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Turbulent non-premixed swirl-stabilized flames were investigated experimentally in a gas turbine model com-
bustor with optical access. Velocity and soot concentration fields were measured for three levels of air flow for a
fixed flow rate of ethylene as the fuel. Stereoscopic particle image velocimetry was used to get the three-di-
mensional velocity field data within the combustor. The time-averaged soot volume fractions and primary soot
particles sizes were obtained using the laser induced incandescence technique. These two measurements were
conducted separately, but under the identical experimental flow conditions. The velocity measurements showed
a region of high velocity flow, sandwiched between inner and outer recirculation zones. The boundaries of the
recirculation zones in all three cases displayed very high turbulence intensities. Most of the soot was found to be
within the inner recirculation zone, and the regions having maximum time-averaged soot concentrations grew
radially outward with axial height. The soot concentrations showed a strong dependence on air flow rate; a small
increase in air flow rate caused a significant reduction in soot concentrations. The primary soot particle dia-

meters inferred from laser induced incandescence measurements covered the range from 30 to 50 nm.

1. Introduction

Swirl-stabilized non-premixed combustion is the main building
block of the most staged aviation gas turbine combustor architectures.
The staged combustors deliver a delicate balance between various
pollutant emissions and combustion performance indicators. In these
architectures, instead of trying to achieve all pollutant and combustion
performance goals in a single combustion zone, the practice is to spread
these objectives over two or more combustion zones. In each zone, the
aim is to achieve, and optimize if possible, certain performance objec-
tives. Combustors designed to operate with staged combustion are
widely used in conventional aviation and industrial gas turbine engines
and are the subject of on-going research activities for further perfor-
mance improvements and mitigation of pollutant emissions.

Most of the time in the first zone of the staged combustion systems,
the flame is stabilized by the air swirl creating a recirculation to in-
crease the residence time for combustion reactions [1,2]. The re-
circulating fluid is generally composed of hot unburned fuel, combus-
tion products and chemically active radicals. Further, the high
turbulence intensity that prevails in the recirculation zones, allows for a
rapid transfer of heat and radicals to the in-flowing reactants from the

recirculating fluids. This mechanism facilitates ignition of reactants
with relative ease, and consequently, flame stabilization over a wide
range of flow conditions becomes possible [2-6].

Formation of soot within the first zone of the staged combustors is
unavoidable due to the mainly non-premixed nature of combustion. A
significant portion of the soot that is formed within this zone in con-
ventional gas turbine combustors is subsequently consumed by oxida-
tion within the later stages of the combustion chamber. However, a
small but important fraction avoids the oxidation process and is emitted
as particulate matter from the engine exhaust. Apart from its potential
impact on climate and human health [7], soot promotes radiative heat
loss, leading to reduced engine thermal efficiency and increased heat
load on the combustor components.

Understanding of the soot and NO, processes in technically relevant
combustors is central to the design of high-performance, low-emission
gas turbine engines. Experiments performed on full-scale gas turbine
combustors are not only expensive but are limited in scope of in-
formation that can be acquired due to measurement access limitations.
This situation necessitates the development of numerical models cap-
able of predicting flow fields and pollutant concentrations in gas tur-
bine combustors. However, the current numerical schemes have not
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achieved sufficient confidence to handle the complexities of swirling
reacting flows in gas turbine combustors [8-10]. The growth of the
numerical combustion modelling capabilities has been held back due to
a shortage of validation suited experimental datasets with well-defined
boundary conditions. To fulfil this demand for experimental data, there
has been several recent experimental studies reporting detailed mea-
surements in swirling/non-swirling, premixed/non-premixed, and at-
mospheric/high-pressure turbulent flames [8-26]. Various experi-
mental techniques including high speed planar laser induced
fluorescence (PLIF), stereoscopic particle image velocimetry (SPIV),
and laser induced incandescence (LII) have been utilized for data ac-
quisition.

Keck et al. [16] investigated swirling natural gas and air non-pre-
mixed flames in an industrial burner prototype. The temperature and
species concentration distributions, derived from the Raman measure-
ments, are utilized to characterize the three distinct regions of the flow
field: inlet flow, inner recirculation zone (IRZ) and outer recirculation
zone (ORZ). It is observed that near the common air-fuel nozzle exit
plane, the flame reactions are suppressed by the high velocity inflow,
and the shielding of the reactant mixtures from the hot recirculating
products in the IRZ by the inflowing fuel stream. Hence, a partial
premixing of the reactants occurs at the low axial locations, due to the
high intensity turbulence prevailing in those regions. With increasing
downstream locations, the flame reactions are seen to occur, and the
corresponding causality between the turbulence-chemistry interactions
and the thermo-chemical state of the flame is established.

In a similar study, Weigand et al. [20] discuss the velocity field,
concentrations of OH and CH radicals, and the temperature distribution
of a swirling methane-air diffusion flame in a gas turbine model com-
bustor. A high velocity inlet flow in-between the two distinct re-
circulation zones is observed. The CH and OH concentration profiles
show a thin, strongly wrinkled reaction zone in all the investigated
flames. Weigand et al. [20] also report the occurrence of thermo-
acoustic oscillations in one of the investigated flames. Compared to the
flames without thermo-acoustic oscillations, the flame with oscillations
shows enhanced turbulent mixing rates of the cold reactants with the
hot recirculating products, leading to accelerated reaction rates. The
increase in the reaction rates produces a flame much shorter than the
flames without thermo-acoustic oscillations. A detailed account of the
turbulence-chemistry interactions in the flames studied by Weigand
et al. [20] was reported by Meier et al. [21].

The topics of velocity field characterization, thermo-acoustics and
coherent structure-flame interactions have been extensively in-
vestigated in model gas turbine combustors. However, soot measure-
ments in swirling turbulent flames has not seen similar growth in the
literature. Recently, Geigle et al. [11,12] reported soot measurements
in turbulent non-premixed swirl flames of ethylene and air in a model
gas turbine combustor. The SPIV and planar-LII measurements showed
that most of the soot is spatially confined to the central recirculation
zone of the flow field. The soot concentrations in the flow field showed
a positive correlation with the global fuel-air equivalence ratio as well
as the combustor chamber pressure. Further, the importance of the
intermittency of soot events in the computation of the time-averaged
value of the soot concentration was discussed. It should be emphasized
here that velocity and scalar measurements in turbulent flames are
problematic at high pressures. Zerbs et al. [25] explain that the steep
temperature gradients in turbulent flames can cause considerable beam
steering and large variation in the laser fluence across the laser sheet
width. Further, the laser fluence variations can induce a considerable
uncertainty in the computed soot volume fraction values. These im-
pediments indicate that the uncertainty quantification of the velocity
and scalar measurements can be a daunting task. For this reason, the
experimental databases related to high pressure turbulent flames are
growing slower than those of atmospheric flames [18,25].

The current study focuses on swirling non-premixed turbulent
combustion of ethylene at atmospheric pressure in a gas turbine model
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Fig. 1. Gas turbine model combustor.

combustor. The objective was to obtain the time-averaged velocity data
and the combustion-generated soot concentrations, along with primary
soot size, at three global fuel-air equivalence ratios (¢). The velocity
measurements were conducted using the SPIV technique, whereas the
soot concentrations and primary soot particle sizes were inferred from
the LII measurements. The time-averaged velocity field characteristics
and the turbulence intensity profiles as well as the time-averaged soot
concentrations and the primary particle diameters of soot for the three
cases are presented and discussed. The uncertainties in the velocity and
the soot measurements have been quantified and their implications are
discussed.

2. Experimental methodology
2.1. Gas turbine model combustor

The gas turbine model combustor used in the current work is shown
in Fig. 1. The combustor features a plenum housing the air and fuel
delivery systems, and a fused-silica glass enclosure of dimensions 94 x
94 x 114 mm?®. The glass enclosure allows optical access into the flame,
thereby permitting the utilization of non-intrusive diagnostics for data
acquisition. The fuel is supplied through a 6 mm circular nozzle, posi-
tioned concentric with the combustor axis. A 12-vane radial swirler,
situated inside the combustor plenum, imparts a tangential (swirl) ve-
locity to the inflowing air stream; this swirling jet of air exits through an
air nozzle that is concentric with the fuel nozzle and has an outer
diameter of 27.85 mm. The exit planes of the fuel and air nozzles are co-
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Table 1
Experimental test flow conditions.

Test case Air flow rate [g/s] Fuel flow rate [mg/s] ¢

1 3.44 52 0.22
2 3.65 52 0.21
3 3.89 52 0.20

¢ = Global fuel-air equivalence ratio.

planar and the resulting swirl number was measured as 0.55.

It should be noted that, unlike full-scale gas turbine engine com-
bustors, the model combustor used in this work has a square cross-
section. The square cross-section leads to characteristic corner vortices
or recirculation zones, which provide a virtual cylindrical boundary for
the flow [27]. This implies that the flow physics learnt from square
cross-section combustors can be extended to real gas turbine combus-
tors with minimal effort. Furthermore, square cross-sections allow an
inexpensive design and manufacturing, as well as an easy im-
plementation of laser diagnostics. For the above reasons, a square-cross
section model gas turbine combustor was utilized for the current in-
vestigation on sooting turbulent swirl flames.

2.2. Experimental test flow conditions

The air and fuel flow conditions used in this work are listed in
Table 1. The air and fuel flow rates were chosen to ensure the feasibility
of successful SPIV and LII measurements. It was found that flames
globally richer than case 1 (¢ > 0.22) were very luminous (sooty) and
hence, suitable for the LII experiment. However, the high flame lu-
minosity hinders velocity measurements using CCD cameras as will be
further discussed in SPIV experimental methodology section. Further,
flames globally leaner than case 3 (¢ < 0.20) were suitable for SPIV
measurements, but hardly contained any soot to be detected using the
LII technique. For these reasons, selected air and fuel flow rates were
restricted to 3 flame conditions as shown in Table 1.

2.3. SPIV experiment

The three-component velocity data were acquired using the tech-
nique of stereoscopic particle image velocimetry whose principles re-
ported by [28,29]. The hardware needed for this experiment includes a
laser and a pair of cameras. The laser (Litron Nano-L-PIV) produces
beams of wavelength 532 nm, pulse energy 120 mJ, and a pulse dura-
tion of 5 ns. The beam was shaped into a sheet using a set of collimation
lenses and the resulting laser sheet had dimensions of about 55 X
1 mm?. The laser sheet illuminated the flow seeded with 1 xm titanium
dioxide particles. The light scattered by the seed was captured using
two CCD cameras. The cameras were installed in a plane perpendicular
to the laser sheet. The optical axes of the cameras made about 55° with
the combustor axis. Each camera head was equipped with a Scheimp-
flug adapter that ensured the coincidence of the imaging/focusing
plane of the camera with the laser sheet [29]. The final angular ar-
rangement of the cameras, needed for the satisfaction of the Scheimp-
flug criterion, leads to perspective distortion across the field of view. To
correct this perspective distortion, a three-dimensional target (LaVision
Type 7), and the software package LaVision Davis 8 were utilized.
Further, each camera head was also equipped with a macro lens
(Nikkor, f=105mm), and a bandpass filter of center wavelength
532 nm and 1 nm bandwidth (full width at half maximum, FWHM). The
1 nm bandpass filter curtailed the flame luminosity-based background
noise from corrupting the recorded image pairs. The SPIV image pairs
were recorded using CCD cameras of resolution 2048 x 2048 pixel®.
The CCD camera shutter stays open after the second laser pulse, and
until the start of the next laser pulse pair. For this reason, the second
frame of the SPIV image pairs tends to overexpose due to the flame
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luminosity, in addition to the background Gaussian noise. The 1 nm
bandpass filters, as explained above, play an essential role in successful
flow field measurements in sooting turbulent flames.

The SPIV experiment for each flow condition was conducted at 6 Hz,
and a total of 2000 image pairs were recorded. The low data acquisition
rate posed a challenge of combustor window contamination due to seed
deposition. The seed accumulation on the combustor windows leads to
diffused illumination of the seeded flow, trapping of seed-scattered
light, and stationary spot generation in the SPIV images [26]. To avoid
such complications, the 2000 images were recorded over 4 runs, con-
sisting of 500 image pairs each. The SPIV images were processed for
velocity vectors in a commercial software package (LaVision Davis 8)
using a multi-step algorithm: the interrogation box size was reduced
from 64 X 64 to 32 X 32 pixel?, while maintaining an overlap of 50%.
The resulting vector fields were post-processed for outliers using the
peak search criterion and universal outlier detection. The erroneous
vectors were either replaced using vectors corresponding to the second,
third or fourth correlation peak in the interrogation box of interest. All
other gaps resulting from the failure of the correlation analysis of cer-
tain interrogation boxes were filled using spatially (local) interpolated
vectors. The final vector fields thus obtained had a vector spacing of
0.78 mm, pertaining to an interrogation box size of 1.56 mm. Further,
the uncertainty associated with the mean values reported for the dif-
ferent velocity components varies spatially. To quote a single 95%
confidence interval for each component’s uncertainty, the flow field
location with the longest interval accounts for the worst-case scenario
and is therefore chosen as representative of all the flow field locations.
Across the test cases, the 95% confidence intervals associated with the
uncertainty in the mean radial, axial and tangential velocities are about
+ 0.09m/s, + 0.11 m/s, and + 0.08 m/s, respectively.

2.4. LII experiment

The time-averaged soot volume fractions and primary particle dia-
meters were measured using the LII diagnostic technique [30,31]. The
experimental components can be grouped under two headings: excita-
tion and detection. The excitation hardware includes a laser, laser beam
energy control optics and laser beam shaping optics. The laser (Con-
tinuum SLI-10) produced laser beams of wavelength 1064 nm and pulse
energy 200 mJ, at a repetition frequency of 10 Hz. The energy of the
laser beams was controlled using a half wave plate and a thin film
polarizer. Laser fluence was 0.3J/m? It should be noted that laser
beams of appropriate energy level (laser fluence) cause minimal soot
sublimation during the incandescence excitation step, thereby preser-
ving the non-intrusive character of the LII experiment [32]. Further, the
laser beams were shaped into a sheet of dimensions 3 mm X 100 pm,
and subsequently focused at a point in the flame using a slit-relay lens
combination. The short-lived soot incandescence thus generated, was
collected and recorded using the detection optics. A slit-relay lens
combination, identical to that used on the excitation side, collected the
incandescent signal from the region of interest in the flame. The col-
lected signal was passed through a dichroic filter, which reflected all
wavelengths above 488 nm, while transmitting the remainder of the
incident beam. The resulting multi-wavelength beams were focused
onto two photo-multiplier tubes (PMT), via achromatic lenses and
bandpass filters. The bandpass filters had a center wavelength of
440 nm and 692 nm, respectively and a 40 nm FWHM bandwidth. The
incandescence data collected at the two wavelengths allow the appli-
cation of two-color optical pyrometry for the computation of soot
temperature (T},). The T, information is essential to calculating the soot
volume fraction f,, and primary particle diameter d,,, at the measure-
ment location in the flame.

The light intensity-voltage calibration of each PMT was performed
using an integration sphere unit (Sphere Optics) and a spectrometer.
Further, the LII signals collected from the PMTs were processed for the
information on Ty, f,, and d,, according to the algorithm reported by
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Snelling et al. [30].

A laser pulse shot into a turbulent sooting flame may or may not
translate into a recorded LII signal due to the intermittency of soot
processes. The intermittency of soot processes in turbulent flames is
guided by the complex turbulence-chemistry interactions that dominate
the turbulent flames [11,14,15]. For this reason, a measurement loca-
tion in the flow field will have soot occasionally. Further, an LII signal
will be recorded when there is a temporal coincidence of the instances
when a laser excitation pulse is available, and soot agglomerate(s) oc-
cupies the measurement location. Therefore, it is evident that the low
probability of recording an LII signal leads to a considerably longer
experimental run time. In the current work, the run time for all loca-
tions was set to 20 min. Additionally, it was found that about 50 signals
were needed for the convergence (+ 5%) of the mean f, and d;, values
obtained from the LII signal processing. For this reason, locations
showing less than 50 recorded signals over 20 min of run time, were
tagged as locations with zero time-averaged soot volume fraction.

3. Results and discussion
3.1. Velocity field measurements

The three-component time-averaged velocity fields for all the three
flow conditions are shown in Fig. 2(a)-(c). The three flow fields show
similar characteristics: a region of high velocity swirled inflow and two
large recirculation zones. The inner recirculation zone (IRZ) surrounds
the combustor axis; the boundary of the IRZ is identified as the zero-
mean axial velocity curve. The contour plot of the tangential velocity in
these figures show that the fluid in the interior of the IRZ has the same
sense of rotation about the combustor axis as the main inlet flow. The
outer recirculation zone (ORZ) occupies the regions near the combustor
windows and shrinks radially with increasing axial height. The ORZ
boundary is defined as the zero-mean radial velocity curve. Further, the

spatial profiles of local mean velocity magnitude IVm)I, turbulence
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kinetic energy k, and the turbulence intensity /k / |7m| for the test case
2 are shown in Fig. 2(d), 3(a) and (b) respectively. Here,

L d — — —
| Vil = [V + V3 + 7V

k

(€8]
= l(vT + 7 v
2 y g (2)
where ¥, and v/ represent the time-averaged speed and the root-mean-
square of the turbulent velocity fluctuations along the coordinate axis i,
respectively. The mean flow velocity magnitude as well as the turbu-
lence kinetic energy peaks in the region exterior to the recirculation
zones. Additionally, using Egs. ((1) and (2)), it can be shown that the
recirculation zone boundaries display large values of k but low mag-
nitudes of |7,,,’|. For this reason, the recirculation zone boundaries show
turbulence intensity Wk/ IV,,,)I) levels exceeding 200%, Fig. 3(b). The
high turbulence intensity drives the rapid mixing of cold reactants and
hot recirculating fluid near the IRZ boundary, which is critical to the
convenient reactant mixture ignition and the consequent flame stabi-
lization in swirl-stabilized combustion systems over a wide range of
operating conditions [11,17,19].

3.2. LIl measurements

The velocity field measurements indicated that the flow field within
the combustor can be assumed to be axisymmetric for the purposes of
the current study. For this reason, the soot measurements spanned only
one-half of the width of the combustor. The spatial profiles of time-
averaged soot concentrations measured in the test case 1 are shown in
Fig. 4(a) and (b), while those of the test case 2 are depicted in Fig. 4(c)
and (d). The primary particle diameters for test case 1 are shown in
Fig. 5. Most of the particle diameters are in the range of 30 to 50 nm. It
should be noted here that the lines joining the markers are for visual aid
and do not depict any trends regarding the soot concentrations. In the
test case 1, for axial heights smaller than 10 mm, most of the soot
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Fig. 2. Vector plot of mean axial and radial velocities, overlaid on the contour plot of mean tangential velocity for the test cases 1, 2, and 3, are shown in (a), (b) and (c) respectively.
Spatial profile of local mean flow velocity magnitude in test case 3 is shown in (d). The dark/white lines in these plots denote the recirculation zone boundaries.
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Fig. 3. (a) Turbulence kinetic energy k, and (b) turbulence intensity vk / I—I—/,_;I profiles for test case 2. The dark lines represent the recirculation zone boundaries.

concentrations is found near the combustor axis and the peak time-
averaged soot concentration is about 32 ppb, Fig. 4(a) and (b). With
increasing downstream locations, the radial locations with peak soot
volume fraction increasingly shift away from the combustor axis. Ad-
ditionally, the radial locations between the combustor axis and the
positions of peak soot concentrations show an increasing presence of
soot with increasing downstream locations. At the axial height of
25 mm, the time-averaged soot concentration is almost constant within
the radius of 20 mm; beyond this height, the radial soot profiles depict a
bimodal character with one of the peaks near the combustor axis.
Further, for axial heights above 35 mm, all locations show a decrease in
time-averaged soot concentrations with increasing axial height.
Comparison of the soot measurements between test case 1 and 2
highlights the effect of increased air flow rate on the time-averaged soot
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concentrations in these flames. A relatively small 6% increase in air
flow rate from test case 1 to 2 results in about 50% reduction in the
time-averaged soot volume fractions at all measurement locations, see
Fig. 4(c) and (d). Between test case 2 and 3, a similar decline in time-
averaged soot concentrations is observed as a result of a 6% increase in
air flow rate. The peak soot concentration of about 14 ppb in test case 2
reduces to about 8 ppb in test case 3 (not shown). Several measurement
locations in test case 3 produced very few LII signals during the data
acquisition period; therefore, these locations are assumed to have no
statistically significant soot concentrations.

3.3. Uncertainty in LIl measurements

The algorithm used to process LII data contains parameters whose
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Fig. 4. Time-averaged soot concentration profiles for test case 1 are shown in (a) and (b), whereas those for case 2 are displayed in (c) and (d). Lines through the symbols are provided to

guide the eye.
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Fig. 5. Radial profiles of measured soot volume fraction profiles (a & b) and primary particle diameters (c & d) in test case 1. Lines through the symbols are provided to guide the eye.

values are either not known with certainty or are prone to fluctuations
during the LII experiment [30,33,34]. The propagation of uncertainty of
the parameters through to the final soot volume fractions were esti-
mated using a Monte Carlo simulation [34]. In the current work, the
parameters include the voltage response of the PMTs, PMT gain vol-
tages, the spectral radiance of integration sphere, soot absorption
function values at two measurement wavelengths (440nm and
692 nm), thermal accommodation coefficient, soot density and ambient
gas temperature. An appropriate probability distribution was chosen for
each parameter and values were randomly drawn from this distribu-
tion. The randomly chosen value for each parameter was used for
computing the soot concentrations from the LII signals. This process
was repeated several times to obtain a distribution of soot concentra-
tion values for various parameter values. Subsequently, the probability
distribution of soot values was utilized to compute the 95% confidence
interval associated with the reported soot volume fractions [34]. It
should be noted that the soot measurements presented above utilize a
soot absorption coefficient and thermal accommodation coefficient
values of 0.25 and 0.3 respectively.

LII signals were collected from a point in the flame field with the
coordinates (x = 18 mm, y = 25mm) in test flow condition 1. The
time-averaged and measured soot values for this point are plotted in
Fig. 4(b) and 5(b) respectively. The LII signals, thus collected, were
grouped into batches of 10 signals and averaged for noise reduction.
Subsequently, each averaged signal was used for Monte Carlo simula-
tions of the measured soot value. The resulting distributions from each
LII averaged signal showed a log-normal shape. Because of its asym-
metry about the mean, the 2.5th and the 97.5th percentiles were uti-
lized for defining the 95% confidence interval for the systematic un-
certainty associated with measured soot concentration obtained from
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each averaged LII signal. Additionally, the LII signals were processed
for a fixed set of parameter values and the resulting soot concentration
was used for the random uncertainty quantification of the measured
soot values. The overall uncertainty was computed from the systematic
and random uncertainty related to each averaged LII signal, and the
longest confidence interval was chosen to encompass all possible soot
value in the combustor flame field. The final 95% confidence interval
for measured soot concentration spanned from —55% to +84% about
the mean value of 0.40 ppm. On the other hand, the primary particle
diameter distribution resembled a Gaussian shape. Hence the corre-
sponding 95% confidence interval was found to span + 45% about the
mean value of 35nm.

3.4. Correlating flow field and soot concentrations

Turbulence intensity along with time-averaged soot concentration
and primary particle diameter at an axial height of 25 mm are shown in
Fig. 6(a) and (b), respectively. The figures clearly show that soot is
mostly found in the interior of the IRZ, the boundary of which follows
the peak soot concentration. Additionally, the IRZ boundary also con-
tains the peak turbulence intensities, which is a result of considerable
velocity fluctuations but low mean velocity magnitudes. The ignition of
reactants happens near the IRZ boundary. In addition to being a site of
chemical reactions, the low mean velocity magnitude near the IRZ
boundary provides appropriate chemical kinetic time scales needed for
soot formation reactions. Hence, it is expected that near the IRZ
boundary the soot formation process exceeds the soot oxidation reac-
tions. However, the soot oxidation reactions near the IRZ boundary
seem to diminish the primary particle diameters, as shown in Fig. 6(b).
Hence, it is expected that an abundance of small primary particles
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Fig. 6. Radial profiles of turbulence intensity plotted along with (a) time-averaged soot concentration, and (b) primary particle diameter at an axial height of y = 25 mm. The dark
vertical line shows the IRZ boundary location at this axial height. Note that turbulence intensity is abbreviated as TI.

(compared to the rest of the flow field) produces a peak in the time-
averaged soot profile near the IRZ boundary.

When the air flow rate is increased, the local mean velocity mag-
nitude in the entire flow field increases. The higher mean flow speed
shortens the flow time available for the soot processes near the IRZ
boundary. Additionally, it is documented in the literature that for a
fixed fuel jet momentum, higher air flow rates strengthen the turbulent
mixing rates [2-4]. The higher mean flow speeds and enhanced tur-
bulent transport processes near the IRZ boundary suppress the soot
formation reactions and enhance soot oxidation, similar to the discus-
sion in [14,15] but for turbulent non-premixed jet flames. Reduced soot
formation and increased soot oxidation contributes to the intermittency
of soot events in the flow field. The combined effect is observed as the
significant reduction in the probability of detecting soot in the entire
flow field, including the IRZ boundary, for a relatively small increase in
the air flow rate. This argument is supported by the observation that
primary particle diameters decrease near the IRZ boundary, and this
reduction in diameter is larger at higher air flow rates, see Fig. 6(b).

The high intensity turbulent mixing processes near the IRZ
boundary transport the soot agglomerates to the interior of the IRZ.
Inside the IRZ, the soot faces the oxidative attack of the hot reaction
intermediates like OH. Soot particles surviving this oxidation can
eventually be transported to the combustor axis. Since the IRZ structure
is near-conical, an axisymmetric transport of soot towards the com-
bustor axis is possible. Additionally, the turbulence intensity in the IRZ
interior decreases with downstream locations, as shown in Fig. 3(b).
Hence, the chance of soot oxidation can be expected to fall with
downstream locations, thereby allowing more soot agglomerates to
accumulate near the combustor axis. This argument explains the peak
near the combustor axis in the time-averaged soot profiles for axial
heights below 25mm, Fig. 4(b). However, for axial heights above
25 mm, it seems that the soot particles must cover the considerable
radial width of the IRZ to reach the combustor axis. During the radially-
inward transport in the highly turbulent IRZ flow field, majority of the
soot agglomerates can be completely oxidized before reaching the
combustor axis. For this reason, at axial heights above 25 mm, the time-
averaged soot values at the combustor axis decrease with downstream
locations, Fig. 4(b) and (d). Nevertheless, for this axial height range, the
axisymmetric transport of soot particles from the IRZ boundary creates
a peak value at the combustor axis, Fig. 4(b) and (d). Note that the
measured soot values increase monotonically with downstream loca-
tions, thereby indicating that the large soot agglomerates which survive
the oxidative attack of OH radicals in the IRZ can reach the combustor
axis, Fig. 5(a) and (b). For axial heights above 40 mm, apparently most
of the time-averaged soot is spatially confined to the location of the IRZ
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boundary. The combustor axis vicinity becomes increasingly soot-free
with downstream heights for axial locations of 40 mm and above,
Fig. 4(b) and (c).

4. Concluding remarks

Swirl-stabilized turbulent non-premixed ethylene-air flames were
established in a gas turbine model combustor. The three-dimensional
velocity field was measured using stereoscopic particle image veloci-
metry and the time-averaged soot concentrations and primary soot
particle diameters were measured using laser induced incandescence.
These experiments were conducted separately, but under identical flow
conditions. Velocity and soot measurements were performed at three
global equivalence ratios. The velocity data captured the recirculation
zones separated by a zone of high velocity swirled inflow. The bound-
aries of the recirculation zones showed high turbulence intensities.
Most of the soot was confined to the inner recirculation zone, and the
regions having maximum time-averaged soot concentrations grew ra-
dially outward with increasing axial height. The time-averaged soot
concentrations showed significant reductions with small increases in air
flow rate. The intermittency of soot events at the measurement loca-
tions in the flame shaped the time-averaged soot profiles, rather than
the measured instantaneous soot values. The inner recirculation zone
boundary served as the location for the peak time-averaged soot volume
fractions at almost all axial heights and for all flow conditions. The
primary soot particle diameters derived from laser induced in-
candescence measurements covered a range from 30 to 50 nm.
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