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a b s t r a c t 

This paper focuses on the soot inception region in laminar coflow diffusion flames of methane and ethy- 

lene stabilised on the Yale diffusion burner. Earlier studies of these flames have focused on the down- 

stream regions where soot has already developed. Laser-induced fluorescence (LIF) and elastic scattering 

measurements from 266 nm excitation are combined with laser-induced incandescence (LII) excited at 

1064 nm. The structure and evolution of the soot precursor particles are characterised using the LIF in- 

tensity, decay time and the relative spectral emission in the ultraviolet and visible. The LIF decay times 

indicate that the majority of 266 nm excited LIF originates from nanostructures rather than gas phase 

polycyclic aromatic hydrocarbons (PAH). A similarity in the particle evolution for the low and high soot- 

ing flames in the upstream regions is found, indicating a general transition towards larger structures 

with more aromatic features as the nanostructures advect downstream in the fuel rich pyrolytic condi- 

tions. Higher nanostructure concentrations are found to precede the higher soot volume fractions (SVF) 

found in fuel rich sootier flames, although not proportionally, suggesting that surface growth strongly 

contributes to SVF in the high sooting flames. In the heavier sooting flames the majority of particle for- 

mation shifts from the centreline to the wings at the outer edges of the flame closer to stoichiometry. 

Particle formation in the wings of the flames occurs in the presence of oxygen and higher temperatures, 

resulting in particles with spectroscopic properties resembling those formed toward the oxidiser side of 

counter-flow diffusion flames. In the heavier sooting flames, particles produced in the wings appear to 

mix with particles formed along the centreline of the flame at the flame tip, resulting in a broad range 

of nanostructures and soot occurring in this region. 

© 2019 Published by Elsevier Inc. on behalf of The Combustion Institute. 
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1. Introduction 

Understanding the mechanism of particle formation in flames,

particularly in the inception stages, remains an outstanding chal-

lenge despite extensive research that has already been published

on this topic [1–4] . The difficulty is multi-layered and lies in

the moieties of the species present in the gas phase, many of

which are polycyclic aromatic hydrocarbons (PAH), the transition

from molecular to solid nanostructures and hence to soot, and

the difficulty of probing these domains. In recent years, studies

have focused on characterising particles based on their physico-
Abbreviations: ELS, Elastic light scattering; HAB, Height above burner; ISF, Inter- 

national sooting flame (Workshop); LIE, Laser-induced emission; LIF, Laser-induced 

fluorescence (LIE attributable to fluorescence); LII, Laser-induced incandescence (LIE 

attributable to incandescence); NOC, Nano-organic carbon; PAH, Polycyclic aromatic 

hydrocarbon; PMT, Photomultiplier tube; SVF, Soot volume fraction; TRFPA, Time- 

resolved fluorescence polarization anisotropy; UV, Ultraviolet; UV/VIS, UV to visible 

LIF ratio (PMT2/PMT3); LL, Lower limit of LIF signals corrected for SVF interference. 
∗ Corresponding author. 

E-mail address: dbar4475@uni.sydney.edu.au (D. Bartos). 
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hemical features [1,5–13] . In this context, it is important to have

lear terminology that define the nomenclature of combustion-

enerated carbonaceous particles. In this paper, the term “soot” is

sed to refer to both primary particles and aggregates defined by

heir ability to absorb infrared light and incandesce [14–18] . Con-

ersely, the term “nanostructures” is attributed to other species

n a condensed state (i.e. both solid and/or liquid-like but not

n gas phase) possessing no broadband absorption features in

he infrared and the ability to fluoresce under ultraviolet (UV)

xcitation [5–7,19] . It is important to underline that, although the

uorescence from these nanostructures is from aromatic groups,

 key distinction is made between gas phase PAH and those

ound in nanostructures. Finally, it is believed that mechanisms

hat dominate combustion-generated particle evolution may differ

etween premixed and non-premixed modes hence the necessity

o study both modes of combustion [1] , where this paper focuses

n the non-premixed mode. 

In laminar premixed flames, combustion-generated particles

ave been studied extensively using a range of diagnostic meth-

ds particularly laser-induced fluorescence (LIF) and laser-induced

https://doi.org/10.1016/j.combustflame.2019.03.026
http://www.ScienceDirect.com
http://www.elsevier.com/locate/combustflame
http://crossmark.crossref.org/dialog/?doi=10.1016/j.combustflame.2019.03.026&domain=pdf
mailto:dbar4475@uni.sydney.edu.au
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Fig. 1. Photographs of all flames. All photographs were taken at same f # and ex- 

posure except for those labelled with extended exposure. (For interpretation of the 

references to colour in this figure, the reader is referred to the web version of this 

article.) 

Fig. 2. Experimental setup and optical layout. 
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ncandescence (LII). LII is generally attributed to soot particles

nd aggregates in the order of tens to hundreds of nanometres

hat are sufficiently graphitic to be heated up to temperatures of

50 0–450 0 K [4,14–18] . The minimum particle size threshold be-

ow which LII can no longer be detected remains an open question

nd subject to current research [4,20,21] . LIF, on the other hand,

an be observed from molecular PAH and has also been detected

rom soot precursors, in the range of sizes between the largest gas

hase PAHs and the smallest solid particles tracked by LII. It is

oted here that soot precursor particles are also often referred to

s condensed phase, nanostructures, nanoparticles or nano-organic

arbon (NOC) that exhibit physical and chemical properties some-

here between those of large aromatic molecules and solid par-

icles [22] . Time-resolved 266 nm excited LIF measurements have

een shown to be able to delineate between LIF from PAH and

IF originating from nanostructures, LIF-PAH decay times decrease

apidly at flame temperatures to hundreds of picoseconds [23] ,

hereas LIF decay time from nanostructures at flame temperatures

emain long, typically greater than 2 ns [24,25] . 

A recent application of time-resolved LII-LIF to laminar pre-

ixed flames with a range of C/O ratios has shown that the tem-

oral decay times of the LIF signals are much longer than those

xpected for molecules at the same temperature, yet much shorter

nd spectrally different than those of soot particles [24] . It was

oncluded that LIF is able to track nanostructures as condensed

hase matter with sizes in the order of few nanometres and with

nternal structures exhibiting the spectroscopic behaviour of small

AHs. The condensed state of these nanostructures enhances their

uantum yield resulting in a longer decay time consistent with ex-

erimental findings. On the other hand, the low quantum yield

f gas phase PAH reduces their contribution to the LIF signal, to

egligible levels in certain conditions [19] . Such nanostructures de-

cribed and detected by LIF are found to be compatible with other

xperimental findings, employing multiple techniques [5–13] . 

In diffusion flames, the dominant transport processes and

he structure of the reaction zones are different from those in the

remixed flames and this may impact the mechanism of parti-

le inception [1–4,25] . Combustion-generated particle formation in

aminar non-premixed flames has been studied in burner config-

rations ranging from planar [26] to circular [27–30] to counter-

ow [25,31–33] . More recently, the axisymmetric burner developed

t Yale University, heron referred to as the “Yale burner”, has be-

ome an accepted target flame platform adopted by the Interna-

ional Sooting Flame Workshop (ISF) [34] . Existing measurements

n sooting flames stabilised on the Yale burner have focused on

he downstream structure of soot rather than the particle incep-

ion process [35] . The purpose of this paper is, therefore, to fill this

ap and shed light on the mechanism of particle inception in the

ale diffusion flames through the application of time-resolved LIF-

II. The use of different fuels, namely methane and ethylene, al-

ows the investigation to span a large range of sooting conditions,

esting the adopted technique, and at the same time exploring the

nception process in a broad selection of operative conditions. The

igh aspect ratio flames (defined as the ratio of the visible flame

ength over the jet diameter) produced by the Yale burner also pro-

ide an opportunity to investigate conditions where separation of

he centreline and the edge of the flame is relatively small, hence

iffusion between these two regions may be significant. Discussion

nd comparisons are made, where relevant, with previous mea-

urements and calculations of the flames examined. 

. Experimental setup 

The burner configuration adopted here was the Yale burner and

t consists of a 4 mm ID jet for the fuel mixture (methane or ethy-

ene mixed with nitrogen) surrounded by a 74 mm diameter coflow
f air. A detailed description of the burner may be found elsewhere

34,36,37] . A number of different sooting propensities were exam-

ned from marginally sooting methane flames [38] to obviously

ooting ethylene flames [35,39] , with details of the investigated

ames presented in Table 1 and photos presented in Fig. 1 . All but

he M80 flame were target flames for the ISF [34] . The choice of

ow rates for M80 was made in order to compare the results ob-

ained with ethylene in similar conditions of carbon flow rate. For

he naming convention, the “M” and “E” represent methane and

thylene respectively, while the following number corresponds to

he percent fuel in the jet mixture. The cold bulk velocity for all

ames was 35 cm/s for both the jet mixture and the coflow. Time-

esolved, pointwise laser-induced emission (LIE) measurements

ere conducted along the centreline of the flames, and some select

adial traverses were also conducted for the ethylene cases. 

.1. Time-resolved LIF-LII 

The experimental setup used has been described in detail in

revious works [24,40] , and therefore only essential details are

iven here. The flames were probed with two different laser

ources, namely a 266 nm, 80 ps duration UV pulse and a 1064 nm,

 ns duration IR pulse as shown in Fig. 2 . The UV was the first

ulse and was generated by the 4th harmonic (266 nm) of a mode-

ocked Nd:YAG 10 Hz pulsed laser (Ekspla PL2251 Series Laser). The

V beam focus was measured to have a 250 μm diameter resulting

n a fluence level of 1.2 J/cm 

2 . The use of picosecond pulses (com-

ared to earlier measurements using a typical 8 ns pulse [25] ) is

ecessary to avoid distortion of the short LIF decay times expected

rom fluorescing species at high temperatures [23] . The fluence for
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Table 1 

Details of flames investigated. 

Flame Fuel Fuel (CH 4 or C 2 H 4 ) 

flow rate, SLPM 

Fuel dilution (N 2 ) 

flowrate, SLPM 

Air coflow 

flowrate, SLPM 

Carbon flowrate 

g C /min 

Flame length 

(mm) 

M65 CH 4 0.172 0.092 90 0.084 28 

M80 CH 4 0.211 0.053 90 0.103 37 

E32 C 2 H 4 0.084 0.179 90 0.082 25 

E40 C 2 H 4 0.106 0.158 90 0.103 32 

E60 C 2 H 4 0.158 0.106 90 0.154 50 

E80 C 2 H 4 0.211 0.053 90 0.206 74 
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the UV laser pulse was chosen to maximise the LIF signal with re-

spect to the interference (see later in the text) originating from un-

desired phenomena such as photofragmentation or soot ablation.

The fluence is similar to that reported in previous work where

the time decay of LIF from nanostructures was compared to that

of PAH (0.8 J/cm 

2 ) [25] , and is also comparable with other time-

resolved fluorescence polarisation anisotropy (TRFPA) experiments

conducted in the past based on the energy pulse and the pre-

sumed spot size [41–43] . The second laser, the IR, was generated

by the fundamental output (1064 nm) of a 10 Hz, Nd:YAG pulsed

laser (Spectra-Physics Quanta-Ray Pro-350) and was used to excite

LII from soot exclusively. The IR probe diameter was measured to

be 450 μm resulting in a fluence level of 0.6 J/cm 

2 . The choice of

both UV and IR fluence was made on the basis of accepted values

in literature on this topic and values previously used in laminar

premixed flames as well as turbulent piloted jet flames [24,40] . In

this study, the UV pulse preceded the IR pulse by 900 ns, which is

different and significantly longer than previous work [24,40] . The

UV to IR temporal separation time of 900 ns is still short relative

to the advection times in the flow, and thus the same gas volume

was irradiated by both the UV and IR pulses permitting the possi-

bility of newly formed particles from laser ablation and sublima-

tion of soot [44–46] affecting the particle morphology and par-

ticle size distributions [47] . Previous measurements in premixed

flames [24] have examined the potential interference between the

UV and IR beams in detail for shorter inter-pulse durations in pre-

mixed flames and found no discernible interaction. Although not

explored in detail in this paper, the authors found no difference in

the LII signal with or without the UV beam present in the axial

traverse for the E60 flame for the inter-pulse duration utilised in

this work. The LII measurements reported in this paper also show

strong agreement with previously published soot volume fraction

(SVF) measurements [35,39] , indicating that if any interaction had

occurred such as sublimation from the smallest soot particles, it

had no noticeable impact on the SVF measurement [44] . 

The collection system consisted of four fast photomultiplier

tubes (PMTs) (Hamamatsu H10721-210 and H10721-20) situated

at the focal plane of a 1/2 m spectrometer. The four PMTs simul-

taneously collected time-resolved signals in four distinct spectral

bands: PMT1 @ 266 ± 15 nm, PMT2 @ 350 ± 15 nm, PMT3 @

445 ± 15 nm, PMT4 @ 575 ± 15 nm. PMT1 was used to capture

elastic light scattering (ELS) from the laser pulse at 266 nm. PMT2

and PMT3 were used to measure LIF in the UV and the visible

spectral range; the choice of these two spectral bands was made

in accordance to the observed broadband LIF seen in previous

works [25,29,31,48–52] . Finally, PMT4 was dedicated primarily to

monitor LII, although some LIF could be present depending on the

local soot and nanoparticle concentrations. The LII on PMT4 could

be from either the 266 nm or 1064 nm laser pulses, producing a

quasi-blackbody emission curve extending down to wavelengths

in the UV, (PMT2 and PMT3). The placement of the PMTs at these

spectral bands also avoided the majority of known carbon cluster

interferences [53] . However, in regions of the flame where a high

soot volume fraction (SVF) was detected, some interferences from

carbon clusters may be present. An important distinction to be
ade here is that LIE refers to the total Laser-Induced Emission,

nown or unknown, collected by the PMTs. LIF, on the other hand,

s used in reference to all or part of that signal which can be at-

ributed to Laser-Induced Fluorescence. A constant gain for all the

MTs was used in this study, with the gain level set to maximise

he signal level yet prevent any signal saturation in all the flames

xamined. Using a constant gain level minimises differences in the

ystems impulse response which varies with gain, and minimises

ny day-to-day systematic errors, allowing easy comparison of

esults between flames. However, the mentioned advantages of a

onstant PMT gain are at the expense of a reduced dynamic range,

ence a decreased sensitivity to what is theoretically possible from

he system when measuring in flames with either low soot, low

uorescence or low scattering levels. The signals from the four

MTs were recorded using a high sample-rate (25 Giga-samples/s),

igh bandwidth (4 GHz) oscilloscope (Tektronix DSA70404C). 

Light from the probe volume was focused onto the verti-

ally oriented 20 μm spectrometer slit by a series of two 4-inch

arabolic mirrors collecting at 30 degrees off parallel to the laser

ath. A 280 nm high-pass filter was placed in front of the spec-

rometer slit to attenuate approximately 98% of the 266 nm scat-

ering. ELS was by far the most intense emission observed in this

tudy and changed by several orders of magnitude between gas

hase scattering and large soot scattering. All results presented in

his paper were corrected to account for the spectral response of

he system, including the UV filter, allowing direct comparisons

o be made between the different wavelength PMT signals. The

pectral calibration of the system was performed using a broad-

and emitting deuterium lamp light source dispersed through a

onochromator, the output of which was calibrated by a NIST

raceable photodiode. At each measurement location, 500 acquisi-

ions were recorded and subsequently averaged. The resultant col-

ection system was very sensitive, able to detect SVFs in the or-

er of 10 ppb, but was also able to measure ELS, LIF and LII sig-

als ranging over orders of magnitude from non-sooting to heavily

ooting conditions. SVF presented in the present work was calcu-

ated through a linear correlation of the 1064 nm LII measurements

nd previous measurements in the same ethylene flames, whose

ata sets are available on the ISF website [34] from the Yale group

35] . While this method does not take into account the impact of

emperature, the supplementary material provides a discussion on

he limited impact this has. 

. Results and discussion 

.1. Signal processing 

A typical 500 shot average temporally-resolved signal measured

ith PMT3, i.e., in the visible region of the LIF, in a zone where no

064 nm LII was detected is shown in Fig. 3 . For the flames stud-

ed, multiple signals, including LIF and LII, often coexist and hence

ontribute to the peak value of the signal in varying proportions.

he interference between different signals also impacts the tem-

oral location of the peak signal due to the different time evolu-

ions of these processes in different locations and flames. In fact,
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Fig. 3. LIF Signal against time measured by PMT3 @ 445 nm in M65 at HAB = 22 mm 

(Solid) alongside single exponential decay fit (dashed) and measured system 

response (dotted). Also presented is the area considered for “prompt” signal 

(shaded). 
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n Fig. 3 the location of the peak is slightly delayed in the LIF sig-

al (solid line) with respect to the pure scattering - i.e. the system

esponse denoted by the dotted line, due to the longer decay time

f the fluorescence process. 

In order to track and compare the UV excited LIE signal across

ll the flame conditions, a metric related to the temporally inte-

rated signal is required. All UV excited signals reported in this

aper are based on a “prompt” signal which is defined as the in-

egral from 0 to 10 ns. This “prompt” approach allows the analy-

is of the component of the UV excited signal that is weighted

owards fluorescence which possess relatively short decay times,

ather than the longer LII decay times. The prompt signal is not

ensitive to the small variations in the rise and fall times for the

IF and LII components of the signal. Hence the prompt signal em-

loyed here provides a more consistent approach to comparing the

V excited fluorescence at different locations and different flames,

ompared to simply utilising the peak or the integral of the total

ignal. The prompt portion of the signal shown in Fig. 3 is mainly

omposed of short-lived signals that exhibit a fast exponential-like

ecay. The prompt signal is reported in this paper is in units of

.ns (volts × nanoseconds), where the voltage produced by each

MT is corrected for the spectral throughput. The small amplitude

inging artefacts shown in Fig. 3 , evident at times > 10 ns, are due

o transmission line effects generated by the impulsive nature of

he signal. The node locations of the ringing artefacts in time are

epeatable; hence they are present in the average signal shown in

ig. 3 . The ringing artefacts do not impact any of the results or con-

lusions presented in this paper and are always a small component

f the signal. 

The decay time of the signal is an important metric as it per-

its the attribution of the signal to broad classes of molecules

r particles. A mono-exponential (convoluted with the system re-

ponse) fitting approach has been applied to the data presented

n this paper to determine the characteristic signal decay time.

hilst a bi-exponential fit has been used in previous work, a

ingle exponential is more than sufficient for the flame condi-

ions and locations presented in this paper where LII free LIF sig-

als present no obvious bi-exponential features. A maximum er-

or of 18% was found comparing a mono-exponential fit with the

i-exponential fit used previously in flat premixed flames [24] .

egions of the flames where the UV and visible LIE signals are

trongly bi-exponential, such as in the high sooting region, specific

ecay times are not presented in these regions due to challenges of

eparating the components belonging to LIF, LII and possibly other

henomena. 

.2. Methane flames 

LIE measurements along the centrelines of both the M65 and

80 methane flames are presented versus height above burner
HAB) in Fig. 4 (a) and (b), respectively, with the corresponding LIF

ecay times reported in Fig. 4 (c) and (d). The centreline profile of

emperature is reported for flame M65 in Fig. 4 (c) based on the

omputations by Walsh et al. [54] . These computations of temper-

ture and major species were found to agree well with Rayleigh

hermometry measurements reported by Kempema et al. [38] . The

65 flame has a small, orange, low-luminosity tip from 23 to

8 mm HAB, indicating the presence of soot, albeit at low concen-

rations (see Fig. 1 ). LII resulting from 1064 nm excitation is shown

n Fig. 4 (a) for the M65 flame, with the results suggesting that the

ocal soot concentration is below the detection limit. The very low

oot concentration in the M65 flame shows that it is a good flame

o analyse the trend of the fluorescence intensity and decay time

s. HAB due to the very low potential interference effects from

oot. The generation of the LIF signal above the background for the

65 flame begins at HAB = 10 mm, then increases at the same HAB

here a rise in temperature is found in Fig. 4 (c), indicating that the

IF signal is correlated with heat-releasing reactions in the flame.

he LIF intensity, both at 350 nm and 445 nm in Fig. 4 (a) continues

o increase with HAB towards the end of the flame before dropping

ff in the oxidation zone. 

UV excited LIF in sooting or near sooting flames, such as the

65 flame in Fig. 4 (a) has often been attributed to PAH molecules

nown to form in the soot inception region [3,29,30,55] . Utilising

revious measurements of PAH fluorescence decay time as a func-

ion of temperature, the measured fluorescence decay time and

he flame temperature, it is possible to assess if the UV excited

IF in the high aspect ratio diffusion flames explored in this paper

re due to PAH. Utilising the temperature and the PAH decay time

easurements of Ossler et al. [23] , the decay times of naphthalene,

uorene, anthracene and pyrene are plotted at the corresponding

emperatures within the flame as shown in Fig. 4 (c). A broad re-

ion representing the range of fluorescence decay times expected

rom PAH considering the variation of the decay time for different

pecies and the temperature is shown in Fig. 4 (c) shaded in grey.

ecay times for PAH larger than pyrene are not considered as their

uantum efficiency, spectral emission and fluorescence decay time

re not expected to be significantly different, and most probably

xist in smaller concentrations, compared to the four representa-

ive PAH considered here [56,57] . The presence of strong quench-

ng species such as O 2 and H 2 O will only decrease the predicted

AH fluorescence decay times shown in Fig. 4 (c), although along

he centreline the presence of O 2 is considered negligible. From

he predicted PAH decay times shown in Fig. 4 (c), a rapid decrease

uorescence decay time with temperature is predicted, with decay

imes less than 1 ns at temperatures approaching 1200 K. 

Measured decay times for the M65 flame are shown in Fig. 4 (c)

s. HAB for both LIF at 350 nm and 445 nm, with decay times

anging from 2 ns near the burner exit to 8 ns near the end of

he flame. In the low-temperature region of the flame at HAB <

0 mm, the measured decay times of 2–4 ns are much smaller than

he expected PAH decay times of 10–100 ns. In the absence of

trong quenchers such as oxygen, an explanation for the short de-

ay time at HAB < 10 mm could be due to CH 4 being a strong PAH

uencher or the bulk of the UV LIF excited signal to not be due

o PAH. Multiphoton photofragmentation of methane from 266 nm

xcitation is expected to be a very small contributor to the signal

n the methane flames. However, due to the very low LIE signal

evels in the M65 flame, it can be seen in Fig. 4 (a) that for HAB ≤
 mm, some of the 445 nm LIE signal could possibly be attributed

o CH 4 photofragmentation. The lower temperature and thus pres-

nce of unburned CH 4 in this region likely contributes to this emis-

ion. From HAB 10–18 mm where the temperatures are less than

0 0 0 K, the measured fluorescence decay times correspond to sim-

lar decay times expected from PAH. For HAB > 18 mm the mea-

ured decay times range from 5 to 8 ns and these are much longer



184 D. Bartos, M. Sirignano and M.J. Dunn et al. / Combustion and Flame 205 (2019) 180–192 

LIE @350nm LIE @445nm SVF ELS @266nm PAH Temperature

0.1

1

10

100

0 10 20 30 40

0

0.02

0.04

0.06

0.08

0 10 20 30

0

0.05

0.1

0.15

0.2

0 10 20 30 40

0

1000

2000

0.1

1

10

100

0 10 20 30

HAB, mm

,EILtp
morP

sn.
V

01*F
VS

///
6

D
ec

ay
 T

im
e,

 n
s

Tem
perature, K

a) M65

b) M80

c)

d) 

HAB, mm

Fig. 4. (a) and (b) Prompt LIE and SVF centreline measurements against HAB in methane flames. (c) and (d) Measured LIF decay times plotted alongside molecular PAH 

decay times ( τ eff) measured by Ossler et al. [23] corresponding to the computed temperature of the flame from the work of Walsh et al. [54] . 
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than the sub 1 ns decay times predicted for PAH at these temper-

atures. The significant difference in decay time indicates that the

origin of the fluorescence certainly in the high-temperature region

of the flame is from similar nanostructures found previously in

premixed flames [24] . Hence the increase in LIF cannot be solely

explained by a concentration increase of PAH because of the cor-

responding increase in decay time seen in Fig. 4 (c). Previous mea-

surements using time-resolved fluorescence polarisation anisotropy

(TRFPA) [41–43] have also confirmed the presence of fluorescent

particles with much larger effective diameters than molecular PAH

in non-sooting regions of diffusion and premixed flames. 

Both the 350 nm and 445 nm emission show similar trends

for both the LIF prompt emission and the fluorescence decay

time for all HAB despite the large temperature changes. It seems

reasonable to hypothesise that the nanostructures concluded to

be responsible for the LIF for HAB > 18 mm are the same source

of the fluorescence emission for HAB < 18 mm, thus ruling out

PAH emission as the source. Fluorescence decay times are function

of several variables including temperature, the concentration of

quenching species and particle structure [23,25,58] and thus at-

tempts to attribute decay times to an average particle size would

be speculative, without further information. However, it would be

reasonable to assume that these nanostructures are somewhere

between 1 nm and 10 nm diameter as previously observed in both

lower aspect ratio diffusion [42,43] and premixed flames [24,41] . 

The centreline LIF measurements for the M80 flame, shown in

Fig. 4 (b), feature very similar centreline trends to the M65 flame,

with the exception of a detectable SVF. The M80 flame is visibly

sooting, with 1064 nm excited LII observed from HAB = 29 mm to

the tip at 37 mm. In the sooting region of the M80 flame, the LIE

signals from 266 nm become a combination of LIF, LII and potential

interferences from sublimated species such as C 2 and C 3 [53] . The

impact of the emerging 266 nm LII signal results in a steep increase

in decay time measured where LII is detectable. Interpreting the

decay time in the sooting region becomes difficult and the current

method is no longer appropriate due to obvious multi-exponential

components to the signal. For this reason, decay times are not pre-

sented in these regions (HAB > 28 mm) where multiple LIEs con-
 i  
ribute to the signal. Metrics that rely on longer integration times,

uch as the decay times are greatly affected by the LII component

f the signal. However, the prompt part of the signal as used in

ig. 4 (b) is still very much dominated by LIF in this low sooting

ame. Prior to the onset of soot, the decay time for the M80 flame

n Fig. 4 (d), displays a trend of increasing LIF decay time with in-

reasing temperature, similar to the M65 flame. Even though tem-

erature measurements are not available for this flame, the tem-

erature profile can be expected to be similar to that seen in M65.

n the high-temperature regions of the flame the LIF decay times in

his flame are again much larger than that expected of molecular

AH at high temperatures, and thus can be attributed to nanos-

ructures. 

Based on the rise and fall of LIF intensity in M65 and M80

ames, some similarities and some differences can be observed.

he LIF signal increase is quite similar in terms of slope once nor-

alised by the maximum value, which suggests that, as expected,

he formation process in both flames involves similar pathways.

owever, it is interesting to note that in the M65 flame where no

II is detected the LIF signal rapidly decreases approaching the ox-

dation zone and thus the end of the flame. On the other hand, in

he M80 flame, the LIF appears to decrease at a lower rate with

espect to HAB, suggesting that the small nanostructures are con-

erted to soot before the oxidation zone and only afterwards the

lobal oxidation takes place. No ELS was detected above the system

ensitivity limit for both M65 and M80 flames despite there being

 detectable, albeit small, amount of soot from 1064 nm excited LII

ound in the M80 flame. Further measurements with higher sensi-

ivity would be required to determine if any emissions in the re-

ion of 250–280 nm, i.e. in the spectral detection range of PMT1,

re due to elastic scattering or LIF, which is known to extend down

o at least 280 nm [25] . 

.3. Ethylene flames 

Using a similar methodology as in Section 3.2 , LIE measure-

ents along the centreline of ethylene flames are presented

n Fig. 5 . Due to the wavelength and intensity of the 266 nm
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Fig. 5. (a)–(d) Prompt LIE and SVF centreline measurements against HAB in ethylene flames. (e)–(h) Measured LIF decay times plotted alongside molecular PAH decay times 

( τ eff) measured by Ossler et al. [23] corresponding to the computed temperature of the flame from the work of Smooke et al. [35] . 
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aser used, photofragmentation of ethylene was observed close

o the burner exit producing a signal proportional to ethylene

oncentration on all the PMTs. It is worth noting that the

hotofragmentation and subsequent fluorescence yield interference

or ethylene is larger than methane and thus the interference in

he first part of the ethylene flames is much stronger than the

ethane flames. Assuming that 100% of the LIE signal recorded

y all PMTs before the reaction zone is due to photofragmenta-

ion, the prompt signals are corrected based on ethylene concen-

ration and consumption calculated using the computed tempera-

ure taken from the work of Smooke et al. [35] . The prompt sig-

al correction method employed does not remove any contribu-

ion of the ethylene fragmentation signal on the temporal decay.

o avoid erroneous interpretation in Fig. 5 , decay times have been

xcluded for the ethylene flames close to the jet exit plane where

ignals are expected to be impacted by the presence of photofrag-
entation. Additionally, due to the higher sooting propensity of

thylene flames, the prompt LIF and LIF decay times in the down-

tream regions are also challenging to interpret due to the pres-

nce of interferences from soot. As with the M80 flame, the decay

imes deemed to be impacted by LII are omitted. In all of the ethy-

ene flames investigated LII has been detected, which is not sur-

rising due to the higher sooting propensity of ethylene compared

o methane. Unlike the methane flames, ELS is detected above the

ystem sensitivity for all of the ethylene flames and shown in Fig.

 on a logarithmic scale to enable trends in ELS to be observed

ver a wide dynamic range. Error bars are placed on the ELS mea-

urements presented in Fig. 5 to show the potential LIF contribu-

ion to the ELS signals. It is known that LIF signals extend down

eep into the UV [25] , around 280 nm, and thus can be present

n PMT1. In sooting regions of all flames, this deep UV fluores-

ence signal contributes negligibly to the ELS signal. However, at
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low HAB where ELS is low, and LIF signals are at their peak, the

interference of LIF on PMT1 can be significant. 

For the lowest ethylene concentration case, the E32 flame re-

ported in Fig. 5 (a) and (e), some similarities in the LIF profile

compared to M80 can be seen: LIF reaches a maximum (around

HAB = 14 mm for the E32 flame) before the occurrence of soot and

continues to decrease with HAB when soot is detected with LII (at

HAB = 18 mm for the E32 flame). The LIF signal decays to the back-

ground level at the end of the oxidation region at the same HAB

where no more LII from soot is present in both flames. Despite

the broad similarities of the structure of the LIF vs. HAB for the

E32 and M80 flames, the E32 flame features LIF intensities dou-

ble those of the M80 flame and SVF levels approaching an order

of magnitude greater than the M80 flame. The increased soot for-

mation results for the E32 flame indicate that while coagulation

of smaller nanoparticles is important for continued soot growth,

the mechanisms of surface growth are becoming more dominant

in the ethylene flames. A detectable ELS signal is evident in the

E32 flame, with uniform scattering signal in the non-sooting re-

gion where no LII is detected, progressing to a peak that correlates

with the location and width of the sooting region. 

Measurements in the E32 flame highlight the signal valley cre-

ated between the peaks of UV LIF and LII signals, often referred

to as the “dark region”, which has been observed in a num-

ber of studies [29,30,59,60] . The rapid decrease of UV LIF before

the occurrence of soot shows a strong resemblance to the trend

of UV absorbing nano-organic carbon (NOC) measurements con-

ducted by D’Anna et al. [27] in diffusion flames that have a par-

ticle size range estimated to be between 2 nm and 4 nm. Comple-

mentary investigations by the Naples group [42,43] show that par-

ticles in this “dark region” have a higher quantum yield at longer

wavelengths, compared to the nanostructures observed upstream

of this region. Consequently “dark region” particles exhibit longer

fluorescence emission wavelengths and have sizes up to 20 nm

measured through TRFPA [42] . Relative to the marginally sooting

methane flames, the ethylene flames feature higher fluorescence

intensities and longer fluorescence decay times. Considering that

the fluorescence signal from nanoparticles can be considered to be

proportional to the volume concentration of nanoparticles [61] or

alternatively to the number concentration if a fixed mean parti-

cle size is assumed, the significantly higher LIF signals found in

the ethylene flames compared to the methane flames may be at-

tributed to a greater nanoparticle concentration. By virtue of the

higher nanoparticle concentrations in the ethylene flames, particle

coagulation rates will be increased, creating larger particles that

are still capable of fluorescence emission. The enhanced produc-

tion of larger nanoparticles in the ethylene flame compared to the

methane flames agrees with the findings of longer decay times in

the ethylene flames. 

Moving from the E32 flame to the higher sooting E40, E60, and

E80 flames, a strong increase in the ELS signal is noted with HAB

in the regions where no soot is detected, as shown in Fig. 5 (b)–

(d). The rapid initial increase in ELS with HAB in the non-sooting

region of the flame along the centreline is faster than the growth

of the LIF signal and suggests that in the early zone of a diffusion

flame, it is possible to find fluorescing nanostructures with sizes

that can vary from about 2 to 20 nm [42] which would contribute

to a significant ELS signal in excess to the gas phase. The forma-

tion and growth of these small nanostructures are influenced by

the abundance of gas phase molecular precursors such as PAH, hy-

drocarbon fragments and acetylene which increases with ethylene

concentration in the fuel stream. As a consequence of increasing

fuel concentration in the ethylene flame series, the flame length

increases and thus so does the residence times of nanoparticles

in the pyrolytic region. Due to the increased residence time and

precursor concentrations, the reaction pathways are likely to lead
o more abundant and slightly larger nanostructures in the non-

ncandescent parts of the ethylene flames. It is also worth noting

hat ELS continues to increase after the first LIE peak and before

he onset of significant SVF, suggesting that nanostructures con-

inue to grow in the “dark region” with larger ELS cross-sections,

n agreement with previous work [43] . 

The decay times measured along the centreline of the ethylene

ames are presented in Fig. 5 (e)–(h), showing that they are larger

han those expected for gaseous PAH [23] at the given flame tem-

eratures > 900 K [35] . It is noted here that while there is overall

isagreement between the computed and measured temperatures,

he location of interest here being the region of initial temperature

ise along the centreline shows better agreement [62] . Decay times

ncrease with HAB for all flames, although the E80 flame only

hows a marginal increase in and maintains relatively low decay

imes in comparison to all the other flames studied here. It would

e difficult to use decay times to provide details on particle size

r structure without further information. ELS, on the other hand,

rovides an obvious indication that nanostructure size is generally

ncreasing with HAB and in flame conditions that lead to higher

VFs. 

Considering only the LIF measurements before the onset of soot

y the detection of 1064 nm LII, the evolution of the spectrum

mitted by the nanostructures can be explored through the ratio

f LIF @ 350 nm and LIF @ 445 nm (UV/VIS). The UV/VIS LIF ratios

re presented in Fig. 6 with the two methane flames presented in

ig. 6 (a) and ethylene flames in Fig. 6 (b). For the non-sooting M65

ame, the UV/VIS ratio remains close to 0.75, after an initial rise,

ndicating that the LIF spectrum is peaking between 350 nm and

45 nm. The UV/VIS ratio trend suggests that the fluorescent struc-

ures on the nanoparticles are primarily comprised of smaller aro-

atic species not significantly larger than pyrene when comparing

his rough spectrum to that of measured PAHs [55,63,64] where,

enerally speaking, red shifted spectrums correspond to larger aro-

atics. Furthermore, the resulting spectra are more skewed to-

ards PAHs with a small number of rings when considering the

edshift of PAH LIF at high temperatures [23] . Because this ratio

oes not change with HAB, it indicates that there is no significant

volution in the nanostructures towards more aromatic features

hen moving downstream. Interestingly this lack of evolution co-

ncides with the absence of detectable 1064 nm LII, suggesting that

he evolution toward soot particles from these small nanostruc-

ures might need to first step into an aromatisation process, and

xhibit a redshift in its spectrum. 

In contrast to the M65 flame, the M80 flame ratio is initially

lose to 0.75 and then decreases moving downstream, indicating

 shift in the spectrum towards longer wavelengths and conse-

uently an increase in the size of the dominant aromatic island

esponsible for LIF, similar to that observed by Hayashida et al.

30] . It could also be possible that these nanostructures evolve to-

ards a more graphitic structure, having layers of small aromatics

tacked, as has been found in lower temperature pyrolytic zones

25] which could explain the redshift of the signal. The decrease of
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he LIF signal intensity in the downstream region can be attributed

artially to a decrease of the quantum yield of the nanostructures,

nd of course to the evolution towards soot particles, i.e., to larger

tructures having the capability to emit an LII signal rather than

IF. This second aspect would be confirmed by the rise of the

II just after the decrease of the LIF signal and would follow the

nown growth pathway for the combustion-generated particles. 

All sooting ethylene flames exhibit a similar transition towards

 red-shifted spectrum with increasing HAB as shown in Fig 5 (b),

here the LIF ratio moves to lower values with increasing HAB,

 similar trend but a greater shift compared to the sooting M80

ame. In the E60 and E80 flames, the LIF ratio decreases to ul-

imately lower ratios downstream implying that in the pyrolytic

ormation of soot, higher soot concentrations are preceded by

anoparticles comprised of aromatic fluorophores with increas-

ng ring numbers and/or more stacked structures. The LIF ratio in

he methane and ethylene flames reaches a similarly low value of

round 0.55 in both M80 and E80 before the onset of soot, with

he E80 flame being much more heavily sooting than M80. The

ed-shifted spectrum for both the M80 and E80 flames is due in

art to the relatively large residence times that these nanostruc-

ures have before soot starts and confirms once again the impor-

ant role of the residence time in the study and the determination

f the evolution of the particles in flames. 

As seen in Fig. 5 , cases E40, E60 and E80 present a dual peak

bimodal structure) in the LIF measurements traced along the

ength of the flame. Because the 266 nm LIE measurements are be-

ng used to quantify the nanostructures based on the LIF signal, it

s important to understand if this particular feature is genuine or

n artefact due to interferences from other emissions. LII is found

o contribute a non-negligible amount to longer integrals (e.g. 0–

00 ns) of 266 nm LIE signal even in the flames of lower SVF (E32

nd M80). 

In order to assess the correlation of the temporal tail of the

66 nm LIE signal with LII excited with 1064 nm and previous

VF measurements [35] a comparison of these signals is shown in 

ig. 7 . The temporal tail of the 266 nm LIE signal at 575 nm is de-

ned as the integral of the signal between 60 and 200 ns where

he LIF contribution of the signal has decayed to negligible values.

oth peak and integrated 1064 nm LII signals for the E60 flame are

eported which agree well with previous SVF measurements [35] .

ll curves in Fig. 7 are normalised to have their maximum value of

nity. The similarity of all of the curves in Fig. 7 indicates that soot

article size and differences in bath gas composition have a mini-

al impact on the determination of the relative SVF whether peak,

rompt or longer integrated signal are used. Whilst it is common

ractice to adjust LII and LIE measurements based on temperature

o represent volume fraction, it was found that this was unneces-

ary for the purposes of this investigation. Details of this can be

ound in the supplementary material and why the authors prefer
o leave LIE values unadjusted. The remaining part of the 266 nm

IE signal (0–60 ns) will still contain LII alongside any LIF. In the

igher sooting flames (E40, E60, and E80), as seen in Fig. 5 , the

ocation of the second LIE peak strongly correlates with the lo-

ation where 1064 nm LII is measured. Thus, it would be reason-

ble to assume that a significant portion of this prompt signal in

he second peak is driven by the interaction of 266 nm with soot.

hile LII from 266 nm excitation is expected, the prompt LIF-HAB

rend does not completely correlate with 1064 nm LII. 

Whilst the second peak in the prompt LIE signal in the highly

ooting ethylene flames (see Fig. 5 (b)–(d)) cannot be solely at-

ributed to 266 nm LII; it is possible that it is due other inter-

ctions of the 266 nm pulse with soot. With the use of 266 nm

nd particularly at the laser fluence utilised in this work, it would

e expected that sublimation and possibly some photo-dissociation

rocesses of soot would lead to the ejection and subsequent excita-

ion of C 2 , C 3 , carbon clusters and possibly other molecular species

esulting in a fast LIE signal. Although care was taken to place the

MTs away from regions in the spectrum known for significant

eaks due to C 2 swan bands and C 3 swing bands [53,65] , some

verlap is possible given the 30 nm collection bin of each PMT. A

umber of studies using deep UV laser wavelengths (193 nm and

48 nm) have shown that a substantial mass loss and particle dis-

ntegration from soot can occur even at modest fluences with lit-

le particle heating [45,46,66] . A single photon at 266 nm (37,595

m 

−1 ) does not have enough energy to break a σ bond (43,800

m 

−1 ) between carbon atoms in a soot, whereas a single 193 nm

hoton does (51,814 cm 

−1 ). It is possible that σ bonds could be

roken through a multiphoton interaction due to the short 80 ps

66 nm laser pulse. 

In order to better understand the signal components from UV

xcitation where soot is present, the E60 flame at a HAB = 35 mm

as explored with a variety of 266 nm laser energies and with a

articular focus on the prompt LIE signal in a heavy sooting flame

egion. The same UV laser and optics as outlined in Section 2 were

tilised for this test, so the spot size did not change. However, the

aser fluence was varied from 0.11 to 4.2 J/cm 

2 by changing the

aser energy with a half wave plate thin-film polariser combina-

ion. 

The response of the LIE signal at 350 nm is presented in

ig. 8 (a) in the time domain for a range of fluence levels. The

ignals are presented with a logarithmic vertical axis to highlight

heir similar features of the signals over a broad dynamic range. It

s evident from Fig. 8 (a) that all the signals display a broadly sim-

lar behaviour with the initial portion of the signal featuring a fast

ise and fall close to the system response limit. The initial fast rise

nd fall portion of the signal over the first few nanoseconds can-

ot be attributed to LIF from the same nanostructures observed in

ther upstream non-sooting regions of the flame as the time decay

s much shorter. The initial fast rise and fall portion of the signal is

nly significant where the SVF is large and thus has not been found

s an interference source in previous studies of premixed flames

24] and turbulent flames [40] where SVF levels were much lower.

fter the initial rapid rise and fall, the signal exhibits a gradual de-

ay that is expected to be from a combination of LIF and LII, with

II dominating the signal at times greater than 20 ns. The LII dom-

nated portion of the signal for all fluence levels displays a similar

ecay rate, indicating that only a small amount of the total soot

ass is sublimated even for the highest fluence case of 4.2 J/cm 

2 . 

In order to quantify the relative emission intensity at different

imes, the signal for each fluence level is integrated over three

ifferent windows in time as presented in Fig. 8 (b). The first

indow from 0 to 3 ns represents the fast rise and fall component,

he second window from 3 to 10 ns represents the portion of the

ignal where nanostructure LIF is expected to be significant. The

hird window from 60 to 200 ns represents the segment of the sig-
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fluence levels alongside system response (dotted). (a) Signal level vs. time and (b) 
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nal that is likely to be exclusively due to LII. The integrated signal

in each of the three windows has been normalised such that the

integrated signal in each window at a fluence of 1.2 J/cm 

2 is unity

to be consistent with the fluence used for all other measurements

reported in this paper. A dashed line in Fig. 8 (b) is shown to indi-

cate what would be an ideal linear response with the laser fluence.

Although the total number of photons received from LII is large

over the entire signal duration, the number of photons received

from LII in the first window is expected to be relatively low. Such

an LII estimate in the first window can be achieved by extrapolat-

ing the approximately exponential decay of the LII from later time

stages ( > 20 ns), noting that an exponential decay is a straight line

in the log-linear Fig. 8 (a). An accurate correction in the time do-

main for LII interferences is not possible, as there is expected to

be a portion of the LII signal that rises and falls rapidly at the sys-

tem limit response. A fast initial LII signal will be present when the

surface of the smallest incandescable soot particles [14,67] is at a

temperature sufficiently close to the soot sublimation temperature

and the laser pulse is present to drive sublimation. During the laser

pulse, it is possible that the smallest particles will be losing signifi-

cant mass due to sublimation and will produce a strong signal that

is only present when the laser pulse is present. The third window

in Fig. 8 (b) represents the LII, the response of this region with flu-

ence is a power law like with an exponent less than unity, which

is expected for an LII process progressing from the linear regime to

plateau regime [14,68] . As the spatial profile of the 266 nm beam

is Gaussian-like and not strictly a flat-top profile, a region of zero

or negative slope with fluence is not observed in Fig. 8 (b) even at

the highest fluence levels examined. 

The signal in the first window displays a near linear trend with

the laser fluence up to 1.7 J/cm 

2 , which indicates that the origin

of the signal in this window is not strongly dependent on LII. It is

possible the origin of the high-intensity initial portion of the signal

is either fluorescence of aromatic compounds coating the soot par-

ticles being volatised or excitation of sublimation products. Even

for the lowest fluence level examined 0.11 J/cm 

2 , some sublima-
ion is expected to occur. For fluences larger than 1.7 J/cm 

2 in the

rst window, the sub-linear fluence dependence is due to either

aturation effects of the material being fluoresced or the satura-

ion of the mechanism causing the production of the material be-

ng fluoresced. Further experiments with additional techniques will

e required to definitively determine the origins of the fast high-

ntensity signal in the first temporal window region. 

The signal in the second temporal window features a sub-linear

ower dependence indicating that there is some LII present in this

egion but not so much as to completely correlate with the trend

bserved for the third window that is expected to be exclusively

rom LII. The signal found in the 3–10 ns region would appear to

ave a component with a decay time that is comparable to nanos-

ructure LIF found in upstream regions where soot is not present.

he prompt signal from 0 to 10 ns which is a combination of the

rst and second windows in Fig. 8 (b) is used for much of the anal-

sis in this paper. As such, it is important to ascertain the nature

f any SVF based interferences on this measured whether they are

II based or other mechanisms which is proportional to SVF. An

II signal, even one that decreases quickly due to loss of parti-

le mass, will emit in a quasi-blackbody fashion and thus should

mit a larger intensity @ 445 nm than at @ 350 nm, correspond-

ng to a blackbody temperature below or in the range of 3500–

500 K [4,14–18] . Such blackbody emission is not present in Fig.

 (c) and (d), where the prompt LIE @ 350 nm is greater than that

 445 nm in the sooting regions of E60 and E80 flames. Therefore,

ased on spectral emission arguments the prompt 266 nm LIE sig-

al that comprises the second peak is without a doubt not solely

ue to LII. 

If the interference on the prompt LIF signal occurs as a result of

II or other mechanisms that are related to the presence of soot,

hen it is possible a correction can be made for this interference

ource based on the local SVF. To determine if a relationship be-

ween the interference on the prompt LIF and the SVF is consis-

ent for all flames at all locations examined, the prompt LIF signal

t 350 nm vs. the SVF is shown in Fig. 9 . 

The SVF in Fig. 9 is determined from the delayed integral (60

200 ns) of the 266 nm LIE measurement at 575 nm as presented

n Fig. 7 . If all data in Fig. 9 were to sit with minimal scatter

n some curve (linear or other) with respect to SVF, then that

ould indicate that most of the prompt LIF signal is due to

nterferences from soot. Equally, if a large scatter exists in the data

ith realisations with very low prompt LIF and large SVF, then

hat would indicate that there are negligible soot interferences

n the prompt LIF signal. However, what is actually found in

ig. 9 is that there is a group of data points sitting on a linear

ositive slope line which is termed here as the “interference

imit line”. Below the interference limit line, no data points are

bserved and above this line data points with a broad range of
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rompt LIF and SVF values are found. Data along the vertical axis,

lose to SVF = 0, refers to genuine uncorrupted fluorescence. The

nterference limit line represents the maximum interference from

oot, such that LIE values that lie on the line are potentially 100%

oot-derived emissions, whereas values above the line contain

ome genuine LIF. As the interference limit line is linear, this

ndicates that the that the prompt LIF interference mechanism is

inearly proportional to the SVF, leading to the conclusion that the

echanism for the interference to be more likely due to laser-

nduced sublimation (a volumetric process) than surface ablation

r ejection of volatile compounds from the surface of the soot

here a power law relation (SVF 2/3 ) would be expected for the

nterference limit line. As the interference limit line is consistent

cross all flames at all locations, it indicates that the correction

ith SVF is essentially independent of the local soot structure for
he conditions examined. A similar trend and scatter to the 350 nm A  
ata presented in Fig. 9 exists for the prompt LIF @ 445 nm with

VF. 

Utilising the interference limit line for the 350 nm and 445 nm

MT data, a correction for soot interferences has been applied to

he prompt LIF measurements presented in Fig. 10 . The difference

efore and after the soot interference correction applied to the

rompt LIF signal is shown in Fig. 10 to illustrate the region and

xtent of the correction. It is evident that the SVF correction works

ell for flames E32 and E40 so that the prompt LIF is reduced to

ery low levels where soot occurs. Flames E32 and E40 present

imilar corrected LIF trends to the non-sooting M65 flame and to

ome extent M80 flame where small amounts of 1064 nm LII is

etected. Here there is no second increase of LIF where soot is de-

ected; the LIF signal continues to decrease suggesting an evolution

f the small nanostructures into large soot particle and aggregates.

 decrease in LIF intensity is also present in the heavier sooting
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ethylene flames just prior to the second peak and hints at a similar

trend of decreasing detectable nanostructure concentration where

soot starts to be present in appreciable amounts. 

Unlike the trends found in the corrected E32 and E40 flames,

the corrected E60 and E80 flames still show a re-increase in LIF

downstream in the sooting region, indicating that at least some of

the signal contributing to the second peak may be from fluorescent

nanostructures. The resurgence of nanostructure LIF in the sooting

regions of the E60 and E80 flames does not fit with the picture of

particle formation supported by previous studies made in different

operating conditions [29,30,69] . 

A possible explanation for the remaining second LIF peak in

the sooting region of the E60 and E80 flames involves the struc-

ture of the diffusion flame itself, whereby at downstream locations

closer to flame tip, particles from the centreline mix with particles

produced in the outer regions or wings of the flame closer to the

flame front. To further illustrate this possible transport of material

from the wings, Fig. 11 reports the radial profiles for the E32, E40

and E60 at three different HABs, namely at the peak centreline SVF

(top), at the maximum soot formation rate i.e. on the maximum

increase of the LII signal (middle) and before soot is detected (bot-

tom). The LIF presented in these figures have been corrected for

the maximum interference proportional to SVF. These three heights

can describe with sufficient precision the spatial evolution of par-

ticles within the flame. 

For the radial traverses taken at the lowest height for all flames

(lower panel in Fig. 11 ) where no soot is detected on the centre-

line, it is possible to measure soot on the outer regions, as is ev-
dent from the presence of LII wings. Also, for the lowest height

ases, the LIF signal in the E32 and E40 flames reaches a maxi-

um on the centreline and decreases with radial distance, whereas

n the E60 flame the LIF signal features a local maximum off the

entreline in the wing region at the same radial location as the

eak SVF. Moving downstream (middle and top panels of Fig. 11 ),

t is seen in the E32 and E40 flames that the radial profiles of

IE decrease in a similar Gaussian-like decay at all axial locations,

hereas in the E60 flame the LIF wing peak is still prominent at

ll axial locations. Similarly, moving to the top panel of the E60

ame, the SVF reaches a maximum on the centreline whereas the

66 nm LIE shows a weak but detectable peak in the flame wing.

he position of the LIF peak in the wing region of the E60 flame

oves inward with increasing HAB, showing that the reaction zone

oves closer to the centreline due to the closure of the flame tip.

t can be considered that the material present on or near the tip

f the flame is a mixture of material from both the centreline and

rom the wings of the flame. The presence of strong fluorescence

uenching species such as oxygen is to be expected both in the

ings as well as near the tip of the flame and would only lead to

 reduced fluorescence yield, hence an underestimation of the LIF

eak in the wings and tip of the flame. 

The longer E60 and E80 flames enables much larger soot con-

entrations to be formed in the wings due to longer residence

imes at high temperatures. These features could explain, at least

n part, the second peak in the 266 nm LIE signal at the flame

ip: the small nanostructures produced on the outer zone are con-

ected toward the flame tip and merge with those coming from
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he pyrolytic zone along on the centreline. The observed shift

n the importance of particle production and transport from the

ings for the high sooting flames agrees with previous results

y Smooke et al. [35] , which show that the low sooting ethylene

ames (E32 and E40) feature a much stronger particle formation

n the centreline compared to the higher sooting ethylene E60

nd E80 flames where particle production was found to be much

igher in the wings. It is worth noting that the formation processes

long the centreline compared with that on the wings are likely to

e different. The wings of the flame can, in some way, be com-

ared with counter-flow diffusion flames where the mixing of fuel

nd oxidiser are dominated by diffusion. However, in this coflow

iffusion flame, the combustion formed particles in the wings of

he flame are convected downstream towards higher HAB experi-

ncing a long residence time in a highly reactive fuel-rich environ-

ent. A comparison with similar measurements in a counter-flow

ame [25] shows some similarity in the shifting of the spectrum

oving towards the oxidiser side. Nanostructures found on the ox-

diser side tend to have a blue-shifted spectrum akin to that found

n rich premixed conditions [19] , where polymerisation of aromatic

nits into oligomers is favoured. Overall, the measurements and

icture formed from the high aspect ratio sooting laminar diffusion

ames reported in this paper will help in the understanding of

he particle formation pathways and pose a challenge to modellers

o successfully predict the origin and evolution of the nanoparti-

les in these flames. In these nanostructure and transition regions,

omplementary studies such as electron microscopy, spectrally re-

olved LIF and TRFPA would likely prove useful in further defining

he physical and chemical properties of the nanostructures. 

. Conclusion 

In this paper, LIF measurements in combination with LII mea-

urements have proven to be a valuable tool in capturing the

ransition from aromatic-based nanostructures to soot. From time-

esolved measurements, the UV excited LIF signal primarily from

ondensed phase nanostructures was measured in upstream re-

ions in methane and ethylene coflow diffusion flames. 

• The non-sooting M65 flame shows no significant nanostructure

evolution before LIF emissions reduce at the oxidative flame tip.

However, structural transitions facilitate soot formation even

in the marginally sooting M80 flame, where the LIF emission

shifts towards a red-shifted spectrum suggesting an increase in

the aromatic and stacked nature of the nanostructures. 

• A red-shifted spectrum with increasing HAB is also present in

the sooting ethylene flames and coincides with a strong in-

crease in ELS. In the upstream regions of these flames, an ap-

preciable scattering signal above the gas phase levels occurs

with no measurable SVF, highlighting that the mean nanostruc-

ture size must also be increasing with the residence time in

the pyrolytic flame region. Close to the soot formation region in

these flames, the nanostructures become more graphitic result-

ing in a reduction in the nanostructure quantum yield hence

causing a decrease in the LIF signal level. The nanostructures

are known to still be present in this region where LIF intensi-

ties decrease and before LII is detected, also known as the “dark

region”, as ELS measurements continue to increase with HAB. 

• Higher nanostructure concentration is found to proceed the

higher SVF found in fuel rich high-sooting flames, although not

proportionally, suggesting surface growth strongly contributes 

to increasing SVF moving downstream. 

• LIF measurements become challenging in sooting regions of the

flames examined, and interference from LII and other soot de-

rived emissions were found. A linear interference trend with

SVF was observed, and corrections for the soot-based interfer-
ences were made to the prompt LIF signal. The lower sooting

flames (M80, E32 and E40) show LIF signals decreasing to negli-

gible values within the sooting downstream regions well before

oxidation at the tip. The longer, heavier sooting flames (E60

and E80) showed a peculiar re-increase in the LIF signal along

the centreline in the downstream sooting zone. The presence

of LIF from nanostructures in the sooting zone is believed to be

genuine and a consequence of the high aspect ratio of these dif-

fusion flames allowing particle formation in the outer regions,

or wings, of these flames to be transported downstream to the

centreline at the flame tip. 

• The particle formation in the outer regions of the flames was

identified by a wing structure found in both LIF and LII, where

the presence of oxygen and higher temperatures facilitate a dif-

ferent soot formation pathway similar to counter-flow diffusion

flames. In the outer regions of the flames less aromatic (blue-

shifted spectrum) nanostructures co-exist with larger soot par-

ticles and are convected downstream, merging with the centre-

line. These high aspect ratio diffusion flames pose interesting

and challenging features that highlight parallel soot formation

pathways. 
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