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Abstract
Simultaneous and planar measurements of 
ame temperature (T ), soot volume fraction (fv)
and primary particle diameter (dp) in forcing and turbulent sooting 
ames have been reported
by our group. This paper particularly presents the core details of the experimental setup that
combines non-linear two-line atomic 
uorescence (nTLAF) and time-resolved laser-induced
incandescence (TiRe-LII). The measurement accuracies and precisions are assessed. 1

1. Introduction
There is an ongoing need for new techniques to achieve the simultaneous measurement of
multiple critically important parameters in multiple dimensions in turbulent sooting 
ames,
because of the non-linear and coupled interdependence between turbulence and chemistry.
These parameters include 
ame temperature (T ), soot volume fraction (fv), mixture fraction
and soot dimensions (primary particle diameter dp, and aggregate size, Rgm1). Laser-based
optical techniques are recognized as powerful tools, e.g. [1, 2, 3, 4, 5], although their applica-
tion to turbulent sooting 
ames remains very challenging [6]. Indeed, even the measurement
of fv, using the relatively mature laser-induced incandescence (LII), requires substantial fur-
ther development [7]. In addition, all of these parameters are coupled together in 
ames,
with soot formation being a temperature dependent process and 
ame temperature being
dependent on soot thermal radiation, which is a function of both fv and dp. Furthermore, in
a turbulent 
ame, both the turbulence and chemistry are non-linear and also span some 10
orders of magnitude in length scale. Therefore, simultaneous measurement of all of the above
parameters in multiple dimensions is desirable. Of these, the measurement of fv, T and dp in
sooting 
ames are most advanced. However, their simultaneous, planar measurement with
high spatial and temporal resolution had not been reported untill our recent two works [8, 9].

Compared with T and fv, single-shot planar techniques to measure dp are particularly
under-developed. The so-called RAYLIX method, despite its attractiveness as a relatively
simple technique, is of questionable accuracy because that the scattering behavior of soot ag-
gregates is neglected [10, 11]. The method of combining LII and elastic light scattering (ELS)
for simultaneous measurement of dp, fv and Rgm1 is presently limited to point-wise detection
[3, 12]. Time-resolved LII (TiRe-LII) has been widely used to measure dp in 
ames, how-
ever, most previous TiRe-LII measurements are limited to pointwise detection or in steady

ames without temporal resolution, e.g. [13, 14, 15, 16, 17, 18, 19, 20, 21, 22], which is of
limited value in turbulent 
ames. Recently, Sun et al. demonstrated the single-shot imaging
of dp, simultaneously with fv, in unsteady pre-mixed 
ames measured with planar TiRe-LII
using four successive LII images, together with a model of the TiRe-LII process [23]. This
work showed that dp is very sensitive to local 
ame conditions. Cenker et al. performed

1A Part II is also presented in this conference, highlighting the signi�cant values from the simultaneous, planar and quan-
titative measurements using this setup



two-time-step LII to image dp in a high-pressure diesel combustion vessel, also together with
a model, and compared the results with those obtained from thermophoretic sampling [24].
Their accompanying sensitivity analysis suggests that the accurate calculation of dp from
these parameters should employ a local and simultaneous measurement of 
ame tempera-
ture as an input to the model [25]. This is a point also discussed and identi�ed elsewhere
[13, 26]. For example, Hadef et al. incorporated 
ame temperature information, obtained
from non-simultaneous coherent anti-Stokes Raman spectroscopy (CARS) measurements, in
a gated TiRe-LII measurement [13]. However, no quantitative assessment of this correction
is available in turbulent 
ames, even for point-wise TiRe-LII since this requires simultaneous
measurement of 
ame temperature. This also motivated us to develop a nTLAF+TiRe-LII
combined setup.

Several laser techniques have been explored for instantaneous measurement of T in sooting

ames, such as �ltered Rayleigh scattering (FRS) [27, 28], the widely used pointwise CARS
[4, 13, 29, 30] and the novel planar CARS [31, 32], as well as two and two-line atomic

uorescence (TLAF) using atomic indium [33, 34]. Each of these methods are evolving rapidly
with complementary strengths and limitations, so that each is likely to play important roles
in advancing understanding of turbulent sooting 
ames. We have chosen TLAF working in
non-linear saturation regime, i.e. nTLAF, for the present investigation because of its strong
signal-to-noise ratio on the rich side of the reaction zone, where soot is present. Simultaneous
imaging of T and fv using nTLAF+LII has been demonstrated in both the unsteady laminar
[35, 9] and highly turbulent soot 
ames [36, 8] by our group. Particularly in our recent works
[8, 9] a new nTLAF setup, combined with TiRe-LII [23], was applied. The improvements in
the new setup made the measurement of fv in turbulent sooting 
ames with fuels of interest
for research, such as ethylene, to be possible, where the peak value of fv can reach up to 5
ppm [4, 5, 37]. However, core details of this nTLAF+TiRe-LII arrangement, details of data
processing and the accuracy and precision of the method remain to be reported.

In light of the above background, the speci�c aims of the present investigation are (1)
to present core details of the optical arrangement of the setup for single-shot, simultaneous
measurement of fv+T+dp in two dimensions, (2) to present details of data processing and
(3) to assess the precision and accuracy of the measurements.

2. Experimental and data processing
2.1 Burner and 
ames
An ethylene/air di�usion sooting 
ame was stabilized on a Santoro-type burner at atmo-
spheric pressure. The burner consists of a 10.5 mm inner-diameter (ID) fuel pipe centered
in an outer tube (ID = 97.7 mm). The central fuel tube extends 4 mm above the tip of
the co-
ow tube that houses stainless steel honeycombs (ID = 1 mm) for 
ow straightening.
A steady, laminar and axis-symmetric sooting 
ame was generated. The fuel 
ow-rate was
0.183 (�0.003) standard liters per minutes (SLM) at 20 oC, while that for the outer air is
284 SLM, resulting in a 
ame of �64 mm in height. This 
ame is consistent with a 
ame
reported previously [13], enabling the comparison of experimental data.

2.2 Optical setup
Figure 1 presents a schematic diagram of the optical setup, which is a combination of nTLAF
and TiRe-LII. Two Nd:YAG pumped dye lasers were used to provide the excitation beams
for nTLAF measurements, while signals were collected using two intensi�ed CCD (ICCD)
cameras. The fundamental output of a Nd:YAG laser (Brilliant B) was used in TiRe-LII
measurements and four successive images were collected using an HSFC camera bundle.



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 �lter; BS, prism
beam splitter.

.

All lasers and cameras were externally trigged with an in-house timing system, and a timing
feedback loop was used to synchronize all cameras. The lasers were �red at 10 Hz sequentially
as tlaser@450nm = 0 ns, tlaser@410nm = 120 ns and tlaser@1064nm = 1000 ns. Indium particles
were generated using a optical seeding system, not shown in Fig. 1, and transported to the

ames following the fuel gas.

2.2.1 nTLAF
With nTLAF, the 
ame gas-phase temperature, T , is derived from the intensity ratio of
two 
uorescences from a tracer species (here atomic indium) sharing a common upper state,
namely the Stokes and the anti-Stokes processes. This can be expressed as Eq. (1)

T =
�E
k

lnGas(Ias)
Gs(Is)

� lnFas
Fs

+ CT

(1)

where the sub- and super-scripts s and as denote the Stokes and anti-Stokes processes,
respectively. Here also, �E is the energy di�erence between the two lower states, k is
Boltzmann's constant, F is the 
uorescence intensity, I is the excitation laser 
uence and
the parameter CT is a system-dependent calibration facto determind experimentally. Up to
the regime of laser 
uence, TLAF is grouped as linear TLAF [33], nTLAF [34] and saturated
TLAF [38], for which the LIF signals as a function of laser 
unece can be generally expressed
as F=a�I=(1+b�I). Considering the challenge in achieving homogeneous laser 
uence on
the cross section of a laser sheet, a general function of F=G(I) may be more suitable applied



in Eq. (1). The functions of Ga and Gas may not exactly follow the equation F=a�I=
(1+b�I), therefore, they were experimentally determined through a �tting process.

The present nTLAF arrangement generally follows the one described previously [34],
but incorporates signi�cant new features. The two excitation beams at 410.18 nm (Stokes)
and 451.13 nm (anti-Stokes) had a temporal separation of �120 ns. They were combined
with a dichroic mirror (DMLP425, Thorlabs) and reformed into a laser sheet of �350 �m
thickness. The averaged laser 
uence was kept at �0.03 J/cm2 for both transitions, which
is in the non-linear excitation regime. A higher laser 
uence can potentially in
uence the
subsequent TiRe-LII measurements at �1 �s later. The prism-based beam expanders in the
dye laser oscillation cavities were removed to broaden the laser line width to increase the
spectral overlap coe�cients between the lasers and indium absorption. Up-beam from the

ames, a small portion (�10%) of the laser sheets was re
ected into two cuvettes �lled with
distilled water and 300 nm (diameter) TiO2 particles. Laser scattering was recorded with a
CCD camera (MegaPlus, ES4020) to provide shot-to-shot corrections for variations in beam
pro�les.

Laser-induced 
uorescence (LIF) of atomic indium was recorded using a new detection
setup that comprises an image-splitter (TwinCam, Cairn) and two intensi�ed CCD cam-
eras (ICCD) through a 50 mm, f/1.2 lens. A long-pass dichroic beam-splitter (DMLP425,
Thorlabs) was installed within the TwinCam image-splitter to separate the two LIF sig-
nals at 451.13 nm (Stokes) and 410.18 nm (ansti-Stokes). Two customize narrow-band pass
�lters (Alluxa) were employed to suppress laser-induced broadband interferences and laser
scattering from soot [39], centered at 410.4 and 451.4 nm with a full-width at half maxi-
mum (FWHM) of 1.08 and 1.32 nm, respectively. These �lters have a high optical density
(OD>6.0) and >90% transmission. The system OD is estimated to be >8.0 at the laser
wavelengths, taking into account the blocking function of the dichroic beam-splitter (DM3).
The ICCD cameras (PI-MAX4, 1024f with GenIII HBf intensi�ers) have quantum e�ciency
(QE) of 39% at 410 nm and of 50% at 451 nm. The in-plane spatial resolution of each camera
images was 66�66 �m2 and an integration time of 30 ns was chosen for both.

Micron- and nano-sized indium particles were seeded into the 
ames via a laser ablation
setup [40, 41]. The power of the ablation laser (532 nm in wavelength and �6 ns in duration)
was kept at 6 mJ/pulse at 10 Hz. No in
uence of either the ablation shocks or the indium
seeding was detectable on either the 
ame shape or the LII images.

Calibrations for Gs, Gas functions and CT factors in Eq. (1) were performed within
the product zones of two non-sooting Bunsen-type ethylene/air 
ames burning 0.56 and
0.60 SLM ethylene premixed with 5.0 SLM air, respectively, stabilized on the same burner.
In the calibration process of Gs, the 
uence of the Stokes beam was varied using natural
density �lters, while that of the anti-Stokes beam was kept as constant. The intensities of
Stokes 
uorescence were �rstly divided by the corresponding anti-Stokes signals to correct the
variation of atomic indium concentration during data collection. The relationship between the
corrected Stokes signals, i.e. the values of Fs/Fas, and the laser scattering intensity was �tted
to get Gs in Eq. (1). The same process was also performed for the anti-Stokes process to get
the Gas function. To calibrate the system factor CT , the temperature of the two calibration

ames needs to be assessed using alternative methods. In the present work, two methods were
used. One was thermocouple measurement, in which a 75 �m R-type thermocouple (R13R-
003, Omega) with a +61 K radiation correction was used. The other was the adiabatic 
ame
temperatures calculated using the ChemKin software. It was found that adopting the �rst
reference temperature (thermocouple results, �1900 K) in CT calibration, nTLAF results
in sooting 
ames were lower than previous results from CARS measurements, while those



calibrated by the adiabatic temperatures (2202 and 2267 K) agreed well (as is shown in
Section 3.1). This may be because the thermocouple is not suitable for measuring such high
temperatures that are �2200 K. Therefore, all the data reported here was calibrated against
the 
ame adiabatic temperatures.

Both the processes of calibration and temperature measurements have been performed
line-wise across the laser sheets, i.e. row-by-row across all images. This can be understood
as multiple line-wise nTLAF were performed simultaneously, and in each line-wise nTLAF
the laser beam is approximately homogeneous spatially.

2.2.2 TiRe-LII
The TiRe-LII arrangement follows that described previously [23]. The four cameras were
delayed at 0, 80, 160 and 240 ns relative to the laser with a same integration time of 30 ns.
Prompt LII images were calibrated to deduce fv, while images of dp were evaluated from the
delayed LII images by comparing with theoretical values calculated with a LII model [23, 42].
A �lter transmitting 408-460 nm light (Brightline FF02-435/40, Semrock) was used to collect
LII signals. The in-plane spatial resolution of each camera images was 85�85 �m2.

The laser 
uence was set to 0.30 J/cm2 for all LII measurements. This value was chosen
through the measurement of prompt LII intensity and soot temperature as a function of laser

uence. This laser 
uence is su�cient to saturate soot particles of di�erent size, but does not
generate signi�cant soot sublimation. Figure 2 presents the prompt LII signals in the steady
sooting 
ame recorded simultaneously via two bandpass �lters centered at 450 nm (FWHM:
�5 nm) and 700 nm (FWHM: �20 nm). These were averaged over an area of 0.5�0.5 mm2

both at the centerline (denoted center) and at the region with the maximum soot volume
fraction in the wings (denoted edge) at height above the burner (HAB) of 25 mm, aiming to
assess the in
uence of dp on selection of LII laser 
uence. Soot temperature was calculated
from the two-color prompt LII signals. Figure 2 reveals that the saturation laser 
uence is
approximately the same in the two 
ame regions, though it is a little higher for small soot
particles on the 
ame axis. At laser 
uence�0.25 J/cm2, although the maximum temperature
of the large soot particles is higher than that of the small particles, the di�erence is within
200 K. In the 
uence regime of greater than 0.25 J/cm2), the maximum temperature of the
heated particles is much less sensitive to the laser 
uence than in the low 
uence regime.
It is noted that the relative spectral response of the two cameras was calibrated from the
Abel-transformed 
ame luminosity with assuming an unexcited soot temperature of 1700 K.
These may cause a small error in the soot temperatures reported in Fig. 2.

A beam (CW@1064 nm) extinction measurement was performed in the steady sooting

ame to calibrate the LII images for fv. A value of Ke = 5.66 was chosen for the dimen-
sionless extinction coe�cient. This value corresponds to E(m) = 0.3, where E(m) is the
soot refractive index. A look-up table of theoretical LII intensity ratios was generated as a
function of both 
ame temperature T over 1200 6 Tflame 6 2400 K in a step of 50 K and
particle diameter dp over the range of 5 6 dp 6 100 nm in a 5 nm step. This was generated
for each image pair of S2/S1, S3/S1, S4/S1, S3/S2, S4/S2 and S4/S3, where Si denotes the
signal from the ith camera. The values of dp were then calculated shot-by-shot from the
LII ratios at the values closest the local 
ame temperature, also assuming non-aggregated
soot particles and mono-disperse distribution of dp, i.e. �g = 0. It was demonstrated to be
possible to deduce both dp and �g simultaneously from TiRe-LII signals [13], however, this is
currently very challenging for instantaneous planar TiRe-LII due to the limited LII images.
The mean of these six independent measurements was chosen to be representative of the local
value of dp.



Figure 2: Normalized prompt LII signal intensities at (a) 450 nm and (b) 700 nm as a
function of laser 
uence, and (c) the corresponding soot initial temperature. LII signals were
averaged over an area of 0.5�0.5 mm2 on the centerline (denoted center) and at the region of
maximum soot concentration in the wings (denoted edge) at a height of 25 mm in the steady

ame. Signals were averaged from 100 simultaneous LII images.

3. Results and discussion
Figure 3 presents the images of T , fv and dp averaged over 100 single-shot measurements,
together with the corresponding root-mean-squares (RMS). The averaged 
ame temperature
was used in evaluating dp. Temperature less than 1000 K could not be imaged due to the low
LIF signals. Even in the region where fv is approximately 5 ppm, laser-induced interferences
were negligible. In Fig. 3, the distribution of T is much broader than that for fv and dp,
to cover not only the sooting region but also substantial regions either side of it. This is a
signi�cant advantage of the nTLAF technique over soot or thin-�lament pyrometry, e.g. [43].
Also, the width of the region of maximum measured dp is signi�cantly greater than that of
the maximum fv. This may be, in part, because the TiRe-LII technique is not sensitive in
resolving large soot particles. The RMS of T is approximately 8% in the region with and
upstream from sooting region, while it increases to �20% at the edge of the image with weak
LIF signals there. The relatively large values of RMS for fv and dp in the downstream region
is because of slight 
ame 
icker. The typical RMS of the measured fv is 8%, while that of dp
is 20%, which depends strongly on the magnitude of the LII signals (or fv). The minimum
RMS of dp occurs in the wings where fv is a maximum.

Figure 4 presents the radial pro�les of the mean values measured at HAB = 30 mm.
The curves clearly show the di�erent locations where the three parameters peak. While it
is expected that the peak value of T appears in the non-sooting region at r = 4.4 mm, the
peak location of fv appears at r = 2.1 mm. Interestingly, the pro�le of dp is somewhat
di�erent from that of fv. In the radial direction, dp increases consistently with fv before they
simultaneously reach their peak values at r = 2.1 mm. After this location fv decrease sharply
because of the oxidation e�ect, while the decrease of dp has a signi�cant shift (�1 mm), as
shown in Fig. 4. The region of 2 mm< r <2.8 mm, where dp is constant at its maximum
value, is corresponding to the high gradient region of fv. The 
at-top region of dp may be
because the TiRe-LII is insensitive to large particles. Nevertheless, Fig. 4 clearly shows that
approaching the oxidation region the decrease of dp is delayed compared with that of fv. This
phenomenon was also found in our previous works [44, 23].

Figure 5 presents the probability distributions of T and dp measured at r = 0 mm and
2.1 mm (where fv peaks), respectively, both at HAB = 30 mm. The standard deviation (1�)
of T is �120 K. This variation is attributed to both the noise in the LIF images and the
variation of laser modes. The precision of the dp measurement is �11 nm (1�) at r = 0 mm,



Figure 3: Images of the averaged T, fv, and dp, together with the corresponding RMS.

Figure 4: Radial pro�les of the averaged T , fv, and dp, together with the corresponding
RMS at height of 30 mm. The images are shown in Fig.3.

which is consistent with previous measurement (� = 9 nm) in a premixed ethylene/air 
ame
[23]. The precision at r = 2.1 mm with large dp is similar (see Fig. 5d) and be noted that
particles >100 nm are di�cult to resolve using TiRe-LII. The signi�cant di�erence between
the mean value of dp in Figs. 5c and 5d highlights the signi�cant change of dp in the 
ame.

Accuracies of T and dp were assessed by comparison with previous results obtained in
a very similar 
ame [13], where T was measured using CARS and dp was measured using
similar TiRe-LII by delaying the gate of a single ICCD camera, namely gated TiRe-LII.
Figure 6 presents the results of T and dp at three heights from two measurements, together
with the present fv results to indicate the sooting region. Qualitatively, the results of T are
consistent. At r = 0 mm, temperature is lowest and increases with r, then peaks in the non-
sooting oxidizing region. At HAB = 10 mm, T increases signi�cantly in the radial direction,
while at HAB = 50 mm the radial pro�le becomes much 
atter. As shown in Fig. 6, the
temperature results which were calibrated with the 
ame adiabatic temperatures (2261 and
2202 K) agree well with CARS measurements in sooting regions, but still with a maximum



Figure 5: Normalized probability of T and dp measured in the steady 
ame at HAB =
30 mm. The results are calculated from 100 single-shot measurements and over an area of
330�330 �m2 (55 pixels).

di�erence of 200 K in the oxidizing (non-sooting) region. The reason for this temperature
di�erence in non-sooting regions needs to be assessed, nevertheless, it does not in
uence the
relationships between soot and 
ame temperature derived from single-shot measurements.
The measured temperatures calibrated with the thermocouple (not shown here) is always
lower than that from the CARS measurement. This may be due to the temperatures (�1940
and 1900 K) measured with the thermocouple are too low to be applicable. The accuracy of
the nTLAF method is directly dependent on calibration, which further highlights the obvious
need for an accurate calibration process, and a lower temperature 
ame may be more suitable
for nTLAF calibration.

Figure 6 shows that the typical values of the measured dp are greater, by approximately
2 times, than that reported previously [13] where the distribution of particle sizes (�g) were
�tted simultaneously with dp, and also greater than other previous measurements [45, 46].
This is partly attributed to the assumptions of a mono-disperse distribution of dp and of
non-aggregated soot particles, especially the latter assumption which can result in signi�-
cant overestimation of dp [23, 42] because soot particles are highly aggregated in this 
ame
[45]. Qualitatively, the distributions of dp are in good agreement, except that the previous
measurements did not resolve well the gradients near to the edge of soot region. The present
distributions of dp are in good agreement with those measured in a longer but comparable
ethylene/air di�usion 
ame [46]. Importantly, the present planar measurements reveal that
the radial distribution of dp is correlated with fv at HAB = 10 mm. At HAB = 30 nm, dp
and fv evolve consistently to their maximum values from r = 0 to 2 mm, but the rate of
reduction in dp is much lower than that of fv beyond r = 2 mm, which is more clearly shown
at HAB = 50 mm.



Figure 6: Radial pro�les of the measured T , fv and dp at HAB=50 mm (a and b), 30 mm
(c and d) and 10 mm (e and f). Blue dash-dot lines: the present measurements of fv. Res
solid lines: T and Black solid lines: dp measured in this work. Diamond : T and Square: dp,
both from [13].

4. Conclusions
Single-shot, simultaneous imaging of T , fv and dp has been achieved in 
ames with peak
fv�5 ppm, via an upgraded nTLAF+TiRe-LII setup. In single-shot measurements within
a spatial resolution of 330�330 �m2, it is found that: (1) the temperature results have a
precision of �120 K and agree well with CARS measurements in the sooting region when
nTLAF was calibrated against adiabatic 
ame temperatures, but are lower by �250 K in
the non-sooting oxidizing region; (2) the measurement of fv has a precision of 8%, while that
for dp is �20%, for a typical value of 11 nm. The dp results are larger than those reported
previously, by a factor of �2, partly because particle aggregation has not been taken into
account; and (3) signi�cant spatial pro�les of T , fv and dp can be derived from single shot
images with this system, which was not possible from previous arrangements.
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