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Abstract

The combustion of liquid fuels in a hot and low-oxygen environment is com-

monly encountered in a range of practical situations. To enable investigation of

the fundamental combustion processes relating to such applications, liquid fuels

were injected into the reaction zone as dilute sprays in this study. Droplets of

ethanol, n-heptane, and n-heptane/toluene blends were produced via an ultra-

sonic nebuliser, and were carried by air through a central jet to a hot coflow of

combustion products. The resulting flames were then analysed using four simul-

taneous laser diagnostic techniques. Planar laser-induced fluorescence (PLIF)

was implemented to perform imaging of key intermediate species, including hy-

droxyl (OH) and formaldehyde (CH2O), while the Mie scattering technique was

used to detect the location of droplets. The sooting behaviour of these flames

was also investigated, via the laser-induced incandescence (LII) technique. The

existence of distinct inner and outer reaction zones is a key feature of all of

the flames studied, and this “double flame structure” was found to be related

to partial premixing of air and fuel, as well as penetration of droplets into the

inner reaction zone. A change in the stabilisation of the inner flame front was

observed with variations in fuel type, with a greater likelihood of ignition ker-

nels in the case of the n-heptane and n-heptane/toluene flames, whereas the
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equivalent ethanol flame displays a bifurcation structure. Variations in the jet

Reynolds number and liquid fuel loading were also found to have a notable im-

pact on the distribution and evaporation of droplets, which was in turn found

to affect the formation of the double flame structure. Due to the complex cou-

pling between turbulence, chemistry and droplet evaporation in these flames,

the accurate prediction of such results a priori is not within the limits of cur-

rent modelling capabilities. These findings provide a valuable insight to enable

future advancements in spray combustion modelling and the design of practical

combustion devices.

Keywords: Spray combustion, Mild combustion, Laser diagnostics,

Autoignition, Flame stabilisation

1. Introduction

The combustion of liquid fuels accounts for approximately 35% of the pri-

mary energy consumption in the modern world. Liquid fuels are typically in-

jected in the form of a spray, to accelerate the evaporation and subsequent

combustion of the fuel [1, 2]. Despite the widespread use of liquid sprays in

combustion devices such as gas turbines and reciprocating engines, current un-

derstanding of the behaviour of liquid spray flames remains incomplete, particu-

larly in regards to the development and validation of accurate and efficient com-

putational models [3]. This is largely due to the complex nature of the coupled

interactions between spray break-up and evaporation, combustion chemistry,

and turbulence.

In broad terms, a spray—or a certain region of a spray—can be classified as

being either “dense” or “dilute”. For classification purposes, a spray can be con-

sidered dilute when the liquid loading is less than approximately 1% by volume

and the interactions between droplets are negligible [4, 5]. In practical situa-

tions, liquid fuels are typically injected as a dense spray, which subsequently

breaks-up and evaporates, forming a dilute spray [6]. In order to focus on the

fundamental combustion processes relating to fuel droplets in an experimental
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context, a dilute spray can be directly formed and transported into the reaction

zone via a carrier gas. Detailed measurements of reactive scalars and droplet

fields have previously been obtained for dilute sprays [5, 7], as part of the Inter-

national Workshop on Turbulent Combustion of Sprays (TCS), which is aimed

at providing insight for the development of practical models. Despite this, there

still remains a lack of detailed data for certain types of flames, particularly

in conditions related to sequential gas turbines and engines using exhaust gas

recirculation (EGR) [8, 9].

Liquid sprays reacting in a high-temperature, low-oxygen environment are

commonly encountered in combustion devices which use techniques such as EGR

and mild combustion [10, 11]. These methods enable improvements in efficiency

and combustion stability, along with emissions reductions [12, 13]. The term

“mild” has been used here to encapsulate the features of moderate or intense

low-oxygen dilution combustion, a particular regime with very high dilution

by hot combustion products, characterised by distributed reaction zones, lower

peak temperatures, and significant reductions in emissions of NOx, CO and soot

[14].

The behaviour of flames under mild combustion conditions is significantly

different to that of conventional flames [15]. The reduced concentration of O2

results in longer chemical time-scales [16], and a change in the stabilisation

mechanism of visually lifted flames has been observed [17]. To examine the fun-

damental physical and chemical processes which govern flames in this regime,

and to facilitate the development of numerical models, most studies have been

focussed on relatively simple, gaseous fuels. Many of these fundamental experi-

mental studies have been carried out using a type of burner commonly referred

to as a “jet in hot cross-/co-flow” (JHC) configuration [18, 19, 20, 21], which

allows the fuel composition and flow rate to be varied independently of the tem-

perature and O2 concentration of the oxidant stream, and also facilitates the

use of laser diagnostic techniques.

The behaviour of liquid fuels in the mild combustion regime has also been

investigated. To study the chemical effects in isolation, a series of experiments
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were performed with a JHC configuration using prevaporised fuels, including

ethanol and blends of n-heptane/toluene [22, 23]. A change in flame structure

was observed when the O2 concentration was increased from 3% to 9%, suggest-

ing a shift away from the mild combustion regime [22]. An analysis of reaction

fluxes indicated a fundamental change in chemical kinetics, with greater sensi-

tivity to fuel-specific reactions in the 9% O2 case [22]. A significant increase in

soot formation with addition of toluene to the fuel was also observed, which was

found to have a notable impact on the flame temperature [23]. Measurements

of the gas, droplet and temperature fields were attained for the “Delft spray in

hot coflow” (DSHC) flames [24], which uses a pressure-swirl atomiser to gen-

erate droplets. These experiments highlighted a change in spray break-up and

evaporation processes when comparing spray flames in a coflow of air versus a

hot-diluted coflow. This change was found to have a large impact on the flame

structure and temperature field, with the rapid spray break-up and vaporisa-

tion in the hot coflow leading to a reduction in peak temperatures and a more

uniform distribution. The temperature profiles also indicated the presence of

separate inner and outer reaction zones for both coflow conditions, although

this was most obvious in the case of an air coflow.

The existence of multiple reaction zones is a commonly observed feature of

spray flames. In a simplified numerical analysis of a counterflow spray config-

uration, two distinct flame zones were predicted to occur under certain condi-

tions; this was attributed to the flame exhibiting both premixed and diffusion-

like characteristics, with a merging of the two zones at high strain rates [25].

This “double flame” structure has been observed in other experiments involving

sprays [26, 27], and has also been reproduced via large-eddy simulation (LES)

[28]. This latter study found that there were actually up to four distinct reaction

regions in the case of an air coflow, despite the associated experimental results

suggesting a double flame structure [28]. Additionally, the formation of these

multi-flame structures was found to be very sensitive to the relative evaporative

and chemical time-scales, highlighting the complexity involved in the modelling

of dual-phase combustion [28]. The flame structure has also been investigated
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using a RANS approach, where bifurcating flame fronts were found to occur at

lower coflow temperatures [29]. Although the presence of multi-flame structures

(i.e. flames with distinct reaction zones) has been observed both experimentally

and numerically, the underlying mechanisms which lead to these structures re-

quires further investigation to enable robust and efficient numerical models to

be developed.

To bridge the gap between the understanding of gaseous fuels undergoing

autoignition in a hot coflow and the experiments performed with piloted dilute

sprays [30], a dilute spray burner for studying spray flames in a hot and low-

oxygen coflow was developed [31]. Imaging of the hydroxyl (OH) radical was

performed to study the formation of ignition kernels, and it was found that auto-

ignition occurs in a relatively gradual manner and over a larger range of distances

compared with gaseous flames [31]. In a separate study with the same burner

configuration [32], a double flame structure was observed when air was used as

the carrier gas, which was hypothesised to be a result of vaporised liquid mixing

with air to produce localised, ignitable mixtures. Another important feature of

these flames was the presence of formaldehyde (CH2O) prior to OH formation,

highlighting the importance of this radical in the autoignition process. Heat

release rate was also examined qualitatively in this study, using the product

[OH]×[CH2O] as a marker [32]. A limitation of these studies [31, 32], and

indeed all of those involving sprays in hot and vitiated coflows, is the lack of

simultaneous imaging of both droplets and chemical species, which has been

performed in previous studies involving dilute spray burners [5, 33].

The present study aims to extend the understanding of spray combustion

in a hot and low-oxygen environment, using a dilute spray burner in a JHC

configuration. The stabilisation mechanisms and near-field flame structure are

of particular focus, along with the distribution of fuel droplets and the effect

that this has on the flame further downstream. The results presented correspond

to constant coflow conditions, while a range of jet boundary conditions and

fuel compositions are investigated. A series of simultaneous laser diagnostic

techniques are implemented, providing a unique insight into the structure of
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these flames and facilitating future development of spray combustion models.

Planar laser-induced fluorescence (PLIF) is performed to allow imaging of the

hydroxyl (OH) and formaldehyde (CH2O) radicals, while the Mie scattering

technique is used to capture the location of droplets. Additionally, laser-induced

incandescence (LII) is performed to measure the soot volume fraction, and how

this varies with fuel composition.

2. Methodology

2.1. Spray burner description

The spray burner used in this study shares several features with well-studied

JHC and dilute spray burners, which have been used to study both piloted and

autoignitive flames [18, 22, 30, 31, 32, 34]. The burner and laser diagnostics

configuration is equivalent to that which has previously been used to study

hydrogen flames with toluene addition, albeit without a hot coflow [34]. A

schematic of this burner is shown in Figure 1. Fuel droplets with minimal

initial momentum are generated using an ultrasonic nebuliser, with an estimated

Sauter mean droplet diameter (SMD) of 30 µm at the nebuliser head. This

estimate is based on data from the manufacturer (Sonotek), in conjunction with

a commonly used correlation for the diameter of droplets (dSMD) generated via

ultrasonic nebulisation [35]:

dSMD = c

(
8πσ

ρf2

)1/3

, (1)

where c is an empirically derived constant which depends on the specific nebu-

liser used, f is the vibrational frequency of the nebuliser, and σ and ρ are the

surface tension and density of the liquid being used, respectively. The viscosity

(µ) of the liquid is also known to have an effect on the atomisation process,

although previous findings suggest that this effect only becomes significant for

µ > 10 mPa·s [36], which is an order of magnitude greater than the viscosity of

the liquids used in this investigation.
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The nebuliser is located inside a brass housing which has a smooth, tapered

exterior, which is in turn contained within a smooth, stainless steel internal

contraction. Carrier air flows around the outside of the brass housing, to collect

the droplets at the nebulising surface, which is flush with the top of the brass

housing. These droplets are then carried by air to the jet exit, which is located

approximately 270 mm downstream of the nebuliser. The jet diameter (D) is

20 mm (ID), while the surrounding coflow diameter is 110 mm. The hot coflow

is produced via the lean premixed combustion of natural gas and air, stabilised

on a porous bed burner positioned 10 mm upstream of the jet exit plane. The

porous bed has a depth of 90 mm, containing flint clay with a maximum flint

size of 5 mm. The coflow conditions were held constant, with a temperature of

1690 K and a calculated O2 concentration of 7.5% (by volume). These coflow

conditions were selected to enable comparisons with previous studies involving

prevaporised fuels [23, 37]. Air at room temperature issues from a 130 mm (OD)

annulus surrounding the coflow with a velocity of 0.4 m/s, to reduce mixing of

the jet and coflow with the surrounding quiescent air.

Four different liquid fuel compositions were used in this study; namely

ethanol, n-heptane, and 3:1 and 1:1 blends of n-heptane and toluene (n-

heptane:toluene, by liquid volume). These were selected to allow the effects

of fuel chemistry to be analysed, particularly in regards to soot formation, as

well as the potential for comparison against previous results. Additionally, the

variation in physical properties of the different liquids is considered when com-

paring the flame cases. For the ethanol flames, the flow rates of both the carrier

gas (air) and the liquid fuel were also independently varied. These correspond

to changes in the jet Reynolds number (Rejet) and the liquid fuel loading (ṁf ),

respectively, noting that the changes in ṁf have a negligible impact on the bulk

volumetric flow rate through the jet.

The operating conditions and the name of their associated flame cases are

listed in Table 1, along with the values of equivalence ratio for each case, based

on the total mass of fuel and carrier air. The cases are named according to the

type of fuel used (E ≡ Ethanol, H ≡ n-heptane, T ≡ Toluene), the liquid fuel
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Figure 1: Schematic cross-section of spray burner and nebuliser (not to scale).

flow rate, and the jet Reynolds number. For example, case “E21-5” refers to an

ethanol flame with 0.21 g/s liquid fuel loading and Reynolds number of 5000.

To differentiate between the 3:1 and 1:1 n-heptane/toluene blends, “HT” is used

for the 3:1 blend, while “TH” is used for the 1:1 blend. The surface tension (σ),

vapour pressure (Pv) and boiling point (Tb) of the pure liquid fuels used are

shown in Table 2, in addition to the values of ρ and µ for all fuel compositions.

2.2. Diagnostic techniques

The optical diagnostics configuration used in this study was identical to that

which was used in a previous study with a similar spray burner [34]. Simultane-

ous imaging of soot volume fraction, fuel droplets, hydroxyl radicals (OH) and

formaldehyde (CH2O) was achieved using four separate laser diagnostic tech-

niques. Three Nd:YAG lasers and one Nd:YAG-pumped dye laser were used to
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Table 1: Table of flame cases, indicating the fuel composition, fuel loading (ṁf ), jet equiv-

alence ratio (Φjet) and Reynolds number (Rejet).

Case Fuel composition ṁf [g/s] Φjet Rejet

E15-5 Ethanol 0.15 0.95 5000

E21-5 Ethanol 0.21 1.3 5000

E27-5 Ethanol 0.27 1.7 5000

E21-3 Ethanol 0.21 2.2 3000

E21-6 Ethanol 0.21 1.1 6000

H21-5 n-heptane 0.21 2.2 5000

HT21-5 3:1 n-heptane:toluene 0.21 2.2 5000

TH21-5 1:1 n-heptane:toluene 0.21 2.1 5000

Table 2: Table of liquid fuel properties. All properties correspond to a pressure of 1 bar and

temperature of 20 ◦C, with mixture properties calculated based on empirical correlations for

binary mixtures [38, 39].

Fuel Composition ρ [kg/m3] µ [mPa·s] σ [mN/m] Pv [kPa] Tb [°C]

Ethanol 789 1.2 22.4 6.0 78.4

n-heptane 684 0.41 20.1 5.3 98.4

Toluene 867 0.59 28.5 2.9 110.6

3:1 n-heptane:toluene 728 0.44

1:1 n-heptane:toluene 774 0.47

produce vertical sheets of 10 Hz pulsed laser light of different wavelengths, each

with a nominal height of 15 mm. The burner was traversed vertically through

the laser sheet to measure different heights (x) in the flame, ranging from the jet

exit plane to 112 mm downstream (x/D = 5.6). This range allows the near-field

flame structure to be analysed, in terms of flame stabilisation and the existence

of multiple reaction zones. For each diagnostic, sets of 255 images were captured

for each flame case and measurement location, allowing both instantaneous and

time-averaged analyses to be performed.

The frequency-doubled output of an Nd:YAG laser (532 nm) was used to
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observe fuel droplets via the Mie scattering technique. The laser was operated

with an energy of 0.5 mJ/pulse, and the scattered light was detected using a

CCD camera through an f/5.6 lens with a 500 ns gate width. The lens was

fitted with a bandpass filter centred at 532 nm with a FWHM of 10 nm and

transmission > 85%, to prevent interference from other signals.

Planar laser-induced fluorescence (PLIF) was used for imaging of both OH

and CH2O. For the OH-PLIF, a frequency-doubled dye laser was tuned to a

wavelength of 282.927 nm to excite the Q1(6) transition of the OH radicals.

The Q1(6) transition was selected due to its relatively low sensitivity to tem-

perature fluctuations in the range of interest, and the fact that it provides a

stronger signal in comparison to the Q1(7) transition. The output of the dye

laser had a measured energy of approximately 1 mJ/pulse, and it was pumped

by a frequency-doubled Nd:YAG laser. The resulting fluorescence of OH radi-

cals was imaged using an ICCD camera operated with a gate width of 100 ns,

with an f/3.5 UV lens. A 310 nm bandpass filter (10 nm FWHM, peak trans-

mission > 70%) was fitted to the UV lens.

For the CH2O-PLIF, the third harmonic (355 nm) of an Nd:YAG laser was

used, with a measured energy of 120 mJ/pulse. An ICCD camera (100 ns gate

width) was used for CH2O imaging, with a bandpass filter centred at 410 nm

(10 nm FWHM, transmission > 45%), along with an f/1.2 lens. It should be

noted that UV excitation is known to cause broadband fluorescence of a range of

carbonaceous species in a flame, including polyaromatic hydrocarbons (PAH).

In most of the results presented, particularly for measurements made near the

flame base, CH2O is expected to dominate the signal, as has been observed in

previous studies of similar flames stabilised via autoigntion [5]. However, since

there is some interference, particularly for the n-heptane/toluene flames and in

the downstream locations, the results presented in this paper refer to the signal

detected from the 355 nm laser using the label of “UV” to account for this. This

scalar measurement is indicative of precursor reactions, whether the collected

signal is CH2O or other species which fluoresce in the detected UV region.

Laser-induced incandescence (LII) was used to measure the soot volume
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fraction (fv), using the fundamental output (1064 nm) of an Nd:YAG laser with

a fluence of 800 mJ/cm2/pulse at the detection location. This ensures that the

measurements correspond to the “plateau region”, in which the LII signal is less

sensitive to fluctuations in the laser power [40, 41, 42]. The incandescence from

the soot particles was observed through an ICCD camera with an f/1.8 lens

and a gate width of 100 ns. The camera was also fitted with a bandpass filter,

with peak transmission of 45% at 430 nm and FWHM of 10 nm. In order to

quantify the soot measurements, calibration was performed against extinction

measurements in a premixed, laminar flame (ethylene-air, Φ = 2.4) stabilised

on a McKenna burner, similar to previous studies [23, 34, 43].

The timing of the lasers and cameras was controlled using a combination of

delay/pulse generators, configured such that all laser pulses were within 400 ns

of each other. The 1064 nm LII pulse occurred last, to avoid interference from

the broadband incandescent radiation. It should be noted that despite the Mie

scattering camera being operated with a gate width of 500 ns, such that there

was overlap with the 1064 nm pulse, there was no appreciable interference from

LII, due to the strength of the Mie scattering signal. Images were corrected

for dark charge, vignetting, and any background signal present, and the OH-

PLIF signals were also corrected to account for the variation in intensity of the

laser sheet in the vertical direction. Images were spatially matched to sub-pixel

accuracy, with a pixel size of ∼130 µm. A 3 × 3 median filter was applied to

the raw PLIF and LII images to improve the signal-to-noise ratio, while the

Mie scattering images were left unfiltered. Out-of-plane resolution (i.e. sheet

thickness) has been estimated to be approximately 400 µm.

Additional processing of the Mie scattering images was performed in order

to extract data related to the number of droplets and their spatial distribu-

tions. A counting algorithm based on the binarised Mie scattering images was

implemented, to determine the number and location of droplets in each instan-

taneous image. A radial weighting was also applied, such that the droplet count

is scaled relative to the distance from the centreline, to account for cylindrical

integration of the planar measurements. This process was applied to a set of
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255 images for each case, and these values were then averaged following the

removal of any outliers, ensuring statistical convergence of the mean data. For

x/D < 3.0, the uncertainty in these measurements ranges from 2–6%, while

the uncertainty across all axial locations and flame cases is less than 10%. To

analyse the droplet distributions with respect to the underlying flame structure,

the UV-PLIF signal was used as a spatial threshold for the Mie scattering im-

ages, such that the droplets could be divided into those which occur inside the

continuous CH2O layer, and those which occur outside. In order to isolate the

continuous structures in the UV-PLIF images, a combination of image process-

ing techniques were implemented, following a similar method to that which has

previously been used to detect primary particles in images of soot aggregates

[44, 45, 46]. Specifically, the process involved dilation and erosion of the images,

and the resulting structures were filtered by size and eccentricity. The division

of the images into “inner” and “outer” regions is further discussed in context

with the structure of the flames in Section 3.3.

Photographs of the flames were captured using a DSLR camera, with ex-

posure times ranging from 30 s to 250 µs, although long exposures were not

achievable for certain cases due to saturation. The photographs presented in

this paper were all captured with an f-number of 16 and an ISO value of 100,

with manual focus and white balance.

3. Results and discussion

3.1. Visual observations

Photographs of the eight different flames, corresponding to changes in fuel

loading, Reynolds number and fuel composition, are shown in Figure 2. For the

ethanol flames, the photographs shown have exposure times of 4 s, while the

n-heptane and n-heptane/toluene flames have exposures of 0.5 s; these different

exposures were required due to the differences in flame luminosities resulting

from the increased soot loading of the n-heptane and n-heptane/toluene flames.

All other camera settings were held constant for the different cases. The boxed
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region in the images represents the the range of heights at which laser diagnostic

data were collected in this study.

r/D

0.5 sec

H21-5

0.5 sec

HT21-5

4 sec

E27-5 E21-3E21-5E15-5

4 sec 4 sec

750 mm

5.6 x/D

E21-6 TH21-5

4 sec4 sec 0.5 sec

x/D

Figure 2: Flame photographs captured with a DSLR camera with exposure times as shown,

with an f-number of 16 and ISO of 100.

The increase in luminosity for the n-heptane and n-heptane/toluene flames

is clearly evident in the photographs (particularly taking the different exposures

into account), which is attributed to higher levels of soot in these flames. Look-

ing at the ethanol flames alone, there also appears to be an increase in luminosity

with increasing fuel loading, and decreasing Rejet (which also corresponds to in-

creasing equivalence ratio). With the exception of the n-heptane/toluene flames

(cases HT21-5 and TH21-5), a blue inner cone can also be observed at the base

of the flames. A fainter blue region can be observed outside of the inner cone

near the base of some of the flames (particularly the E21-3 flame), which tran-

sitions to a yellow/orange flame further downstream, suggesting a double flame

structure. The near-field flame structure has a significant impact on the overall

appearance of these flames—this is further discussed in Sections 3.4 and 3.5.

The photographs show noticeable changes in the visible flame length for the

different cases. The first three images, looking from left-to-right, show a con-

sistent increase in flame length with fuel loading. Since the flow rate of carrier
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air is held constant for these cases (i.e. Rejet is constant), Φjet is also directly

proportional to the fuel loading, as shown in Table 1. Comparing the photos

of the E21-6 and E21-3 flames, it can be seen that Rejet also has an impact on

flame length, with a noticeable increase in length when the Reynolds number is

decreased from 6000 to 3000. Once again, it should be noted that the change in

Rejet is accompanied by a change in Φjet; in this case the two are inversely pro-

portional. It can also be seen that the n-heptane and n-heptane/toluene flames

have a longer flame length than the ethanol flame with the equivalent fuel and

air flow rates (E21-5). Comparing them to the E21-3 flame, however, the flame

lengths are approximately the same, and these flames all have approximately

the same value of Φjet. These observations suggest that there is a relationship

between flame length and Φjet, noting that the equivalence ratio is based on

the central jet alone. It is therefore hypothesised that partial premixing be-

tween fuel and oxidant in the jet is of importance in these flames, as has been

suggested in a previous study of dilute sprays carried by air [32].

3.2. Instantaneous OH-PLIF, UV-PLIF and Mie scattering signals

To analyse the flame structure in detail, imaging of OH-PLIF, UV-PLIF

and droplet Mie scattering was performed at axial locations ranging from the

jet exit plane to x/D = 5.6. Figure 3 displays selected instantaneous images and

a superimposed image of the three different signals, for the E21-5 flame with

the laser sheets centred at x/D = 3.0. These images were selected as they were

deemed to be representative of the “typical” instantaneous signals obtained,

and they display several key features of the flames studied. Also shown in the

superimposed image is the overlap between the OH and UV signals (shown in

dark blue), which was determined based on the product [OH]×[UV].

As suggested by the photographs in Figure 2, a double flame structure is

evident from the OH-PLIF images, with two distinct OH layers on either side of

the centreline, although the outer layer is significantly less intense (by a factor

of approximately two). An additional region of OH can be seen on the inside,

which corresponds to a separate reaction zone around an individual fuel droplet.
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Figure 3: Selected instantaneous spatially and temporally matched images of (a) OH-PLIF,

(b) UV-PLIF (CH2O) and (c) Mie scattering, and (d) the three signals superimposed. Signal

overlap ([OH]×[UV]) is shown in dark blue. Flame case E21-5, centred at x/D = 3.0.

The product [OH]×[UV] indicates that there is some overlap between OH and

CH2O in this region, which is indicative of local heat release [47]. The presence

of an inner and outer flame front has been observed previously for similar flames

[24, 26], where it is said to be caused by larger droplets being transported into

the coflow, while smaller droplets (i.e. those with a small Stokes number) follow

the flow field and move closer to the centreline. However, in a previous study

with the same burner as that used in the current study, it was found that

droplets tend to cluster near the pipe walls prior to exiting the jet [34]. This

was attributed to the phenomena of Saffman lift and turbophoresis [48], which

are associated with low Stokes number flow, suggesting that smaller droplets are

more likely to be situated further from the centreline. Interestingly, while there

is some evidence of fuel droplets penetrating the inner OH layer in Figure 3,

the Mie scattering signal is low in this region—indicating that the droplets

exist between the two flame fronts further upstream and have evaporated by

x/D = 3.0. The distribution of droplets with respect to the two flame fronts is

further explored in Section 3.4.

In Figure 3, the label of “UV” has been used to refer to the CH2O-PLIF

signal, as discussed in Section 2.2. The UV signal that lies just inside of the

inner OH layer indicates the presence of intermediate species associated with
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the preheat region—the same being true for the region enclosing the OH layer

around the reacting droplet. In the region circled in Figure 3(d), an isolated

region of UV-PLIF can be observed. Some high-intensity circular regions of UV-

PLIF can also be seen in Figure 3, which at first glance appear to be related to

interference caused by Mie scattering of the 355 nm light by droplets. However,

further analysis of the UV images (for a range of axial locations and cases), in

conjunction with the Mie scattering images from the 532 nm laser, indicates that

interference from Mie scattering signal in the UV images is not significant. It is

instead hypothesised that these high-intensity regions are related to pre-ignition

reactions taking place around evaporating droplets; this is supported by the fact

that these structures are observed more often in the regions corresponding to

the formation of intermediate species.

To further illustrate the key features of these flames, Figure 4 shows an

additional superimposed image, centred at x/D = 1.5, with labels to highlight

particular aspects of the flame. Also included in Figure 4 is a post-processed

version of the UV-PLIF image from the same instantaneous shot, where the

continuous CH2O structure on either side of the centreline has been isolated,

as discussed in Section 2.2. This is particularly useful for analysing the spatial

distribution of droplets, which is explored in Section 3.4.
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Figure 4: Instantaneous superimposed images OH-PLIF, UV-PLIF and Mie scattering, with

key features as indicated. Flame case E21-5, centred at x/D = 1.5.
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3.3. Instantaneous flame structure

To provide an insight into the near-field flame structure for the different

cases, a series of superimposed images near the jet exit are shown in Figure 5.

These images are centred at an axial location of approximately 7 mm above the

jet exit (x/D = 0.35), such that the bottom of the laser sheet is aligned with

the jet exit plane. It is evident from Figure 5 that all of the flames are attached,

at least in terms of their outer flame front. The bifurcation of the flame into an

inner and outer front can also be seen in some of the cases in Figure 5—this is

most noticeable on the left-hand side of the E15-5 flame case. The CH2O layer

lies along the inside of this inner flame front (overlap is shown in blue), and

in the cases where the “branching off” of the flame takes place, there appears

to be no UV-PLIF signal corresponding to the outer branch. This can also be

seen in Figures 3 and 4, where the UV-PLIF signal lies within the inside OH

layer. This suggests that the inside flame front is the result of some of the fuel

becoming prevaporised and mixing with the carrier air, since the concentration

of CH2O, and hence the UV-PLIF signal, is expected to be significantly higher

under partially premixed conditions [49].

An interesting structure can be observed in the images in Figure 5(c), where

there is no indication of an inner OH layer, yet the CH2O layer appears to be

branching away from the OH, as indicated by the lack of [OH]×[UV] signal in

the upper regions of the images (particularly on the right-hand side of both

images). This is indicative of pre-ignition reactions of the prevaporised fuel,

leading to a lifted inner flame further downstream [32]. To further illustrate this,

selected instantaneous UV- and OH-PLIF images for the H21-5 case, centred at

x/D = 0.75, are shown in Figure 6.

Distinct ignition kernels can be observed in the OH signals in Figure 6; these

are accompanied by the presence of CH2O, which represents the preheat region

prior to autoignition. It should be mentioned that due to the turbulent nature

of the flames, out-of-plane effects could lead to apparent “discontinuities” in the

OH sheet which are not actually present; however, there are several reasons why

this is unlikely to be the case. First of all, these flames are dominated by stream-
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Figure 5: Superimposed signals from fuel droplets, OH and CH2O for ethanol and n-

heptane/toluene flames, centred at x/D = 0.35. Row (a) shows variation of fuel loading,

row (b) shows variation of Rejet, and row (c) shows the effect of toluene addition. [OH]×[UV]

is included in dark blue.

ing flow in the axial direction, such that out-of-plane effects are not expected

to be significant. If out-of-plane effects were responsible for the OH structures

observed, then the CH2O layer would be expected to show the same disconti-

nuity, which is not the case. Additionally, the fact that the discontinuities are

accompanied by CH2O, and in some cases surrounded by it, further indicates

that they are in fact ignition kernels, since this has been observed in previ-

ous studies involving autoignition and local extinction events [47, 15]. Finally,

the discontinuities occur with much greater frequency for the n-heptane and

n-heptane/toluene flames as opposed to the ethanol flames, and fuel type would

not be expected to have a significant impact on out-of-plane effects. Therefore,

it can be concluded that the isolated OH structures do indeed represent ignition

kernels.

In each of the instantaneous images shown in Figure 6, the ignition kernels

can be seen to form along the continuous CH2O layer; more specifically, they

tend to form on the outside of this layer—examples of this are labelled as A in
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Figure 6: Selected instantaneous, superimposed images of OH- and UV-PLIF for the H21-5

flame, centred at x/D = 0.75.

Figure 6. Analysis of a series of images for this particular case revealed that

when ignition kernels are detected (approximately 60% of images at x/D =

0.75), there is a 75% probability that they occur along the outside of the CH2O

layer, while the remaining 25% are enclosed within a layer of CH2O (see the

features labelled B in Figure 6). The fact that there is always UV-PLIF signal on

the inside of the ignition kernels (in a radial sense) is an important observation,

as it shows that the formation of intermediate species (including CH2O) within

the inner, partially premixed region is crucial to the formation of the inner flame

structure.

The occurrence of ignition kernels at x/D = 0.75 was also detected for the

n-heptane/toluene flames, while the ethanol flames did not show this feature

consistently at this axial location. In the equivalent ethanol case (E21-5), the

inner OH layer begins to form nearer to the jet exit, where bifurcations in the

OH layer are more likely to occur, rather than isolated ignition kernels further

downstream. In previous experiments using prevaporised fuels under similar

conditions [50], an increase in lift-off height has been observed for n-heptane

flames in comparison with ethanol. In the context of the current study, this

suggests that the increased tendency for ethanol to ignite near the jet exit leads

to the inner flame branching off from the stabilised, outer structure (i.e. a

bifurcation), whereas for the n-heptane and n-heptane/toluene flames, distinct
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ignition kernels are more likely to occur since the outer OH layer has greater

separation further downstream. In addition, the lower boiling point and higher

vapour pressure of ethanol (see Table 2) could also contribute to the inner flames

stabilising nearer to the jet in these cases. A change in the autoignition process

of ethanol droplets in comparison to n-heptane has been previously observed

[51], where it was found that the lower volatility of n-heptane leads to the

formation of flames around individual droplets. It is also worth mentioning that

the stoichiometric mixture fraction is shifted toward the oxidant side (i.e. the

coflow) for the n-heptane and n-heptane/toluene flames, which further separates

the two structures. For the ethanol flames with greater values of Φjet (namely

cases E21-3 and E27-5), there is an increased likelihood of ignition kernels being

detected in the images centred at x/D = 0.35. While only a single case is shown

in Figure 6, the Supplementary Material includes the statistical data relating

to the detection of ignition kernels for the various cases, along with additional

instantaneous images at x/D = 0.35. Intermittency plots of the OH signal are

also included in the Supplementary Material, indicating a less stabilised inner

structure in the near-field for the n-heptane and n-heptane/toluene flames—this

is further explored in Section 3.6.

Figure 7 provides an overview of the flame structures from the jet exit up to

x/D = 5.3, in the form of stacked, instantaneous, superimposed images, for the

E21-5, E21-3 and H21-5 cases. Note that there are no images corresponding to

the location x/D = 2.25 for the E21-3 and H21-5 cases in Figure 7. It should

also be noted that the UV-PLIF signal has been removed from the n-heptane

images for x/D & 2, due to significant interference from LII resulting from the

relatively high levels of soot in this region. The stacked images highlight the

development of the inner and outer flame fronts and how this varies between

the different cases. While the two flame fronts are clearly distinguishable in

all cases, there is also significant interaction between them, particularly for the

ethanol flames, where the inner and outer OH layers can be seen to form a single

structure in some of the instantaneous images. This is a common occurrence

in flames with multiple reaction zones [52], and is related to thermal “back-
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support” between the two flame fronts, leading to a build-up of intermediate

species and the merging of the two reaction zones in some instances. These

images also show that the inner flame structure closes out nearer to the jet exit

for the n-heptane case, despite initially forming further downstream. This is

likely a consequence of increased premixing in the case of n-heptane due to the

delayed ignition time.
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Figure 7: Stacked images at axial locations from the jet exit to x/D = 5.6, for flame cases

E21-5, E21-3 and H21-5 (data were not collected for cases E21-3 and H21-5 at x/D = 2.25).

Note: Images shown at different axial locations are not temporally matched.

Some droplets can be seen to penetrate the inner OH layer in Figure 7,

although the majority are enclosed within the inner cone, particularly for the

E21-5 case. It can also be seen that there are still liquid droplets present as the

inner, partially premixed flame front begins to “close out” at x/D ≈ 5.6. Addi-

tionally, some droplets can be seen to penetrate into the OH layer in this region.
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It is worth noting that this closing out of the inner flame front corresponds to

the tip of the blue inner cone, as seen in the photographs of the ethanol flames

in Figure 2 (this is less clear in the n-heptane flame, due to increased luminosity

from soot). In the photographs, a change in colour from a blue/violet shade to

a yellow/orange in the inner region of the ethanol flames can be seen at the

tip of the inner cone, which is attributed to the droplets penetrating into and

through the tip of the inner flame front, where they evaporate and react as a

diffusion flame, forming soot. Additionally, isolated regions of UV-PLIF are

detected between the two flame fronts from x/D & 2.5 (for the ethanol flames),

which are associated with the onset of the sooting region that is characteristic

of conventional diffusion flames [53]. This is particularly evident in the E21-3

images, where the UV-PLIF signal between the two flame fronts in the images

centred at x/D = 3.00 and x/D = 4.5 is attributed to the presence of soot

precursors (such as PAHs); this is consistent with the increased luminosity of

this flame. It is worth noting here that the level of soot in the ethanol flames

was below the LII detection threshold.

While only a limited set of results have been shown in this section, it was

observed that the fuel loading and Reynolds number have a noticeable effect on

the instantaneous flame structure. Specifically, the merging of the two flame

fronts tends to become more frequent both at higher values of Rejet, and lower

values of ṁf—further evidence is included in the Supplementary Material, where

additional instantaneous OH-PLIF images are shown for the different cases at

a range of axial locations. The effect of Rejet is expected, since the increased

turbulence in the case of higher Rejet promotes the transport of both heat and

intermediate species between the two reaction zones. The trend observed with

the change in fuel loading is attributed to a reduction in the number of droplets

which penetrate the inner reaction zone, leading to a less pronounced double

flame structure.

In the stacked images in Figure 7, the high-intensity circular regions in the

UV signal are much more noticeable for the E21-3 case in comparison to the

other cases shown. As mentioned in Section 3.2, these structures are attributed
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to pre-ignition reactions around evaporating droplets. This suggests that there

is increased evaporation of droplets in the near-field for the E21-3 case; this is

further explored in the following section.

3.4. Droplet behaviour

To further investigate the distribution of droplets and how this relates to the

overall flame structure, a useful measure is the droplet number count. Figure 8

displays the normalised droplet number counts with respect to axial location,

with three separate plots to independently show the effects of variations in

Reynolds number, fuel loading and fuel type. The number of droplets at each

location was determined using a computational algorithm, based on the radially

weighted Mie scattering signal over the height of the laser sheet and averaged

over a set of 255 images for each case, as described in greater detail in Section 2.2.

Also shown is the root-mean-square (RMS) values of the droplet counts, to

provide an indication of the variability of the measurements. The mean and

RMS plots were normalised against the maximum average droplet count from

the E21-5 case, which is included in all plots as a reference case.

In Figure 8(a), a more gradual decay profile with increasing Rejet is evident,

with the E21-6 case (Rejet = 6000) having the lowest droplet count in the near-

field region, and the highest value further downstream at x/D = 5.3, compared

to the Rejet = 5000 and Rejet = 3000 cases. Considering the difference in bulk

flow rates, the greater average droplet number density near the jet exit for the

case of lower Rejet is expected. The difference in slopes between the three cases

is a less obvious result, and indicates a significant increase in the evaporation

of droplets in the near-field for the E21-3 case. This can be attributed to the

droplets having greater momentum in the axial direction when Rejet is higher,

such that they tend to remain clustered towards the central axis, whereas there

is an increased radial distribution of droplets towards the hot coflow when Rejet

is lower, leading to increased evaporation. This is supported by analysis of the

Mie scattering images in terms of the signal intermittencies, which are included

in the Supplementary Material and show an increased radial spread of droplets
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Figure 8: Radially-weighted axial profiles of mean droplet number counts with variations

in (a) jet Reynolds number, (b) fuel loading and (c) fuel composition, normalised against the

maximum droplet count from the E21-5 case.
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when Rejet is lower. This result is interesting, since an increase in turbulence

could be expected to promote the radial transport of droplets towards the coflow,

increasing the rate of evaporation. The fact that the opposite effect has been

observed indicates that the magnitude of the turbulent fluctuations does not

have a significant effect on the droplet dynamics, at least at the values of Rejet

used in this study.

As expected, Figure 8(b) shows that an increase in fuel loading leads to a

general increase in the droplet count, although there are noticeable fluctuations

with respect to axial location for the E15-5 case. Comparing (a) and (b) in

Figure 8, and noting the fact that all of the plots are normalised against the E21-

5 case, it is interesting to observe that cases E21-3 and E27-5 have very similar

droplet counts, particularly in the near-field. Recalling the flame photographs,

these two cases are very similar in terms of their visual appearance, which further

highlights the influence of droplets in the near-field on the overall evolution of

these flames, and also emphasises the need to be able to accurately predict

droplet-combustion interactions in numerical modelling of spray flames.

The effect of fuel composition on the number of droplets is shown in Fig-

ure 8(c). There is a noticeable increase in the droplet number count as toluene

is added to the fuel (HT21-5 and TH21-5 cases). This trend is likely a conse-

quence of the lower volatility of toluene in comparison to ethanol and n-heptane.

Specifically, toluene has a significantly lower vapour pressure and a higher boil-

ing point (Table 2), thus a decreased rate of droplet evaporation for the n-

heptane/toluene blends is expected. Furthermore, the fact that this increase

in droplet count can be seen at the jet exit indicates that there is significant

prevaporisation of the liquid droplets prior to exiting the jet.

As alluded to in Section 3.3, it is also of interest to investigate the radial

location of droplets, particularly with regards to the penetration of droplets

into the reaction zone. As discussed in Sections 2.2 and 3.2, the Mie scattering

images were spatially filtered with respect to the UV-PLIF signal, to divide the

droplets into those which occur within the “inner cone” and those which occur

in the “outer region” (see Figure 4). These “inner” and “outer” droplet counts
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are shown as ratios in Figure 9, focussing on the near-field region for variations

in fuel loading.
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Figure 9: Proportion of droplets occurring inside and outside of the continuous CH2O layer,

for a range of fuel loadings and axial locations.

In Figure 9, it can be seen that droplets are consistently detected outside of

the inner cone for all fuel loadings and axial locations shown. The proportion

of droplets which exist outside of the inner cone (i.e. those labelled as “outer”)

ranges from approximately 15–25% of the total droplet count. Interestingly, the

outer fraction can be seen to generally increase with distance from the jet exit

for each of the cases. It should be mentioned that droplets which are outside of

the inner cone would evaporate relatively quickly, due to the influence of both

the hot coflow and the inner flame front. Therefore, the fact that the outer ratio

increases suggests that droplets from the inner cone are consistently transported

through the preheat region, and penetrate into the inner OH layer.

As mentioned in Section 3.3, the instantaneous images showed a higher de-

gree of separation between the inner and outer flame structures with an increase

in fuel loading. In previous experiments involving pressure-swirl atomised spray

flames [24], the divergence between the inner and outer flame fronts was found

to be related to the radial spreading of droplets, such that the outer flame is sus-

tained by the vaporisation of larger droplets. Within the context of the droplet

fractions displayed in Figure 9, in conjunction with the normalised number
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counts shown in Figure 8(b), it can be seen that there is an increase in both the

number and proportion of droplets which penetrate through the inner preheat

layer for the E27-5 flame. Although there are key differences between the flames

being studied here and those of Rodrigues et al. [24], the findings indicate that

the radial distribution of droplets is a crucial factor leading to the development

of a dual flame structure, in addition to the partial premixing of prevaporised

fuel.

3.5. Mean flame structure: ethanol flames

To further investigate the flame structure and the effects of fuel loading

and Reynolds number, radial plots of the time-averaged OH and UV signals

at four different axial locations are shown in Figures 10 and 11. The laser

sheets were centred at the axial heights stated in the figures, and the radial

signals correspond to a horizontal line at these heights. The averaged OH and

UV plots are respectively normalised against the maximum average OH and

UV signal intensity from all cases involving ethanol flames; that is, the same

normalising value has been used for the different cases shown in Figures 10 and

11. In addition to time averaging, the signals on either side of the centreline

were also averaged to produce the plots.

The plots shown in Figures 10 and 11 display the OH and UV profiles side-

by-side, noting that the OH profiles have been reflected about the vertical axis.

From Figure 10, the mass loading of liquid fuel can be seen to have a noticeable

impact, particularly in regards to the formation of a double flame structure. This

is highlighted by the OH plots, which show two distinct peaks at all locations for

the highest fuel loading case (E27-5), while the E15-5 signals only show a single

peak. The intermediate case, E21-5, can also be seen to have a secondary peak,

although it is much less defined than the E27-5 case. It should be mentioned

that due to turbulent fluctuations in the flames, the averaging process leads

to a “blurring” effect, such that some structures cannot be distinguished. At

x/D = 4.5 (and to a lesser extent at x/D = 3.0) the OH signal for the E15-5

case displays a “shoulder” feature rather than a peak, indicating that there is
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range of axial locations for ethanol flames with three different fuel loadings.
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an inner and outer flame front present, but this double flame structure is less

pronounced and is somewhat obscured by the averaging process. It can also be

seen that the radial location of the OH peak in the E15-5 case approximately

aligns with the inside peaks of the two higher fuel loading cases at the various

heights, indicating that the inner flame front is more dominant when the fuel

loading is lower. This is likely due to the reduced number of droplets penetrating

the inner flame front and reacting with the hot coflow in the E15-5 flame, as

shown by the droplet counts in Figure 9.

For all cases in Figure 10, the UV signal can be seen to reach its maximum

within r/D < 0.1 at x/D = 4.5, representing the beginning of the tip of the inner

flame. The UV plots show a similar shape for the three fuel loadings, with the

magnitude generally showing an increase with increasing fuel loading, although

this change is relatively small at most locations. The non-zero centreline UV

signal near the jet exit is related to the isolated regions of UV-PLIF discussed

in Section 3.2, and this appears to increase with fuel loading.

In Figure 11, Rejet can also be seen to have a significant impact on the flame

structure. Specifically, the double flame structure is much more pronounced

for the Rejet = 3000 case, with separate OH layers evident in the near-field.

At x/D = 4.5, the inner OH layer can be seen to reach its maximum at the

centreline for this case, representing the tip of the inner flame front at this

axial location. In contrast, the inner peaks of the OH signals in the E21-5 and

E21-6 cases at x/D = 4.5 occur at radial positions of approximately r/D = 0.4

and r/D = 0.5, respectively. This indicates that the inner flame front persists

further downstream for the higher Rejet cases.

It is interesting to note that the total flame length decreases with increasing

Rejet for these flames (see Figure 2), while the inner flame structure is shown

to have the opposite relationship (Figure 11). When Rejet is higher, the rate

of evaporation in the jet increases, leading to an increased degree of premixing

such that the flame favours the partially premixed mode (i.e. the inner cone).

When Rejet is lower, there is less partially premixed fuel to sustain the inner

flame front downstream, with a greater number of droplets evaporating in the
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presence of the hot coflow and reacting as a diffusion flame, hence a greater

flame length. This also explains the decrease in flame luminosity as Rejet is

increased (Figure 2), since an increase in the degree of partial premixing gen-

erally suppresses soot formation, provided that Φjet is sufficiently low (. 10)

[54, 55]. Previous numerical work has indicated that the formation of a double

(or triple) flame structure is very sensitive to the evaporative time scale [28]. In

the context of the current findings, this emphasises the importance of droplet

evaporation and the near-field structure on the overall behaviour of the flame.

Another observation from Figure 11 is that the intermediate case with

Rejet = 5000 (E21-5) has the highest magnitude in terms of OH signal at all

locations, except for x/D = 0.35, at which point it has the lowest signal. First

of all, it should be noted that due to the qualitative nature of the results, it is

difficult to directly compare signal magnitudes, because they could be affected

by changes in signal quenching in the different flames. Nevertheless, this ap-

parent non-monotonic behaviour with respect to Rejet highlights the complex

nature of turbulent and transitional spray flames, in terms of the competing

effects of droplet residence time and mixing/evaporation processes. It can also

be seen that this case has the lowest UV signal at all locations. The E21-3 case

has a significantly higher UV signal, particularly near the jet exit, and the high

magnitude at the centreline for this case is also worth noting. This would seem

to indicate that interference from droplets is responsible (since the E21-3 case

has a greater number of droplets in the near-field); however, if this were the

case then the centreline signal would be expected to be higher for the E21-5

case compared with the E21-6 case (see Figure 9), while the opposite is true.

Although this indicates that the change in UV signal intensity is not a direct

result of interference from droplets, the signal magnitudes at the centreline sug-

gest that it is also not solely a result of increased concentration of CH2O in

the preheat region. At this stage it is not possible to determine an exact cause,

although the instantaneous images show that there is a greater proportion of

high-intensity, circular structures in the UV-PLIF signal for the E21-3 and E21-

6 cases, which, as discussed in Section 3.2, is indicative of pre-ignition reactions
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surrounding droplets.

In the E21-3 case, peaks in the UV-PLIF signal can also be seen between

the two OH layers (at r/D ≈ 0.8) at the axial locations of x/D = 4.5 and

x/D = 3.0. Referring back to Figure 10, this feature is also evident for the

E27-5 flame (and to a lesser extent the E21-5 flame) at x/D = 4.5. These

two cases (i.e. E27-5 and E21-3) also have the most pronounced double flame

structure, as evidenced by the OH profiles. Referring again to the droplet plots

(Figures 8 and 9), both of these cases have a relatively high number of droplets

near the jet exit, with the majority having evaporated by x/D = 4.5. While the

inner and outer droplet profiles are not included for the E21-3 case, Figure 9

shows that there is a significant number of droplets outside of the inner cone in

the near-field for the E27-5 case, and it is reasonable to extend this reasoning

to the E21-3 flame. Therefore, this secondary peak in the UV-PLIF signal is

attributed to the increased proportion of droplets penetrating through the inner

preheat region, and subsequently evaporating and reacting with the hot coflow

as a diffusion flame. This is also consistent with the increased luminosity of

these flames, and the change in colour at approximately x/D = 4.5, indicating

the presence of nascent soot.

3.6. Effect of fuel type

To analyse the effect of toluene addition on flame structure in the near-field,

shared radial plots of OH- and UV-PLIF for cases H21-5, HT21-5 and TH21-5

are shown in Figure 12, along with the E21-5 case for reference, from x/D =

0.35 to x/D = 1.5. Once again, the plotted data are averaged, normalised

signals, using the maximum average intensity from the three axial locations as

the normalising value. At the location nearest to the jet exit (x/D = 0.35),

a single OH structure is evident in all of the n-heptane/toluene cases, which

develops into a double flame structure with two distinguishable peaks further

downstream. All three of the cases with n-heptane have very similar OH profiles,

with the radial location of the peaks coinciding with each other at each of the

heights, indicating that the addition of toluene does not significantly affect the
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near-field flame structure. In saying this, the magnitude of the OH peaks can be

seen to decrease with toluene addition, particularly for the outer peaks (when

multiple peaks are present). Again referring to the droplet plots, this difference

is attributed to the decreased rate of evaporation which occurs with toluene

addition, which results in a lower concentration of radicals near the jet exit.

For the UV plots, the data have been omitted for x/D = 1.5, due to sig-

nificant interference from LII, particularly in the cases containing toluene. The

increased intensity of the UV-PLIF signal with addition of toluene is thus likely

a result of increased levels of PAH when toluene is added, which is consistent

with previous findings based on prevaporised n-heptane/toluene flames under

similar conditions [23, 56]. It is interesting to note that the UV signal inten-

sity for the two cases containing toluene is very similar at x/D = 0.35, despite

the TH21-5 case having twice the concentration of toluene and a significantly

higher intensity at x/D = 0.75. Previous results relating to prevaporised fu-

els indicate that as the proportion of toluene is increased, the concentration of

PAH increases at all axial locations where PAH is present [56]. It is therefore

hypothesised that the amount of vaporised toluene is approximately the same

for both cases at x/D = 0.35, which is supported by the higher droplet count

for the TH21-5 case (see Figure 8(c)).

It is interesting to note the difference in the OH profiles between the n-

heptane/toluene cases and the ethanol case. For the ethanol flame, the inner

peak can be seen to occur nearer to the jet exit, while it only becomes prominent

at x/D = 1.5 for the other cases. At this location, the signal corresponding to

the inner peak is considerably lower than the outer peak for the cases with n-

heptane, while the opposite is true for the E21-5 case, along with the remainder

of the ethanol flames (Figures 10 and 11). Interestingly, the instantaneous

images show that the OH signal intensity is actually higher in the inner region for

all cases—examples at x/D = 1.5 are included in the Supplementary Material.

The reason that the averaged profiles show a greater outer peak for the n-

heptane and n-heptane/toluene cases is that for these flames, the signal is less

consistent in the near-field, suggesting a less stabilised inner flame structure,
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composition.
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which is supported by the OH intermittency images shown in the Supplementary

Material.

To investigate the formation of soot and how it relates to the flame struc-

ture, radial profiles of the average soot volume fraction (fv) at a range of axial

locations are shown alongside normalised signals of OH-PLIF in Figure 13. In

these plots, results correspond to the two n-heptane/toluene blends and the

purely n-heptane case, at the three furthest-downstream axial locations. Note

that none of the ethanol cases are included, since the level of soot in these flames

was below the LII detection threshold.

A consistent increase in soot volume fraction with toluene addition is notice-

able in Figure 13, with very low levels of soot detected for the n-heptane flame.

This is due to the relatively high sooting propensity of toluene, as has been

well-documented in the literature [23, 57]. For both the HT21-5 and TH21-5

cases, the LII signal can be seen to peak at approximately r/D = 0.8, which

corresponds to the region between the two flame fronts, where the OH is at a

minimum. There is a sharp drop in fv for r/D > 1, corresponding to the outer

peak in the OH signal, suggesting that the soot is oxidised by the outer flame

front, noting that OH is known to oxidise soot [58]. It should be noted that

much of the soot occurring between the two flame at the locations shown in

Figure 13 is convected further downstream, where further mixing between soot

and OH leads to oxidation of the soot [59].

4. Conclusions

The structure of dilute spray flames in a hot and low-oxygen environment

has been studied using a combination of laser diagnostic techniques. Fuel com-

position, jet Reynolds number and fuel loading were independently varied, and

a number of key findings were obtained:

� All flames exhibited a so-called “double-flame” structure to some extent,

which is associated with prevaporisation of fuel, along with the penetration

of droplets through the inner reaction zone.
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� The inner flame structure either “branches away” from the outer struc-

ture as a bifurcation, or undergoes a separate autoignition process, ac-

companied by distinct ignition kernels. It was found that ignition kernels

are much more likely to occur for the n-heptane and n-heptane/toluene

cases in comparison to the ethanol flame with equivalent fuel loading and

Reynolds number. A reduction in Reynolds number and an increase in

fuel loading also leads to an increased likelihood of kernel formation as

opposed to bifurcations, which is related to an increased equivalence ratio

in the jet.

� The distribution of droplets in the near-field was found to have a sig-

nificant impact on the overall evolution of the flames. Analysis of the

Mie scattering signals, in conjunction with simultaneous CH2O imaging,

revealed that droplets are consistently transported through the initial pre-

heat region and into the inner OH structure, which plays an important

role in the formation of a double flame structure.

� Analysis of the mean signals indicates that the double flame structure is

more pronounced for lower Reynolds numbers and higher fuel loadings,

with two distinct peaks in the OH signals evident in some instances.

� Toluene addition was found to have little effect on the overall flame struc-

ture, despite the increase in soot volume fraction. Combined analysis of

the mean soot volume fraction and radial OH-PLIF signal indicates that

soot is formed between the two flame fronts, and is oxidised in the outer

reaction zone.

These findings provide a valuable insight into the underlying mechanisms which

lead to the complex structures observed in spray flames in a hot and low-oxygen

environment. While flames with similar structures have been studied previously,

the parametric nature of this study—in terms of the independent variation of a

range of jet boundary conditions—is an important distinction. This allows direct

comparisons to be made between the various cases in order to better understand
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the factors which influence the flame structure. This is particularly important,

since it is difficult to predict the effect of such changes in boundary conditions

in turbulent spray flames, due to the coupled interactions between turbulence,

chemistry and droplet evaporation. Although primarily qualitative in nature,

the results presented here are of particular importance for the prediction of

bifurcating flame structures and the presence of ignition kernels under varying

conditions. This is an important step towards the development of more efficient

and robust numerical models of spray combustion, which will in turn enable

improvements in the efficiency of practical combustion devices.
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