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ABSTRACT

Laser Induced Breakdown Spectroscopy (LIBS) was applied to homogenous methane-air mixtures of a
wide range of compositions ranging from only air to only fuel in order to establish a new calibration
scheme suitable for LIBS measurement of mixture fraction in turbulent non-premixed flames. Both a
portable low resolution spectrometer equipped with a CCD detector with wide temporal detection win-
dow and a monochromator with a fast gated ICCD camera were employed to monitor the plasma emis-
sion. The results obtained using the two detection systems were fully consistent, suggesting that LIBS
can be used successfully with the CCD detector that is more suitable for industrial applications. From the
spectroscopic analysis, it was shown that the ratio of the intensities of H, (656.3 nm) over O (777.3 nm)
(Hy/O) and of C; (Avu=0, d*T; -#x03B1;3T1,) over CN (Av=0, B2X+-X>%+) (C,/CN) depend mono-
tonically on the mole fraction of methane in the ranges of 0.0-0.3 and 0.3-1.0 respectively, therefore
providing a new scheme for measurement of mixture fraction in non-premixed systems spanning the
complete range of equivalence ratios. The technique was also applied to a swirling recirculating premixed
flame and it was found that the equivalence ratio is successfully measured in both reactants and products.
Based on the above, LIBS experiments were then carried out in turbulent axisymmetric non-reacting and
reacting jets, and the mean mixture fraction determined by the aforementioned calibration curves was
in good agreement with empirical correlations, while the rms measurement showed the expected trends,
demonstrating hence the usefulness of the technique.
© 2016 The Authors. Published by Elsevier Inc. on behalf of The Combustion Institute.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

parameters of the flame such as the temperature [5], and/or
identify the fuel used [6]. After the first application of LIBS in

During the past few years, Laser Induced Breakdown Spec-
troscopy (LIBS), a laser-based spectroscopic or analytical technique,
has been developed and successfully applied for combustion
diagnostics purposes [1-3]. By strongly focusing the beam of
a laser system in the flame region, dissociation of the present
molecules and/or ionization is occurring forming the plasma. After
the collection and monitoring of the plasma-emitted radiation and
its spectroscopic analysis, one can retrieve information about the
fuel content (and/or the Air-to-Fuel Ratio) of various combustible
mixtures and infer the local chemical composition [4], determine
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hydrocarbon-air mixture by Schmieder [7], a large number of
studies have been presented in various combustion systems under
different conditions. In the majority of the previous LIBS works,
the ratio of some spectral lines of atomic origin like the ratio Hy /O
(at 777 nm) [4,6,8-15] or O/H, [16], the ratio Hy/N (at 567 nm
or 744nm) [17-19] or sometimes both [20-22], are employed
most of the times for the determination of the equivalence ratio
and rarely for the determination of the concentration (in %) of a
constituent. Sometimes emission lines attributed to carbon atoms
are also used since these emission lines are directly linked to the
fuel. Thus, either the ratio of a carbon line to a nitrogen, hydrogen
or oxygen line like C/Hy and C/N (at 500.5nm) [5], the ratio C
(at 833 nm)/N (at 744 nm) with C (at 833 nm)/O (at 777 nm) [23],
or C (at 711.3nm)/O (at 776.6nm) and C (711.3nm)/ N (at 746.3
and 743.8 nm) [24], or the ratio of the intensity of a carbon line

0010-2180/© 2016 The Authors. Published by Elsevier Inc. on behalf of The Combustion Institute. This is an open access article under the CC BY license
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to the sum of intensities of a nitrogen and an oxygen line C (at
711 nm)/[N (at 744nm)+0 777-nm]| [24] have been successfully
used. However, there are limited calibration curves based on the
ratio of a molecular band to atomic lines like CN (integrated from
705 to 733nm)/N (at 746.3nm or 743.8 nm), or CN (integrated
from 705 to 733 nm)/O (at 776.6 nm) or CN (integrated from 705
to 733 nm)/[N (at 744nm)+O0 (at 777 nm)] [25], or based on the
intensity of molecular bands like CN (Av=1, 0, -1, B2t -X2%+)
[26], CN (Av=0, B2+ -X2x+) [27,28].

Most of the work above concerned lean mixtures. To expand
LIBS to fully non-premixed systems, Do et al. [29] have employed
the ratio Hy/N (at 568 nm) and the N/H, for the determination
of the fuel concentration in methane- and ethylene-air mixtures
with fuel mole fractions up to 90%. The analysis and the fuel mea-
surement were retrieved from emission spectra which have been
obtained with a detection window of 20 ns duration using an ICCD
camera. From a more practical point of view, such a delicate de-
tection system would be a rather limiting factor for the LIBS appli-
cation under very aggressive industrial conditions. In addition, this
work has not explored in detail the application of the technique
and the calibration scheme to turbulent non-premixed flames.

Concerning the precision of the single shot results, which is
necessary for instantaneous mixture fraction (or equivalence ra-
tio) measurements in turbulent non-premixed systems, some in-
vestigations have demonstrated [24,25] that the equivalence ratio
calculated from the instantaneous measurements is accurate even
if there is some dispersion of the values of the equivalence ratio
greater in fuel-rich in comparison to the fuel-lean mixtures. How-
ever, there is no extensive study on the precision of LIBS for tur-
bulent systems.

Finally, it is important to note that in turbulent combustion
one must be able to measure in both reactants and products. In
fully premixed flames, the carbon to oxygen atomic ratio does not
change across the flame (once any small-scale differential diffusion
effects have been smoothed out), but the species composition and
temperature are very different. The decrease in density and the
large amounts of CO, in the hot products suggest that a higher
energy is needed to produce a spark, and the presence or not of a
spark has been exploited to actually establish the boundary of the
flame brush [10,30]. However, if the laser energy is high enough,
one may expect that a spark will always be created in both reac-
tants and products and hence a measurement of the same equiv-
alence ratio across a premixed flame would suggest that LIBS can
measure the mixture fraction in combusting systems irrespective
of the degree of reaction, which is a necessary requirement for the
measurement of mixture fraction in non-premixed flames.

Examination of the aforementioned literature suggests that no
molecular line other than the one of cyanogen band has been em-
ployed as an indicator of the amount of fuel in the mixture so
far, and that up to now, the technique has been applied only to
a small range of compositions. However, when non-premixed tur-
bulent combustion systems are under investigation, with the cor-
responding severe changes of fuel concentrations both locally and
temporally, further work is needed (i) to develop calibration strate-
gies spanning a wider range of mixtures than before; (ii) to ensure
plasma creation in both the low- and high-temperature regions;
and (iii) to investigate the precision of single-shot results.

This paper explores the application of LIBS technique for local
and instantaneous measurements of the equivalence ratio in tur-
bulent premixed and non-premixed flames. The key novelty lies in
the use of the technique for highly turbulent systems and for a
much wider range of equivalence ratio than before using a new
calibration strategy. In the remaining of this paper, we describe
the LIBS measurements using two different detection systems as
applied in uniform mixtures spanning a very wide range of com-
positions so as to create calibration curves, which are then used

for the study of turbulent premixed and non-premixed flames. The
paper closes with a summary of the most important conclusions.

2. Experimental methods
2.1. Flow conditions

For the needs of the present research, initially homogeneous
flowing methane/air mixtures, exiting from a d =23 mm inner di-
ameter (ID) tube, were used (burner (I) in Fig. 1). The flow rates of
the mixture varied from 10 SLPM to 200 SLPM, which corresponds
to velocities of 0.4-8.0m/s, and therefore Reynolds numbers of
586-11720. Based on the fact that the mixtures were fully mixed
and uniformly distributed across the pipe, in the immediate exit of
the pipe (i.e. at low height to diameter (h/d) values; h/d < 0.4), the
acquired results were used as calibration curves for the subsequent
investigation. In order to characterize the methane-air mixtures of
different compositions, the mole fraction of methane, Xcy,, was in
the range from 0 to 1.

Following the calibration, turbulent flames were investigated.
For non-premixed flames, the burner (II) (Fig. 1) consisted of two
coaxial stainless steel tubes; a mixture of 70% methane and 30% air
by volume (equivalence ratio 22.21) was supplied from the inner
tube of 5mm ID and with the length-to-diameter ratio 128, while
laminar airflow was coming out from the outer tube of 200 mm
ID to surround and protect the mixture and/or the flame from dis-
turbances from the environment [31]. The jet exit velocity of the
mixture was 17 m/s and the velocity of the surrounding air was
0.1 m/s. In some experiments, the CH; volume fraction was 30%,
which is too low for a jet turbulent flame to stabilize and therefore
the measurement of the fuel at the spark location corresponds to
a measurement of an inert tracer.

For premixed systems, a recirculating methane-air flame, which
resulted from the bluff-body burner (III) (Fig. 1) developed by Cav-
aliere et al. [32] but adjusted to the framework of the present
investigation, namely without the enclosure, was studied. In this
configuration, the CH4-air mixture was supplied from a pipe of
length 350 mm and ID 37 mm, which in the center contained a
conical bluff-body (45° half-angle) with diameter 25 mm. A swirler
produced an azimuthal velocity component, which reinforced the
recirculation zone in the wake of the bluff body and caused a
widening of the flame. Note that the flame is exposed to the am-
bient air, so it is expected the equivalence ratio to drop to zero
at large distances from the flame brush; however, to remain the
same in the reactants and the products across the flame. For these
experiments, the equivalence ratio was 0.81 and the bulk velocity
at the annulus was 10.2 m/s.

In all cases the reactants, namely the methane and the air, were
supplied by a high purity bottle (99.99%) and an air compressor
respectively, while their flow rates were regulated and measured
by calibrated rotameters. The air compressor was equipped with a
drier and with moisture and oil filters, which resulted in dry air
being delivered. This is important because even small amounts of
moisture in the atmospheric air can contribute to the hydrogen
line in the LIBS spectra. However such contribution in the inten-
sity of hydrogen line arising from the humidity present in the air
was taken into account and subtracted in any case from the rest of
the results shown.

2.2. LIBS experimental setup and data acquisition

Two sets of experiments were performed. The first set was with
uniform mixtures and was aimed at establishing the suitability of
calibration schemes and the importance of the detection system
and the laser energy. The second set was with the turbulent
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Fig. 1. Schematic of the experimental arrangements used for calibration (I), turbulent jet non-premixed flames (II) and turbulent premixed flames (III). All dimensions in

mm.

flames. Note that whenever the laser, optics, or acquisition pa-
rameters change, a new calibration curve with identical settings
should be created to make LIBS quantitative, so the turbulent
flame studies should always be preceded by a calibration exercise
with the same system.

2.2.1. 1st Experimental setup

For the experiments carried out in order to assess the impact
of the detection system on the plasma emission spectra, the laser
employed was a 4ns Nd:YAG laser (EKSPLA NT342) operating
at 1064nm at a repetition rate of 10Hz. The laser beam was
focused by means of a 50 mm focal length plano-convex lens,
2 mm above and on the centerline of the Bunsen burner. The light
emitted from the induced plasma was collected using a 25.4 mm
focal length plano-convex lens and via an optical fiber it was
fed into one of the two following detection systems. The first
one was a 0.46 m monochromator (HR 460, Jobin-Yvon) carrying
a turret with two interchangeable optical gratings of 150 and
600 lines/mm, adjustable entrance slit and having attached a
512 x 512 ICCD camera (Intensified Charge Coupled Device-Andor
iStar). The slit was selected to be 50 um and the 150 lines/mm
optical grating was employed during the present investigation
covering an optical window of 173 nm range. The ICCD camera
was externally triggered by the output electrical signal of the
laser and the temporal parameters of detection were chosen to
be 1.28 s for the time delay, i.e. the total time elapsed between
plasma formation and the measurement, while the acquisition
time, i.e. the time width was either 4us or 3ms. The long
time was chosen to coincide with the integration time of the
non-gated detector so that the performance of the latter can be
assessed. In order to detect the spectral lines of interest, two
different detection windows were used. The first one covered a
365 to 540 nm spectral region, where the CN 388.3 nm and the C,
516.5 nm molecular bands were apparent, while the optical area
of the second spectrum was extending from 620 to 800 nm for
the acquisition of the Hy, 656.3nm and the O 777.3 nm atomic
lines. The detection windows were chosen in that way for the
purpose of recording the spectral features defining each ratio in
the same measurement simultaneously, increasing by this means
the accuracy of the results. The second acquisition detector was a
0.075 m portable spectrometer with fixed entrance slit at 50 pm
holding a 2048 pixel CCD detector (AvaSpec-2048-USB2-UA). The
spectrometer was equipped with a 300 lines/mm optical grating
and it covered a spectral region from 180 to 1100 nm with one sin-
gle measurement. The detection window had 3 ms time duration,
while the inserted delay time was 1.28 jus. The energy of the laser
beam, measured using a pyro electric energy meter, was set to
be 40 m].

2.2.2. 2nd experimental setup

Finally, a new set of calibration curves together with the
experiments on the turbulent lifted jet and turbulent swirling
premixed methane-air flame were performed using the focused
beam of a Q-switched Nd:YAG laser (Continuum Surelite) deliv-
ering 6ns pulses, operating at 1064 nm and at a repetition rate
of 10Hz. The beam was focused 8 mm above and in the cen-
ter of the 23 mm-diameter burner, where the mixture was uni-
form, so as to develop the new necessary calibration curves ob-
tained under the same experimental conditions as the rest of
the presented results. In order to ensure breakdown in every
position within the flame, the laser energy was set at 250 m].
The laser beam was focused using a 150 mm focal length plano-
convex lens and the plasma was observed to be induced at the
same location along the beam path every time. In order to in-
vestigate the effect of the laser energy, the laser energy was set
also to be 155mJ and 300 mJ. Note that the employed laser en-
ergy is generally considered high, but this is necessary to ensure
consistent plasma creation in the hot combustion products. The
plasma emission was collected by a 100 mm-focal length lens to
an optical fiber attached to a portable spectrometer (Ocean Op-
tics USB 2000). The spectrometer had 50 um entrance slit and
it was equipped with a 600 line/mm optical grating, and a CCD
detector covering a wavelength range of 178-877 nm. The min-
imum integration time of the signal on the CCD detector was
3 ms, while the time delay (t;) was 8 ws, which corresponded to
the minimum response time to the triggering signal of the detec-
tor.

The plasma emissions were processed in two different ways.
In the first case, called “averaging method”, each spectrum was
the average of 100 spectra accumulated through the spectrometer’s
software (i.e. based on at least 100 sparks at the same position).
In the alternative way, here called “instantaneous method”, 100
different single shot spectra, acquired at the same position, were
analyzed to give 100 instantaneous measurements of the emis-
sion spectra. Examinations of the results from the instantaneous
method in the uniform mixtures used for calibration also results in
an assessment of the precision of the technique. Finally, the spark
was imaged with a camera (Photron Fastcam SA1.1-8 GB mem-
ory). The probe volume was found to have approximately length
in the long dimension of 3.2 mm and width 0.2 mm, which gave
a volume of 0.359mm?3 with RMS to be 0.01 mm3, for plasma
induced in ambient air by a Q-switched Nd:YAG laser (1064 nm,
6 ns, 10 Hz) with energy Eu.r = 155 m] focused by a plano-convex
lens with focal length of 150 mm. Due to the larger ionization po-
tential of gases containing CO, compared to air, we expect that
sparking in hot products produces a smaller probe volume than
the one in air. The laser beam was traversed across the flame
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in the radial direction and normal to the beam’s path, so that
the expected steep gradients in the radial direction are better
resolved.

3. Results and discussion

In this section, the emission spectra of the plasma induced in
uniform flows of air, of methane, and of mixtures of air-methane
of various compositions are first described and compared to each
other. The intensities of all spectral features of interest are corre-
lated to the mole fraction of methane of each mixture. The LIBS
technique is then applied to recirculating premixed flame giving
information about the equivalence ratio distribution both in the
products and the reactants area. Finally, the mapping of the mean
mixture fraction in a lifted turbulent jet flame and a non-reacting
jet is demonstrated and the results are compared successfully to
empirical expressions.

3.1. Uniform methane-air mixtures: calibration curves

3.1.1. General behavior

The impact of the amount of fuel of premixed homogenous
methane-air mixtures of various compositions on the LIBS spec-
tra was investigated and the results are shown in Fig. 2. The LIBS
spectra in the air and in pure methane are also shown in the same
figure. The results exhibited were acquired using the two detection
systems, the CCD (Fig. 2.I) and the ICCD (Fig. 2.1I) under the same
temporal parameters (f;=1.28 ws and t, =3 ms), while the em-
ployed laser energy was 40 mJ. The detectable optical range of the
spectra recorded with the CCD and the ICCD camera were 920 nm
and 173 nm; however in Fig. 2, the spectra acquired from the CCD
camera are zoomed in around the region of interest; namely 300-
900 nm.

From Fig. 2a, which corresponds to plasma induced in air
(Xcn, =0), it can be seen that the emission spectrum is basi-
cally dominated by atomic lines of oxygen and nitrogen. Some
of the most intense ones are the N(I)-744.2 nm, N(I)-821.6 nm,
N(I)-871.1 nm and O(I)-777.3 nm, O(I)-844.6 nm whereas most of
them are triplets with the more familiar examples to be the
N(I)-744.2 nm and O(I)-777.3 nm consisting of the N(I1)742.4, 744.2,
746.8 nm lines and the O(I) 777.2, 777.4 and 777.5 nm lines respec-
tively [33]. All these emissions originate from the dissociation of
the nitrogen and oxygen molecules present in the dry air that was
used, while no emissions related to carbon-containing molecules
or carbon atoms are apparent, as expected.

In the case of mixing of the dry air with fuel and especially at
Xcn, =01 (¢ =1) as shown in Fig. 2b, some additional emissions
are observed in the spectra. In more detail, apart from the emis-
sions correlated with the molecules of air, the molecular bands of
cyanogen are also clearly observed. The CN emission consists of the
vibrational sequences Av=1, 0,-1 of the CN band system B2X+-
X2¥+ and are observed around 359.0 nm, 388.3 nm and 421.6 nm
respectively. The origin of these molecules is stemming from the
dissociation of carbon- (CH4) and nitrogen containing molecules
in the plasma, which then combine leading to the formation of
energetically excited molecules of CN [34,35]. Apart from the CN
molecular bands, the atomic lines of hydrogen, namely the H, at
656.3nm and the Hg at 486.1 nm, are also intensely depicted in
the spectra, while their presence is also attributed to the dissocia-
tion of the methane molecules and can be used as an indicator of
the fuel.

When LIBS is performed in very rich mixtures, as for example
at mixtures with Xcy, = 0.75 (¢ = 28.56) depicted in Fig. 2¢, some
new molecular bands are dominating the spectra. These spectral
features are exhibited at the visible region of the spectra and es-
pecially at 473.7, 516.5 and 563.5 nm and they are assigned to the

C, Swan system d>[g-a*I1, with Av =1, 0, -1. Moreover, it is
also noteworthy to point out the absence of the atomic lines asso-
ciated to the molecules of nitrogen and oxygen and the substantial
decrease of the intensity of the hydrogen lines and of cyanogen
molecular bands. Finally, some further LIBS experiments were car-
ried out in pure fuel (Xcy, =1). From Fig. 2d, it is apparent that
almost all of the aforementioned emissions are absent except for
the emissions assigned to the C, Swan band and the Hy, both of
which originate from the dissociation and atomization of the only
species present (methane).

To conclude, in the typical LIBS spectra shown in Fig. 2, one
can observe that none of the aforementioned spectral lines are
present under all fuel mass fractions. Thus, the CN molecular band
is clearly observed only in Fig. 2b and c, since the presence of both
nitrogen and methane is required for the CN molecule formation,
while the absence of one of these two constituents results in the
absence of the CN band from the acquired spectra. Moreover, the
H, atomic line is clearly observable in the emission spectra (b), (c)
and (d). In contrast, the C; molecular band and the oxygen line ex-
hibit a more complicated behavior. Their appearance in the spectra
is not only dependent on the presence or not of the correspond-
ing molecules, namely CH4 and O,, but also on their concentra-
tion in the mixture. So in the case of a stoichiometric flame, the
C, molecular band is absent from the emission spectrum and the
oxygen line is clearly observable, whereas in the case of a very
rich methane-air mixture, the intensity of the C, band is signifi-
cantly enhanced and the O 777.3 nm is thoroughly attenuated. The
fact that diverse spectral features are shown in the methane-air
mixtures of different compositions means that the composition of
the mixture and especially the concentration of fuel in the mixture
affect strongly the plasma emission spectra, fostering some new
molecules to form, i.e. the C,, whereas other characteristic spectral
features extensively reported in hydrocarbon-air LIBS experiments
[4,6,8-15] to completely extinguish from the emission spectra.

3.1.2. Calibration scheme

The emission spectra monitored by the two detectors corre-
sponding to the same mixture seem to be analogous, while no
background emission attributed to Bremsstrahlung radiation is de-
tected in any of the spectra. As a result, it is obvious that a
direct quantitative analysis based on the total intensities of the
most important and intense spectral lines, namely Hy-656.3 nm, O-
7773 nm, CN-388.3 nm, and C,-516.5 nm, is allowed. So as to fur-
ther explore the dependence between the intensity of these spec-
tral features present in the different spectra to the amount of fuel
in the mixture, a systematic sequence of LIBS experiments was
carried out in air-methane mixtures of fuel mole fraction ranging
from Xcy, =0-1 (¢ =0-00). Each spectrum is the average of 100
scans accumulated by the ICCD and the CCD cameras having taken
into account any noise as e.g. room lighting etc. Also, each data
point corresponds to the integrated area below the emission line,
while the ratios introduced in the next are determined using the
averaging method.

Figure 3a, b, d and e shows the total intensities of the atomic
lines Hy-656.3nm and O-777.3nm and of the molecular bands
of the CN-388.3 nm and C,-516.5 nm respectively, obtained by the
ICCD and the CCD detector, as a function of the mole fraction of
methane in the various mixtures. The laser energy was 40 mJ and
the time delay and time width were the same as before (1.28 jus
and 3 ms, respectively). From Fig. 3a and b, one can distinguish
clearly a different behavior between the hydrogen and the oxy-
gen lines. The O-777.3 nm emission is decreasing monotonically
and sharply with the mole fraction, while it is completely atten-
uated at Xcy, =0.23 for the CCD detection and Xcy, = 0.61 for the
ICCD detection. The overall declining behavior of the intensity of
the oxygen line can be attributed partly to the ongoing reduction
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Fig. 2. Emission spectra of laser induced plasma in methane-air mixtures with (a) Xcy, = 0, (b) Xcu, = 0.10, (¢) Xcy, = 0.75, and (d) Xcu, = 1 acquired with a CCD (left) and
an ICCD (right) detection system. The laser energy was set at 40 mJ and the time delay and time width were 1.28 jus and 3 ms, respectively.

of the concentration of the oxygen molecules in the mixture re-
sulting both in the dissociation of less molecules and partly to a
diminished total intensity, or to the acquisition times of the detec-
tor. In the second case, according to Ferioli et al. [24], a shorter
delay time is recommended since there is a strong impact on the
measured lifetimes of the emission lines as a function of the con-
centration of fuel and the quenching effects stemming from high
rate cooling of the plasma, rapidly changing species concentrations.

In contrast, the hydrogen line, after an almost linear increase
reached a plateau and then decayed until Xcy, =0.5 for the CCD
detection and Xcy, = 0.65 for the ICCD detection, where the emis-
sion of the atomic line could not be distinguished from the back-
ground emission. Perhaps the expected behavior of the Hy line
would be the ongoing built-up of its intensity as the amount of
fuel increases in the mixture for all Xcy,. However, such a behav-
ior is not observed, while from the trend of the data points of the
H, emission, it seems possible that self-absorption effects might
have occurred during the experiments. Furthermore, the rapid de-
cay of the hydrogen line for Xcy, > 0.2, despite the abundance of
hydrogen atoms originating from the methane in such mixtures,
could alternatively imply some radical-removal chemical mecha-
nism since the rapid decay of the hydrogen line and the disappear-
ance of the oxygen line approximately coincide to the initiation of
the formation of the C, molecular band, as it will be discussed
later. During their experimental research on hydrocarbon liquid—
gas mixtures, Kido et al. [36] reported that in rich and high pres-
sure environments the quenching of hydrogen emission is expected
to be stronger, which is in accordance to the experimental findings
of the current work.

Figure 3d shows that the CN band emission is increasing almost
linearly with the mole fraction of methane in the range of 0.0-
0.10 for both detection systems. This behavior has been reported
in the past when optical breakdown was induced either by electri-
cal spark or by ns/fs laser pulses in methane-air mixtures [26-28].
For even higher values of mole fraction of methane, the emission
of the CN band flattens out for 0.10 < Xcy, <0.3 and eventually
decreases to zero. This is probably attributed to the fact that any
further increase of the amount of fuel in the mixture means also
a simultaneous lack of nitrogen molecules, which has as a result
the ensuing decrease of the intensity of CN band. However, such
a decrease in the CN intensity occurring at fuel rich mixtures has
also been reported in the past by Sturm et al. [37]. During their
study, the authors investigated unreactive mixtures of C3Hg-N, in
the absence of O, and therefore flame. According to these authors,
this behavior could be due to the fact that the environment of the
plasma formation might influence the results since both the ab-
sorption and the plasma conditions may change from case to case
and especially when only fuel is present.

The intensity of the C, molecular band appears to be practi-
cally zero for values of mole fraction of methane lower than 0.2,
and then a sudden increase of its intensity is observed until Xcy,
=0.5 for the CCD detection and Xcy, = 0.65 for the ICCD detection.
After reaching a plateau, the intensity of the C, band decreases
to a small, but finite value at Xy, = 1. Based on this, one could
conclude that the formation of the C, molecules is a direct conse-
quence of the excess of fuel, while it also affects the trend of the
CN band intensity, which is attenuated due to the consumption of
carbon atoms for the C, molecule formation. Finally, the decaying
trend of the emission of the C, and of other intermediates could
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Fig. 3. Total intensity of (a) Hy and (b) O (777.3 nm) atomic lines and of (d) CN (388 nm) and (e) C; (516.5 nm) molecular bands together with the corresponding ratios,
(c) Hy /O and (f) C3/CN, calculated by the averaging method, versus the Xcy, calculated from LIBS spectra acquired using the ICCD (red symbols) and the CCD (black symbols)

detector.

be related to the presence of the combustion products like water
and CO,, far from the spark which could cause the decrease of the
observed intensities as it is reported by Li et al. [38] who employed
a similar spectroscopic technique (femtosecond filament excitation)
in ethanol/air flame stabilized on an alcohol burner.

Although the physical mechanisms leading to the reduction of
some emissions with increasing methane content are not fully un-
derstood yet, a correlation of the H, /O and C;/CN versus the mole
fraction of methane in the mixture is obtained. The ratios are es-
sentially independent of various experimental parameters, such as
the collection system and the fluctuations of the laser energy, or
stochastic events, like the plasma formation. This renders them re-
liable for direct correlation to the actual mole fraction of methane.
Figure 3¢ and f shows the Hy/O and C,/CN ratio as a function of
the mole fraction of methane, in mixtures of various compositions,
derived from the spectra recorded by the two detection systems.
Each data point was obtained by the averaging method. In the case
of molecular emissions, the total intensity was determined by the
total intensity of the corresponding head bands.

In Fig. 3c and f, one can clearly observe that both ratios span
in a monotonic way the increase of the mole fraction of methane.
In more detail, the ratio Hy,/O exhibits a linear dependence on
the amount of fuel up to values Xcy, =0.18 for CCD detection
and up to Xcy, =0.30 for ICCD detection, while the ratio C;/CN
reveal an also monotonic dependence on the Xcy, commencing
from Xcy, =0.3. As a result of all these considerations, one could
suggest that the calibration curves of the Fig. 3¢ and f could be
applied for the estimation of the methane content. The x-axis
can alternatively be expressed in terms of the mass fraction of

methane, which can be inferred as the mixture fraction in flames,
or in terms of the equivalence ratio. Out of all the spectral features
in the acquired emission spectrum, the C, molecular band is the
clearest indicator of which of the two ratios should be used. So,
in the case of absence of the C, molecular band, the Hy/O ratio
(Fig. 3¢) will be the right diagnostic tool for the determination of
the Xcy,, while the presence of the C; band implies that the C;/CN
ratio (Fig. 3f) should be used. This measurement strategy will be
employed for turbulent combustion flames with large fluctuations
in equivalence ratio in Sections 3.3 and 3.4 and is suggested as a
novel LIBS method for non-premixed combustion systems.

3.1.3. Effect of detector type

In addition to the above analysis, which is of both qualitative
(emission spectra of Fig. 2) and quantitative (intensity dependence
on Xcy, and corresponding calibration curves of Fig. 3) nature,
some remarks regarding the efficiency of the detection systems are
given here. In the past, either a CCD [4,8-10,13,18,19,22, etc.] or an
ICCD [6,11,12,16,17,21,23, etc.] detector has been employed for the
detection of the plasma emission in LIBS, and one report [39] dis-
cusses the usage of two ICCD cameras for the planar detection of
the whole plasma using band-pass filters. Although there are some
comparative studies regarding the performance of CCD and ICCD
detectors in solid samples like brass [40,41] aluminum and lead-tin
alloy block [40], sintered iron oxide containing silicon or aluminum
[42], steel [43], geologic materials [44] and in objects of cultural
heritage [45], there has been no such comparison for combustible
systems. Hence, from Figs. 2 and 3, it is easily observed that the
overall trends of both the spectral lines and the ratios as a function
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Fig. 4. Total intensity of (a) Hy and (b) O (7773 nm) atomic lines and of (d) CN (388 nm) and (e) C; (516.5 nm) molecular bands together with the ratios, (c) Hy/O and
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of the mole fraction are almost the same. The difference observed
at the intensities of the various lines and the limits of detection of
the weakest lines (the H, and 0-777.3 nm) are probably attributed
to the quantum efficiency of the detectors, without influencing sig-
nificantly the diagnostic tools that this investigation is focused on.

The fact that the usefulness of the ratios to provide calibra-
tion for a wide range of ¢ does not depend on the detector type
suggests that time-resolved conditions are not necessarily required
to perform the compositional analysis of the flammable mixture,
while the advantages arising from size and cost reduction and the
portability of the CCD detection system can be used for versatile
and rapid analysis of mixtures composition in aggressive environ-
ments.

Although the results between the two detectors are the same,
the influence of the duration of the light acquisition on the inten-
sity of the various spectral lines monitored by the ICCD camera is
important to explore and the results are presented in Fig. 4. Here,
the time delay was 1.28 s and the integration times were either
4 s or 3ms. The integration time of 4 s is a typical value of-
ten employed in LIBS experiments, which assures good signal to
noise ratio, while the integration time of 3 ms is selected in order
to simulate the temporal detection window of the spectrometers
equipped with CCD detectors and in particular the Ocean optics
spectrometer (3 ms was the minimum detection window it could
operate). It is evident that the large detection time (which is what
will be employed also in the next set of measurements for the
mapping of the turbulent flames) affects only the intensities of the
molecular bands of cyanogen and of C,, whereas the atomic lines

exhibit the same behavior basically due to their shorter lifetime in
comparison to the molecular bands.

In other words, at the end of the detection window of 4 s,
the atomic lines have already, generally, decayed almost totally
that they have no other contribution to their total intensity for
higher detection times. In contrast, this is not the case for the
molecular bands which exhibit significant higher intensities for
wider detection windows. So, one could assume that this increase
could be linked to the fact that a part of the detected CN emission
is associated to the chemiluminescence of the flame which was
not detected at such short temporal detection window. As found
by collecting light without LIBS spark, the flame luminosity is very
low compared to the spark emission. Nevertheless, fuel rich flames
could be sooty leading to observable flame luminosity that could
potentially be added to the collected emission and subsequently
interfere with the intensities of the aforementioned molecular
bands (CN and C,) resulted from the plasma formation. In order to
avoid that, the intensity of the luminosity of the flame, even being
lower compared to the intensities resulting from the LIBS spectra,
was removed at the processing stage when the LIBS spectra are
analyzed to evaluate the area under the peaks.

The higher intensities of the molecular bands for longer detec-
tion windows could be potentially associated with the longer life-
time of the emission lines in a sense that significant radiation is
emitted for longer time after the plasma formation. In Fig. 4, on
the one hand, the filled symbols correspond to intensities from ra-
diation emitted during a time interval from 1.28 s up to 5.28 s,
while on the other hand, the empty symbols correspond to intensi-
ties from a time interval from 1.28 jus to 3001.28 us. Based on the
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fact that the lifetime of a molecular band is some tens of micro-
seconds, it is expected that significant amount of radiation is col-
lected even after the end of the first detection window (5.28 jus)
and added to the initial values of intensities (filled symbols) un-
til the end of the second detection window (3001.28 us) and this
could probably explain the higher intensities that the molecular
bands hold in the latter case. So, since the molecular bands live for
much longer, any increase of the detection window up to a point
would enhance their intensities. In particular, in the case of C,
molecular band, its intensity is rising by following a similar trend,
whilst in the case of CN molecular band, one can notice that there
is a sudden increase of the CN band around Xcy, = 0.3, which was
not exhibited in the case of t,, =4 ps. This sudden change observed
in the intensity of CN band is not yet understood. It could be asso-
ciated with chemical reactions that are taking place in the fuel rich
mixtures boosting the CN intensity. Also the formation and appear-
ance of the C; molecular band in the LIBS spectra may play a role
to this sudden increase of the CN intensity, but in any case further
investigation is mandatory on the subject. In parallel to these re-
sults, the ratios Hy /O and C;/CN are shown to be entirely indepen-
dent from the integration time (Fig. 4c and f) exhibiting identical
trend for both integration times, establishing the reliability of the
CCD detectors for such diagnostic purposes.

3.14. Effect of laser energy

Another aspect to be considered is the influence of the energy
of the laser beam on the spectral lines intensity (Fig. 5) and on
the introduced diagnostic tools (Fig. 6). To perform this investi-
gation, the Ocean Optic CCD spectrometer was used giving iden-
tical emission spectra to the ones already presented under the
same experimental conditions (t; =8 us and t, =3 ms) with the
other CCD (AvaSpec-2048-USB2-UA) spectrometer. The laser energy
was modified by a combination of a A/2 wave-plate with a Glan-
Taylor prism polarizer so that beam profile changes due to lamps
high voltage and Q-switching parameters are minimized. The em-
ployed energies here were Ej;s1 =155m)J, Ejis2 =230 m)J, and Ej4 3
=300 mJ. The data from Fig. 5 exhibit the direct impact of the laser
energy on the intensity of the atomic and molecular lines, extend-
ing the detection range of atomic lines and simultaneously enhanc-
ing the intensity of the molecular bands. Thus, in the case of the
lowest energy (E =155 m]), the H, and O lines are detectable only
for mixtures with mole fraction less than 0.45 and 0.20, respec-
tively, whereas in the case of the highest laser energy (E =300 m])
the same lines are still observable at mixtures with Xcy, = 0.65
and Xcy, =0.40. However, the formation and first appearance of
the C, band in the spectra is not clearly affected by the high en-
ergy of the laser beam, since the C, molecular band is detectable
at mixtures with the same mole fraction, suggesting that the C,
molecules are related more to the mole fraction of methane and
the chemical reactions taking place in rich mixtures rather than
the impact of the laser energy on the plasma formation.

From Fig. 6a, one can notice that for Xy, in the range of 0.0-
0.3, there is an almost linear dependence of the H /O ratio to the
mole fraction of methane for all values of the laser energy tested.
In particular, in the case of the lowest laser energy, represented
by the square symbols in the graph, the linearity is valid until
Xcn, =0.3 while as the laser energy increases this linear depen-
dence is extended to higher values of mole fraction. So for Ejs
=230m]J, close to the energy used during the experiments with
the turbulent flames discussed later in this paper, the H,/O ra-
tio is proportional to the mole fraction up to Xcy, =0.5, while it
reaches a maximum for Xcy, =0.6 for the highest employed en-
ergy (Ejs=300m)J). Such progression is mostly caused by the O-
777 nm line, because the higher energy gives rise to more excited
atoms of oxygen making the lifetime of the atomic line and the
chemical history in general shifted to longer times [24]. This means
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Fig. 5. Total intensity of (a) H, and O (777.3 nm) atomic lines and of (b) CN (388
nm) and C, (516.5 nm) bands, calculated by the averaging method, versus Xcy, for
two different laser energies (Ejier = 155 mJ and Ejeer = 300 m)).

that under the current detector temporal configuration and for the
higher energy, the 0-777.3 nm line can be detected in even richer
mixtures. But even if this linear dependence seems to be enhanced
by the increase of the laser energy for Xcy, > 0.35, this ratio could
safely be used as a calibration curve in the range 0.0 < Xcy, <0.3
while the rest of the region is out of interest.

In a similar way, Fig. 6b illustrates the C,/CN ratio, which is
zero for values of mole fraction of methane lower than 0.3, in ac-
cordance to the comments on Fig. 5. As mentioned already, the C,
molecular band appears to occur efficiently only at very rich fuel-
air mixtures explaining why the ratio is negligible until that value,
but after the formation of the C, band, the ratio is monotonically
increasing to the mole fraction of methane up to Xcy, = 0.9 for all
employed laser energies. In the case of even more methane in the
mixture, the intensity of the CN molecular band is becoming very
weak eventually reaching the intensity of the background emis-
sion, suggesting that the ratio blows-up for such extreme values.
The laser energy had no actual role in the ratio C;/CN for values of
Xcn, up to 0.9, while the differences observed in the values of the
C,/CN ratio for the different energies and for mole fraction ranging
between 0.9 and 1.0 are related to the almost complete absence of
the CN band.

It is concluded that although the absolute magnitude of the
atomic lines and molecular bands are affected by the laser energy,
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Fig. 6. Calibration curve for the ratio (a) Hy/O and (b) C;/CN as a function of Xcy,,
calculated by the averaging method, as measured from LIBS spectra measured at
three different laser energies.

the ratios are not affected much and therefore the measurement
strategy described before does not depend on the laser energy, al-
though it is preferable to establish calibration curves correspond-
ing to the same or similar energy as during the actual turbulent
flame experiments. In the latter case, the LIBS technique is applied
to different environments where the discrimination between the
reactants and the non-reactants is impossible or in cases where
the exact composition of the mixture is unknown, which suggests
the absorbed energy may vary from case to case. However, a cal-
ibration curve with a special treatment which would include cor-
rections based on the exact composition of the mixture or the dis-
tinction between reactants and non-reactants would not be useful
under the present investigation. In contrast, there is a clear need
for a universal calibration curve performed under similar experi-
mental conditions as the actual measurements in various flames
stabilized in more complicated burners.

3.2. Uniform methane-air mixtures: shot-to-shot variation

Measurements in turbulent flames, that may have large tem-
poral and spatial fluctuations in equivalence ratio, necessitate a
study of shot-to-shot variations [46]. To assess the precision of the
technique, LIBS experiments were carried out in uniform premixed
methane-air mixtures and the results, summarized in Figs. 7 and
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Fig. 7. Ratio H,/O obtained in air and in the indicated mixture of CHy-air for 100
single shot spectra. The dashed lines represent the average values of the ratio in
the cases of Xcy, = 0.10, 0.20, and 0.30.
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Fig. 8. Ratio C,/CN obtained in the indicated mixtures of CHs-air for 100 single
shot spectra. The dashed lines represent the average values of the ratio in the cases
of Xcy, = 0.65, 0.75, and 0.85.

8, were acquired based on the analysis of 100 single-shot indepen-
dent measurements.

In detail, Figs. 7 and 8 show respectively the single shot line
intensity ratio H,/O-777.3 nm and C,/CN ratio plotted for different
mole fractions of methane. Each data point corresponds to a single
shot in uniform mixtures having the indicated composition. As can
be seen, for Xcy, <0.1, the shot-to-shot standard deviation of the
H, /O ratio is small and about 10% of the mean value. As the mole
fraction of methane gets higher, these variations increase signifi-
cantly to about 30% for Xcy, = 0.2 and to about 60% for Xcy, =0.3.
This behavior is observed at the region of mole fraction where the
decay of the H, and O atomic lines was found in Fig. 5. This could
potentially suggest that a greater stochasticity of the plasma pro-
cesses might be associated with the reduction of the intensities of
the emission lines and their following detection, leading to a larger
divergence from the average value. In contrast, such an increase in
the shot-to-shot of the C;/CN ratios versus Xcy, is not occurring,
as can be seen in Fig. 8. The standard deviation of the C,/CN ratio
appears to be equal to 30% of the mean value of Xcy, =0.35, as
the C, intensity appears to be low at this condition, while for all
Xcn, > 0.35, the standard deviation of C,/CN ratio remains roughly
at 16-23% of the corresponding mean value. This latter scatter
can be affected by a number of different parameters, such as the
energy stability of the laser source, the plasma’s temperature and
electronic density, or even the interaction with the mixture. Simi-
lar investigations have been performed in the past by Ferioli et al.
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Fig. 9. Calibration curve for the H,/O ratio obtained by the averaging and the in-
stantaneous methods.
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Fig. 10. Calibration curve for the C,/CN ratio obtained by the averaging and the
instantaneous methods.

[24,25] and Joshi et al. [20], where shot-to-shot measurements
were carried out in different combustion systems. Initially, Ferioli
et al. performed LIBS experiments in a four-cylinder engine [25]
and later in a 25-mm-ID burner. Similarly to our strategy, two
different ways were used for the analysis of the results during
the experiments in the engine system [25] that had overall lean
mixtures. The relative standard deviation in their case was ranging
between 2.7 and 3% of the mean value which was less than the
one in the present experiments. Joshi et al. [20] managed to both
ignite and measure the equivalence ratio in a variable compression
single cylinder CFR engine via the single-shot methodology. The
variation of the equivalence ratio, which was calculated to be less
than 10%, was related primarily to the fluctuations of the overall
equivalence ratio at the spark location linked to the in-cylinder
mixing. Both these experiments showed a smaller rms relative to
the mean than our experiments, which could be related to the
collection spectrometer and delay used.

The difference between the instantaneous and the averaging ap-
proaches is shown in Figs. 9 and 10 for the H, /O and C;/CN ratios
respectively for the range in which each ratio is intended to be
used. Clearly, the two approaches are very close for lean (based
on H,/O) and for very rich compositions (based on C,/CN). How-

h=70mm

h=50mm
h=30d
h=30mm

h=10mm h=15d

Fig. 11. Left: Photograph of the swirling premixed flame. Equivalence ratio: 0.81, ve-
locity at annulus 10.2 m/s. Right: Photograph of the lifted methane air flame with
a spark visible. Jet velocity 17 m/s, jet fluid composition 70% CHy4, 30% air by vol-
ume. The horizontal lines on each photo reflect the locations where radial profiles
of equivalence ratio were taken. Not to scale.

ever, the precision of the single-shot measurement is not good for
shot-to-shot measurements in the range 0.15 < Xcy, < 0.35, where
the Hy /O atomic lines ratio can still be used (Fig. 6a), but with the
upper limit dependent on the laser energy. Alternatively, the fact
that there may be significant shot-to-shot variations of the chosen
ratios for some mixture compositions may put in question the av-
eraging method used for calibration and/or measurement. This is
because, if the average of each peak is first calculated by the spec-
trometer and then the ratio taken, this procedure is not necessarily
identical to finding the ratio and then averaging.

It can be concluded that, for lean mixtures, the LIBS measure-
ment in turbulent flames using a non-gated detector spectrome-
ter can provide instantaneous mixture fraction measurement of ac-
ceptable precision for mixtures up to stoichiometric, but also that
the error may reach about 25% of the mean for very rich mixtures.

3.3. Lean turbulent premixed flame

Figure 11a shows the swirling recirculating premixed methane-
air flame studied. The equivalence ratio in this flame is expected
to be constant across the reactants (region A) and the products
(B), but it is expected to reduce to zero at the edges of the an-
nular jet towards the ambient air and to decrease as we go down-
stream. The results of Fig. 12a, which were acquired using the in-
stantaneous method, reproduces these expectations. In particular,
the central region of the flame, which is filled with combustion
products, is measured to have the same equivalence ratio as the
incoming mixture, as it should. This demonstrates that the tech-
nique measures the correct ¢ in the hot products of a turbulent
premixed flame.

In addition, the shot-to-shot method seems to produce more
consistent results than the averaging method at the flame front,
across which ¢ is again uniform, as expected (Fig. 12b). The rms
of equivalence ratio in the hot products region is about 10% of the
mean (not shown here), which is consistent with the shot-to-shot
measurements in Section 3.2 and quantifies in an alternative way
the precision of the technique. Moreover in Fig. 12b, we used two
different approaches to post-process the acquired results with the
instantaneous method. In both cases, we measured the intensity of
each spectral line resulting in 100 different values of the intensity
of H, O, C; and CN. In the first approach we calculated the aver-
age ratio of these 100 measurements and we derived the mean
equivalence ratio; this method is called here “averx”. In the second
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Fig. 12. (a) Radial distribution of mean ¢ in the premixed recirculating flame at
different axial distances from the bluff body. (b) Radial distribution of ¢ derived
from the two analytical methods of processing LIBS spectra (averaging and instan-
taneous).

approach, based on the 100 different ratios we calculated 100 val-
ues of the equivalence ratio, and then we averaged these 100 val-
ues of the equivalence ratio in order to get the mean; this method
is called here “inst+”. Clearly, both approaches provide the mean
equivalence ratio, but only the second one provides a measurement
of the instantaneous equivalence ratio (or mixture fraction) from
which higher statistics (e.g. the RMS) can be evaluated.

As can be seen from Fig. 12b, the method here called instx
gives better results and it has been the one used in all case where
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Fig. 13. (a) Distribution of mean mixture fraction (&) in the turbulent jet flame at
two different axial stations versus the radial position (r/d). Included is the empirical
fit from Lawn [47]. (b) The same data, but normalized by the centerline value plot-
ted versus radial distance normalized by the jet half-width (i.e. the radius where
the mixture fraction falls to half its centerline value).

instantaneous measurements have been performed. These results
demonstrate that the spectra of the laser sparks occurring every-
where in the flame can be used for the determination of the equiv-
alence ratio both in the reactants and the products zones of turbu-
lent premixed flames.

3.4. Non-premixed jet flame

Figure 11b shows the lifted jet flame studied, including
an indication of the axial stations where the mixture fraction
measurement was performed. Note that the flame was lifted. This
flame was achieved with 30% air mixed with the fuel, which is
small enough premixing for the flame to be of non-premixed
character. In a second series of experiments, the amount of fuel
at the jet was very small (30% by volume), which does not result
in an established flame and the fuel behaves like a passive tracer.
However, the presence of fuel can still be detected by the LIBS
spectra providing hence a measurement of the mixture fraction in
a non-reacting axisymmetric jet, for which significant information
exists for comparison purposes.

Figure 13 shows the mean mixture fraction (&), based on 100
instantaneous spectra at each point shown, for the lifted flame.
Each of these spectra has been analyzed with the instantaneous
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method (described in Section 3.2). Also, the ratio H/O was used
in all cases for the determination of the mixture fraction, unless
the C; molecular band was observable in the emission spectra and
the C;/CN ratio was then used for the mixture fraction determina-
tion. Also each spectrum provided a single value of carbon mass
fraction, which was further normalized by the value at the nozzle
exit to give the mixture fraction. Note that the claim that the mea-
surement gives the mixture fraction relies on the assumption that
the LIBS Hy /O and C,/CN ratios are independent from whether the
mixture is unreacted or fully burnt. This assumption is partly justi-
fied by the data with the premixed flame (Section 3.3), which gave
the same equivalence ratio in the products and the reactants of a
premixed flame. In the jet diffusion flame (Fig. 11b) a wide range
of compositions is expected and reaction progress to be observed
at the same point due to the intense inhomogeneity of the mix-
ture and the flame base fluctuations. It is not easy to assess the
quantitative accuracy of the data in Fig. 13, since an independent
measurement of mixture fraction is not available. However, further
exploration of the data leads to some interesting implications. First,
when the mean mixture fraction (&) is normalized by the value at
the centerline, a self-similar profile emerges (Fig. 13, right), which
is according to the expectations. Second, the mixture fraction pro-
file measured is not far from empirical correlations [47], as shown
in Fig. 14. (When the jet mixing correlation is applied to flames,
the burnt gases density has been used, following Ref. [48]).
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Fig. 15. Radial distribution of the rms of the mixture fraction, divided by the mean
mixture fraction at the centerline at the same axial location, for the reacting (left)
and non-reacting (right) jets.

In Fig. 14, similar measurements of the fuel mass fraction have
been performed in a jet with low CH4 concentration which does
not lead to the establishment of a self-sustained flame. Obviously,
the region hit by the laser spark temporally reacts due to the
local initiation of chemical reactions, but the dominant stream-
wise flow takes these ignited fluid particles downstream, no flame
propagates upstream, and so the parts of the jet upstream of the
LIBS volume are not affected. This means that we can treat the
mixing patterns before the LIBS spark as inert. It is clear from
Fig. 14 that the LIBS measurement reproduces the self-similar be-
havior expected in inert turbulent axisymmetric jets and that the
measurement are in good agreement with previous passive scalar
mixing experiments [47].

The single spectra acquired here at every point resulted in a
single measurement of mixture fraction, from which the mean was
calculated and presented in Figs. 13 and 14. The rms values of the
instantaneous mixture fraction, normalized by the measured mean
value at the centerline, are shown in Fig. 15. The ratio rms/mean
scalar at the centerline of turbulent axisymmetric jets in the self-
preservation region reaches an asymptotic value of about 20-25%
[49] and the present measurements give that this ratio is approx-
imately constant with streamwise distance and has values in a
similar range. In addition, the radial profiles are self-similar. To-
wards the edges of the jet, the rms smoothly decreases to zero,
as expected. The non-reacting jet shows an rms that is slightly
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increasing over the centerline value as we move off-axis, consis-
tent with the expected behavior [49]. We may therefore conclude
that the present LIBS system reproduces reasonably well the ex-
pected rms of the mixture fraction in this turbulent jet.

Compared to the non-reacting jet, the reacting jet has lower
mixture fraction fluctuations and there is a more pronounced
increase off-axis, with the peak occurring at a radius equal to the
jet’s half-width. These trends are consistent with the measure-
ments in the Sandia piloted jet flames [50], where the rms over
the mean at the centerline was about 0.1-0.13, and the peak nor-
malized rms reached values of about 0.2-0.25. Note that the rea-
sonable measurement of the rms shown here is mostly attributed
to the fact that in the present experiments the absolute amount of
fuel is low at the measurement locations due to mixing with ambi-
ent air and due to the air premixing in the jet fluid, which means
there are very few samples with large enough carbon content to
give C, signal and hence rely on the C,/CN part of the calibration
scheme that has lower precision.

These results and the good agreement with the expected mix-
ture fraction distribution in jets suggests that the present LIBS
technique, with the novel calibration scheme proposed, can mea-
sure the mean mixture fraction (&) in turbulent non-premixed sys-
tems with acceptable accuracy. It can also provide a good approx-
imation to the rms of the mixture fraction, provided there are not
too many fluid samples with very high carbon content. For very
rich locations, we may expect that the mean is captured well, but
that the rms is measured higher than the true rms due to the
lower precision or higher incertitude associated with the genera-
tion of the C, lines.

4. Conclusions

Exploration of the Laser-Induced Breakdown Spectroscopy
technique for uniform methane-air mixtures spanning a wide
range of compositions and for turbulent non-premixed and
premixed flames has been performed. The differences among
the various spectra are discussed and the intensity ratios
H,(656.3 nm)/O(777.3nm) and C,(516.5nm)/CN(388.3 nm) were
found to depend monotonically and almost linearly to the mole
fraction of methane in the ranges 0-0.3 and of 0.3-1.0 respec-
tively, therefore providing a novel scheme for measurement in
non-premixed systems spanning a wide range of equivalence ra-
tios. It is found that, with proper attention to the calibration and
to the laser energy, the local equivalence ratio in flames can be
measured from both unreacted and reacted mixtures, in both pre-
mixed and non-premixed flames, and in inert mixing flows. The
spectrometer with the non-gated detector used here allows sim-
pler and low-cost measurements in various combustion systems
with reasonable accuracy.
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