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Abstract

Simultaneous, planar measurements of flame temperature (7), soot volume fraction (f,), primary
particle diameter (d,) and the derived number density of primary particles (N,) are reported in a
well characterized, lifted ethylene jet diffusion flame, both to increase confidence in measurement
accuracy and to provide new joint statistics. Planar measurements of temperature were performed
using non-linear excitation regime two-line atomic fluorescence (nTLAF) of indium with an
improved optical arrangement over those reported previously, and were found to yield good
agreement with previous measurements obtained with coherent anti-Stokes Raman spectroscopy
(CARS). Planar measurements of soot volume fraction and primary particle diameter were
performed using time-resolved laser-induced incandescence (TiRe-LII). On the flame centreline,
both the measured values of d, and f, grow with axial distance to peak near to the mid height of the
flame. The joint probability density functions (PDF) of the measured 7, f,, d» and derived N, were
obtained from the two-dimensional images and assessed at 15 locations in the flame
(5 radial x 3 axial locations). Strong correlations were found between f,, d, and N,, while they
exhibit a moderate correlation with flame temperature. The changes in PDFs with radial and axial
locations and the most probable values are also reported.

Keywords: flame temperature, soot volume fraction, primary particle diameter, turbulent flame,
simultaneous and planar measurement



1. Introduction

Reliable measurements of well characterised turbulent sooting flames are needed to support the
development and validation of predictive models, which in turn are needed to mitigate soot
emissions from practical combustion systems that cause deleterious effects on human health and
climate change [1-3]. It is also highly desirable that such measurements not only be well resolved
spatially and temporally, but also record multiple parameters simultaneously and in multiple
dimensions, due to the complex coupling between soot, turbulence, radiation and chemistry. Of
these, four parameters of particular interest for modelling soot evolution are soot volume fraction
(), primary particle diameter (dp), number density of primary soot particle (N,) and flame
temperature (7), which influence radiative heat transfer in turbulent flames. However,
measurements of these key parameters are rare. Previous studies reported measurements of planar
/v and laser-induced fluorescence (LIF) of polycyclic aromatic hydrocarbons (PAHs) [4], of
simultaneous f, and qualitative hydroxyl radical (OH) concentrations [5] and of simultaneous f, and
velocity [6]. Only a few simultaneous measurements have been reported of 7 and f, in turbulent jet
flames [7-10] and in pool fires [11, 12] and of f,, d, and N, in turbulent flames [13-15]. However,
none of these are well resolved both spatially and temporally and of known absolute accuracy,
which is desirable for model validation. There is therefore a need for new, more accurate and
comprehensive data in a well-characterized flame.

A vital aspect of determining absolute measurement accuracy is the need for independent
measurements of identical and well characterized flames with different methods. However, to date,
such independent assessments in turbulent sooting flames are rare, due the challenges of
performing measurement of key parameters in these environments [16]. For this reason, such
measurements are yet to be performed for 7, f,, d, and N,. While data are available for several target
turbulent sooting flames [17-21], the measurements reported by Kohler et al. [17, 21] are
particularly relevant. This is a non-premixed lifted turbulent ethylene/air jet flame with a relatively
simple burner configuration, a well-studied fuel of ethylene and sufficient soot concentration for
accurate measurement. These characteristics satisfy modelers’ needs regarding boundary
conditions and flame characteristics [22, 23]. Moreover, the authors performed comprehensive
optical measurements, including flame temperature using shifted-vibrational coherent anti-Stokes
Raman spectroscopy (CARS), flow velocity using particle image velocimetry, £, using planar laser-
induced incandescense (PLII) and planar laser-induced fluorescence (PLIF) of OH and PAHs [17,
21]. This relatively extensive data set makes this flame a good candidate firstly for assessment of
measurement accuracy through independent measurements, for example, of 7 and f,, secondly, for
the provision of new insight and data, though the simultaneous (and planar) measurements.

A key statistical parameter that is desired for the above flame is the joint probability density
function (PDF) of T and f,, which is important for accurate predictions of radiation and validation
of soot models. Very limited data of the joint PDFs of these two key parameters are available [7-
12], which is attributed to the challenging environments encountered by the diagnostic techniques
for simultaneous planar measurements. In particular, simultaneous measurements of £, using laser-
beam extinction and soot particle temperature using two-color pyrometry were performed in piloted
ethylene jet flames [7-10] and in JP-8 pool fires [11, 12]. This, involves a semi-intrusive, two-
ended optical-fiber probe, which integrates over a length of 5 or 10 mm. Alternative non-intrusive
optical thermometry methods, such as CARS, are challenging to perform concurrently with the LII
technique and have only moderate spatial resolution, typically of a few of millimeters [17, 21].
Simultaneous and instantaneous imaging of 7" and f, with a high spatial resolution of ~ 400 ym,
using nTLAF and PLII, has been demonstrated [18, 24]. However, these flames do not have
sufficient soot concentration with peak f, below 1.0 ppm and the temperature measurements by
Mahmoud et al. [18] have a relatively high uncertainty (~ 180 K). Significantly, this work does not



provide joint PDFs of T and f, [ 18, 24]. Hence, there is a need for reliable joint PDFs in turbulent
sooting flames, such as the chosen target flame studied by Kohler ez al. [17, 21]. The present study
is driven not only by the need for complete data in well characterized flames, but also by the need
for comparison of such data with previous measurements of the joint PDFs in other flames. There
is also a need for a quantitative comparison of the accuracy of the nTLAF method against the more
well-established CARS method. Such a direct comparison is yet to be reported in turbulent sooting
flames and is sought after prior to the application of nTLAF in highly turbulent sooting flames to
provide dataset for model validation.

The measurements of N, and d, are also important to advance understanding of the
mechanisms of soot formation and oxidation and validation of soot models. However, available
experimental data on N, and/or d, are mostly limited to laminar flames [25, 26] and are rare for
turbulent flames [14], especially that of simultaneous and planar data. While the thermophoretic
sampling technique can provide reliable and statistical information [27, 28], it has been limited to
point-wise measurements. The utilization of Rayleigh scattering and LII imaging for measurements
of N, and d) suffers from the assumption of scattering behavior for soot aggregates is neglected
[29] and has unknown accuracy in non-premixed turbulent flames. Planar measurements of dj, in
atmospheric flames with time-resolved laser-induced incandescence (TiRe-LII) has been found to
yield good agreement with results obtained with sampling thermophoretic method [30]. However,
TiRe-LII has mostly been applied to steady laminar flames [25, 26], with one exception of using
four sequential LII images in an unsteady premixed flame [31]. Therefore, there is a need to extend
the application of the instantaneous planar TiRe-LII technique into the turbulent flames, both to
advance the ongoing development of the TiRe-LII technique and to provide measurements of d,, in
turbulent flames, as well as values of N,, which can be derived from the measured values of d, and
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In light of the background described above, the present work firstly assessed the accuracy of
nTLAF through comparison with previous results measured with CARS in the selected turbulent
sooting flame. Then, simultaneous and planar measurements of 7, f, and d), using the combination
of nTLAF with TiRe-LII were performed at 15 different heights in the flame. The measurements
of f, and d), along the flame centerline were also compared with previous experimental and
simulation results. The radial profiles and the joint PDFs of the four key parameters, i.e. 7, f, dp»
and N,, are also presented.

2. Experimental arrangement
2.1 Burner configuration

The lifted non-premixed turbulent ethylene flame of Kohler ef al. [17, 21] was chosen to allow for
direct comparison of their measurements of 7" and f, to the data acquired in the present study. The
burner consists of a stainless steel tube with an inner diameter (d) of 2.0 mm and an outer diameter
of 6.0 mm. The fuel tube is tapered from the outer edge to a sharp edge at the exit nozzle over a
distance of 10 mm. A co-flow of air flow was delivered through a contraction with a square cross-
section of 310 mm x 310 mm at the upstream end, converging to 150 mm x 150 mm over a
distance of 450 mm, which differs slightly from the previous geometry [17, 21]. The tip of fuel
tube extends 50 mm above the air co-flow nozzle. The burner was mounted vertically and
positioned ~ 1.5 m beneath an exhaust hood and no influence of the exhaust hood on the flame was
observed. The burner was mounted on a traverse to translate the burner, with the hood, through the
optical measurement system.



The flame conditions are listed in Table 1. The instantaneous visible flame length fluctuates
between 400 mm and 500 mm and the lift-off height was 26.3 mm, determined by CH*
chemiluminescence. Both the flame length and lift-off height match well with values previously
reported [17], indicating that the original flame has been reproduced reliably in the present study.

Table 1: Operational conditions for the sooting, turbulent non-premixed ethylene flame.

Exit Reynolds number 10,000
Fuel mass flow 10.4 g/min
Co-flow air mass flow 320 g/min
Fuel temperature 298 +2 K
Ambient temperature 294+2 K
Mean fuel jet velocity 44 m/s
Lift off height 26.3 mm*
Power 8.7 kW
Flame length ~ 450 mm

*DLR flame reported a lifted height of 26 mm, as determined by OH*
chemiluminescence [17] and 22.3 mm by OH-LIF [21].

2.2 Temperature measurements with nTLAF

In TLAF measurements, the gas phase flame temperature is derived from the intensity ratio
between the two laser-induced fluorescence (LIF) signals of the tracer (e.g. atomic indium) excited
from two different lower states to a common upper state. The gas temperature, 7, can be calculated
using the following equation,

AE10/k
T =—7 F21(E02) . (D
In(535)- (o) e

Here the subscripts 0 and / denote the two lower electronic energy levels while 2 denote the
upper energy level. S is the collected LIF signal intensity, £ is the laser spectral power density, F
expresses the function of LIF signal as laser power. AE;, is the difference in energy between
electronic levels, and & is the Boltzmann constant. The system-dependent dimensionless calibration
constant, C;, is dependent on a number of experimental factors such as solid angle of signal
collection and collection efficiency of detector. The value of C; needs to be experimentally
determined through a calibration process, which is generally performed in a particle-free steady
flame, where the temperature can be measured with a thermocouple.

For the nTLAF measurement, two Nd:YAG pumped dye lasers (Quantel, TDL 90) were
employed to produce laser beams centred at 410.18 nm (the Stokes beam) and 451.13 nm (the anti-
Stokes beam) to excite seeded indium [32]. Indium nanoparticles was seeded into the flame with
an in-house laser ablation system [33, 34]. The nanoparticles undergo thermal decomposition
within the flame to release indium atoms. The excitation laser pulse energies were kept at 2.5 mJ
and 3 mJ, respectively, which are in the non-linear excitation regime. The two laser beams with a
~ 120 ns temporal separation were first combined using a dichroic mirror and then focused into a
laser sheet using a telescope, which results in an interrogation region with a thickness of ~ 0.4 mm
and a height of ~ 10 mm. The vertical energy profile of laser sheets was recorded with a CCD
camera (MegaPlus II, ES 4020) and used for the reference laser power to derive temperature. The



schematic diagram of the experimental set up for the combined nTLAF and TiRe-LII system is
shown in Fig. 1.

Laser-induced fluorescence (LIF) of indium was imaged using two intensified CCD (ICCD)
cameras (Princeton Instruments, PM4-1024f) both with a constant gate width of 30 ns and mounted
with an image-splitter (TwinCam, Cairn). Both camera gate widths cover the laser pulse. The
image-splitter was mounted with a common Nikon f/1.4 lens (f= 50 mm) for collection of the two
LIF signals and a long-pass dichroic beam-splitter (DMLP425, Thorlabs) for separation of the two
LIF signals. This arrangement avoids any influence of differential beam-steering on signal
collection, unlike early work [18, 24]. The in-plane spatial resolution was 67 x 67 um?. The
linearity response of both cameras has an R-squared value of >0.99 for over 50% of their full
dynamic range. Two customized narrow band-pass filters (Alluxa), which are centred at 451.4 nm
(FWHM =1.32nm) and 4104 nm (FWHM =1.08 nm), respectively, were employed for
fluorescence signals collection and spectral interference suppression, i.e. the LII signals, as well as
fluorescence of PAHs, which are all induced by the TLAF beams [35]. Both of the narrow band-
pass filters have a peak transmission of 95% and a high specified optical density (OD) of ~ 6.0 at
the excitation laser wavelengths to suppress laser elastic light scattering (ELS) signals from the
soot particles. These narrow-band filters increase both the precision and the accuracy of the
measurement [35]. In addition, a reduction in the laser fluence for the present nTLAF
measurements over previous configurations reduces the uncertainty due to the presence of the
spectral interferences, which has been reported previously to be 10 K at a location where the f, is
1.2 ppm [34]. With the current experimental setup, it was found that the temperature measurement
has a single shot precision of 120 K in a laminar sooting flame with a peak f, of ~7 ppm. This
uncertainty is conservative in the present turbulent flame given the lower soot loading. The
collection angle was verified to achieve uniform collection efficiency in the field of view in the
present study. For each flame height, 499 instantaneous shots were acquired. The acquired images
were then spatially matched and corrected for both dark charge and the laser sheet energy profile
on a row-by-row basis.

A soot-free premixed ethylene/air flame burning on a Santoro-type burner was employed for
the calibration of the nTLAF system, using the approach adopted previously [32]. The chosen flame
relied on previous studies that showed that the calibration constants are insensitive to fuel
composition and flame conditions, including temperature [32, 35]. The burner consists of two
concentric brass tubes of 11 mm and 98 mm inner diameter. Gaseous fuel was injected through the
central tube, while air was passed through the annular co-flow passage. The central fuel tube
extends 4 mm above the surface of the annular air co-flow tube. The flow rates were 0.53 L/min
for the CoHs fuel, 3.91 L/min and 127.7 L/min for the premixed air and co-flow air stream,
respectively. The flame temperature was measured along the centerline of the flame through the
height of the laser sheets using an R-type Pt/Pt-Rh 13% thermocouple with a wire diameter of
75 um (Omega, P13R-003). Radiation heat loss correction of the thermocouple reading was applied
to account for radiation loss from the thermocouple bead to the surrounding gas. This correction
involves an estimation of the energy balance between the energy received via conduction from the
gas and that lost via radiation from the thermocouple bead. A correction of 61 K was added to the
raw thermocouple measurement to correct for radiation heat loss. The agreements of the most-
probable values and PDFs between TLAF and CARS shown in Section 3.2 suggest that this is a
reasonable correction.
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Figure 1: Schematic diagram of the experimental setup for the combined
nTLAF and TiRe-LII measurements. M, mirror; DM, dichroic beam-
splitter; W, half-wave plate; P, Glan-laser polarizer; CL, cylindrical lens;
SL, spherical lens; F, band-pass filter; BS, prism beam splitter.

2.3 Soot volume fraction and primary particle diameter measurements with TiRe-LII

Soot volume fraction and matured primary particle diameter were measured with the TiRe-LII
technique described previously [34], while primary particle number density was derived from the
values of these two measured parameters by N,=£/(4/3w - d,’). Soot particles were heated with a
fundamental output (1064 nm) from a Nd:YAG laser (Quantel, Brilliant B) formed into a laser
sheet of ~ 0.6 mm thickness and co-aligned with the nTLAF laser sheets. This thickness is
determined by the sheet-formation optics system which is also used for the two nTLAF beams. The
1064 nm laser beam was firstly expanded (1:2) with two spherical lenses and then passes through
an iris and a rectangular aperture to select the central part of the beam. The height of the laser sheet
at the detection volume was ~ 30 mm, although only the LII image from the uniform central part
(~ 10 mm) was selected for the following data analysis. The laser fluence was kept at ~0.30 J/cm?
to ensure that the LII signal is independent of the excitation laser fluence variation without
generating significant soot sublimation [36]. Four sequential LII images were collected using four
ICCD camera heads (HSFC Pro, PCO) mounted with a 435 + 20 nm interference filter (Semrock,
Brightline FF02-435/40). The gate width of four cameras were all kept at 30 ns and were delayed
at 0, 60, 120 and 180 ns relative to the start of the laser pulse. The in-plane spatial resolution of
each camera images was 85 x 85 um?.

The prompt LII signal was used to determine £, and was calibrated by performing laser beam
extinction measurements in a steady ethylene/air non-premixed flame burned on the Santoro-type
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burner. The flow rate of ethylene through the central tube was kept at 0.175 L/min and the flow
rate of the co-flow air was 136.1 L/min, resulting in a flame length of 64 mm and a co-flow velocity
of 0.3 m/s. A continuous wave laser at 1064 nm was used for the extinction measurement, which
were performed at various heights to reduce the influence of primary particle variation through the
flame on the calibration. A value of K.=5.66 was chosen for the dimensionless extinction
coefficient to determine soot volume fraction [36].

The value of d, was evaluated from the four sequential LII images by comparing the ratios
of the collected signals with predictive ratios from a LII model [34, 37]. In this model, the soot
particles are assumed to be non-aggregated (soot particles are aggregated in the flame) and the soot
particles size to have a mono-disperse size distribution. This assumption results in an
overestimation of the absolute d, values, by up to a factor of 2 according to our previous
assessments in premixed ethylene/air sooting flames and studies from other groups [26, 38, 39].
This model was used to calculate theoretical values of intensity ratio between four collected signals
for d, between 5 and 100 nm with a 5 nm step. A constant gas temperature of 1800 K was assumed
in the model. The uncertainty associated with temperature variation is ~ 10% in the present study,
similar to previous findings [40]. The precision of the d, measurement is ~ 20%, as assessed in a
laminar sooting flame. While the absolute accuracy of the current TiRe-LII technique is limited,
the relatively high precision of the d, measurements allows good resolution of the spatial changes
to d, in the flame.

3. Results and discussion
3.1 Images of temperature, soot volume fraction and primary particle diameter

Figure 2 presents a collage of images of flame temperature, soot volume fraction and primary
particle diameter, all averaged over 499 shots, with the corresponding root-mean-square (RMS),
and an instantaneous counterpart. Images were collected at 15 heights above the burner to provide
data in all key regions of the flame. Mean temperature data in the present work were calculated in
two alternative ways to account for the minimum detection threshold of ~ 800 K in the nTLAF
method, which is due to the temperature sensitivity of the seeded indium [41, 42] or to the lack of
indium LIF signal in some locations due to insufficient seeding or oxidation of indium atoms in the
flame. In one method, the averaged flame temperature is calculated assuming that the temperature
of any data point for which no temperature measurement was obtained is ambient, i.e. 300 K,
denoted T<soox=300x. The second method removes such measurements, which corresponds to a
conditional measurement, denoted 7>spox. These two measurements can be considered as the lower
and upper bounds of the mean temperature, respectively, to provide confidence in the mean data
where the two methods agree. In addition, even in some regions where temperature > 800 K, there
are some local regions where atomic indium may not be available due to oxidation. The significance
of the minimum detection threshold of ~ 800 K is assessed by reporting the fraction of the data set
for which good data are obtained, termed Food data, 1.€. the fraction of the temperature data that is
> 800 K.

Slight asymmetry was found in all mean images of 7, f, and d,, which have higher value on
the left side (laser entrance) than the right side (not clearly shown in Fig. 2, see radial profiles of £,
in Fig. 5). The asymmetry persists after rotating the burner, suggesting that this asymmetry was
not caused by an uneven flow distribution. Furthermore, this finding is consistent with the
asymmetry in f, reported by Kohler et al. [21]. This asymmetry is likely to be associated with the
local laser fluence decrease when the LII laser sheet crosses the flame, which was caused by beam
steering and laser attenuation due to high local f,, and signal trapping [43, 44].



Figure 2a shows that a measurement of T'<spox-300x is obtained in most regions of the flame,
except near to the axis and with a flame height (%) between 40 and 120 mm. Figure 2b shows that
the soot starts to become detectable at a height of ~ 120 mm and extends to the flame tip ~ 420 mm,
similar to the temperature distribution detected with nTLAF. In the middle height regions of the
flame, 1.e. between 200 and 350 mm, the radial width of measured temperature is wider than f, and
dp, indicating nTLAF is capable of measuring temperature on either side of soot sheets. The
instantaneous images in Figs. 2d and 2e confirm that the region of measureable temperature is
instantaneously over a wider region than that of the soot, which is important for reliable joint PDFs.
The temperature RMS image shows that the radial fluctuations are small for 2 <230 mm and
increase towards the flame tip, consistent with single-shot images shown in Fig. 2d.

The peak f, in the mean image is ~ 0.52 and ~ 4.7 ppm at 2 =310 mm in the instantaneous
image, comparing with corresponding values of 0.54 ppm and 4.5 ppm at 2 = 300 mm reported by
Kohler et al. [21]. The average values of f, (Fig. 2b) are an order of magnitude lower than the
instantaneous values (Fig. 2d), consistent with previous measurements [5, 45], which is due to both
the highly intermittent nature of the soot distributions [19] and the isolated, highly-wrinkled
structure of the soot distribution. In the burnout region of the flame, i.e. # ~ 375 mm, although the
mean f, decays from the peak of 0.52 ppm at # =310 mm, the instantaneous f, can still reach a
maximum of 4.6 ppm, indicating the number of occurrence of detectable f, is less than at the lower
flame positions, consistent with findings from previous measurements [17, 19]. The dimension of
the soot sheets was found to be larger in the burnout region than that of lower flame locations, also
consistent with the previous measurements [17, 19] . It should also be noted that f, is detectable at
h ~ 425 mm in the mean image, while 7 is not detectable at this height. This may be because: 1)
nTLAF measurements were biased since indium was consumed and temperature is relatively cold
in this region; and 2) the fluctuation of £, is much larger than that of 7 due to rapid oxidation of
soot. The £, RMS distribution has a relatively high amplitude further from the flame centreline than
does the f, mean distribution, also indicating the highly fluctuating nature of the soot sheets in
turbulent flames, both in magnitude and spatial distribution. The comparison of instantaneous 7'
and f, images (Figs. 2d and 2e) reveals that soot sheets are generally found in a temperature range
between 1400 and 2000 K, on the rich side of the high temperature reaction zones, consistent with
earlier measurements [7, 9, 11].

Figures 2¢c and 2f show that d, grows from the outer edge of the flame at # = 120 mm towards
the central region at downstream locations, peaks at # = 310 mm on the axis with an averaged value
of 16 nm and ~ 80 nm in the instantaneous images, and then oxidises at the flame tip. The values
of d, are comparable with those measured by TiRe-LII in laminar ethylene diffusion flames [26,
40], in an unsteady ethylene/air premixed flame [34] and simulated results in a different ethylene
turbulent diffusion flames [46]. For 4> 150 mm, the d, RMS image has a similar width and
magnitude to the mean image, indicating the fluctuation in d), is less than that of f,, but larger than
that of 7.
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Figure 2: Pseudo colour images of: (a) the averaged flame temperature
(T<sook=300x) and corresponding RMS; (b) the averaged soot volume
fraction (f,) with a maximum f, = 0.52 ppm and corresponding RMS; (c)
the averaged primary soot particle diameter (d,) and corresponding RMS;
typical single-shot images of T (d) single-shot images of f, with a peak f,
of ~ 4.7 ppm and (e) single-shot images of d,.

3.2 Temperature data

Figure 3 presents the PDFs of flame temperature on the axis at selected heights, together with the
Gaussian fits, both for the present nTLAF measurements and for the previous CARS measurements
[21]. The distributions of the CARS measurements are scaled according to the CARS results at
h =208 mm. The nTLAF data presented were extracted from 499 (for Figs. 3a, 3c-f) and 998 (for
Figs. 4b and 4g) instantaneous image pairs, respectively, with each measurement averaged from a
sub-array of adjacent pixels to increase signal-to-noise ratio in the raw LIF images. Most data are
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reported from a 5 x 5 pixels array (0.33 x 0.33 mm?), while some data are reported from a lower
resolution of 0.4 x 0.4 mm? and a higher resolutions of 0.2 x 0.2 mm?, as shown in Fig. 3e. The
PDFs at measurement each location are calculated from a further array of 5 x 5 neighbouring
points, i.e. each measurement location has a total sample size of either 12475 or 24950
measurement points. The corresponding spatial resolution of the CARS measurement is
2.2 x 0.3 mm? and the corresponding number of samples is 1200 shots.

The temperature distributions from the nTLAF and CARS measurements are in good
agreement over the region between 158 < & <418 mm, as shown in Figs. 3c-g. The poor agreement
for 4 <78 mm, where the nTLAF distribution over-predicts the temperature statistics, can be
explained by the high probability that the temperature is below the lower detection limit of the
nTLAF technique as evident that Fgood dara < 0.36. This shows that the nTLAF measurements in
these regions should be treated with caution. Figure 3h shows that Feood dara 18 larger than 0.9 over
the region 158 </ <308 mm and is also greater than that of corresponding CARS measurements
in this same region. Furthermore, while the value of Fgooq dara decreases towards the flame tip for
h > 308 mm, the values of measured temperature are comparable with the CARS measurement
except for the region very close to the flame tip (2 = 420 mm), where Foood data 1S 24.1% and 61.2%
for nTLAF and CARS measurements, respectively.

The most probable values of measured temperature, denoted 7., are found to agree within
30 K for the nTLAF and CARS data over the range 158 </ <418 mm. The width of the nTLAF
data distribution is slightly wider than that of the CARS data for 208 </ <308 mm. This is
attributed to the combination of inter-pixel noise in the raw LIF images and to the variation in the
laser mode from shot-to-shot. Figures 3a-g present the PDFs from the nTLAF measurements with
a spatial resolution of 0.4 x 0.4 mm? (black dash line). They generally agree with the distributions
from the 0.33 x 0.33 mm? resolution (black line) and eliminate the high temperature portion in the
distributions. Figure 3e further presents the influence of spatial resolution on the measured
temperature. It can be seen that increasing the spatial resolution, and hence lowering the signal-to-
noise ratio, results both in a wider distribution of the PDF and in a higher value of 7}, than that
from the low spatial resolution. This trend is real, because high spatial resolution is subject to
increased noise in the temperature calculated from a larger number of samples, which will increase
the scatter in the temperature data. The spatial resolution of 0.33 x 0.33 mm? gives generally good
agreement with the CARS data, with the slightly wider distribution consistent with a slightly
smaller probe value, which is the reason that this spatial resolution has been selected for further
analysis.
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(h) presents the axial evolution of the fraction of good temperature data,
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from nTLAF data with different spatial resolutions to the 0.33 x 0.33 mm?
reference case.

Figure 4 presents the axial and radial profiles of temperature from the nTLAF and CARS
measurements [21]. As shown in Fig. 4a, both the values of T<spok=300x (black circles),
corresponding to the lower bound of mean nTLAF temperature, and the values of T-sopox (blue
circles) yield good agreement with the CARS data in the central region of the flame
(140 < 2 <300 mm). The convergence of T<spox=300xk With T>spox implies a high reliability of the
statistical measurements at these location. For 150 </ <130 mm and /4 > 300 mm, the value of
T'<sook=300k 1s lower than CARS data while the value of T>soox 1s higher, which is consistent with
low values of Fgood dara there. The same trends can be found in the radial profiles. Both the good
agreement between T<sook=300xk and CARS data and the overestimation of 7>spox compared with the
CARS data for » <5 mm at 2 =113 mm show that gases below 800 K within this region are
dominated by cold fuel gas. There is some disagreement between the three methods at 2= 113 mm
and » = 9 mm, where T<sook=300xk matches well with 7ok, but both nTLAF results are lower than
Twp and Tnean of CARS data by 186 K and 400 K, respectively. Towards the outer region, i.e.
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r>9 mm, the T>s00x and T<soox-300k increasingly deviate from each other again as expected, due
to the increasing significance of the temperatures below 800 K caused by the periodic entrainment
of cold ambient air. While no comparisons with the CARS data are available here, these upper and
lower-bounds to the data are nevertheless both useful. In addition, it can be expected that the upper-
bound approaches the unconditional value most closely near to the axis, while the lower bound
measurement will approach the unconditional value more closely as the radial distance from the
axis is increased.
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Figure 4: Comparison of the mean nTLAF data (0.33 mm resolution)
obtained from 499 images (here denoted as ADL nTLAF) with CARS data
obtained from 1200 shots (here denoted as DLR CARS). (a) Axial profiles;
radial profiles at (b) 2 =113 mm and (c) # =213 mm. The averaged lower-
bound temperature (7<soox=300) from nTLAF data is shown in black lines,
while the upper-bound conditional mean temperature (7>sook) is shown in
blue lines. The most probable (7,,) and mean (7yeqn) temperature from
CARS measurements [21] are shown in red squares and crosses,
respectively.
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3.3 Soot volume fraction and primary particle diameter

Figures 5a and 5b present comparisons of the axial profiles of measured f, and d), from the present
work with previous values of the measured f, [21]. The profiles from the present work is obtained
by averaging over 499 shots, while the previous data is averaged over 1000 shots. The two
measured axial profiles of £, are in good agreement with each other, with a maximum difference of
~13% for 200 <h <300 mm, and an agreement of within 5% for the other positions. For
h <150 mm along the axis, d, is below the detection limit of 5 nm. The measured d, starts to grow
with £, and peaks at # =310 mm on the axis with an averaged value of 16 nm. The mean d, then
decreases towards the flame tip at a rate faster than it grows, similar to the f, trend.

The radial profile of f, at four heights are shown in Fig. 5c and compared with the previous
measurements [17]. The profiles show that the peak value is away from the axis for 2 < 160 mm
and on the axis at more downstream locations. Very good agreement is found between the two sets
of the f, measurements, although the width of the present f, profile is somewhat less than the
previous one [17], as shown in Fig. 5c. Since the centerline £, profiles agree well, this difference in
width is unlikely to be due to misalignment of the laser sheet with the axis of the flame. It is possible
that slight difference in the environment, such as the influence of the ambient, may play a role, but
the reason for this discrepancy is still unclear. Distinct asymmetry can be seen for # > 120 mm in
both £, profiles, which is attributable to a reduction in the laser fluence with propagation distance
by the high f, and/or by the influence of beam steering due to turbulence.
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Figure 5: (a) Mean axial data of measured d), from the present study. (b)
Comparison of the present and previously measured [17] mean axial data
of fv. (¢) Comparison of the present and previously measured [17] mean
radial profiles of £, at selected heights. The measurements from the present
study are denoted as ADL and from the previous study [17] are denoted as
DLR.

3.4 Radial profiles of temperature, soot volume fraction and primary particle diameter

Figure 6 presents the mean and RMS radial profiles of 7, f,, d, measured at six axial locations. The
presented mean temperature profiles are calculated by assuming that any data points for which no
temperature measurement was obtained is ambient, i.e. T<goox=300x. The radial profiles of 7 at the
first three flame heights (x/d = 67, 80 and 105, where x is the distance along the flame axis and d
is the inner diameter of the burner exit nozzle) show a trend of increasing with increasing radial
distance from the centerline, followed by a decrease towards the flame edge. For these three axial
locations, both the rates of increase and decrease are most pronounced at the base of the flame, i.e.
at x/d = 67. The corresponding radial profiles of £, and d, follow the same trend. While the RMS
values for 7'and d, measurements are lower or comparable to the mean values, the RMS values for
f» are always higher than the mean values, consistent with a highly intermittent distribution of f,.
At x/d =187, the RMS values of f, are more than two times larger than the mean values, indicating
high intermittency as well as rapid soot oxidation in these regions.
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Figure 6: Radial profiles of the mean and RMS of temperature (7<sook=300k),
soot volume fraction and primary particle diameter at various axial (x/d)
locations.

3.5 Joint statistics of 7, f,, d, and N,

Three radial locations at five flame heights have been selected to analyse the instantaneous
correlations between 7, f,, d, and N,. The three radial locations at each flame height are on the
centreline and at 50% and 90% of the half width of the soot zone (denoted as ), respectively. In
addition, they are all on the laser entrance (i.e. the left) side of the flame. The soot zone width is
determined from the contour of £,. The position at which the joint statistics were obtained relative
to the mean f, image is illustrated by the black dots in Fig. 7.
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Figure 8 presents the joint PDFs between T and f,. The pseudo colour contours represent the
probability, while the outer blue line defines data within plus or minus two times of the standard
deviation of the set. These statistics from the instantaneous data show that a strong but not circular
correlation distribution exists between 7"and f at all chosen locations. The distributions of the PDFs
show a strong dependence on axial distance, while the dependence on radial distance is much
stronger near to the base of the flame than at the tip. This is broadly consistent with previous
findings reported by Mahmoud et al. [18], Coppalle ef al. [7] and Shaddix et al. [10], although the
present work finds a stronger dependence on radial distance near to the base of the flame. On the
axis of the flame, soot is typically formed at gas temperatures between 1400 and 2000 K with the
peak f, found between 1550 and 1750 K. These gas temperatures are higher than previously
reported values of soot temperature between 1500 and 1700 K [7] and between 1350 and 1550 K
[10], which were obtained at different flame conditions and with different measurement techniques.
The range of f, is very large, varying over some two orders of magnitude, similar to earlier findings
[7, 10]. The distribution of 7" along the axis is widest near to the middle of the flame where f, peaks,
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while the width of this peak also increases with radial distance, particularly at upstream locations,
1.e. near to the base of the flame. This is slightly different from the trends reported previously, in
which it was found that the joint PDF between 7 and f, is mainly dependent on the axial distance
and only very weakly depend on radial location [18]. That is, the nature of the distribution depends
strongly on the position within the flame, so that no simple relationship between 7 and f, can be
applied generally throughout the flame.

Along the centreline of the flame, the most probable f, is ~ 0.02 ppm, at x/d = 67, increasing
to ~ 0.1 ppm for 105 <x/d < 132 mm and then decreasing slightly to 0.08 ppm at x/d = 155. At the
flame tip, x/d =187, the most probable f, decreases to ~ 0.02 ppm. The most probable
corresponding temperature, which increases with axial distance and then slightly decrease at the
flame tip, are 1420 K, 1500 K, 1640 K, 1900 K and 1850 K respectively. These trends of most
probable 7 and f, are with good qualitative agreement with the measurement of Shaddix et al. [10]
at x/d = 140 and x/d =200. Although their most probable values of f, are somewhat higher at
~ 0.4 ppm for x/d = 140 and 0.1 ppm for x/d = 200. However, these differences are not inconsistent
given the larger size of their flame, their use of a pilot to achieve an attached flame instead of the
present lifted flame and different measurement techniques. In Fig. 8, similar trends in the most
probable values of 7" and f, can be found at R = 0.5/, with a slightly smaller change in the most
probable £, with the axial distance. At the flame edge of R = 0.9W; neither the most probable values
of Tnor f, change much. From the flame centreline to R = 0.5}, both the value of the most probable
f» and the number of events with high f, decrease, while the most probable value of T increases,
consistent with an increasing probability of oxidation through the high temperature region. It is
worth noting that, the most probable values of f, in the joint PDFs are some four to five times lower
than the corresponding mean values of f, = 0.45 ppm at x/d = 132. They are also lower at x/d = 105
and 155 by factors of about three and five, respectively. This is found to be consistent not only with
the large value of RMS of f, shown in Fig. 2b, but also with the very large difference between
instantaneous and mean values.
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Figure 8: Joint PDFs of T and f, at selected axial and radial locations (see
Fig. 7 for positions). Statistics were calculated from 499 image sets over
an area of 5 (radial) x 3 (axial) mm?, i.e. 15 x 9 neighbouring points, each
binned from 5 x 5 pixels.

Figure 9 presents the joint PDFs between d, and f,. A strong correlation exists between d,
and £, at all locations, which is broadly consistent at all axial and radial locations. The trend is
clearly shown by comparing the joint PDFs data with a reference curve shown in all subfigures.
The reference curve is fitted for the joint PDF data at x/d = 105 and R = 0 Wybased on a power-law
function. For all locations, the most probable value of d, is between 8 and 18 nm, while the
corresponding most probable f, is between 0.1 and 0.5 ppm. Large primary soot particles with
dp > 30 nm mostly correspond to f, > 1 ppm. There is a slight trend of data being below the
reference power-law curve near to the edge of the flame, showing that diameter relative to volume
fraction decreases with radial distance. This decrease is associated with an increased significance
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of oxidation, although more data is required to quantify the role of oxidation in this process. It is
also significant that the range in the distribution of range of d,, increases with both axial and radial
distance. The greater prevalence of larger particles can be deduced to be associated with the
increased significance of surface growth and coagulation, although again more data are required to
quantify their role. The span of d}, is much greater toward the flame tip, even though it falls closely
on the power-law curve throughout. At downstream flame locations, the increase in the distribution
range of d, with axial distance is consistent with a much wider range of evolution of soot particle
histories. At the centreline, both d), and f, grow from x/d = 67 to x/d = 155 mm and the mean value
of d, decreases slightly at the flame tip. Similar trends can be found at R = 0.5Wrand 0.9W}. The
width of d), for a given f, value decreases radially from the centreline to the flame edge, while the
maximum d, increases radially for a given height.
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Figure 9: Joint PDFs of d, and f, at selected axial and radial locations.
Statistics were calculated from 499 image-sets over an area of
5 (radial) x 3 (axial) mm?, i.e. 15 x 9 neighbouring points (with each point
binned from 5 x5 pixels). The red line corresponds to a power-law
function fitted from experimental data at x/d = 105 and R =0 Wy

Figure 10 presents the joint PDFs between 7" and d), at selected locations, showing a strong
correlation between 7 and d,, on the axis and near to the base of the flame. This correlation becomes
weaker with an increase in both axial distance towards the tip and with radial distance toward the
flame edge. That is, both the value and the range of the most probable d, increases with axial and
radial distance. Also, the small soot particles are found at a wider range of T than the larger soot
particles, which is consistent with previous finding in laminar flames [47]. At any given positions,
the most probable 7 is almost independent of d,, except near to the tip, where there is a weak trend
that the larger soot particles are most likely at relatively low temperature ranges. This is consistent
with the joint PDFs of 7 and f,, as shown in Fig. 8. It should also be noted that soot particles of
different sizes can be found at the flame edge, where f, is small (in Fig. 8).
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Figure 11 presents the joint PDFs between N, and 7. For all locations, the most probable N,
is between 10'° and 10'® m, and decreases from the flame axis towards the flame edge, while the
corresponding most probable 7 varies with flame locations. The most probable N, increases axially
from the flame base to x/d < 132, indicating soot inception takes places in these regions. The most
probable N, then decreases towards the flame tip, suggesting soot particle oxidation. The value of
N, reaches a maximum of 7.0 x 10'7 m™ at x/d = 105 on the flame axis. Also, the maximum value
of N,, decreases from flame centre towards flame edge at all selected flame heights, while the value

of most probable N, decreases with radial distance.
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Figure 11: Joint PDFs of N, and T at selected axial and radial locations.
Statistics were calculated from 499 image-sets over an area of
5 (radial) x 3 (axial) mm?, i.e. 15 x 9 neighbouring points (with each point
binned from 5 x 5 pixels).

Figure 12 presents the joint PDFs between N, and f,. The value of N, increases with the
increase of f, for f, < 0.4 ppm and decreases when f, exceeds 0.4 ppm. The latter trend may attribute
to high number densities of young soot particles cause intense coagulation and agglomeration and
result in a sharp decrease in number densities. This trend is also found consistent with previous
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measurements in laminar flames [48]. The maximum value of N, in all cases is ~ 5.0 x 10" m™3

and the corresponding f, is ~ 0.4 ppm. The joint PDFs of N, and f, were fitted with a power-law
function, i.e. Ny(f,) = a X f,7. A reference power-law function, which is calculated from the
PDF at x/d = 132 and R = 0W}, was plotted against experimental data in all subfigures in Fig. 12,
to identify the trend of the PDFs. Figure 13 presents the fitting coefficient, b, here denoted Ky, for
selected axial and radial locations. For f, < 0.4 ppm, it can be found that the value of Kyrdecreases
with flame heights of x/d < 155 and then increases towards the flame tip, as shown in Fig. 13a. For
f»> 0.4 ppm, the value of Kyrincreases with flame heights at all three selected radial locations, i.e.
the decrease in N, with the increase of £, decreases at downstream locations when compared to
upstream locations, as shown in Fig. 13b. The decrease in N, with the increase in d), increases from
the centreline of the flame towards the flame edge, as shown in Figs. 13c and 13d.
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Figure 12: Joint PDFs of N, and f, at selected axial and radial locations.
Statistics were calculated from 499 image-sets over an area of
5 (radial) x 3 (axial) mm?, i.e. 15 x 9 neighbouring points (with each point
binned from 5 x 5 pixels). The red line corresponds to a reference power-
law function fitted from experimental data at x/d = 132 and R = 01}
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Figure 13: Coefficients of the fitted power-law function for experimental
data between N, and f,, along (a and b) the axial and (c and d) radial
direction. The coefficients are for f, < 0.4 ppm (a and c) and £, > 0.4 ppm
(b and d).

Figure 14 presents the joint PDFs between N, and dp. A strong correlation can be seen
between N, and d,, at all selected locations. At the base of the flame (x/d = 67 and 105), N, increases
with the increase of d), for d, < 12 nm, indicating that the soot inception by coagulation of PAHs is
taking place in these regions. At downstream and outer radial locations, where d, > 12 nm, N,
decreases with the increase of d,. This is consistent with an increased significance in coagulation
and growth. This finding is also consistent with previous findings in the laminar flame that zones
with high N, contain particles with small d, [14, 48, 49]. It is worth noting that at x/d = 132 and
155, the most probable value of N, decreases from 5.0 x 10'” m 3 to 1.0 x 10" m"? from the central
flame region towards the flame edge, while the corresponding most probable d, is shifted from
30 nm to 50 nm, indicating that the large soot particles are brought by turbulent transport rather
than formed by coagulation of small soot particles, consistent with previous findings [14]. The

correlation between N, and d), can be described by a power-law function: Np(dp) =a X dpb. A

reference power-law function, which is calculated from the PDF at x/d = 132 and R = 0.5W}, was
plotted against experimental data in all subfigures in Fig. 14, to identify the trend of the PDFs for
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dp > 12 nm. Figure 15 presents the coefficient, b, here denoted Kyu, for selected axial and radial
locations. It can be found that the value of Kys increases with flame heights at all three selected
radial locations, i.e. the decrease in N, with the increase of d, decreases at downstream locations
when compared to upstream locations, as shown in Fig. 15a. The decrease in N, with an increase
in d, decreases from the centreline of the flame towards the flame edge at x/d = 105 and x/d = 132,
as shown in Fig. 15b. At the flame tip, the decrease in N, with an increase of d, is almost same for
all selected radial locations.
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Figure 14: Joint PDFs of N, and d, at selected axial and radial locations.
Statistics were calculated from 499 image-sets over an area of
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5 (radial) x 3 (axial) mm?, i.e. 15 x 9 neighbouring points (with each point
binned from 5 x 5 pixels). The red line corresponds to a reference power-
law function fitted from experimental data at x/d = 132 and R = 0.5W.
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Figure 15: Coefficients of the fitted exponential function for experimental
data between N and d,, along (a) the axial and (b) radial direction.

4. Conclusions

The current simultaneous measurements of 7, f,, d, and N, with the nTLAF and TiRe-LII
techniques yield generally very good agreement with previous measurements of 7 and f, in a well-
characterised turbulent ethylene sooting flame obtained using CARS and PLII [17] and also provide
significant new insight. The most probable temperature matches previous measurements to within
30 K, while the mean temperatures agree well at those locations where the more than 90% of the
data are within the detection limit. A criterion has also been determined that enables unambiguous
determination of where unconditional statistics obtained with nTLAF are reliable, i.e. where the
upper-bound and lower-bound calculations of the mean temperature converge. For the present
flame, this condition applies for most of the central region of the flame. The PDF of the temperature
measurements also agree well for the nTLAF and CARS measurements where the spatial resolution
is similar. However, the desirability of a further increase in both the spatial resolution and signal-
to-noise ratio was highlighted, with the measurements being sensitive to these parameters.

The present measurements have provided the mean and RMS values of 7, f,, d, and N, along
the flame centreline and radial profiles at various flame heights, which can be used for the
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validation of the mechanisms of soot formation and oxidation in turbulent flames. Moreover, the
key findings from the joint PDFs of 7, f,, d, and N, in the present work are as follows:

1.

The joint PDF of T and f, reveals a significant dependence on radial distance near to
the base of the flame, beyond which the dependence is mainly on axial distance. This
finding is broadly consistent with previous findings [18].

Both the qualitative trends and quantitative values of the joint PDF of T and f, appear
to be consistent with previous independent optical measurements [10], given the
differences in the flames and measurement techniques. It was found soot is typically
formed between 1400 and 2000 K with the peak f, occurring between 1550 and
1750 K on the axis.

From the joint PDFs of 7" and f,, the value of T corresponding to the most probable f,
increases along the axis from one fourth to three quarter of the flame, while the most
probable f, at these locations was found to be ~ 0.05 + 0.04 ppm and three to five
times lower than the mean f, values. The distribution of temperature is widest at the
most probable value of f, values at all selected flame locations and is widest at the
middle of the flame where f, peaks.

A strong correlation was found between d, and f, for all selected flame locations and
this relationship can be well described by a power-law function that varies little
throughout the flame. Nevertheless, the range of d, increases significantly with both
radial and axial distance, particularly the latter. The most probable d, is between 8
and 18 nm and the corresponding most probable £, is between 0.1 and 0.5 ppm. Soot
particles with d, > 30 nm mostly corresponds to f, > 1 ppm.

The joint PDFs between 7 and d, reveals that the small soot particles distribute in a
wider temperature range than the larger soot particles. The large soot particles are
found at relatively low temperatures.

A moderate correlation was found between N, and 7, which varies with both radial
and axial distance through the flame. The most probable N, is between 10'¢ and
10" m3, and decreases from the flame axis towards the flame edge, while the
corresponding most probable 7 varies with flame locations.

A strong correlation was found between:

a. The relationship between N, and f, varies little throughout the flame for all selected

flame locations. The joint PDFs of N, and f, show that N, increases with an increase
in £, for £, < 0.4 ppm and then decreases when f, exceeds 0.4 ppm, with a maximum
value of N, ~ 5.0 x 10! m™;

. The relationship between N, and d, varies little throughout the flame for all selected

flame locations. It was also found that N, increases with an increase in d, for
dp <12 nm and decreases for d, > 12 nm.
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