H,, C¢Hs, and naphthalene [48].
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Figure 4. Experimental data (Symbols) and simulated (lines) axial profiles of fv vs HAB of ¢ =2.1 CHa/air
atmospheric pressure premixed flame (a) [21, 23] and ¢ = 1.82 CH4/N2/Oz atmospheric premixed flame (b) [3].

3.2. Simulation-based investigation of the influence of the burner configuration

To investigate the effect of the matrix diameter variation and the type of shielding flow on soot formation,
the flame conditions presented in table 1 are investigated based on simulations for all the bumer
configurations listed in table 2 using the approaches described in sections 2 and 3.1. Axial temperature, f,
and CO, H,, O,, C,H, concentration profiles predicted by 2D simulation are selected to be compared for
the different burner configurations and both near-threshold sooting flames of Carbone et al. [23] and Do et
al. [3, 29]. Figure 5 shows a comparison between the axial profiles of temperature, CO, H,, O,, and C;H,
concentration, and f, as a function of HAB and for the different burner configurations described in table 2
of the premixed ¢ =2.1 C,H,/air flame at atmospheric pressure (thin lines) and at 10 bar (thick lines). The
burner configurations affect the species concentration profiles in different ways (Fig. 5a—d). These
differences originate from the difference in flame temperature (Fig. 5f) caused by, e.g., the variationin local
oxygen concentration (Fig. 5d) due to oxygen diffusion and potential additional effects of lateral heat
transfer. The difference in the axial profiles is more important for atmospheric flames and at larger HABSs.
As the diameter of the studied flame increases, this difference becomes small and the axial profiles of gas
temperature and species approach those of a quasi-flat flame. This is true for both shielding flows (N, or
surrounding flame) of the target flame. It is important to note that the temperature profiles significantly
differ betweenthe two kinds of target flame shielding, with the most prominent effect on the small-diameter
target flames. In addition, flame shielding provided higher soot production than nitrogen shielding by

reducing the temperature variation towards the edges.

10



A flame with a relatively large matrix diameter would provide much less disturbed axial profiles of
combustion products and temperature, and could therefore be simulated as a one-dimensional flame. In this
respect, a relative percentage error, defined as 100( Tneo—Tnso)/ Tnso, IS Calculated of the axial temperatures
atl and 10 baralongall the studied HABs for a supplemental case of a burner with a 80-mmmatrix diameter
(N80). These two case studies use N, shielding. The predicted deviation does not exceed 0.65 % in
temperature, i.e., below 12 K. Therefore, we can deduct for the studied flame conditions in Table 2 that the

60-mm diameter N,-shielded burner approximates the ideal case of an undisturbed target flame.

The influence of lateral species and heat transport on the soot volume fraction is especially significant at
atmospheric pressure and for near-threshold conditions. Therefore, only the atmospheric near-threshold
sooting CH4/O,/N, flame configuration of ¢ = 1.82 is studied here. The temperature profiles predicted by
2D simulations as function of HAB presented in Fig. 6a differ in their relative position for flames N 20,
N40,and M20,and almost fall on top ofeach other for the other flames (M40,M60, and N60, named ‘rest’).
Therefore, the axial profiles of fy, O,, C,H,, CO, and H,, as key indicators of soot formation, for N20, N40,

M20, and ‘rest’, are presented for comparison in Figure 6b—f, respectively.
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Figure 5. Predicted axial profiles of species mole fraction a: CO, b: Hz, ¢: C2Hz, d: Oz, e: fvand f: Temperature vs.
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The significantdifferencein the temperature profiles of N20, N40, M20, and ‘rest’ flames, shownin Fig 6a,
demonstrates the influence of the nature of the coflow on the combustion temperature of the target flame,
which in turn affects the species profiles as also seen for the axial profiles of f;, O,, C,H,, CO, and H, (Fig.
6b—f). An earlier temperature increase results in an earlier rise in product species formation. The further
development of the species concentration profiles afterwards depends on the thermochemistry and the
influence of the environment through lateral diffusion. The relatively high temperature and the earlier
temperature rise of flame M20 promotes the formation of CO and H, and the consumption of O,, however,
it does not positively affect soot formation as also seen for the delayed rise in the N20 flame. The high
(more than 1800 K) plateau temperature of the M20 flame inhibits soot formation by enhancing oxidation.
The maximum soot production is decreasing with flame configuration in the order of ‘Rest’, N40, N20, and
M20. Therefore, it can be concluded that it would be necessary for the appropriate evaluation of soot for a
near-threshold methane/air premixed flame to have an inner burner matrix of at least 40 mm diameter
shielded by a methane non-sooting flame (i.e., the “M40-flame”), or a 60 mm inner matrix diameter
shielded by a N, coflow (i.e., the “N60-flame”), or a non-sooting methane/air flame (i.e., the “M60-flame™)
—named ‘rest’ in Fig. 6 (cf. table 2).

1.E+0 0.12
1800
_ 12 010
=3 S S
o 1400 - = + 0.08
5 ® 1E4 ®
j . .
® - o 0.06
& 1000 £ Lz
a O 1E6 o
£ E € 004
(] o~ @]
= 600 O ks o
0.02
200 1.E-10 - —— 0.00 -
. 0.015 0.15
“(b) @ L J—
4 [ ! L e
[ £ : - -
[ S ! S ,
. 3= G 0.010 ! S 010 | .
E E ' 8 ]
o - ' = /
o K} i 4= ;
= 2 ° ) ' 2 /
3 [ £ ] o /
,0.005 - Eo05 |
T ~ [ —N20
1 5 --m20 | T / --M20
[ —N40 H —N40
L L r —Rest 24 —Rest
0 = /I S N S N B UUOO T - O'OD L
0 5 10 15 20 0 5 10 15 20 0 5 10 15 20
HAB (mm) HAB (mm) HAB (mm)

Figure 6. Predicted axial profiles of a: temperature, b: fv, and species mole fraction c: Oz, d: C2Ha, e: CO, f: H> vs
HAB of ¢ =1.84 CHa/airatmospheric premixed flame. ‘Rest’ represents the quasi-superimposed profiles of M40,
M60, and N60 flames, cf. table 2.
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3.3. Experimental demonstration

The simulation-based evaluation shown above is now compared to measurements for the N20, M20, and
N60 burner configuration (cf., table 2) operated with an ethylene/air mixture with ¢ =2.1 at 1 bar. The soot
volume fraction f,, was measured with cavity-ringdown extinction (CRDE) with pulsed 1064-nm radiation
following the approach described by Betrancourt et al. [26]. Figure 7 shows color-camera photos and false-
color maps of 2D simulations of temperature, C,H, mole fraction, and f, for the three flame configurations
(columns). In the case of a nitrogen coflow (N20, N60), the larger flame diameter leads to a broader soot-
containing zone and higher fy indicating the strong influence of the environment on the N20 flame. When
changing the coflow from nitrogen to a flame (N20 vs. M20), the soot-loaded zone gets wider and f,
increases, indicating that the surrounding flames provides improved but not perfect shielding against the

environment. These effects correlate with the variations in temperature (Fig. 7b).

N20 M20 N60

a

2200 Temperature (K)
2010
1820
1630
1440
1250
1060
870
680
490
300

0.0160 C2H2 mole fraction
0.0144

0.0128
0.0120
0.0096
0.0080
0.0064
0.0048
0.0032
0.0016
0.0000 ‘

AT =

0 1 50 mm




8000
7200
6400
5600
4800
4000
3200
2400
1600
800
0.0

%0 7,(ppb)

72
63
54
45
36
27
18
9

0.0

d

Figure 7. Flame photos (row a) and temperature (row b), acetylene mole fraction (row c) and fv (row d) from 2D
simulation in false-color plots of the atmospheric ethylene/air target flame of ¢ = 2.1, cf. Table 1, using the burner
configurations M20, N20, and N60 given in Table 2.

Figure 8a presents the variation of the temperature and gas velocity profile evolution along the centerline
with HAB for the three studied flames retrieved from the 2D simulations. The post-flame gas temperature
generated in the M20 flame exceeds 1800 K, which does not favor higher soot production than in the N60O
flame. The corresponding temperature rise to about 1700 K provided by the N60 flame favors the highest
production of acetylene and soot. The N20 flame shows the lowest temperature, acetylene concentration,
and thus soot f,, which can be attributed to the more dominant lateral transport effects of this bumer
configuration. Inthis flame, the zone with high gas temperature and f, narrows close to the stagnation plate
(leftcolumnin Fig. 7), where the axial gas velocities are maximal as shown in Fig. 8a. This zone is located
below the stagnation plate at HAB = 24 mm, where the diffusion of particles, flame stretch, and radial

velocity are maximal [14].

The influence of lateral speciesdiffusion and heat transfer manifests itself through significant differences
in the axial temperature profiles of the M20, N20, and N60 flames in Fig. 8a. This observation raises the
question whether the effect is dominated by species diffusion or by heat transfer. The M20, N20, and N60
flames are therefore assumed to be surrounded by either N, at 300 K (SN2) to prevent oxygen diffusion, by
air with zero heat flux (SAA) to prevent lateral heat transfer, or by N, with zero heat flux (SAN) to prevent
both oxygen and heat transport from the environment. The respective predicted temperatures (T,) are
labeled with a corresponding index (n = SN2, SAA, or SAN). As reference (named Tyy), the case with
surrounding air at 300 K shown in Fig. 8a is used. Figure 8b presentsa comparison between the predicted
relative axial temperature percentage, referred to here as (T, %) and defined as 100 (T,— T.)/Trer, 8 @
functionof HAB. Theshieldingof the smallest target flame (20 mmmatrix diameter) by the reactive coflow
of the non-sooting methane/air flame (M20) shows the strongest disturbance by this lateral influence of
oxygen diffusion and heat transfer. At HABs below 16 mm, the order of decreasing T,% is given by the
SAN, SAA, and SN2 surrounding and switches to SAN, SN2, and SAA forhigher HABs, respectively. A

consistent and modest T,% difference between the SAN and SN2 cases along all HABs with a more
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significant one between the SN2 and the reference air surrounding case at 300 K is observed. The latter
indicates that for the 20-mm diameter flame, the lateral effect of oxygen diffusion is more important than
thatof heattransfer atall HABs. This smallesttarget flame diameter of 20 mm shielded by a N, (N20 flame)
demonstrates much less disturbance than the high-temperature coflow of the non-sooting flame shielding
(M20 flame), with conserving almost the same trend in the variation in disturbance of SAN, SAA, and the
SN2 surrounding. The deviation from the reference surrounding case is higher for SAN than for SAA only
for high HABs > 15 mm, where the shielding effect of the inert shielding coflow becomes weak. The
difference in disturbance of the on-axis conditions between the SAN and SN2 surroundings is significant
and increases asa function of HAB with aslightincrease for SN2 compared to SAN regarding the reference
surrounding case along HAB. This shows that the effect of oxygen diffusion is slightly greater than that of
heat transfer at all HAB positions. The smallest perturbation is observed for the target flame of 60 mm
diameter shielded by N, coflow (N60), where the SN2 case shows almost no perturbation due to the effect
of oxygen diffusion from the surrounding. As the T,% profiles of SAN and SAA surroundings are almost
superimposed and show a modest perturbation compared to the reference case along all HABSs, it can be
concluded that for the 60-mm diameter flame, the heat transfer has a dominant effect compared to that of
oxygen diffusion atall HAB.
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Figure 8: (a) Variation of axial temperature (Trer) and gas velocity (vax) vs. HAB for the ¢ = 2.1 C2Ha/airatmospheric
pressure premixed flame for the M20, N20, and N60 burner configuration, cf. Table 2. (b) Change of T:%; 100 (Tn —
Tref)/ Tref, vs. HAB for M20, N20, and N60 flames of axial temperature Tn surrounded by either N> at 300 K (SN2), air
without heat transfer (adiabatic) (SAA) or N2 without heat transfer (SAN) surrounding. Tref is the reference case
temperature of the same flamesin an air surrounding at 300 K.

The 2D simulations in false-color plots of temperature, species and soot concentrations presented in Fig. 7
visualize the influence of lateral species and heat transport for the M20, N20, and N60 configurations. To
further illustrate these scenarios, Figure 9 presents radial profiles of temperature, fy, acetylene and oxygen

mole fractionat HAB =10 mmand HAB =24 mm (around the maximum axial velocities of burned gases)
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of the three burner configurations (cf. Figure 8a). Figure 9a shows that the extent of an almost constant
temperature level increases significantly from configuration N20 to M20 and N60 for both selected HAB,
which is due to the lower influence of lateral transport accompanied with the larger matrix diameter
resulting in the higher fy and the wider sooting zone of N60 and then M20 with respect to N20, as seenin
Figs. 7a, 7d and 9c. Nevertheless, the Moss-Brookes model was not able to predict sufficiently well the
significant influence of lateral species diffusion and heat transfer at high HABs of the N20 flame, where
the experiment, Figs. 7aand 9c,shows a narrow soot zone at the top comparedto a broad zone at the bottom.
The effect of temperature as well as the more extended zone of unaltered high concentration of acetylene
on soot formation visible in Figs. 9a—c is obvious for the N60 burner configuration. In spite of almost the
same concentration of acetylene produced in the M20 and N20 flames, the soot production of M20 is
significantly higher than that of N20, which relates to the more appropriate (i.e., higher) temperatures for
soot formation [8, 9] achieved in M20 compared to N20. However, the wider fields with almost constant
temperature and acetylene mole fraction shown in Figs. 7b—c and 9a—b at HAB = 10 mm relative to
HAB = 24 mm, where the axial velocities of hot gases are maximal, generates consequently larger sooting
zones and higherfy, as shown in Figures. 7a, 7d, and 9c.

Despite the observed overestimation of the 2D simulation of f, compared to the experimental data as seen
in Figure 9c, the measured radial profiles of f, (derived from CRDE measurements) show the same trend
of decreasing soot production as a function of radial position compared to the simulation results when
moving from the N60 and M20 to the N20 flames. The experimental decrease in the width of the sooting
zone is also reproduced by the simulation when switching from N60 on M20 to N20 flame. The radial
positions of the lateral dipsin O, mole fraction (xo,) shown in figure 9d visualize the borders of this lateral
influence of the surrounding on the target flames. The hot core of the rich target flame first consumes its
own oxygen supplied by the inlet of fuel/air mixture representing a specific X, along the burner centerline
foreach HAB and burner configuration. A decrease in X, at a larger distance from the centerline starts
when the effects of mixing and diffusion from the surrounding become significant. This affects the
combustion rate of fuel/air mixture of target flame reaching a maximum after which a fast increase in X,
occurs where the lateral oxygen diffusion arises and the amount of fuel decreases in the mixing zone
between flame and shielding coflow. For each burner configuration, these positions are closer to the bumer
centerline for HAB =24 mm, where this lateral influence is higher than at the low HAB of 10 mm. The dip
radial positions are farther from the burner centerline for both HABs following the order N20, M20, and
N60 of burner configuration, which is the same order as that already noticed with the width of temperature,
acetylene, and soot fields, and also with the acetylene and soot concentration profiles in Figs. 7 and 9.
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Figure 10 presents a comparison between the measured (using CRDE diagnostic) and predicted axial 1)
profiles obtained from 2D simulations of the ¢ =2.1 C,H,/air atmospheric pressure premixed flame and for
the N20, M20, and N30 configurations. The overestimations of the Moss-Brookes soot formation model
[40] implemented in 2D simulations of 89, 1110 and 1620 ppb at HAB = 14 mm, compared to the
experimental data are observed as seen also in Fig. 4 and Fig. S3h in the supplemental material, where the
predictions of simulation approach are compared. The influence oflateral transport is clearly visible in the
measured and the simulated f;, especially at high HABs where the diffusion of species, flame stretch, and
radial velocities are maximal [14]. At these high HABs, the highest f;-is measured for the largest diameter
of target flame (N60) to be followed by M20 with an intermediate soot production and finally the lowest
one by N20. This shows that the f; are higher when the non-sooting flame of methane forms the flame
shield to the target flame (M20) instead of a room temperature nitrogen flow (N20). This behavior could be
explained by the high temperature of the burned gas (Figs. 8a and 9a) generated by the surrounding non-
sooting methane/air flame, where heating through the external flame promotes soot formation [8, 49]. The
Moss-Brookes soot formation model [40] implemented in the 2D simulation predicts well this decrease in
fy, shown also in figures 7d and 9c for the N60, M20, and N20 configurations. Accordingly, these results
demonstrate the influence of the burner diameter and the nature of the shielding coflow on f,. Moreover, it
is important to note that the simulation was not able to well predict the reduction in f, at HAB > 14 mm of
the N20 flame (Fig. 10), which is attributed to the increased influence in lateral transport at high HAB.
These observations require further experimental and modeling investigations.
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4. Conclusions

The combined influence of the premixed flame diameter and shielding coflows, and consequently that of
lateral species diffusion and heat transfer was investigated experimentally by measuring f, of atmospheric
premixed ethylene/air flames ¢ = 2.1 and 2.34 using cavity ring-down extinction (CRDE) measurements.
As the underlying motivation is to provide the best suitable experimental data for analyzing soot formation
at near-threshold sooting conditions, laminar premixed ethylene/air (¢ =2.1) and methane/O,/N, (¢ = 1.82)
flames stabilized with stagnation plates at 40 and 22 mm above the burner, respectively, are simulated for
comparison. 2D simulations were conducted using Fluent implementing the semi-detailed mechanisms of
Appelel al. [41] and GRI-3.0 [42]. Flame diameters of 20, 40, and 60 mm shielded by either a nitrogen
coflow or a non-sooting methane/air flame were considered operating at atmospheric pressure and 10 bar.
The simulated temperature and species profiles resulting from the simulations were compared to
experimental data from the literature [3, 21, 23] (see Supplemental Material) and new soot volume fraction
measurements.

At 10 bar, the low-sooting ethylene/air flames stabilized on burnerswith 20- and 40-mm diameters show
significant divergence from those with 60-mm diameter in the species profiles along the centerline,
especially for hydrogen and acetylene concentrations at HAB > 10 mm. This divergence is modest at all
HAB for temperature, CO concentration, and soot volume fraction fy with less than 2, 5, and 5 % deviation,

respectively.

The burners with 20- and 40-mm diameter operated under atmospheric pressure with ethylene and methane
show more significant influence of the flame environment on temperature, species concentration, and f,
compared to those with 60-mm diameter. For the low-sooting ethylene/air flame (¢ = 2.1), the CO and
acetylene concentration and the soot volume fraction profiles were almost unaffected by changes in the
flame environment for burner diameters starting from 40 mm. The atmospheric pressure flame
configurations of Do et al. [3] operated at near-threshold sooting condition (¢ =1.82) show also quasi
unchanged profiles of temperature, species concentrations and fy for a flame diameter from 40 mm and
larger using the methane non-sooting flame as a shielding coflow, or for a burner diameter of 60 mm for
whatever is the used as shielding flow.

The soot volume fraction as a function of HAB of the atmospheric ethylene/air flame (¢ =2.1) of 20-mm
diameter flames applying the two kinds of shielding coflow (N, and CH,/air flame) and of 60-mm diameter
flames with only N, shielding were measured by cavity ring-down extinction (CRDE). The results were

compared to results from 2D simulations. The difference between measured and simulated f, profiles with
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burner diameter and kind of shielding emphasizes the impact of lateral species and heat transport on the
sootformation in the flames. The simulations show thatthe influence of lateral transport on the temperature
of the 60-mm diameter flame is mainly due to heat transfer with almost negligible influence of oxygen
diffusion. At 20-mm flame diameter, the influence is reversed and oxygen diffusion becomes the main

influential factor.

The inhibiting roles of temperatures above 1800 K on soot formation [50], and the promoting one at
T=1700K are observed. Experimental and 2D simulation results of different ethylene/air flame
configurations show that the width of the formed soot zone follows the width of the almost unchanged
radial profiles of temperature and acetylene concentration. The high axial gas velocities and the influence
of lateral species and heat transport located far away from the burner matrix and below the stagnation plate,

affect the rise of temperature and acetylene concentration and consequently soot formation.
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A: Experiment description

The measurement of soot volume fraction fy in the slightly sooting premixed ethylene/air flame ¢ = 2.1 was
described in a previouswork of our lab by Mi el al. [1] using three-pass extinction (3PE). The burner was
enclosedinavessel for studying high-pressure flames. The bumer matrix forthe target flame has a diameter
of 20 mm, which is surrounded by a ring-shaped matrix with an outer diameter of 56 mm to operate a non-
sooting premixed methane/air flame ¢ = 1.2. The latter is surrounded by another ring-shaped matrix with
an outer diameter of 86 mmto deliver anair co-flow (cf., Fig. S1) to stabilize the flames against buoyancy
effects, shield the hot gases from burner walls and windows and cool the exhaust gases. This burner is also
used to conduct measurements of f, by cavity ring-down extinction (CRDE) in the absence of the pressure
vessel and windows and installing a stagnation plate of 40 mm diameter at HAB = 35 mm. The CRDE
measurements were performed with an optical setup almost identical to the one described in Betrancourt et
al. [2].

Heat

exchanger - =2 Water:
Flange

Copper
cooling body

Flame arrestor

Figure S1. Drawing of the burnerused to conduct the fv measurementsin ethylene/air flames: For three-pass extinction
the burner as shown on the left was used; for the CRDE-measurementsthe burner shown as an inset on the right was
removed from the pressure vessel and operated without windows.
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B: Simulation capability for near-threshold sooting flames
B.1 Ethylene/air flame

The achievement of significant modeling results and trusted perspective passes indeed by a validation
process of the applied simulation approach results against experimental data. Therefore, the step I in the
investigation strategy of this work, presented in paper introduction, is the proving of enough good
prediction level of the employed combustion mechanisms of ethylene/air mixture of Appel etal. [3], as
well as the performance of the executed 2D simulations using Fluent under Ansys to predict the
experimental data of Carbone et al. [4]. Figure S2 shows a comparison between the measured axial
temperature profile using a silica-coated R-type thermocouple in a burner diameter of 48 mm [4] and the
2D simulated ones of the nearby burner configurations N40 and N60, cf. Table 2. Both predicted
temperature profiles of N40 and N60 are in good agreement with the experimental data; the divergence

between the simulated and experimental data is in the range of measurement error, up to 94 K [4].
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Figure S2. Comparison between the measured axialtemperature profile [4] (symbols) and the 2D simulated ones
(lines) of theatmospheric ethylene/airflame of ¢ = 2.1.

The simulations of the two burner configurations N40 and N60 to predict the experimental axial profiles of
CO, H,, CH,, C4H,4, C,H,, CsHs, naphthalene, and f, of Carbone et al. [4] are presented in figure S3. The f,
were measured using a light extinction (LE) and pyrometry (Py) techniques. The measured f, by three-pass
extinction approach (3PE) of Mi el al. [1] and those done in this work by CRDE diagnostic are also added
into figure S3h for comparison. The selection of CO and H, species is due to their effect on soot formation
process [5-8] and those of C,H,, C,H,, C¢Hs, and naphthalene to their role as soot precursors.
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The simulation predicts relatively well the axial profiles of CO, H,, C,H,, and C,H,. The trend of the
simulated axial profiles of methane, naphthalene and fy is in good agreement with the experimental data.
The prediction of benzene is relatively poor. The divergence in species and soot production between
experience and prediction using the both burner diameters of 40 and 60 mm (Sim_N40 and Sim_NG60) is
very narrowforthe mostof species with anexceptionof hydrogen as a high reactivity and diffusivity specie,
and thus it shows higher sensitivity to the lateral influence regarding the other species. The Moss-Brookes
model of soot formation implemented in 2D simulation [9] overestimates highly the experimental f, data.
Nevertheless, the tendency of the axial profile of all the experimental f, data is well reproduced by the
simulation.

B.2 Methane/O,/N> flame

The ¢ =1.82 CH,/O,/N, atmospheric premixed flame of Do et al. [10] is simulated realizing 2D simulation
of an axisymmetric flame of Fluent under Ansys employing the mechanisms of GRI-3.0 [11, 12]. A
correction to the measured axial profile of temperature by Do et al. [10] is done using the approach of
Hindasageri et al. [13]. Figure S4 shows a comparison between the experimental temperature profile of a
thermocouple measurement with and without correction (Exp WK and Exp NK), and the temperatures
resulting from the 2D simulations. The simulation predicts modestly the height ofthe flame preheating zone
but with higher temperatures of burned gases, which are closer to those of adiabatic flame. Depending on
HAB, the experimental temperatures increase by 0.5 and 44 K after radiation correction. 2D simulations of
burner configuration N60 were conducted to predict the experimental axial profiles of CH,, C,H,, O,, H,,

CO, CO,, H,0, and f presented in Figure S5.

The experimental consumption rates (i.e., the slopes of the respective concentration profiles) of methane
and oxygen, shown in figure S5a—b, are much lower than those predicted by the simulations. The
experimental full consumption of fuel and oxygen is attained at HAB = 12 mm, which is shifted by about
4-6 mm downstream with respect to predictions from the simulation. This important difference in
consumption rate between experiment and simulation of fuel and O, will affect indeed the spatial formation
of all the studied species presented in Figures S5c—g. The simulation predicts relatively well the production
rate of syngas (CO and H,), H,O and C,H,, only at the exist of the burner (high HABs). However, the
simulation shows thesametrendsas the experiment in functionof HAB. The 2D simulationusing the Moss-

Brookes model overestimates highly the experimental f;.
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Since the chemistry could not predict the experimental temperature and species profiles well enough, but
could predict experimental trends of f, versus HABs for this nucleation flame, the simulation outcome of

this work can therefore only be considered as a compass indicator for perspective investigations.
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Figure S3. Experimental Exp(Py&LS) [4, 14], Exp(3PE) [1] and this work Exp(CRDE), and simulated axial profiles
of species mole fraction (a: CO, b: Hz, ¢: CHs, d: C4Hs, e: C2Ha, f: C6Hs, g: naphthalene)and h: fyvs. HAB of ¢ = 2.1
C2Ha/airatmospheric pressure premixed flame.
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Figure S4. Comparison between the experimentalaxial temperature profiles from Do et al. [10] without (black solid
line with symbols)and with (black dashed line with symbols) heat transfer correction, and results from 2D simulations.
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Figure S5. Experimental (Exp) of Do et al. [10] and predicted (Sim) species mole fraction (a: CHa, b: O2, c: CO, d:
Ho, e: COy, f: H20 and g: C2Hz) and h: fy profiles vs HAB of ¢ = 1.82 CH4/N2/O2 atmospheric premixed flame.
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