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ARTICLE INFO ABSTRACT

Keywords: The soot properties of methane in turbulent regimes are not well characterised but are highly desirable. Methane

Soot is the main constituent of natural gas that is broadly used in many industrial combustors. Investigation of tur-

Nie;l;inz bulent methane flames under well-defined boundary conditions is therefore useful for interpreting soot formation
Blutf-body in practical burners and can be used for further model development. This study presents a joint experimental and
LII . . . .

PIV numerical study of a series of turbulent non-premixed bluff-body flames fuelled with pure methane for three

values of the momentum flux ratio of fuel jet to co-flowing air. Soot volume fraction (SVF) and flowfield are
measured simultaneously using planar laser-induced incandescence (P-LII) and 2D-polarised particle image
velocimetry (P-PIV). Additionally, time-averaged temperature, mixture fraction, OH and CoH; concentrations are
estimated numerically using RANS models. The global flame structure for all three flames features a recirculation
zone with a double-vortex structure, a jet-propagating zone, and a neck zone connecting the two regions. The
soot distribution within the recirculation zone shows clear distinct features, which is attributed to the mean
mixture fraction distribution in this zone. Increasing the momentum flux ratio shifts the location of the mean
stoichiometric mixture fraction to the rich inner vortex core, leading to a distinct peak of the total integrated soot
in the inner vortex of the recirculation zone that is not observed in other cases. Also, it is deduced that the soot
inception starts earlier in the recirculation zone for the flame with the highest momentum flux ratio and in the jet
zone for the other two flames. Much higher soot concentration and lower intermittency are found with ethylene-
based flames stabilised on the same burner and with the same operating conditions. In addition, the study has
generated a database of soot and flowfield results, which can be helpful for future model validations.

1. Introduction gas is projected to be the strongest-growing fossil fuel with more than

200 million metric tons of new capacity required by 2050 [4]. Hence,

Research into the control of soot formation and the mitigation of its
emission from flames has been ongoing for decades due to ever-
increasing environmental and health concerns. The primary fuel used
in most of these studies is ethylene due to its high soot propensity as the
simplest alkene and the relatively simple chemistry, which is desirable
for modelling purposes. Consequently, a detailed understanding of
ethylene combustion kinetics and soot formation and oxidation mech-
anisms have been developed over the years [1-3]. On the other hand,
natural gas, which mainly contains methane, is widely used in domestic
and industrial applications, such as gas turbines, furnaces, and kilns. The
use of natural gas as a transitional fuel to replace other fossil-based fuels,
such as coal and HFO, has increased over the last two decades. Natural
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further research into the combustion of methane and its emission
characteristics (soot in particular) under practical operating conditions
is warranted.

It is well known that the molecular structure of the fuels plays a
significant role in the onset of soot formation [5,6]. In non-premixed
mode, the sooting tendency for alkenes is higher than alkanes. The
differences between soot formation in C1 and C2 fuels stem from the
makeup of the radical pool, acetylene concentrations, and PAH forma-
tion pathways [7-10]. In the laminar regime, methane is only slightly
sooting at atmospheric pressure. However, increasing the pressure (up
to 60 bar) accelerates the PAH condensation rate followed by acetylene
addition, which enhances soot by a factor of five to six [11-13]. In
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methane flames, inception is reported to be the dominant mechanism
[14] while in ethylene flames, the inception phase is relatively short,
and the surface growth and agglomeration dominate the soot formation
mechanism [15]. Additionally, the CaHa contribution to soot surface
growth mechanism is found to be higher in C;H4 when compared to CHy
[16]. Such differences result in additional difficulties in predicting soot
in methane-based flames where the inception mechanism is poorly un-
derstood. In this context, flames with well-defined initial and boundary
conditions and sufficiently long residence time, favouring soot incep-
tion, are needed to better understand the formation of alkanes-based
flames. Bluff-body flames offer such conditions and hence are the
target of this study.

Several groups have investigated the soot-flowfield interaction to
quantify the mixing effects using different fuels and under turbulent
flames’ conditions. Global correlations have been established for a range
of turbulent flames, including simple jets [17-24], bluff-body [25,26],
and swirling burners relevant to gas turbines [27]. These global pa-
rameters are characterised mainly by the global fuel exit strain rate, U/
Dy, and the global mixing rate, defined as the inverse of the residence
time, 1/7. Mahmoud et al. [19-21] reported a linear correlation be-
tween the exit strain rate and the global mixing rate in momentum-
dominated jet flames fuelled with ethylene, nitrogen and hydrogen
fuel mixture. Qamar et al. [17,18] investigated natural gas combustion
in the turbulent regime and provided detailed correlations between the
global mixing rate and soot formation for different burner geometries.
Other flames, including swirl-stabilised flames, were also investigated
using ethylene [27,28] and Jet A-1 [29] fuels to provide further insight
into the soot-flowfield interactions in flames with the recirculating flow.
Our study on bluff-body turbulent flames fuelled by ethylene-nitrogen
mixture has shown that there are no clear correlations between the
local instantaneous SVF and strain rate within the recirculation zone and
the bluff-body flames’ jet region, which suggests that the time-scales for
SVF are significantly greater than those driving local fluctuations
[30,31]. While these studies provide an insightful understanding of the
soot-flowfield interactions for flames fuelled with ethylene, there are
only limited similar studies for methane flames.

Therefore, the objectives of the current study are: (a) to investigate
the soot formation and destruction of a series of turbulent non-premixed
pure methane flames on an axisymmetric bluff body burner, and to
assess the dependency of sooting characteristics on flowfield, tempera-
ture, and mixture reaction distribution; (b) to investigate the effect of
momentum flux ratio of the fuel jet and co-flowing air on the soot dis-
tribution along the entire length of the methane flames; and (c) to
provide a unique high fidelity experimental data that can be used for
further model validations.

2. Experimental setup
2.1. Bluff-body burner

An axisymmetric bluff-body burner that has been employed in earlier
work [30-32], with a fixed outer diameter of 64 mm, was used in this
experimental campaign. With a central jet diameter of 4.6 mm, the
capped brass tube is surrounded by a co-flowing air stream introduced
through a round cross-section air contractor with an inner diameter of
190 mm. The round contractor helps avoid the formation of corner
vortices that occur in square cross-section contractions. To allow optical
access, the bluff-body was mounted 10 mm above the exit plane of the
air contractor. The burner tunnel assembly was translated vertically,
using an electrically powered traverse to measure the entire flame
length. A large extraction hood (800 mm diameter) was also traversed
with the burner tunnel assembly, such that a fixed distance of 300 mm
from the flame tip to the hood inlet was kept, and where the hot com-
bustion products were extracted. This arrangement reduces any effect
from the exhaust hood on the flame as the burner and contraction as-
sembly are traversed vertically.
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2.2. Flow conditions

Table 1 shows a summary of the flow parameters investigated in this
study. Methane, with a purity of 99.99%, was used as fuel. The co-
flowing air and the fuel were at ambient temperature and atmospheric
pressure. The resulting flames are labelled as MB series flames, where M
and B stand for methane and bluff-body. The fuel flow rate was set to
0.32 g/s for the MB-1 flame, giving a bulk mean exit Reynolds number,
based on the jet inner diameter, of 8,000, while the coflow air velocity
was set to 14.1 m/s. The Reynolds number for flames MB-2 and MB-3
was increased to 15,000 (methane flow rate of 0.61 g/s) while the
coflow was set to 14.1 and 20 m/s, respectively. The increase in the
coflow air velocity aims to investigate the effect of mixture strength in
the recirculation zone corresponding to the reduction in momentum flux
ratio of jet to coflow [32,33], defined as, G = (pU?)p1/ (PU?) pir-

2.3. LII and PIV setup

The diagnostic system is identical to earlier research and the details
can be found in the publications by the same authors [30]. A schematic
of the experimental apparatus is also shown in Fig. 1. In brief, the
apparatus comprises planar laser-induced incandescence, P-LII, aligned
with a 2D-polarised particle image velocimetry system. A pulsed Nd:
YAG laser (Q-smart 850, Quantel) with the fundamental output (1064
nm) operating at 10 Hz is used for the P-LII measurements. The incan-
descence from soot particles was collected through an intensified (ICCD)
camera through a 430 nm (10 nm bandwidth) filter to suppress inter-
ference from the C, laser-induced emissions and flame radiation [32].
The gate width of the LII camera was set to 50 ns with prompt timing
relative to the LII excitation. The LII beam was formed into a sheet by
passing it through the sheet-forming lenses, with the dimensions of 0.5
mm x 70 mm. The LII laser fluence was kept above 0.5 J/cm?, in the
plateau region of the LII response curve to minimise the laser energy
variation effects from the beam steering and attenuation on the resulting
LII signals [33]. One thousand LII images were collected and converted
to soot volume fraction (SVF) by calibration against one of the flat
premixed McKenna target flames (® = 2.34) from the International
Sooting Flame Workshop (ISF) [34]. A 1064-nm continuous-wave (CW)
diode-pumped-solid-state laser (DPSS) was utilised to perform the laser
extinction calibration measurements in the McKenna target flames. The
minimum detection limit in the collected data was determined to be 1
ppb. The details of the calibration were reported previously [19,20]. The
P-LII data was only extracted from the core of the images due to the
signal variation in the upper and lower sides of the laser sheet. A stan-
dard deviation of 13% was observed in P-LII data extracted from the
laminar McKenna burner flame. Also, the data was only processed on the
beam entrance side of the flame to avoid beam steering effects. Sun et al.
[35] reported a 2 mrad and consequently 50% increase in the laser sheet
width and 750 um out-of-plane direction throughout the flame. Signal
trapping has been previously quantified in a series of ethylene flames
and is considered negligible. Since the soot concentration in the
methane flames is significantly lower than the ethylene counterparts,
the signal trapping is assumed to be minor [36].

The PIV measurements were performed using a 10 Hz pulsed dual-
head Nd:YAG laser (Quantel BrilliantB/Twins) frequency-doubled
(532 nm). The PIV pulses were offset by 10 ps to 60 us, depending on
the exit jet and co-flow velocities. The Mie scattering from the 1-um
titanium oxide (TiO2) seeding particles was collected using a CCD Kodak
Megaplus II camera (1920 x 1080 pixelsz, 16 bit), equipped with a
Sigma lens (105 mm, f = 2.8). Two additional polarisers to a conven-
tional PIV system were utilised to significantly suppress the scattered
interference from soot particles [31,37]. One-micron titanium oxide
(TiO2) particles were injected into the flow through an in-house built
fluidised-bed particle seed generator in both the jet and the co-flow
streams. The Mie scattering from the TiO5 particles was captured with
a CCD camera (Kodak Megaplus II, 1920 x 1080 pixels?) equipped with
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Table 1

Fuel 344 (2023) 128118

Summary of the flow conditions for a series of pure methane (99.99% CH,) flames stabilised on a bluff-body burner with the jet and bluff-body diameters of 4.6 mm and

64 mm, respectively.

Flame case Uy Rey mg (g/s) Qruv (kW) Uc L gz (mm)(£5%) L ¢ (mm)(+5%) G
(m/s) ) (m/s) ©)
MB-1 31.8 8,000 0.34 17 14.1 91.3 736 2.63
MB-2 59.6 15,000 0.61 30.5 14.1 105.1 928 9.21
MB-3 59.6 15,000 0.61 30.5 20 98.8 806 4.57

G -momentum flux ratio; L gz — Mean recirculation zone length; L —Mean visible flame length; m;— Fuel flow rate; Q,v— Heat input by fuel; Re; - Jet exit Reynold; U -

Bulk co-flowing air velocity; U; — Bulk jet exit velocity.

P, P,
NAVAG \ 532 nm s
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o

17 064 nm
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SL,SL,CL,

Sheet-forming fi
lenses ICCD

Fig. 1. Experimental layout adopted from earlier work [30]. (AC — Air contractor; BB — Bluff-body burner; BD — Beam dump; CCD - Charged-coupled device; CL; —
Cylindrical lens; DM - Dichroic mirror; f; — 430 nm filter; f; — 532 nm bandpass filter; ICCD - Intensified charged-coupled device; M; — 532 nm mirror; P; — /2 wave
plate; P, — 532 nm film polariser; P3 — Linear polariser; P4 — linear polariser and SL;/ SL, — Spherical lenses).

a Sigma lens 105 mm, f-number 2.8. A 532 nm bandpass filter (Andover)
with an FWHM of 1 nm was fitted to the camera lens to suppress laser-
induced incandescence. One thousand PIV image pairs were recorded
and processed using commercial software, PIVLab 2.20 [38,39]. Back-
ground noise was removed from raw images in the post-processing step.
The interrogation window was sequentially reduced from 64 x 64 to 32
x 32, and ultimately to 16 x 16 pixels® with 50% overlap, to provide a
minimum spatial resolution of 1.48 x 1.48 mm?. The total error of the
PIV measurements was estimated to be & 1.16 m/s [32].

2.4. Numerical model

The CFD method was used in this work to assist in better interpreting
the observed trends using the same model from our earlier work [32].
The MB-1, MB-2, and MB-3 flames were modelled using ANSYS Fluent
21 R1 [40]. A 2-D axisymmetric model of the bluff-body burner was
developed, with a fuel jet in the centre surrounded by concentric coflow
air. Following a mesh-independence study, a structured mesh with
610,000 cells was generated [27]. The governing equations for mass,
momentum and energy were solved using steady, incompressible
Reynolds-averaged Navier — Stokes (RANS) equations. The standard k-e
model with modified coefficients [41,42] was selected for turbulence
closures. The steady flamelet model, coupled with the DRM-22 reduced
kinetic mechanism (22 species and 104 reactions), was used for the
combustion model. The radiative heat transfer was calculated with the
discrete ordinates method (DO). The COUPLED algorithm was employed
to solve the flowfield, with second-order spatial discretisation for all
variables. The CFD was validated against the current velocity mea-
surements with a very good agreement (<4% differences). To validate
the model, a comparison of the predicted and measured mixture frac-
tion, temperature, and velocity components have been performed in a
similar version of non-sooting bluff-body flames. Additionally, the cur-
rent work’s measured axial and radial velocity components have been
compared with the calculated values. The supplementary material
(Fig. S1 and Fig. S2) presents the validation data.

3. Results and discussion
3.1. Global flame structure

The global appearance of the three methane flames stabilised on the
bluff-body burner, shown in Fig. 2, is similar to previously studied non-
premixed bluff-body flames [25,32,41-43]. Regardless of the fuel type,
these flames typically feature an upstream recirculation zone close to the
bluff-body surface, a jet-propagation region further downstream, and an
almost soot-free neck zone connecting these two regions. The blue
length of the region above the recirculation zone increases with both the
increase in the jet (MB-2) and co-flow (MB-3) velocities, where MB-3
shows the longest neck region. The neck zone is characterised by a
high strain rate, enhanced mixing with the coflowing air and the hot
products from the recirculation zone, and a central fuel stream [43]. The
mean flame visible length (L 7, which is estimated from 10 binarized
instantaneous flame images, is found to be 736 mm, 928 mm, and 806
mm for MB-1, MB-2, and MB-3 flames, respectively. The total averaged
flame length is linked to the momentum flux ratio of the flames.
Increasing the fuel velocity from 31.8 m/s in MB-1 flame to 59.6 m/s and
keeping the coflowing air velocity at 14.1 m/s resulted in the highest
flame length since the excess fuel is transported to the jet region. In MB-
3, on the other hand, increasing the coflow air velocity to 20 m/s in MB-
3 flame helps induce more fuel into the recirculation zone, reducing the
amount of fuel reaching the rest of the flame, and leading to a reduction
in the overall length by 13%, as compared with MB-2.

The momentum flux ratio (G), defined as G = (pU?)p,,1/ (pU?) 5y is
calculated for the three flames and presented in Table 1. This ratio is
found to be 2.63, 9.21, and 4.57 for the MB-1, MB-2, and MB-3 flames,
respectively. Dally et al. [42] showed that for a series of flames oper-
ating with various fuels, including Hy, CNG, LPG, and CyHg, the tran-
sitional momentum flux ratio between the single and double vortex
structure in the bluff-body flames happens at G between 13 and 15.
Consistent with this, the momentum flux ratio calculated for these
flames is below the transition threshold to a single vortex flame. Hence,
all three flames include two vortices, an inner and an outer vortex within
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Fig. 2. Photographs of the pure methane flames stabilised on the bluff-body
burner; MB-1 (left), MB-2 (middle), and MB-3 (right).

the recirculation zone. The correlations between the momentum flux
ratio (G) and both the mean flame length (T ) and total soot volume in
the recirculation zone (SVgz) are presented in Fig. 3. Here, SVg; repre-
sents the volume-integrated SVF in m® in the recirculation zone and is
obtained using the following expression

SVrz = 2n'r/7 / SVF (r,x)dr.dx @
0 0

where SVF(r,x) is the local soot volume fraction at a certain height
above the burner, x, and a radial distance from the axis, r. For the
recirculation zone, the parameter Xmqy is set to the length of the recir-
culation zone (Lgz), as defined in Section 3.2. The dependence of both
mean flame length and the total soot volume in the recirculation zone on
the momentum flux ratio can be reasonably characterised with expo-
nential fits for the present flames. It is notable too that more data points

x10?
10 20
9 X 16 _
g s T 12 &
I_s.; 7 .."-—‘ ,’/ ] .E
3 B
) ;
&
5 A--
0 2 1 3 3 10

Momentum flux ratio (G) [ - ]

Fig. 3. The mean total flame length (L ) in blue and total soot volume in the
recirculation zone (SVgz) in green, plotted as a function of momentum flux
ratio, G. The symbols present the measured data and the dashed-lines show the
best exponential fits. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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are needed to establish a more generic correlation for these flames, and
the current fit appears plausible for the range of conditions considered in
this work.

3.2. Time-averaged flowfield features

The mean flowfield features for the three flames were calculated
from 1000 instantaneous image pairs obtained from the PIV measure-
ments. Fig. 4 presents the typical mean vector field overlaid on the mean
velocity and mean shear strain rate for MB-1 flame, as a reference flame,
at axial locations up to x/Dgg = 2.0. The 2D shear-strain rate, S, has
been calculated from the velocity components obtained from the PIV,
using the following formula:

1|/0u ov
15, ﬁ'(&*a) ' @

where u and v are the axial and radial velocity components, respectively.
The strain rate is the magnitude of averaged strain rate calculated from
the PIV data. Since all three flames exhibit similar characteristics within
the recirculation zone, namely two vortices between the inner and outer
shear layers, only the MB-2 flame is represented in Fig. 4.

The length of the recirculation zone (Lgz) is defined by the distance
from the jet exit plane to the stagnation point, where the mean axial
velocity of the flame is zero. The Lgz for each flame is presented in
Table 1. The recirculation zone length for the MB-1 flame is measured to
be 91.3 mm. Increasing the fuel jet velocity, and consequently, the jet
Reynolds number to 15,000, while the co-flow velocity is kept constant,

0 Un[m/s] 6 0
|

S[s? 8000
|

Neck zone

X/Dgg [ -]

Recirculation zone length (Lyy)

0
/Dpp [-]

Fig. 4. Ensemble-averaged mean velocity contour (left) and mean strain rate
contour (right) overlaid on the vector field and the inner and outer vortices (IV
and OV) for a typical methane bluff-body flame (MB-2). The dashed-lines show
the inner shear layer (ISL), intermediate mixing layer (IML) and outer shear
layer (OSL).
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results in an increase in the recirculation zone length by ~ 15% to 105.1
mm, in MB-2 flame. This is the largest recirculation zone amongst the
three flames. In MB-3 flame, where the co-flow air velocity increases to
20 m/s, the recirculation zone length is ~ 98.8 mm, due to a stronger
outer shear layer (OSL) leading to an outer vortex restricting the
extension of the recirculating upwards. For all three flames, the ratio of
the recirculation zone length to the bluff-body diameter (Lrz/Dgp) is 1.42,
1.64, and 1.54 for MB-1, MB-2, and MB-3 flames, respectively. The Lgz/
Dgg ratio in all three flames is<1.65 which is consistent with earlier
investigations in non-premixed bluff-body flames [30], which further
shows that mixing and flow dynamics have more significant effects than
the heat release on the recirculation zone length. This conclusion is
supported by earlier findings of Dally et al. [42,43] which characterized
the recirculation zone length and mixture strength in reacting and non-
reacting flows stabilized on the same bluff-body burner.

3.3. Time-averaged soot volume fraction

3.3.1. Radially-integrated SVF

Fig. 5 presents a collage of the measured time-averaged soot volume
fraction (left) for all three flames together with the axial profiles of
radially integrated soot volume fraction, in ppm.mm? (right). Soot
concentrations in the three flames exhibit significant differences in
quantity and trends. In MB-1 and MB-3 flames, minimal soot is observed
in the recirculation zone, while a distinct peak appears in the jet-like
zone. However, in MB-2 flame, two peaks are found; one in the recir-
culation zone and the other one in the jet-like region. The maximum
radially integrated soot in the recirculation zone is 130 ppm.mm? for
MB-2 flame while it drops to almost 18 to 20 ppm.mm? for MB-1 and
MB-3 flames. In the jet region, however, the maximum radially-
integrated soot in MB-1 flame is around 175 ppm.mm? while in the
MB-2 and MB-3 flames, it drops to less than a third of the MB-1, (~50
ppm.mm? and 34 ppm.mm?). Noteworthy is that MB-1 has the lowest jet
Reynolds number and air coflow velocity and more fuel burns in the jet-
like zone.

Comparing the methane bluff-body flames (MB flames) with
ethylene/nitrogen bluff-body flames (ENB flames) [30] as well as the
simple jet flames [19,20] reveals that the maximum radially integrated
soot volume fraction in the jet region is found at similar axial location

Jylppb]
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A B
-1 0 -1 0 -1 0 150 100 50 O
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Fig. 5. A collage of the measured time-averaged soot volume fraction (left) for
the three flames, together with the axial profiles of radially integrated soot
volume fraction, in ppm.mm?, along the flames’ length (right).
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(normalised by the flame length) above the burner of between 0.6 < x/
Ls < 0.7. Also noticeable is that while the methane (MB-3) and ethylene/
nitrogen flames (ENB-3) are stabilised on the same burner and operating
conditions, the maximum radially-integrated soot in the recirculation
zone for the MB-3 (~20 ppm.mm?) flame is reduced by more than two
order of magnitudes, as compared to ENB-3 (~1000 ppm.mm?). It is
deduced that this difference is related to the difference in the oxidation
level and the mean mixture fraction distribution in two flames. This
difference is further discussed in Section 3.4.

3.3.2. Axial distribution of SVF

The axial profile of soot volume fraction (SVF) at the flame centreline
of each flame is presented in Fig. 6. The symbols represent the experi-
mental data, and the dashed lines provide reasonable Gaussian fits. The
axial height is normalised by the overall flame length (x/Ls), which
enables us to compare the results with the ethylene/nitrogen flame
(ENB-3) and the simple jet flames [20].

The SVF distribution along the centreline has two distinct peaks in
the MB-2 flame: one in the recirculation zone, at x/Ls = 0.093, and the
other in the jet-like region, found at x/Lg = 0.59. This trend is similar to
ENB flames. On the other hand, MB-1 and MB-3 flame exhibit only one
peak in the jet region. The SVF in the jet region peaks to around 17 ppb
in the MB-1 flame, which is greater than those in MB-2 and MB-3 flames
by a factor of almost three. It is also observed that the peak of SVF in MB-
2 and MB-3 flames is shifted axially as the Reynolds number is increased
in these two flames. The axial location of the maximum SVF in the jet
region is found to be at x/Ls = 0.48, while this location is shifted to x/Ls
= 0.59 and 0.63 for MB-2 and MB-3 flames, respectively.

When comparing MB-3 flame with ENB-3 flame [30], noticeable
differences are observed. For ENB-3 flame, the axial location of the peak
of the SVF profiles on the flame centreline is closer to the upstream re-
gion of the flame (at x/ Lg = 0.40), valued at 42 ppb. On the other side, in
methane flame (MB-3), the peak is shifted downstream and found at
around x/ L = 0.63, and the value dropped by a factor of more than
eight to around 5 ppb. Interestingly, the peak soot in the methane flame
is coincident at a similar position, x/ Ly = 0.60, in the simple jet flames
with the same Reynolds number (15,000) [19,20].

3.3.3. Radial distribution of SVF

Fig. 7 compares the mean radial profiles of SVF in the recirculation
zone for the three flames. The profiles are plotted at four different axial
locations above the jet exit plane within the recirculation zone (x/Dpp —
(0.6, 0.8, 1.2, 1.4). The symbols represent the experimental data. The
solid lines were obtained from the best Gaussian fit (with three terms) to
the measured data. The bluff-body diameter is used to normalise both
axial and radial distances. Consistent with ethylene/nitrogen flames
(ENB-1, ENB-2, and ENB-3 flames) [30], a dominant outer peak is found

20_ T T T T T T o M]I3—1 qloo
MB— 2
161 oy @ > ve_3 180

Mean f, [ ppb |
for ENB-3 flame

Mean f, [ ppb ]
Jor all MB flaines

Fig. 6. Axial profiles of centreline distribution of mean soot volume fraction as
a function of normalised flame length. The dashed lines indicate Gaussian fits to
the experimental data. The ENB-3 ethylene/nitrogen bluff-body flame is shown
with solid green line from a previous flame series [30]. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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Fig. 7. Radial profiles of mean soot volume fraction of the a) MB-1, b) MB-2, and c¢) MB-3 flames within the recirculation zone at different heights above the burner
(HAB). The ENB-3 ethylene/nitrogen bluff-body flame is shown with solid green line from a previous flame series [30]. (For interpretation of the references to colour

in this figure legend, the reader is referred to the web version of this article.)

at x/Dgg < 1 for all three methane flames near to the coflowing air
(inside the outer vortex at r/Dgg ~ 0.35-0.42) from which it decreases
smoothly toward the centreline. An explicit peak is observed at lower
axial heights, where the mixture fraction is rich compared with the end
of the RZ. At higher locations, x/Dpp greater than 1.0, no distinct peak
can be identified, and that is believed to be due to the high rate of
oxidation due to the intense coflow air entrainment [42,43] and higher
temperatures from products leaving the recirculation zone. Such simi-
larities highlight the role of soot transport within the recirculation zone
irrespective of the difference in soot inception and chemical effects be-
tween the two fuels. The three flames share similar trends in the mean
SVF profiles, albeit with different peaks.

The radial profiles of mean SVF in the jet region (0.25 < x/L¢ < 0.65)
for the three flames are compared in Fig. 8. The heights are normalised
by the overall flame length (Ly). The three flames exhibit similar trends
showing a maximum for SVF on the flame centreline (r = 0 mm), fol-
lowed by a smooth decrease towards the flame edge, where most of the
soot is oxidised. In MB-1 flame, the maximum soot volume fraction
SVFmax in the jet region is around 22 ppb which is one order of magni-
tude greater than the maximum SVF in the recirculation zone. Similarly,
in the MB-3 flame, where the jet and co-flow velocities are maximum
among the three flames, the SVFp,y in the jet region is around 16 ppb
which is greater than the SVFp,, in the RZ by a factor of two to three.
Conversely, the MB-2 flame behaves differently. The SVF,q, in the
recirculation zone is found to be around 13 ppb, while a 30% drop in the
max SVF is observed for this flame in the jet region (7 ppb). Based on this
observation in the SVF values as well as the flame photos, it is likely that
more PAH (or liquid like nascent soot particles) is transported from the
recirculation zone to the jet-like region through the neck zone, which
initiates the soot inception in the jet region. Also, it is believed that soot
inception in the MB-2 flame starts earlier comparing to the other flames,
and therefore, there is sufficient time for soot to be formed in the
recirculation zone. These observations require further experimental
evidence to examine the PAH in the neck zone of the three flames and
correlate them with the trends found in these flames. It’s worthwhile
mentioning that future work is required to measure the PAHs in the
recirculation zone and neck zone to identify the nature of the particle

which are transported to the neck and jet regions.

3.3.4. Soot intermittency

Fig. 9 presents the profiles of soot intermittency, defined as the
probability of finding no soot at any given spatial location, along with
flames centreline [17,20]. The intermittency profiles exhibit two
distinct minima for each flame; one in the recirculation zone and a
second one in the jet-like region. As expected, at the jet exit, x/L = 0,
the intermittency equals 1.0, and then the profile follows a sharp
decrease to around 0.32 for MB-1 and MB-3 flames within the recircu-
lation zone. For MB-2 flames, the intermittency reaches<0.1, consistent
with a higher concentration of soot found in the recirculation zone of
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Fig. 9. Axial Profile of soot intermittency along the burner axis. The black
arrow specifies the recirculation zone (RZ), and the blue arrows show the jet-
like region. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 8. Radial profiles of mean soot volume fraction a) MB-1, b) MB-2, and c) MB-3 flames in the jet zone at different normalised heights above the burner. Note that
the y-axis values differ in each profile. The ENB-3 ethylene/nitrogen bluff-body flame is shown with solid green line from a previous flame series [30]. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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this flame. The sharp decrease observed in the intermittency profile and
the SVF measured on the flame centreline highlights the likely effect of
transport of soot from the vortices into the central jet and further
downstream to the rest of the flame. This observation is based on non-
favourable conditions for soot to form at these locations, namely; high
strain rate, low temperature and short residence time. At x/L £~ 0.12, it
is surprising that the intermittency for all three flames is almost identical
at (~0.42). This location is identified as the transition from the recir-
culation zone to the jet-like region.

The minimum intermittency value in the jet region, which corre-
sponds to the maximum axial soot volume fraction on the centreline, is
found to be at X/Zf = 0.40, 0.57, and 0.62 for MB-1, MB-2, and MB-3
flames, respectively. This value for the two MB-1 and MB-2 flames is
similar to simple jet flames (0.38 < x/L f < 0.55) [20]. However, it is
observed that the minimum intermittency in MB-3 is shifted down-
stream and found at x/L ¢ ~ 0.62. Noteworthy is that the difference
shown earlier in the appearance and behaviour of soot in MB-2 flame,
compared with MB-1 and MB-3 flames, can be explained by the inter-
mittency in the neck zone. It is clear that more soot (and its precursors) is
transported through the neck zone in MB-2 flame than the other two
flames, leading to a higher amount of soot in the jet-like region.

3.4. Calculated mixture fraction and temperature

In order to better interpret the differences in soot concentration
measured in the three flames, the mixture fraction together with the
temperature profile is estimated numerically and presented in Fig. 10.
The flame temperature and mixture fraction are reported at axial heights
of x/Dgg = (0.6, 0.9, 1.2), as presented in Fig. 10. It is noted that soot and
its impact on thermal radiation from the flame are not computed in this
study. The objective is to better understand the differences in flame
structure and temperature, rather than to ‘predict’ soot. The mixture
fraction profiles exhibit similar features for the MB-1 and MB-3 flames.
That is, a rich mixture is found at almost all locations r/Dpg < 0.42 and
axial height of x/Dgp = 0.6. However, for MB-2 flame, the mixture
fraction profile crosses the stoichiometric value at r/Dgg = 0.24 at all
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heights, suggesting a leaner outer vortex, and a shift of the mean stoi-
chiometric mixture to a distinct location closer to the centreline. The
calculated peak mean temperature for the MB-2 flames at the axial
height of x/Dgg = 0.6 is found at r/Dgg ~ 0.19, within the ISL, at around
1600 K, which is almost 14% lower than those found in the MB-1 and
MB-3 flames. The radial location at which the mean temperature peaks
are found in MB-1 and MB-3 flames is r/Dgg ~ 0.38, within the OSL, and
the computed values are found to be 1880 K and 1870 K, respectively. A
similar trend was observed for the calculated OH profile. That is, the OH
peak is found at r/Dgg ~ 0.2 for MB-2 flame, while the peak is shifted
toward the OSL at r/Dgg ~ 0.39 for the MB-1 and MB-3 flames. The
lower concentration of OH in MB-2 flames is consistent with a lower
temperature peak in this flame. Furthermore, a sharp decline is seen in
the OH profiles for MB-1 and MB-3, which shows the high rate of
oxidation. Notable too is that the calculated OH concentration in MB-1
and MB-3 flames is almost 40% greater than that of MB-2. Although we
do not expect that a simplified DRM-22 mechanism may be enough to
accurately predict the intermediate species, such as acetylene, it pro-
vides trends in the anticipated CoH; concentration in all three cases. In
MB-2 flame, the peak of calculated acetylene is almost 40% lower than
those of MB-1 and MB-3 flames which again is expected to lead to lower
soot, instead of the observed higher soot in MB-2. Based on these ob-
servations, it is clear that in MB-2 soot is formed in the inner vortex and
then transported to the outer vortex and the partly to the neck region.
While in MB-1 and MB-3 the soot is formed in the outer vortex where it
has a higher chance to be oxidised and not reach the central jet and the
neck zone. The trend found in section 3.3.3, where higher soot in the
recirculation zone is recorded in MB-2, while is inconsistent with the
lower temperature, and lower CoHy found there, is consistent with the
lower oxidation rate expected in the rich inner vortex. Worth noting is
that the photographs of the flames, presented in Fig. 2, while showing
faint soot in the recirculation zone of MB-1 and MB-3 flames, are long-
term exposure images and the blue colour from regions of the flame
does not necessarily imply the absence of soot.
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Fig. 10. Calculated mean radial profile of temperature and mixture fraction (top row) together with the OH and acetylene mole fraction (bottom row) for the three
flames and at three axial locations. The dashed red line indicates the stoichiometric mixture fraction. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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3.5. Relations between instantaneous soot and strain rate

Fig. 11 presents a typical instantaneous P-LII soot sheet from a
methane flame (MB-3) on the RHS and another from the ethylene/ni-
trogen flame (ENB-3) on the LHS. As noted earlier, these two flames run
under identical operating conditions. Although the flowfield behaves
similarly for both fuels, the soot distribution is different. In the ENB-3
flame, soot filaments are chaotic and found almost in the entire recir-
culation zone length, whilst in the MB-3 flame, the soot filaments are
more concentrated in the outer shear layer close to the outer flame edge
and rarely in the inner vortex. The maximum instantaneous soot in
methane is almost one order of magnitude lower than the ethylene/ni-
trogen (ENB-3) flame. Given that the mixing is similar for the two
flames, it is evident that differences in fuel composition and subsequent
reaction chemistry are dominant and appears to impact the formation
and growth of soot particulates.

Fig. 12 presents a typical instantaneous radial profile of SVF and
strain rate at one axial height above the burner (x/Dgg = 0.6) for the
three flames. The SVF and strain rate are shown in orange and blue
colours, respectively.

It is clear from this figure that the local instantaneous SVF and S peak
at the inner and outer locations while showing a plateau distribution in
the middle of the profiles. A noticeable amount of soot is found in the
low-strain region (S < 5000 s~ 1) with a soot concentration of 10 ppb. In
contrast, in MB-2 flame, a peak of ~ 30 ppb is observed at r/Dgg = 0.38
at the same strain rate compared to the other two flames. The lack of
direct correlation between the instantaneous soot volume fraction, PAH
and instantaneous strain provides further evidence of the impact of
transport in the recirculation zone. Future work is required to investi-
gate the instantaneous correlations between the soot volume fraction
and PAH to instantaneous strain rate.

-0.5 0.0 0.5
1/Dpgg [-]

Fig. 11. Comparison of a typical instantaneous soot filament of the (LHS) ENB-
3 [30] and (RHS) MB-3 flame. Note that the colour bars scale differently for two
flames. Dotted lines indicated the inner (ISL) and outer (OSL) shear layers.
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Fig. 12. Profiles of instantaneous SVF and S at the axial height of x/Dgg = 0.6
above the burner for all flames.

3.6. Soot statistics

The probability density functions (PDFs) of SVF have been calculated
in the recirculation zone of the three flames. The axial and radial posi-
tions at which the PDFs have been calculated are shown in Fig. 13. The
PDFs were calculated from arrays of 5 x 5 pixels2 (0.17 mm?) from 1500
instantaneous image pairs. The data used are from two axial heights
above the burner within the recirculation zone (x/Dgg = 0.6, 1.0) and at
three radial positions, two of which are on the high-strain inner and
outer shear layers (ISL and OSL), and the third one is in the core of the
recirculation zone between the ISL and the OSL.

Fig. 14 presents the PDFs of the SVF at x/Dgg = 0.6 and x/Dgg = 1.0.
The shapes of the PDFs indicate different soot concentrations for the
three flames. The width of the pdfs for the MB-2 flames is significantly
broader than the other two flames, which is believed to be the oxidation
effects, while only a peak following a sharp decrease is seen in MB-1 and

SVF [ppb]
15

Fig. 13. Image of the time-averaged soot volume fraction, presented as a
coloured-scale, overlaid with the selected locations (magenta dots) at which the
statistics for SVF have been calculated for the MB-2 flame adopted from earlier
work [29]. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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Fig.14. Axial distribution of probability density functions (PDFs) of soot volume fraction within the recirculation zone at a series of radial locations and at two axial
locations above the burner x/Dgg = 0.6 (bottom row) and x/Dgg = 1.0 (top row).

MB-3 flames. While the probability of finding soot in the MB-1 is the
least, increasing the Reynolds number to 15,000 (MB-2) increases the
maximum probable soot to 7 ppb. For the MB-2 flame, no events higher
than 25 ppb are found.

In contrast, in MB-1 and MB-3 flames, the maximum probable soot is
reduced by a factor of more than two, to<10 ppb. This is consistent with
the total soot calculated for the recirculation zone of each flame in Fig. 5.
It is also deduced that the effect of soot oxidation is significant at lower
momentum flux ratio. Noting that the MB-2 flame has the higher mo-
mentum flux ratio amongst the three flames, it can be deduced that the
lower momentum flux ratio correlates with higher soot oxidation and
less probability of having soot in a specific region.

4. Conclusions

A joint experimental and computational work was performed to
investigate the soot formation and oxidation in a series of turbulent non-
premixed bluff-body flames burning pure methane. Simultaneous planar
laser-induced incandescence (P-LII) and 2D polarised particle image
velocimetry (P-PIV) techniques have been employed to measure soot
and flowfield features, respectively. Three flames stabilised on the 4.6
mm fuel jet and 64 mm bluff body diameters burner using a combination
of the jet Reynolds number, 8,000 and 15,000, and co-flowing air ve-
locity, 14 m/s and 20 m/s are presented in this paper.

Although all flames exhibit similar features, namely two vortices
within the recirculation zone, a significant increase is observed in the
mean SVF and the soot intermittency profiles for the MB-2 flame. The
difference mainly arises from the mixture fraction distribution resulting
in a mean stoichiometric mixture in the inner vortex, closer to the jet, in
MB-2, while for the MB-1 and MB-3 flames a broader distribution of the
mixture fraction is found in the outer vortex. This difference results in
less soot concentration in the MB-1 and MB-3 flames as compared with
MB-2. Also, the leaner mixture fraction in the inner recirculation zone
for the MB-1 and MB-3 flames results in less soot being formed and a
higher probability of it being oxidised in the neck zone.

The total integrated soot exhibited two maxima in the recirculation
zone of the MB-2 flame versus one peak in the other two flames. This
difference could be attributed to the mean mixture fraction in the
recirculation zone of MB-2 flame, which is relatively higher than those
in MB-1 and MB-3 flames considering the similar mean residence time
within this region. All soot events were found to be in the range of 1 ppb
< SVF < 6 ppb in the MB-1 and MB-3 flame, while a uniform SVF dis-
tribution is observed for the MB-2 flame with the maximum number of

events found in the range 1 ppb < SVF < 25 ppb. It is observed that
although the maximum local instantaneous soot is around 25 ppb, the
time-averaged soot is<10 ppb which could be related to the high soot
intermittency and turbulence fluctuations. The soot and flowfield data
presented in this work are expected to be useful for further model val-
idations and development.
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