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Abstract Nonlinear excitation regime two-line atomic

fluorescence (NTLAF) is a laser-based thermometry tech-

nique that has application in turbulent flames with soot.

However, no assessment of the various interferences from

soot or its precursors in flames with high soot load-

ings on the technique is available. To examine these is-

sues, both on- and off-wavelength NTLAF measurements

are presented and compared for laminar nonpremixed

ethylene-air flames. Laser-induced incandescence (LII)

measurements were used to determine the correspond-

ing soot concentration and location in the investigated

flames. The measurements indicate that interferences,

such as spurious scattering and laser-induced incandes-

cence from soot, are not significant for the present set of

flame conditions. However, interferences from soot pre-

? e-mail: qing.chan@adelaide.edu.au

cursors, predominantly condensed species (CS) and per-

haps polycyclic aromatic hydrocarbons (PAH), can be

significant. Potential detection schemes to correct or cir-

cumvent these interference issues are also presented.

Key words Temperature – Soot – Two-line atomic

fluorescence – Laser-induced Incandescence – Interfer-

ences

1 Introduction

The role of soot in combustion is important due to its en-

vironmental and health impacts [1,2], in addition to its

role in radiative heat transfer in various combustion sys-

tems [3–5]. While combustion processes involving soot

have been applied for many years, the formation and
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destruction of soot in practical environments, particu-

larly those that involved turbulent flows, are still beyond

the present capacity to model adequately [6]. Compre-

hensive studies to understand the chemical and physical

processes involved in soot formation and destruction in

such systems are therefore important. A multitude of in-

terdependent factors are fundamental to the understand-

ing of soot. Of these, temperature, which characterizes

the heat transfer process and controls the chemical and

physical processes within a flame, is of primary signifi-

cance.

Laser diagnostics are well-suited to provide in situ

instantaneous, non-intrusive, temporally and spatially

precise measurements of many important parameters of

interest [7]. Application of common laser diagnostics in

flames containing soot, however, has been problematic

due to various interference issues such as absorption and

scattering [8]. These issues lead to the application of

laser diagnostics often being restricted to idealised clean

flames, thus excluding many flames of practical signifi-

cance. There is therefore a need to develop alternative

laser diagnostic methods to complement and to extend

those already in common use.

Two-line Atomic Fluorescence (TLAF), with indium

as the seeded thermometric species [9,10], is one of the

laser diagnostic techniques that have been shown to hold

promise in sooting environments. The inelastic nature

of the technique enables optical filtering to be used to

minimise spurious scattering, thus allowing temperature

measurements to be performed in strongly scattering

(e.g. particle-laden) environments. By extending the tech-

nique into the nonlinear excitation regime, the authors

have shown that the TLAF signal can be increased suffi-

ciently to enable single-shot imaging [11–14]. Nonlinear

excitation regime two-line atomic fluorescence (NTLAF)

has also been shown to provide significant improvement

on the signal-to-noise ratio (SNR) and hence better pre-

cision when compared to the conventional linear regime

approach [13].

The NTLAF technique has been shown to provide ac-

curate temperature measurements in lightly sooty flames

[13]. However, the capacity of NTLAF to perform tem-

perature measurements in flames with higher soot load-

ings is yet to be assessed. Such assessments are required

because the extent of interference from spurious scat-

tering, laser-induced incandescence and/or fluorescence

from soot precursors [15] can be expected to increase

with the soot loading within the flame.

To meet these needs, the aim of the present work is

to assess the capacity of the NTLAF technique in flames

with high soot loadings. Specifically, the present paper

aims to compare the measurements, for both Stokes and

anti-Stokes processes, when induced at two different laser

wavelengths in these flames. The measurements, when

induced on-wavelength, are comprised of the indium flu-

orescence signal and any induced interferences; while the

off-wavelength measurements are derived from the ex-

traneous interferences from non-indium source(s). The
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present work also aims to determine the role of soot

in the interference through the simultaneous application

of laser-induced incandescence (LII) to determine the

corresponding concentration and location of the soot. It

aims to assess these issues for a range of operating laser

fluences and flame stoichiometries in the present paper.

2 Methodology

The TLAF process involves the sequentially shifted mea-

surements of Stokes and anti-Stokes direct-line fluores-

cence produced from the optical excitation of a three-

level system, namely the indium atom [9]. The three en-

ergy levels of a neutral indium atom that are relevant to

TLAF are shown in Fig. 1.

The Stokes process involves 410.18 nm laser excita-

tion (52P1/2 → 62S1/2 transition), and the subsequent

fluorescence (62S1/2 → 52P3/2 transition) is detected at

451.13 nm. The anti-Stokes process uses 451.13 nm exci-

tation (52P3/2 → 62S1/2 transition) and 410.18 nm de-

tection (62S1/2 → 52P1/2 transition). The flame temper-

ature is subsequently deduced from the ratio of these flu-

orescence signals. A full description of the TLAF theory,

especially incorporating NTLAF, has been presented in

a previous publication [13].

3 Experimental

3.1 Burner details

Laminar nonpremixed flames were chosen for the present

study since soot is formed readily in such combustion

environments, whilst avoiding complications associated

with the presence of turbulence [12,16]. Additionally,

nonpremixed flames typically have distinct regions that

assist in identification of any source(s) of extraneous in-

terferences based on spatial position in reaction zone. A

Jet in Hot Co-flow (JHC) style burner [17] was used in

the present study to generate the laminar nonpremixed

flames required.

The burner consists of a central fuel jet (�=20 mm)

within an annular co-flow (�=110 mm). The fuel jet exit

consists of a perforated stainless steel disc with equally-

spaced holes (�=0.8 mm). The design of this plate facil-

itates the seeding of an aerosol containing indium chlo-

ride. A co-flow gas of either nitrogen, air or a premixture

of fuel and air can be employed, but only an air co-flow

was used for the present study. The flow-conditioning

of the co-flow gas stream was achieved with the use of

stainless steel mesh and layers of flint clay.

Industrial grade ethylene (>99.5 % C2H4) was used

as the fuel for the present investigation. A portion of the

fuel was passed through a seeder to facilitate the seeding

of indium into the fuel stream. The seeder, which consists

of an ultrasonic nebuliser within a chamber, was used to

generate a mist of droplets of indium chloride dissolved
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in methanol. The concentration of the indium chloride

salt in the solution was chosen to be 1.125 mg/mL. This

concentration was selected to provide an optimal signal

while avoiding absorption and signal trapping. A ballast

volume was included between the seeder and the burner

to damp variations in the aerosol generation [18].

The parameters of the fuel stream at the exit of the

central fuel jet, issuing into a fixed air co-flow with a

bulk velocity of 1.5×10−3 m/s, are shown in Table 1. In

the present study, the stoichiometry (Φ) of the flames

was varied by adjusting the air flow rate with a constant

fuel flow rate. This maintains a similar amount of seeded

indium within each of the flames. The low flow rates

employed resulted in flames of spatially wide reaction

zones with discernible features, which is advantageous

for the purposes of the present study.

3.2 Laser systems details

The experimental arrangement used for the present in-

vestigation follows that described previously [12]. A schematic

diagram of the experimental layout is shown in Fig. 2.

3.2.1 NTLAF experimental details In brief, two Nd:YAG

pumped dye lasers were tuned to 410.18 nm and 451.13 nm

respectively, for on-wavelength measurements, and 412 nm

and 454 nm respectively, for off-wavelength measure-

ments. The laser pulses were fired with ∼100 ns sep-

aration. The two beams were circularly polarised and

combined into co-planar laser sheets of ∼0.3 mm thick-

ness through the measurement volume. The laser sheets

were directed through a tank, which was filled with fluo-

rescing dye, in the same field of view as the burner. This

is to allow for shot-by-shot correction of the laser energy

and profile variation across sheet height. The frequency-

shifted emissions from both the tank and the flame were

detected through 450 nm and 410 nm optical filters (both

with 10 nm bandwidth), using f#1.4 lenses, onto two in-

tensified CCD (ICCD) cameras. The gate widths of the

cameras were set to 50 ns. The timings of the cameras

were set to be prompt with laser excitation.

3.2.2 LII experimental details An Nd:YAG laser oper-

ating at 1064 nm was used for the LII excitation. The

1064 nm laser beam shared the same optical pathway

as the NTLAF process. The lenses used are not achro-

matic, leading to a slight difference in the focal length,

though insignificant over the region of interest through

the flame. The LII laser sheet was 20 mm in height

with ∼0.3 mm thickness. The operating laser fluence was

maintained at ∼0.5 J/cm2, which is within the plateau

region (not shown), to ensure that LII signals observed

are approximately independent of the laser fluence vari-

ation [19,20].

The wings of the sheet exhibiting lower laser fluence

were clipped with a rectangular aperture. The LII sig-

nal was detected through a 410 nm optical filter (10 nm

bandwidth), using a f#1.4 lens, onto another ICCD cam-

era. The gate width of the camera was set to 100 ns
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and the timing was set to be prompt to the LII excita-

tion process. This timing scheme was selected to reduce

the size-dependent sensitivity of the signal [21]. The LII

signals were calibrated using laser extinction measure-

ments. A chopped, continuous-wave 1064 nm beam was

used to avoid absorption processes from polycyclic aro-

matic hydrocarbons (PAH) or similar [22]. The soot ex-

tinction coefficient (Ke) was taken to be 9.2, following

the work of Williams et al. [23].

A delay generator was used to control the relative

timing of the lasers and the camera detection gates. The

detection and timing schemes employed in the present

study have been previously shown to avoid cross-talk

between the NTLAF and the LII processes [12]. The LII

process was delayed ∼800 ns after the NTLAF measure-

ments. The LII process was set to occur after the NLTAF

process since the temporal decay (hundreds of nanosec-

onds) of the LII signal is slower than that of the fluo-

rescence (tens of nanoseconds) [24]. Also, the ablation of

the soot may invoke other influences on the flame.

4 Data processing

The images from all three cameras were spatially matched

to sub-pixel accuracy using a four-point matching algo-

rithm and then morphed based on the cross-correlation

of a transparent grid image. The in-plane resolution of

the images is ∼260 µm. All images presented here have

been corrected for background and detector attenuation.

The images presented for this laminar flame system

were median-averaged over 150 shots to improve on the

SNR. Being a steady laminar flame system, there is no

loss of information resulting from the averaging. No pixel

binning was performed on the images to prevent degra-

dation of the spatial resolution. It should be noted that,

whilst the images presented here have been shot-averaged

to achieve the best possible signal quality, the SNR of

NTLAF technique has been previously shown to be suf-

ficient to be applied on a single-shot basis [12,14].

5 Results and Discussion

5.1 On- and off-wavelength measurements

5.1.1 Typical On- and off-wavelength measurements Fig-

ure 3 shows the typical averaged on-wavelength mea-

surements (Ion) for the (a) Stokes and (b) anti-Stokes

processes in Flame 2 (Table 1). These measurements

comprise of the signal from the indium fluorescence, and

laser-induced interferences from the flame. Both mea-

surements were recorded simultaneously under an oper-

ating fluence of ∼0.01 J/cm2. Figure 3(c) presents the

averaged soot volume fraction distribution of the same

flame, measured simultaneously with the on-wavelength

measurements. The figure shows that the soot volume

fraction for Flame 2 peaks at 4.08 ppm. The images pre-

sented represent an area of 10 mm high and 30 mm wide,

taken at a height above burner (HAB) centred at 25 mm.
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Figure 4 shows the typical averaged off-wavelength

measurements (Ioff) for the (a) Stokes and (b) anti-Stokes

processes in Flame 2 (Table 1). These images were recorded

under the same operating fluence as the on-wavelength

measurements; only, the wavelength has been shifted

slightly to detune it from the resonance of indium. These

images therefore correspond to the extraneous interfer-

ences, which would also contribute to the measurements

shown in Fig. 3. It is worth noting that even though the

on- and off-wavelength measurements were performed at

the same laminar flame condition i.e. Flame 2, it was

not possible to collect these measurements concurrently

with the present experimental setup. Their simultane-

ous measurements would require two additional tunable

lasers and cameras.

It is worth noting that the on- and off-wavelength

measurements presented here are given in arbitrary units

(a.u.) since the strength of the measurements is depen-

dent on the details of the optical arrangement. Neverthe-

less, a relative comparison of the off-wavelength with the

on-wavelength measurements can be made, if the excita-

tion characteristics of the off-wavelength measurements

assumed to be sufficiently broadband as to be insensitive

to the slight changes in the line width associated with

the change in the excitation frequency.

Figure 5 presents an overlay of the on- and off-wavelength

measurements from Fig. 3 and Fig. 4 respectively. It

is evident that the off-wavelength measurements over-

lap a narrow portion on the inner fuel-rich side of the

broader on-wavelength measurements. The flame front

can be identified from the region of highest intensity

in the on-wavelength measurements, since this approx-

imately marks the region with the highest temperature

[14]. These observations suggest that the source(s) of the

observed off-wavelength measurements is only associated

with the fuel-rich side of the reaction zone, and not with

the flame front or oxidising region.

Figure 6 shows the overlapping of the off-wavelength

measurements and the LII image of soot volume frac-

tion for both the Stokes and anti-Stokes processes. It is

apparent that the locations of the off-wavelength mea-

surements are distinct from the the soot regions and are

also on the fuel-rich side of the soot sheet. The differ-

ence in the locations of the measurements implies that

soot interferences, such as spurious scattering and laser-

induced incandescence, do not contribute significantly

to the off-wavelength measurements. Rather, such spu-

rious scattering from the soot is effectively suppressed by

the optical arrangement employed. The observation also

indicates that the chosen fluence for these NTLAF mea-

surements avoids soot incandescence, despite operating

in the nonlinear excitation regime [13].

It can also be seen from Fig. 6 that the off-wavelength

measurements are observed to occur at a similar location

for both the Stokes and anti-Stokes processes, suggest-

ing that the same source(s) is likely to be responsible

for each. Furthermore, since the off-wavelength measure-

ments are detected for both the Stokes and anti-Stokes
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processes, it can be inferred that these laser-induced

emissions are characterised by a broad spectral range.

The averaged distribution of the on- and off-wavelength

measurements, and of the soot volume fraction are nor-

malised in Fig. 7. These averaged radial profiles were

extracted at a HAB of 25 mm, and are normalised to

their peak values. From Fig. 7, it can be seen that the

off-wavelength measurements peak at a radial location

(r) of ∼6.5 mm and has a FWHM spread of ∼2.3 mm.

By contrast, the soot particles peak at r≈7.5 mm and are

confined to a thinner region (FWHM≈1.3 mm). A close

inspection of Fig. 7 also reveals that the off-wavelength

measurements peak at the same radial location (r≈6.5 mm)

as the onset of the soot. This observation suggests that

the source(s) that resulted in the observed off-wavelength

measurements participates in the soot formation pro-

cess, since the consumption of the species coincides with

the appearance of the soot particles. It is also consistent

with the knowledge that soot precursors are found on

the fuel-rich side of the soot layer.

Measurements from both Stokes and anti-Stokes pro-

cesses are observed to have qualitatively similar charac-

teristics throughout the present study. Hence, only re-

sults obtained for the anti-Stokes process are presented

and discussed in the subsequent sections.

5.1.2 Effect of laser fluence Figure 8 presents the aver-

aged radial profiles for the on- and off-wavelength mea-

surements in Flame 2 (Table 1) at a HAB of 25 mm,

at four different laser fluences. To generate this plot,

the laser fluence was varied by the addition of neutral

density filters of differing optical density (OD) into the

beam. This approach allows the variation in intensity

while maintaining consistent optical properties of the

beam. Both the flame condition and indium seeding con-

centration were held constant. The radial location of the

peak soot volume fraction is indicated on the figure with

a vertical dotted line.

A consistent trend is evident in Fig. 8, with the inten-

sities of both the on- and off-wavelength measurements

found to reduce with decreasing laser fluence. In general,

each of the on-wavelength measurements is observed to

exhibit a qualitatively similar trend. The on-wavelength

measurements are observed to peak (air-side peak) at a

radial location between the air side and the position of

the maximum soot volume fraction. Also, a secondary

peak (fuel-side peak) appears at an intermediate posi-

tion between the soot zone and the fuel-rich side. The

off-wavelength measurements exhibit qualitatively simi-

lar trends to the findings discussed earlier from Fig. 7.

The peaks for the on-wavelength measurements are

observed to display dissimilar trends when different laser

fluences are used. For the case of laser fluence = 0.010 J/cm2

and 0.008 J/cm2 , the fuel-side peaks are observed to

have a higher intensity than the air-side peaks. How-

ever, such characteristic does not persist and is found

to have inversed for the case at lower laser fluences (i.e.

laser fluence = 0.003 J/cm2 and 0.001 J/cm2). The dif-
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ference in the dependency of the air-side and the fuel-

side peaks on the laser fluences implies that the ob-

served on-wavelength measurements are comprised of

laser-induced emissions from species with dissimilar spec-

troscopic properties. A close inspection of the radial pro-

files in Fig. 8 further reveals that the fuel-side peaks

of the on- wavelength measurements are in good agree-

ment with profiles of the off-wavelength measurements,

with the local maxima of the fuel-side peaks and the

off-wavelength measurements occurring at similar radial

locations. The likeness of the profiles over the region sug-

gests that the the fuel-side peak of the on-wavelength

measurements are mainly comprised of the laser-induced

emissions from the same non-indium source(s) responsi-

ble for the off-wavelength measurements.

Figure 9 compares the relative magnitude of the max-

imum off-wavelength to on-wavelength measurements,

obtained from Fig. 8, as a function of laser fluence. It

is evident from the figure the interference remains sig-

nificant at all fluences. This observation implies that the

laser-induced emissions from the non-indium source(s)

are not an artefact of the operating laser fluence of NT-

LAF and are readily stimulated even at very low flu-

ences.

Polycyclic aromatic hydrocarbons (PAH) [15,24,16,

25] and condensed species (CS) [26–28] have been re-

ported to form readily in fuel-rich zones and are de-

duced to play important roles in soot formation pro-

cesses. The emissions from both PAH and CS are char-

acterised by broad spectra range and are reported to

exhibit both Stokes (red-shifted) and anti-Stokes (blue-

shifted) components [29,30]. The similarities between

the characteristics of the off-wavelength measurements

and the findings of the previous studies suggest that

the laser-induced emissions from PAH and CS should

be considered in seeking to identify the cause of the in-

terference. Other studies, however, have reported that

PAH emission in the visible spectrum is negligible [27],

indicating that CS is more likely to be the species caus-

ing the off-wavelength measurements. Nevertheless, it is

possible that the spectroscopic properties of the PAH

might be influenced by the high temperature flame en-

vironment, shifting in the emission significantly towards

visible [28,31]. Therefore, the contribution of the PAH

emission in perturbing the NTLAF measurements can-

not be ruled out completely.

5.1.3 Effect of stoichiometry Figure 10 presents the av-

eraged radial profiles of on- and off-wavelength measure-

ments in Flame 1 to Flame 5 (Table 1) at a fixed oper-

ating laser fluence of ∼0.01 J/cm2. Again, these pro-

files were extracted at a HAB of 25 mm in all flames.

Measurements are presented as a function of radial dis-

tance from the peak of the soot volume fraction (r ’).

This identifies the variations relative to the flame front.

From Fig. 10, it can be seen that the influence of the

fuel-rich interference peak in the on-wavelength mea-

surements is greater in the richer flames than in the



Assessment of interferences to NTLAF in sooty flames 9

leaner flames. That is, the richer the flame, the more

intense the off-wavelength measurements. This is consis-

tent with the deduced importance of PAH and CS since

both are formed preferentially under richer conditions.

From Fig. 10, it can be seen that there is an en-

hancement in the intensity of the on-wavelength mea-

surements, as the flame becomes leaner. This observa-

tion appears to be opposite to the general view that the

neutral indium atoms are generated more efficiently in

fuel-rich zones [32,33]. The processes by which the neu-

tral indium atoms are converted from indium chloride

solutions are complex, as described in detail in previous

publications [11,14]. In brief, desolvation occurs upon

heating near the flame front, leaving the indium in the

form of various metal complexes. These complexes subse-

quently undergo a series of gas-phase reactions to form a

variety of species with competing equilibria, one of which

is the desired neutral indium atom. Such reactions are

highly localised in the flame and are dependent on nu-

merous factors such as the temperature and the chemical

compositions of the region [34].

Flame 2 to Flame 5 are fuel-rich flames slightly pre-

mixed with air, so have wide reaction zones. The various

processes involved in the generation of indium atoms are

therefore allowed more time to proceed. Additionally, the

efficiency of the desolvation step is also expected to in-

crease in the leaner flames, which have more favorable

heat release profiles. The interactions of these two effects

may have compensated for the decrease in the efficiency

of indium formation in leaner flames. Factors such as the

requirement for the activation of indium within flame

front [35] or the possible formation of carbon-containing

indium compounds in sooty flames, which result in de-

creased indium atom formation efficiency [34], may also

contribute to the observed trends.

It is worth mentioning that, despite an overall en-

hancement in the intensity of the on-wavelength mea-

surements from fuel-rich to fuel-lean, there is no sub-

stantial difference in the general shapes of the profiles.

Neglecting the cases such as Φ = ∞ and 31.3, where

the on-wavelength measurements are highly perturbed

by the extraneous emissions from non-indium sources,

all of the curves are found to pass through a maximum

at an intermediate position between the soot zone and

air side. Again, the shapes of these curves are expected

to reflect the composite effects of the various factors dis-

cussed previously.

5.2 Potential schemes to correct for or circumvent

interferences

5.2.1 Off-wavelength measurements To investigate ap-

proaches to correct for the aforementioned interferences,

Fig. 11 presents the averaged radial profiles that result

from the subtraction of the extraneous interferences, i.e.

off-wavelength measurements, from the on-wavelength

measurements in Fig. 8. It can be seen that each of

the averaged radial profiles exhibit qualitative similar

trends to the on-wavelength measurements in Fig. 10
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that are observed to be least affected by the extraneous

interferences (i.e. Φ = 4.2 and 5.9). This observation

suggests that the off-wavelength measurements can po-

tentially be used to account/correct for the interferences

present, over a range of laser fluences. Also, this obser-

vation supports the earlier assumption in § 5.1.1 that

the off-wavelength measurements are likely to be insen-

sitive to the changes in line width associated with slight

detuning of the laser.

5.2.2 Off-resonance measurements To investigate ap-

proaches to circumvent the aforementioned interferences,

the averaged distribution of the off-resonance and the

corresponding off-wavelength measurements in Flame 1

(Table 1) are presented in Fig. 12 for the anti-Stokes

process. The LII soot volume fraction distribution for

the flame is overlaid as well. The off-resonance measure-

ments were collected with the use of a 430 nm filter

(10 nm bandwidth) in conjunction with on-wavelength

excitation i.e. 450 nm excitation for anti-Stokes process.

From Fig. 12, it is evident that the both the off-resonance

and off-wavelength measurements show qualitative simi-

lar features. It is worth noting that the off-resonance and

off-wavelength measurements are found to differ quan-

titatively, as expected, since different detection optics

were used for the collection of each of the measurements.

These findings suggest that the off-resonance measure-

ments would be more useful for identification, rather

than correction, of the regions of NTLAF images that

are identified to be significantly affected by the extra-

neous interferences present. It is also important to note

that the off-resonance and off-wavelength measurements

for the Stokes process (not shown here) are found display

similar characteristic as well.

5.2.3 Fuel-air ratio Figure 13 presents the dependence

on the flame stoichiometry of the maximum off-wavelength

to on-wavelength measurements ratios. These data were

extracted from the fuel-rich peak between the fuel and

soot zones where the off-wavelength measurements are

found to be significant. Also presented are the corre-

sponding maximum soot volume fraction (SVFmax). It

can be seen that there is a strong, although not abso-

lute, correlation between the amount of soot and inter-

ference, as expected. Clearly, the relationship between

these two parameters is not absolute and will depend on

factors such as fuel type and strain [36]. Nevertheless,

it is demonstrated that measurements without the need

for correction will be possible for flames with sufficiently

low yet still useful soot loadings. Specifically, it can be

seen that the maximum interference to the total emission

ratio is lower than 0.05 when the flame stoichiometry is

less than Φ = 9.6 and when the SVFmax is ∼1.3 ppm

for this fuel. Given the expected dependence of this re-

lationship on fuel type and experimental conditions, it

is desirable to perform a similar check for specific condi-

tions of interest.
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6 Conclusion

This paper has investigated on the contribution of the

extraneous interferences from non-indium sources towards

the nonlinear two-line atomic fluorescence (NTLAF) mea-

surements in flames with high soot loadings. In conclu-

sion,

– The off-wavelength measurements show that the in-

terference is significant from soot precursors, but not

from soot itself.

– Comparison of the spatial locations of the various

peaks of the measurements suggest that the interfer-

ence is derived predominantly from condensed species

(CS) and perhaps also from polycyclic aromatic hy-

drocarbons (PAH).

– The correction of the extraneous interferences with

the use of off-wavelength measurements is potentially

feasible.

– The identification and elimination of the regions of

the NTLAF data that are found to be significantly

affected by extraneous interferences with the use of

off-resonance measurements is plausible.

– The NTLAF can be expected to perform reliably,

without the need for correction, in selected flame con-

ditions with low yet useful soot loadings.

These results also justify more work to directly evalu-

ate the efficacy of the correction schemes on the accuracy

of the measurements in flames with high soot loadings.

Even an imperfect correction would allow the extension

of the usable range of the NTLAF technique to flames

of higher soot loadings.
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14 TABLES

Table 1 Parameters of the fuel stream at the exit of the central fuel jet, issuing into a fixed air co-flow, for the flame conditions
of interest.

Flame Fuel Stoichiometry Bulk velocity Percentage O2

Number stream (Φ) (m/s) (% vol.)

1 Ethylene ∞ 0.63 0.0
2 Ethylene & air 31.3 0.91 6.3
3 Ethylene & air 9.6 1.53 12.3
4 Ethylene & air 5.9 2.09 14.6
5 Ethylene & air 4.2 2.68 16.0



TABLES 15

List of Figures

1 Indium atom energy transitions involved in Two-Line Atomic Fluorescence (TLAF). . . . . . . . . . . 16
2 Schematic diagram of the experimental arrangement. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
3 (Color online) Typical averaged on-wavelength (a) Stokes, (b) anti-Stokes measurements and (c) LII

soot volume fraction distribution in Flame 2 (Table 1). . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
4 (Color online) Typical averaged off-wavelength (a) Stokes and (b) anti-Stokes measurements in Flame 2

(Table 1). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
5 (Color online) Typical averaged on-wavelength measurements, with off-wavelength measurements over-

laid for (a) Stokes and (b) anti-Stokes processes in Flame 2 (Table 1). On-wavelength: Blue—White.
Off-wavelength: Red—White. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

6 (Color online) Typical averaged off-wavelength measurements with LII soot volume fraction overlaid
for (a) Stokes and (b) anti-Stokes processes in Flame 2 (Table 1). Soot: Grey—White. Off-wavelength:
Red—White. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

7 Average radial profiles for the (a) Stokes and (b) anti-Stokes processes extracted at a HAB of 25 mm
in Flame 2 (Table 1). Open circles: on-wavelength measurements. Dots: off-wavelength measurements.
Dashed line: soot volume fraction. These radial profiles have been normalised arbitrarily to their peak
values. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

8 Averaged radial profiles for the on-wavelength measurements at four different laser fluences, extracted
at a HAB of 25 mm in Flame 2 (Table 1). Anti-Stokes process. Open circles: on-wavelength measure-
ments. Dots: off-wavelength measurements. Vertical dotted line: peak soot volume fraction location. . 23

9 Maximum off-wavelength to on-wavelength measurements ratio as a function of laser fluence. . . . . . 24
10 Averaged radial profiles as a function of radial distance from peak soot volume fraction location,

extracted at a HAB of 25 mm in Flame 1 to 5 (Table 1). Anti-Stokes process. Open circles: on-
wavelength measurements. Dots: off-wavelength measurements. Vertical dotted line: peak soot volume
fraction location. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

11 Averaged radial profiles for the corrected on-wavelength measurements at four different laser fluences,
extracted at a HAB of 25 mm in Flame 2 (Table 1). Anti-Stokes process. . . . . . . . . . . . . . . . . 26

12 Averaged radial profiles for extracted at a HAB of 25mm in Flame 1 (Table 1). Anti-Stokes pro-
cess. Dashed line: soot volume fraction. Dots: off-wavelength measurements. Triangles: off-resonance
measurements. These radial profiles have been normalised arbitrarily to their peak values. . . . . . . . 27

13 Comparison of the maximum off-wavelength to on-wavelength measurements ratio (anti-Stokes) and
maximum soot volume fraction at different flame stoichiometries (Φ). Dots: maximum off-wavelength
to on-wavelength measurements ratio. Open circles: maximum soot volume fraction. . . . . . . . . . . 28



16 FIGURES

5 P
2

3/2

5 P
2

1/2

6 S 1/2
2 Stokes Anti−Stokes

2

1

0

Fig. 1 Indium atom energy transitions involved in Two-Line Atomic Fluorescence (TLAF).



FIGURES 17

Nd:YAG laser

Dye laser

Nd:YAG laser

Burner

Polarising
beamsplitter

Mirror
Quarter
   waveplate

Telescope

Tank

Prism

Nd:YAG
laser

Dye laser

Mirror

Prisms

ICCD
   cameras (×3)

Fig. 2 Schematic diagram of the experimental arrangement.



18 FIGURES

(a)

 H
A

B
 (

m
m

)

−15 0 15

30

25

20  det. lim.

 2250 a.u.

(b)

 H
A

B
 (

m
m

)

−15 0 15

30

25

20  det. lim.

 230 a.u.

(c)

 H
A

B
 (

m
m

)

−15 0 15

30

25

20  det. lim.

 4.08ppm

Fig. 3 (Color online) Typical averaged on-wavelength (a) Stokes, (b) anti-Stokes measurements and (c) LII soot volume
fraction distribution in Flame 2 (Table 1).
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Fig. 4 (Color online) Typical averaged off-wavelength (a) Stokes and (b) anti-Stokes measurements in Flame 2 (Table 1).
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(a)

(b)

Fig. 5 (Color online) Typical averaged on-wavelength measurements, with off-wavelength measurements overlaid for (a)
Stokes and (b) anti-Stokes processes in Flame 2 (Table 1). On-wavelength: Blue—White. Off-wavelength: Red—White.
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(a)

(b)

Fig. 6 (Color online) Typical averaged off-wavelength measurements with LII soot volume fraction overlaid for (a) Stokes
and (b) anti-Stokes processes in Flame 2 (Table 1). Soot: Grey—White. Off-wavelength: Red—White.
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Fig. 7 Average radial profiles for the (a) Stokes and (b) anti-Stokes processes extracted at a HAB of 25 mm in Flame 2
(Table 1). Open circles: on-wavelength measurements. Dots: off-wavelength measurements. Dashed line: soot volume fraction.
These radial profiles have been normalised arbitrarily to their peak values.
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Fig. 8 Averaged radial profiles for the on-wavelength measurements at four different laser fluences, extracted at a HAB of
25 mm in Flame 2 (Table 1). Anti-Stokes process. Open circles: on-wavelength measurements. Dots: off-wavelength measure-
ments. Vertical dotted line: peak soot volume fraction location.
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Fig. 10 Averaged radial profiles as a function of radial distance from peak soot volume fraction location, extracted at a HAB
of 25 mm in Flame 1 to 5 (Table 1). Anti-Stokes process. Open circles: on-wavelength measurements. Dots: off-wavelength
measurements. Vertical dotted line: peak soot volume fraction location.
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Fig. 11 Averaged radial profiles for the corrected on-wavelength measurements at four different laser fluences, extracted at
a HAB of 25 mm in Flame 2 (Table 1). Anti-Stokes process.
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Fig. 12 Averaged radial profiles for extracted at a HAB of 25mm in Flame 1 (Table 1). Anti-Stokes process. Dashed line:
soot volume fraction. Dots: off-wavelength measurements. Triangles: off-resonance measurements. These radial profiles have
been normalised arbitrarily to their peak values.
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Fig. 13 Comparison of the maximum off-wavelength to on-wavelength measurements ratio (anti-Stokes) and maximum soot
volume fraction at different flame stoichiometries (Φ). Dots: maximum off-wavelength to on-wavelength measurements ratio.
Open circles: maximum soot volume fraction.


