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Abstract

The structure and stabilisation mechanisms of ethanol and n-heptane spray
flames are investigated in this study. The burner configuration involves a di-
lute spray of dispersed droplets which is produced and transported via a carrier
gas stream of air to the reaction zone, where the flames are stabilised by a
hot coflow of combustion products. A range of coflow conditions were imple-
mented for the different flame cases, allowing the effects of the coflow oxygen
(O2) concentration and temperature to be examined independently. The result-
ing flames were analysed using three simultaneous laser diagnostic techniques,
enabling the combined planar imaging of the hydroxyl (OH) and formaldehyde
(CH2O) radicals, along with the location of droplets. For both fuel types, a
noticeable shift in stabilisation behaviour was observed with a variation in the
coflow O2 concentration from 11% to 3%, while the coflow temperature was not
seen to have a significant impact. These flames also show an interesting depar-
ture from the typical behaviour observed for gaseous and prevaporised flames
in a similar configuration, particularly for coflow conditions that are typically
associated with the transition to the mild combustion regime.

Keywords: Spray combustion, Mild combustion, Laser diagnostics, Flame
stabilisation

1. Introduction

The use of spray-injected liquid fuels is widespread in practical combustion
devices, particularly in applications where a high energy density is a priority,
such as the transport and aerospace sectors. Injection of liquids in the form of
a spray enhances the combustion process, by increasing the rate of fuel evapo-
ration and improving the mixing between fuel and air. In order to develop low-
emissions and fuel-flexible technologies, the ability to accurately predict spray
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combustion phenomena under a range of conditions is a necessity [1, 2]. This
requires a comprehensive understanding of the physical and chemical processes
which take place in spray flames, including turbulence-chemistry interactions,
droplet evaporation, and spray break-up.

In practical burners, liquid fuels are typically injected directly into the re-
action zone in the form of a “dense” spray, in which droplets are clustered to-
gether. This dense region then undergoes spray break-up, with droplets becom-
ing smaller and more dispersed, ultimately evaporating before the fuel burns.
This dispersed region of the spray—in which interactions between individual
droplets are negligible—is referred to as a “dilute” spray [3]. In order to focus
on the fundamental combustion processes in spray flames in an experimental
setting, it is useful to form a dilute spray directly, as this facilitates the use of
non-intrusive laser diagnostic techniques [4].

A range of detailed measurements have previously been obtained using a di-
lute spray configuration, providing important insights into the structure and be-
haviour of spray flames. Experimental findings based on a piloted, dilute spray
burner highlighted the complexity of the reaction zones and ignition modes in
such flames, with particular focus on the sensitivity to the boundary conditions
[5]. Due to this sensitivity, there has been a conscious effort to obtain exper-
imental results for flames with well-characterised initial conditions, forming a
major focus of the Workshop on Turbulent Combustion of Sprays (TCS) [6, 7].
These efforts have in turn enabled the development of more accurate and efficient
numerical models [8, 9], by providing a detailed database for model validation.
However, a lack of understanding regarding the structure and stabilisation of
dilute spray flames still persists, particularly in relation to “non-conventional”
combustion regimes, such as those encountered in sequential gas turbines and
burners featuring recirculation of exhaust products [1].

The dilution of air with exhaust gases—either via recirculation or sequential
combustion—can provide increased performance in a range of practical applica-
tions. The excess heat from the combustion products enables preheating of the
reactants, facilitating an increase in thermal efficiency and improved combus-
tion stability [10]. Additionally, the reduced O2 concentration resulting from
the dilution leads to a less intense combustion process, limiting the increase in
temperature and allowing a reduction of CO, NOx and soot emissions under
certain conditions [11, 12]. A particular combustion regime which is of inter-
est in this regard is “mild” combustion, which, in addition to describing the
nature of the combustion process, stands for moderate or intense low-oxygen
dilution combustion [13]. While initially developed and studied for implementa-
tion in furnaces, there is also potential to extend this combustion technique to
both land-based and aerospace gas turbines, particularly in applications where
greater flexibility is required, both in terms of operating conditions and fuel
type [1].

Much of the fundamental experimental work on mild combustion has been
carried out using a “jet in hot cross-/co-flow” (JHC) burner configuration [14,
15, 16, 17]. This type of burner allows the temperature and O2 concentration
of the oxidant stream to be controlled and adjusted independently of the fuel
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composition and flow rate, allowing the transition to the mild regime to be
studied. In the context of gaseous flames, several interesting findings have pre-
viously been made regarding the change in stabilisation and lift-off behaviour
with variations in the coflow properties [18, 19, 20, 21]. It has been observed
that there is a fundamental shift in the stabilisation mechanism of visually lifted
flames in the mild regime in comparison with conventional lifted, autoignitive
flames, with pre-ignition reactions being detected upstream of the apparent lift-
off height [18], and formation of ignition kernels playing a key role in flame
stabilisation [19]. This behaviour has been found to be very sensitive to the fuel
composition, as well as the coflow temperature and O2 level [20]. It is important
to note that the JHC configuration essentially emulates the conditions required
for mild combustion in a simplified configuration, such that the overall appear-
ance of the resulting flames tends to be different to that which is observed under
more practical implementations of mild combustion, particularly in downstream
locations where the controlled influence of the coflow is diminished [18, 22].

While most fundamental studies of mild combustion have been focussed on
relatively simple, gaseous fuels, liquid fuels have also been investigated. Pre-
vaporised flames of ethanol and dimethyl ether (DME) issuing into a hot coflow
were found to exhibit similar structures, particularly at a coflow oxygen concen-
tration of 3% by volume, with an increased sensitivity to fuel type at higher O2

concentrations [23]. In the same experimental configuration, n-heptane flames
were found to exhibit a significantly different behaviour to prevapourised ethanol
and other gaseous flames, with a general deviation away from the mild regime
even at very low oxygen concentrations [24]. This was attributed to the more
complex chemistry of n-heptane and the increased tendency for pyrolysis to
occur.

Several studies of mild/flameless combustion of liquid fuels have also been
carried out using an enclosed or confined burner configuration. While these
configurations typically do not facilitate the analysis of the flame structure and
stabilisation mechanisms in as much detail as open flames, the transition to the
mild combustion regime can be examined via temperature measurements and
analysis of the flue gas composition, in addition to visual observations. Ex-
periments with ethanol in liquid form were performed using a confined burner
with recirculation of flue gases and a “blurry injector” configuration to generate
a spray, with reduced pollutant emissions and uniform temperatures observed
under certain operating conditions corresponding to a range of excess air coeffi-
cients [25]. Experiments involving a cyclonic flow configuration emphasised the
flexibility of mild combustion, with steady operation spanning across different
equivalence ratios and heat inputs for three low-molecular-weight alcohol fuels,
while maintaining complete fuel conversion and low pollutant emissions [26].
While these investigations—and indeed others based upon EGR configurations
[27, 28]—are very useful for studying the limits of mild combustion in a prac-
tical environment under various conditions, it is difficult to draw fundamental
conclusions from them with regards to ignition processes and flame structure,
largely due to a lack of optical access and challenges with quantifying the level
of recirculation in many cases [1]. Thus, while such studies offer important in-
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sights which cannot be ascertained from JHC-type experiments, their limitations
also emphasise the importance of studying liquid fuels in a JHC configuration,
particularly with regards to the development of numerical models.

Liquid sprays issuing into a hot and low-oxygen coflow have also been in-
vestigated previously. Measurements of droplet location and gas temperature
were obtained for the “Delft spray in hot coflow” (DSHC) flames [29], using a
pressure-swirl atomiser to generate droplets. A much more rapid spray break-
up and evaporation of droplets was observed for sprays in a hot-diluted coflow
compared with a coflow of air. The change in coflow conditions was also found
to have a noticeable impact on the underlying flame structure, with a more
uniform temperature distribution resulting in lower peak temperatures for the
hot-diluted coflow. The existence of distinct inner and outer reaction zones
was another important feature of these flames, attributed to the transport of
larger droplets away from the spray axis and the flame propagation of a droplet-
vapour-air mixture towards the centreline [29]. This “double flame” structure
was found to be weakened in the presence of a hot and low-oxygen coflow, due
to a less pronounced inner flame resulting from a richer gaseous mixture. This
structure has also been investigated for pressure-swirl-atomised spray flames
in coflows of room-temperature air at a range of coflow velocities (including
no coflow) [30, 31], with a transition to a single reaction zone for high coflow
velocities. For these flames, partial premixing was found to be crucial to the de-
velopment of the inner flame structure [31]. The structure of the DSHC flames
was also reproduced via large-eddy simulation (LES), in which the formation of
multiple flame structures was found to be very sensitive to evaporation rates and
chemical time-scales [32], emphasising the importance of understanding these
phenomena to further develop modelling capabilities.

A double flame structure has also been identified in a dilute spray configu-
ration [33] which is similar to that used in the current study. For the case of
fuel droplets carried by air, it was hypothesised that vaporisation of droplets
prior to ignition leads to partial premixing and the formation of locally ignitable
mixtures, resulting in an unsteady inner flame front and a broadening of the
OH layer [33]. This behaviour was not observed with nitrogen as the carrier
gas, with the flame exhibiting a more typical diffusion-like behaviour. The ef-
fect of jet boundary conditions and fuel composition has also been investigated
using a dilute spray burner, in which simultaneous imaging of fuel droplets and
OH/CH2O-PLIF was performed [34]. While a double flame structure was a con-
sistent feature of all flames studied, a change in behaviour from a bifurcating
structure to the occurrence of distinct ignition kernels was identified for ethanol
and n-heptane flames. While these studies reveal important details of the struc-
ture and stabilisation of spray flames in a hot and low-oxygen environment, an
open question remains regarding the effect of the coflow conditions, particularly
at reduced O2 concentrations, such that the transition towards the mild regime
is realised.

This study builds upon previous experimental work performed with the same
burner configuration [34]. While the aforementioned study ([34]) presented re-
sults and analysis related to the overall evolution of the flame structures for a
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range of jet boundary conditions, the current paper is focussed on investigat-
ing the stabilisation mechanisms of the flames, and the impact of the coflow
composition and temperature on these mechanisms. The burner used is based
upon the well-established JHC configuration, allowing the independent effects of
coflow temperature and O2 concentration to be determined while the jet bound-
ary conditions are held constant. Two different liquid fuels are considered in
this study; namely ethanol and n-heptane, facilitating additional analysis in
terms of the effects of chemistry. These two fuels are also of significant im-
portance in practical combustion applications; ethanol has been identified as a
promising low-carbon fuel for the transport sector [35], while n-heptane is com-
monly used as a primary reference fuel for the analysis of internal combustion
engines [36]. An ultrasonic nebuliser is implemented to generate a dispersed
droplet field, with simultaneous imaging of fuel droplets via Mie scattering, and
key intermediate flame species (predominately OH and CH2O) via planar laser-
induced fluorescence (PLIF). This offers a unique insight into the stabilisation
and propagation of dilute sprays reacting under conditions relevant to practical,
low-emissions and fuel-flexible combustion devices. In particular, an interest-
ing change in the stabilisation behaviour is observed as the O2 concentration is
reduced from 11% to 3%, and fundamental differences in the behaviour of the
ethanol and n-heptane flames are examined. In addition to developing a deeper
understanding of the mechanisms involved in spray combustion, these results
also provide a challenging target to test the predictive capabilities of numerical
models under a range of boundary conditions.

2. Methodology

2.1. Spray burner description

The burner configuration implemented in this study is identical to that which
has been used previously to investigate the effect of jet boundary conditions
on spray flames in a hot and low-oxygen coflow [34]. The burner shares many
characteristics with the well-studied JHC configuration (e.g. [14] and [37]), while
also incorporating the features of dilute spray burners which have previously
been used to study piloted flames [6, 38]. An ultrasonic nebuliser is used to
generate fuel droplets with a nominal Sauter mean diameter of 30 µm. These
droplets have minimal initial momentum, and are transported to the jet exit via
a carrier gas stream of air. The jet has an exit inner diameter (D) of 20 mm,
and the Reynolds number based on this diameter (Rejet) for all flame cases
was 5000. Both ethanol and n-heptane were used as the liquid fuel for different
flame cases, with the mass loading of liquid held constant at 0.21 g/s. The hot
coflow is produced by the lean premixed combustion of natural gas, H2 and air
in varying quantities, with dilution via N2 to control the concentration of O2 in
the coflow stream. Further details and a schematic of the burner and nebuliser
configuration have been presented in a previous publication [34].

By varying the flow rates of natural gas, H2, N2 and air into the porous
bed, four different coflow conditions were produced. These consist of three
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Table 1: Table of flame cases, indicating the jet and coflow properties. Numbers in case
names represent the rounded molar percentage of O2 in the coflow, while the letter “H” in
the suffix denotes the higher temperature (1690 K) coflow.

Jet Properties Coflow Properties
Case Fuel Rejet Φjet XO2

XH2O XCO2
XN2

Tcofl [K]
HEP-03 n-heptane 5000 2.2 0.030 0.11 0.036 0.83 1400
HEP-08 n-heptane 5000 2.2 0.075 0.11 0.036 0.78 1400
HEP-11 n-heptane 5000 2.2 0.11 0.11 0.036 0.75 1400

HEP-H08 n-heptane 5000 2.2 0.075 0.12 0.061 0.74 1690
ETH-03 Ethanol 5000 1.3 0.030 0.11 0.036 0.83 1400
ETH-11 Ethanol 5000 1.3 0.11 0.11 0.036 0.75 1400

coflows with different O2 concentrations (all with the same temperature), and
two coflows with different temperatures and the same O2 concentration, en-
abling the effects of these two parameters to be investigated independently. For
the results presented in this paper, the n-heptane flames cover all four coflow
conditions, while for the ethanol flames only two different coflow conditions are
considered. Table 1 displays the various cases for which results are presented,
and their corresponding jet and coflow boundary conditions. Also shown in
Table 1 is the overall jet equivalence ratio (Φjet), which is based on the total
flowrates of liquid fuel and carrier air in the main fuel tube. It should be noted
that some evaporation of the liquid fuel occurs within this tube, that is, between
the nebulising surface and the jet exit. Since air is used as the carrier gas, this
prevaporised fuel undergoes premixing within the pipe. In a previous study us-
ing a similar dilute spray configuration, the extent of droplet evaporation within
the pipe was found to depend on the relative flow of the liquid and carrier gas
[6]. Based on these results, it is estimated that approximately 40% of the liquid
fuel undergoes evaporation prior to reaching the jet exit plane.

The flame cases described in Table 1 all correspond to a fuel mass flowrate
of 0.21 g/s. As a result, the mixture in the jet (i.e. liquid fuel and carrier air)
is overall rich for all cases studied, with Φjet = 2.2 for the n-heptane flames
and Φjet = 1.3 for the ethanol flames, noting that this difference is due to the
lower stoichiometric air-fuel ratio for ethanol. In a previous study with the
same burner [34], flames with different equivalent ratios were analysed, and it
was found that the flame structure was very sensitive to these conditions. In
particular, leaner mixtures tend to favour the propagation of the inner flame
front due to the influence of the air in the jet, with a less prominent double flame
structure present. It then follows that the stabilisation and overall evolution of
these flames would be less sensitive to the influence of the coflow, hence the
focus on rich mixtures in the current study.

2.2. Diagnostic techniques

Three laser diagnostic techniques were implemented simultaneously in this
study, to enable combined imaging of the flame boundary and intermediate
species, along with the location of fuel droplets. Planar imaging through the

6



central axis of the burner was performed, using vertical sheets of pulsed laser
light with a frequency of 10 Hz and a nominal height of 15 mm. Two Nd:YAG
lasers and one Nd:YAG-pumped dye laser were used to generate the three laser
sheets of different wavelengths. Different axial locations (x) within the flames
were captured by traversing the burner in the vertical direction, ranging from
the jet exit (x = 0) to 112 mm above the jet (x/D = 5.6). A set of 255 images
were collected for each diagnostic at each location, facilitating the analysis of
the mean flame structure in addition to capturing instantaneous features.

To study the boundary of the reaction zone, the hydroxyl (OH) radical was
imaged via the planar laser-induced fluorescence (PLIF) technique. A dye laser,
pumped by the 532 nm output of an Nd:YAG laser, was tuned to a wavelength
of 282.927 nm to excite the Q1(6) transition of the OH radicals. This transition
was selected as it has a relatively low sensitivity to temperature fluctuations
in the range of interest, and provides a stronger signal in comparison to the
Q1(7) transition. The dye laser was operated with an energy of 0.8 mJ/pulse,
and the fluorescence from the OH was imaged onto an ICCD camera through
an f/3.5 UV lens, with a gate width of 100 ns. The camera lens was fitted
with a bandpass filter centred at 310 nm, with a peak transmission > 70% and
FWHM of 10 nm. An additional processing step was applied to the OH-PLIF
images to facilitate the separate analysis of the inner and outer branches of the
flames. This involved the implementation of an algorithm to find the peaks
in the radial OH profile for each image, in conjunction with a shape filter for
the OH structures, allowing the statistical behaviour of the reaction zone to be
explored in more detail.

The PLIF technique was also implemented to detect intermediate species
associated with fuel decomposition and pre-ignition reactions, in particular the
formaldehyde (CH2O) species. This was performed using the third harmonic
(355 nm) of an Nd:YAG laser, with a measured energy of 125 mJ/pulse. It
is important to note that excitation in the UV region is known to lead to the
fluorescence of several intermediate species in a flame, leading to difficulty in
attributing the signal to a specific chemical species in some instances. A narrow-
range bandpass filter was used to filter out interference from unwanted sources,
where possible. This bandpass filter was centred at 410 nm with a FWHM of
10 nm (transmission > 45%), allowing fluorescence from the CH2O species to be
targeted. Consequently, the signal associated with the 355 nm laser is expected
to be dominated by CH2O-PLIF, particularly in the near-field region where
the flame undergoes stabilisation, as has been observed previously for similar
flames stabilised via autoignition [4]. There is, however, the potential for a non-
negligible contribution to the detected signal from other sources which warrants
careful discussion. One particular source of interference is from polyaromatic
hydrocarbons (PAHs), which are key precursors to the formation of soot, and
are therefore expected to contribute to the signal in the furthest-downstream
locations where soot begins to form in the n-heptane flames. The presence of
droplets can also lead to interferences due to both elastic and inelastic scattering.
The elastically scattered 355 nm light is expected to be effectively attenuated by
the bandpass filter, which has an optical density of approximately 7.5 at 355 nm,
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such that the intensity of light transmitted at this wavelength is reduced by a
factor of greater than 1×107. In terms of inelastic Raman scattering from the
fuel, the wavelength of the scattered light can be estimated from the Raman shift
corresponding to the CH bonds, for both ethanol and n-heptane [39, 40]. Based
on a shift value of 2900 cm−1, the wavelength of the first-order Raman-scattered
light is approximately 396 nm. Despite the narrow range of the bandpass filter,
the optical density at this wavelength is slightly lower with a value of 3.3, such
that the intensity is reduced by a factor of around 2000. While this means that
this interference is significantly reduced by the filter, a low-level signal from fuel
Raman can be expected. To account for these interferences, the results presented
herein refer to the signal resulting from excitation at 355 nm as “UV-PLIF”, and
the source of the signal is discussed where appropriate. The UV-PLIF signal
was detected using a separate ICCD camera with a 100 ns gate width, fitted
with an f/1.2 lens.

Imaging of fuel droplets was performed via the Mie scattering technique,
using the frequency-doubled 532 nm output of an Nd:YAG laser. The measured
energy of the laser was 0.6 mJ/pulse, and the scattered light from droplets was
collected on a CCD camera, operated with a gate width of 500 ns. The cam-
era was fitted with an f/5.6 lens and a bandpass filter with a FWHM of 10 nm
centred at 532 nm, allowing > 85% transmission at the target wavelength. Addi-
tional processing of the Mie scattering images was performed in order to extract
the intermittency data relating to the droplet distributions. This involved con-
verting the Mie scattering signal to a binarised image, representing the presence
or absence of a droplet at any given location in the detection range. To generate
the mean radial droplet distributions, this binarised signal was averaged over
a row of 30 pixels centred at each axial location, and a full set of images was
then averaged for each case and axial location, yielding the mean probability of
droplets being detected at each location. Statistical convergence studies were
performed for the radially-integrated droplet probabilities, with results indicat-
ing an uncertainty ranging from 1–3% for x/D < 3.0, and less than 5% for any
given measurement. The mean data for all other results presented were found
to have uncertainties lower than that of the droplet probabilities.

The timing of the laser pulses and camera gates were controlled using a
combination of delay/pulse generators, to ensure that each camera detected the
signal associated with a single laser only. The OH-PLIF laser pulse occurred
first in the sequence; this was followed by the UV-PLIF pulse with a separation
of 100 ns, with the Mie scattering pulse delayed by a further 100 ns, such that
all laser pulses occurred within 200 ns of each other. The triggering of the
camera shutters was synchronised with the corresponding laser pulse for each
camera, such that the beginning of each detection in the sequence was also
separated by approximately 100 ns from the preceding detection, noting that
the Mie scattering camera gate width was 500 ns. It is worth noting that these
timescales (that is, of the order of 500 ns) are much shorter than the flow and
chemical timescales within the flames, such that the detections can effectively
be considered simultaneous [41, 42]. Dark charge, vignetting, and background
signal corrections were performed for all imaging techniques, and a beam-profile
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correction was also carried out for the OH-PLIF signals. Images were spatially
matched to sub-pixel accuracy, with each pixel representing ∼130 µm, while
the out-of-plane resolution has been estimated to be approximately 400µm. A
3×3 median filter was applied to the OH- and UV-PLIF images to improve the
signal-to-noise ratio, while the Mie scattering images were left unfiltered.

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 six flames in this study are shown in Figure 1. The
photographs show the visual appearance of the entire length of these flames,
as well as close-up images to highlight the features at the base of the flames.
The exposure times used for the photographs are also shown in Figure 1. It is
worth noting that the difference in exposures between the n-heptane and ethanol
flames is a consequence of the increased luminosity of the n-heptane flames due
to their increased soot loading. Also shown in Figure 1 is the region in which
laser diagnostics were performed, from the jet exit plane to x/D = 5.6.

In Figure 1(a), the change in coflow conditions does not appear to have a
significant impact on the overall appearance of the flames. For the n-heptane
flames, there is little difference in flame luminosity with variations in O2 con-
centration or coflow temperature, while there appears to be a slight increase
in luminosity as the concentration of O2 is increased for the ethanol flames.
The n-heptane flames all appear to feature a “double flame” structure, with
a yellow sooting region which branches away from the blue inner cone in the
near-field. This structure has previously been observed for similar flames under
a variety of jet boundary conditions [34], and has been attributed to premixing
of prevaporised fuel with the carrier air upstream of the jet exit (as described in
Section 2.1), along with the radial transport of droplets into the hot coflow. In
a previous study involving both air and nitrogen as carriers [33], double reaction
zones were only observed for cases with an air carrier, further validating this
assumption. The ethanol flames also appear to feature an inner and outer reac-
tion zone; this is most apparent in the ETH-11 case, although it is more difficult
to distinguish in comparison to the n-heptane cases due to the reduction in soot
leading to a less luminous outer flame.

It is worth noting that the influence of the hot coflow extends approximately
100 mm downstream from the jet exit plane (x/D ≈ 5), after which the sur-
rounding air begins to mix with the jet and coflow and influences the appear-
ance of the flames. With this in mind, it can be seen that for the n-heptane
flames, soot forms within the hot coflow-controlled region (x/D / 5), which
is in contrast to previous studies involving a JHC configuration [18, 22, 24].
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(a) Full photographs of flames, with box indicating region in which laser diagnostics were performed.

(b) Near-field images, from jet exit to 112 mm (x/D = 5.6).

Figure 1: Photographs of flames captured with a DSLR camera, with exposure times as
shown.

This difference is attributed to the presence of carrier air in the jet for these
flames, which results in an increase in O2 concentration as this air mixes with
the coflow, leading to an earlier onset of the sooting region than would otherwise
be expected for a purely nonpremixed flame in a hot and low-oxygen coflow. It
should be mentioned that in one of the aforementioned studies (namely [18]),
flame cases with air in the central jet were in fact included, using ethylene as
the fuel. Again, soot was not observed for these flames in the coflow-controlled
region, although an earlier onset of soot in comparison to the case with nitrogen
instead of air was observed. Prevaporised n-heptane flames carried by air have
also been studied [24], where it was again observed that no soot was present
in the coflow-controlled region. A key difference, however, is the fact that the
fuel-air mixture in the jet was purely gaseous in these studies [18, 24], whereas
the presence of droplets leads to a change in behaviour for the n-heptane flames
in the present study. This effect was also observed for toluene-doped H2 flames,
where the use of toluene in liquid form was found to lead to increased soot
formation in comparison to prevaporised toluene, due to the presence of local
fuel-rich regions around individual droplets [43].

An important observation from the photographs in Figure 1(b) is the ap-
parent change in lift-off behaviour under the different coflow conditions. The
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HEP-03 and ETH-03 flames—which correspond to the 3% O2 coflow—appear
to be lifted, while the flames with 7.5% and 11% O2 in the coflow can be seen
to be attached. It is worth noting that previous findings related to prevaporised
ethanol flames show a non-monotonic trend in lift-off height as the O2 in the
coflow is varied, with an initial increase in lift-off as the level of O2 is increased
[24]. This behaviour is thought to be related to a shift in the location of the
most reactive mixture fraction in relation to the shear layer, which plays an
important role in flame stabilisation in the mild regime [20]. While it is difficult
to draw conclusions from the two ethanol flames included here, it appears that
an increase in O2 causes the flame to stabilise nearer to the jet, suggesting a
different stabilisation process due to the presence of droplets.

In addition to the change in lift-off behaviour, the close-up images indicate
that the onset of the luminous, sooting region occurs closer to the jet exit for
the cases with increased O2 in the coflow. This is particularly evident for the
ethanol flames, where a transition to an orange flame can be seen in the ETH-11
close-up image, while this transition occurs further downstream for the ETH-03
case. It is also worth noting the differences in the intensity of the blue region
near the flame base in the different cases. For the 3% O2 cases, this region is
relatively faint compared with the higher O2 cases, with a less clearly defined
structure. This result is interesting, since the blue region of the flame is thought
to correspond to combustion of the prevaporised fuel [33, 34, 44], which mixes
with the carrier air upstream of the jet exit to form a premixed stream and
appears to be stabilised by autoignition at the flame base. However, if this
were the case, then the temperature of the coflow would be expected to be the
dominant factor in the appearance and lift-off behaviour of this blue region in the
near-field, rather than O2 concentration. Comparing the HEP-08 and HEP-H08
flames, although there is a slight increase in intensity for the case with higher
coflow temperature (HEP-H08), it does not seem to have a significant impact
on the flame structure in the near-field. This behaviour is further explored in
the context of the laser diagnostics results in the following sections.

3.2. Instantaneous OH-PLIF, UV-PLIF and Mie scattering signals
To allow the structure and stabilisation of the flames to be examined, simul-

taneous OH-PLIF, UV-PLIF and Mie scattering signals were obtained. This
facilitates the instantaneous visualisation of the reaction zone boundaries, along
with the formation of flame precursor species and the location of fuel droplets.
Figure 2 displays typical single-shot images of these signals for the HEP-08 case
at an axial location of x/D = 1.5, in addition to a superimposed image showing
the spatially matched signals together.

Focussing on the OH signal in Figure 2, the formation of a double flame
structure can be seen, with inner and outer reaction zones evident on either
side of the centreline. The inner flame front appears to be less stable, with
discontinuities in the OH signal which suggests the presence of local extinction
and/or ignition events—this is particularly evident on the left-hand side of Fig-
ure 2(a). It should be noted that it is unlikely that these discontinuities are a
result of out-of-plane wrinkling of the flame, due to the continuous nature of
the UV-PLIF signal which lies inside of the inner OH layer, and the fact that
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Figure 2: Typical instantaneous signals of (a) OH-PLIF, (b) UV-PLIF and (c) Mie scattering,
and (d) the three signals superimposed. Images correspond to flame case HEP-08 and are
centred at x/D = 1.5.

these flames are dominated by streaming flow in the axial direction. It is also
worth noting that there is background OH signal resulting from the equilibrium
OH in the coflow, although this cannot be observed in Figure 2 due to the much
higher signal from the flame fronts. This “coflow OH” concentration is higher
in regions closer to the jet exit, with an estimated mole fraction of 3× 10−5 for
the 1400 K coflows and 3 × 10−4 for the 1690 K coflow, based on equilibrium
calculations.

Another interesting feature, apparent in Figure 2, is the overlap between the
OH and UV signals, particularly in locations where there are discontinuities in
the inner OH layer. This supports the notion that the isolated regions of OH
represent ignition kernels, with the UV signal corresponding to the build-up of
pre-ignition species. The broader regions of UV-PLIF which can be seen between
the inner and outer flame fronts are also worth noting; these are associated with
the formation of soot precursors in the outer diffusion flame, hence the very
strong signal on the right-hand side of Figure 2(b). There is also evidence of
some interference in the UV-PLIF signal from the presence of fuel droplets in
Figure 2(b). This is represented by the distinct “spots” in the UV-PLIF image,
which appear to share some spatial overlap with the Mie scattering signal in the
superimposed image. This is hypothesised to be a result of Raman scattering
from fuel droplets, which, as discussed in Section 2.2, is expected to produce
some low-level interference in the UV-PLIF signal.

To examine the behaviour of the double flame structure in greater detail, it is
useful to analyse separately the OH signal corresponding to the inner and outer
reaction zones. This in turn enables quantification of the statistical features
relating to the flame structures, and facilitates comparisons between different
cases. This analysis involves the classification of the instantaneous OH signals
into four separate categories, as shown in Figure 3. Table 2 presents the statis-
tical data relating to the occurrence of these structures for the different flame
cases at various axial locations, in terms of the frequency of detection over a
series of images.
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Figure 3: OH-PLIF images displaying four different types of behaviour; (A) continuous
and distinct inner and outer structures, (B) merged/bifurcating inner and outer structures,
(C) unsteady inner structure/ignition kernels, and (D) outer OH structure only. Images
correspond to flame case HEP-08 and are centred at x/D = 1.5.

Table 2: Frequency of detection of different OH structures (as shown in Figure 3) for the
different flame cases at x/D = 1.5.

Case Type A [%] Type B [%] Type C [%] Type D [%]
HEP-03 11 18 8 63
HEP-08 19 8 29 45
HEP-11 37 2 28 32

HEP-H08 45 1 31 23
ETH-03 17 81 2 0
ETH-11 37 63 0 0

From Table 2, it is evident that the coflow conditions have an impact on
the formation of the different OH structures shown in Figure 3. For the 3% O2

n-heptane case (HEP-03), the majority of frames displayed an outer OH layer
only, with a relatively large number of instances in which there was a “merged”
structure (i.e. Type B). The prevalence of a distinct and stabilised inner OH
layer (Type A) can be seen to increase with O2 concentration and coflow tem-
perature, accompanied by a decreased likelihood of merged flame structures.
The presence of ignition kernels—characterised by the Type C structures—can
be seen to increase significantly from the 3% to 7.5% O2 n-heptane case, while
a further increase in O2 does not have a noticeable effect. The ethanol flames
can be seen to display a significantly different behaviour, which is characterised
by an increased tendency of a merged/bifurcating flame structure (i.e. Type B),
and a negligible percentage of frames which display either ignition kernels or an
outer OH structure only. Similar to the n-heptane flames, the increase in O2

leads to an increased likelihood of a distinct inner and outer reaction zone. The
frequency of the occurrence of these different structures is further discussed in
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the following sections in the context of the stabilisation mechanisms and mean
flame structures.

3.3. Flame stabilisation

To illustrate the stabilisation mechanisms of the flames in this study, Figure 4
displays the OH, UV and Mie scattering signals at the flame base for the various
cases. The superimposed images are centred at x/D = 0.35, with the laser sheet
extending from the jet exit to x/D = 0.7. Images were selected based on being
representative of typical images for each case.
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Figure 4: Instantaneous, superimposed images of OH-PLIF, CH2O-PLIF and Mie scattering,
for the six different flames at x/D = 0.35.

In Figure 4, the HEP-03 case can be seen to have much lower OH-PLIF signal
in comparison to the other cases. This is consistent with the flame photographs
shown in Figure 1, where the HEP-03 flame appears lifted from the jet exit. In
saying this, the presence of UV-PLIF signal in Figure 4 suggests that there are
in fact reactions taking place in the visually lifted region for the HEP-03 flame.
It should be noted that there is also OH-PLIF signal in the HEP-03 image in
Figure 4, although it is difficult to distinguish from the coflow equilibrium OH.
Interestingly, the equivalent ethanol flame (ETH-03)—which is also visually
lifted—has quite a strong OH signal at the jet exit. It has previously been
observed that n-heptane has a greater tendency for lift-off in comparison to
ethanol [24], which would explain the difference in the OH signals between the
two fuels in Figure 4.

With the exception of the HEP-03 flame, Figure 4 indicates that the flames
are stabilised at the jet exit. It is interesting to note that, for the n-heptane
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flames and the 11% O2 ethanol flame, the OH structure which is stabilised at
the jet exit appears to correspond to the “outer” flame; this is substantiated by
the fact that the continuous OH layer can be seen to spread radially outward
in the images. Referring back to the flame photographs (Figure 1), the inner
blue cone is always angled towards the centreline, and the outer structure is
not visible until further downstream. The OH-PLIF imaging therefore reveals
that the flames are actually stabilised by the outer reaction zone, which is
barely visible in the photographs even in the cases with 11% O2, at least with
the exposure times shown in Figure 1. The fuel within the inner region then
undergoes ignition, supported by the heat release and radical build-up from the
outer flame.

In the ETH-11 image in Figure 4, the bifurcation of the flame into an inner
and outer reaction zone can be seen. The CH2O layer lies within the inner
region, which is consistent with this inner flame front being related to mixing
of the prevaporised fuel and the carrier air, as observed in previous studies of
similar spray flames [33, 34]. In contrast, the n-heptane flames only feature a
single OH structure on either side of the centreline. However, the CH2O layer
can be seen to branch away from the OH layer at the flame base (for all n-
heptane cases except for HEP-03, as previously discussed), which indicates that
the prevaporised fuel within the inner region has begun to thermally decompose.
This fuel in the inner region then undergoes ignition further downstream; this
can be seen for the HEP-08 case in Figure 2.

To further explore the formation and stabilisation of the double flame struc-
ture for the various cases, Figure 5 displays the averaged OH-PLIF signal, from
the jet exit to x/D = 1.85 for the n-heptane cases with varying O2 concentra-
tions (averaged images for the ethanol flames are included in the Supplementary
Material). These images highlight the change in flame structure for the 3% O2

coflow case (HEP-03) in comparison to the other two n-heptane flames at the
same coflow temperature. The HEP-08 and HEP-11 cases appear very sim-
ilar, with a consistent outer flame front stabilised at the jet exit, and a less
prominent inner flame which begins to branch away at approximately x/D = 1.
The HEP-03 case, in contrast, does not show a stabilised outer flame until
approximately x/D = 1.15, which is consistent with the apparent liftoff height
(Figure 1(b)). Interestingly, there is in fact OH signal upstream of this location,
albeit at a much lower magnitude relative to the HEP-08 and HEP-11 cases.
This low-magnitude signal, which can be seen from approximately x/D = 0.4
in Figure 5, does not appear to spread radially outward in the same way as the
outer flame front for the cases with more O2 in the coflow. This difference can
be explained by changes in droplet evaporation as the concentration of O2 is
varied, which is explored in Section 3.4. For the HEP-08 and HEP-11 cases,
droplets which are transported radially into the hot coflow begin to evaporate
and burn rapidly, forming radicals and releasing heat, such that the increased
temperature causes more evaporation and leads to a stabilised diffusion flame
at the jet exit. For the 3% O2 case, the droplets still evaporate at a similar rate
initially; however, the low level of O2 leads to slower chemical timescales and a
reduced tendency for droplets to react near the jet. As a result, the flame cor-
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Figure 5: Averaged OH images for the HEP-03, HEP-08 and HEP-11 cases, from the jet
exit to x/D = 1.85.

responding to the prevaporised fuel in the inner region is stabilised prior to the
formation of an outer diffusion flame for the HEP-03 case. For the equivalent
ethanol case (ETH-03), a weakened outer flame front is again apparent, with a
relatively strong signal from the inner flame near the jet exit. This emphasises
the importance of the carrier air on the stabilisation of these flames, particularly
under highly vitiated conditions.

Referring again to the prevaporised flames of Ye et al. [24], some interesting
comparisons can be made regarding the flame structure. One of the key findings
of the aforementioned study [24] was the observation that the n-heptane flames
maintained a “transitional” flame structure as the O2 concentration was varied
from 9% to 3%, characterised by the presence of a weak OH signal below the
apparent lift-off height. This was in contrast to the ethanol flames (along with
ethylene and natural gas), for which this structure was only observed for the
9% O2 cases. This transitional structure is considered to be indicative of a shift
away from the mild regime [24, 45], suggesting a greater difficulty in achieving
mild combustion for n-heptane. In the present study, the 3% O2 cases show sim-
ilarities with the corresponding prevaporised cases [24], with the HEP-03 flame
displaying a very weak OH signal upstream of the apparent lift-off height, while
the ETH-03 case has a relatively strong signal (Figure 4). As the concentration
of O2 in the coflow is increased, however, a change in behaviour is observed due
to the presence of droplets, resulting in the flames being stabilised by the outer
reaction zone at the jet exit.

3.4. Droplet evaporation and distribution

It has previously been observed that the behaviour of droplets in the near-
field can have a significant impact on the overall structure of a spray flame
[34]. It is therefore crucial to predict these features in order to enable accu-
rate modelling of these flames. To analyse the distribution and evaporation of
droplets under the different coflow conditions, Figure 6 displays the radial pro-
files of droplet intermittency for the various cases, with results corresponding to
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Figure 6: Radial distribution of droplets at a range of axial locations, for all flame cases.

different axial locations grouped together. These plots are generated based on
the probability of droplet detection from the Mie scattering signal, as outlined
further in Section 2.2.

In Figure 6, the droplet distributions at the four axial locations can be seen
to follow a similar overall behaviour with variation in the coflow conditions.
This is to be expected, since all cases had the same initial fuel loading and
jet Reynolds number. A noticeable feature for all cases is the tendency for
droplets to cluster near the pipe walls at the jet exit, as shown by the peaks
at |r/D| = 0.5. This has been observed previously for similar conditions, and
is related to the low-Stokes flow phenomena of Saffman lift and turbophoresis
[46]. These droplets are immediately exposed to the hot coflow after exiting
the jet, and proceed to evaporate relatively quickly, as evidenced by the rapid
decrease in droplets at this radial location. An interesting difference in the
HEP-03 plot in comparison to the other n-heptane cases is the fact that the
peak at approximately |r/D| = 0.5 remains evident at x/D = 1.5 (red dotted
line), while the profiles have flattened out at this location for the other cases.
This supports the explanation from Section 3.3 regarding the change in the
flame stabilisation mechanism for the HEP-03 case, in which it was theorised
that the slower chemistry and reduced temperatures in the case of lower oxygen
leads to a reduction in droplet evaporation and combustion in the near-field,
which leads to the premixed portion of the fuel undergoing ignition prior to the
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formation of the outer flame structure. This difference is also evident for the
ethanol cases, where an increase in droplets in general can be observed for the
ETH-03 case.

An interesting difference between the n-heptane and the ethanol droplet
distributions can be observed for the downstream plots, in particular at x/D =
4.5. In all of the n-heptane cases, there is a sharp reduction in the presence
of droplets from x/D = 3.0 to x/D = 4.5, whereas droplets near the central
axis are shown to persist further downstream in the case of ethanol. In fact, for
the ethanol cases, the likelihood of droplets being detected along the centreline
does not appear to decrease at all with increasing axial location; this is also the
case for the n-heptane profiles at x/D = 0.35 and x/D = 1.5, where there even
appears to be a slight increase in probability. It should be mentioned that this
does not mean that there is no evaporation occurring along the central axis;
rather, it suggests that the majority of the droplets have not yet undergone
complete evaporation by x/D = 4.5 for the ethanol cases, whereas the droplets
evaporate more rapidly from x/D = 1.5 to x/D = 4.5 in the case of n-heptane.
This is further discussed in the context of the flame structure in the following
section.

3.5. Mean flame structure: radial profiles

To investigate the effect of the coflow O2 concentration on the near-field
flame structure, Figure 7 displays the mean radial profiles of OH- and UV-
PLIF up to x/D = 1.5, for the 3% and 11% O2 ethanol and n-heptane cases.
The radial signals are generated via the averaging of 15 rows of pixels, centred
at the heights stated in the figures. The OH and UV signals are respectively
normalised against the maximum average OH and UV signal intensity from each
“pair” of cases, at all axial locations up to x/D = 1.5. A single normalising
value is therefore used for each of the n-heptane cases shown in Figure 7, while
a separate value is used for the ethanol cases. In addition to time averaging,
the signals on each side of the centreline were also averaged.

A noticeable change in the near-field flame structure with variation in the
coflow O2 concentration is apparent in Figure 7. For both the n-heptane and
ethanol cases, distinct peaks in the OH signal can be seen at x/D = 1.5 for
the 11% O2 cases, while only a single peak is present for the 3% cases. This
confirms that there are distinct, stabilised inner and outer reaction zones for the
HEP-11 and ETH-11 cases at this location, while this double reaction zone is
less prominent for the 3% O2 cases. Previously, temperature measurements of
ethanol spray flames in air and hot-diluted coflows have been attained [29], with
distinct local maxima in the radial profiles observed for the case of an air coflow,
suggesting the presence of separate inner and outer reaction zones. For the hot
and diluted coflow cases in the same study, the results suggested that a double
reaction zone still exists, but with a reduced-intensity inner flame front due to
the reduced stoichiometric mixture fraction and hence richer local mixture [29].
In the plots shown in Figure 7, it is interesting to note the location of the peaks
in the OH profiles for the ETH-03 case. At each of the three axial locations
shown, the peak occurs at approximately |r/D| = 0.5. This peak corresponds
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to the inner, partially premixed flame front, since the radial location coincides
with the inner peaks in the ETH-11 case, and a slight irregularity in the OH
profile can be seen at greater radial locations (i.e. at r/D ≈ 0.9 for x/D = 0.75
and x/D = 1.5), representing the outer flame front. This indicates that the
inner flame is dominant in the near-field for the ETH-03 case, contrasting with
the results of Rodrigues et al. [29]. It should, however, be noted that the
results being compared against were obtained with a pressure-swirl atomiser to
generate the spray without an air carrier, such that there is not expected to
be any partial premixing between fuel and oxidant. This again emphasises the
role of partial premixing on the formation of the inner flame front—and in turn
the double flame structure—with the burner configuration implemented in the
current investigation.

Another important observation from Figure 7 is the difference between the
HEP-03 and ETH-03 cases. Recalling from Figure 1 that both of these flames
are visually lifted to a height of approximately x/D = 1, the radial OH- and
UV-PLIF profiles centred at x/D = 0.35 show that there is in fact a flame
below this apparent lift-off height for both cases. This is much more noticeable
for the ETH-03 case, which displays an appreciable signal above that of the
coflow OH, and of comparable magnitude to the ETH-11 case. The HEP-03
case can also be seen to show a peak in the OH, although this signal is only
marginally above that which corresponds to the coflow equilibrium OH, and
much lower than the 11% O2 case. The HEP-03 OH signal is also relatively
low at x/D = 0.75, after which it can be seen to increase significantly, which
is consistent with the apparent lift-off height. It is interesting to note that at
x/D = 0.75, the location of the OH peak is closer to the centreline for the
HEP-03 case compared with the HEP-11 case, indicating that the outer flame is
stabilised further downstream for the 3% case; this is also evident in Figure 5.
At x/D = 1.5, the HEP-03 peak can be seen to shift radially outwards to
r/D ≈ 0.8, suggesting that the outer flame is stabilised at this point. At the
same axial location, the HEP-11 case shows two distinct peaks in the OH profile,
with the outer peak occurring at r/D ≈ 0.9 and the inner peak at r/D ≈ 0.4.
Similar to the ETH-03 case, the HEP-03 profile also displays an asymmetric
shape in the OH profile at x/D = 1.5. A key difference, however, is that the
ETH-03 case displays a dominant “inner peak” with a broadening of the curve
at greater radial distances, whereas the opposite is true for the HEP-03 case.
This is consistent with the results displayed in Table 2, which shows that the
merged or bifurcating OH structure is the most prevalent for ETH-03 flame
(occurring in 81% of frames), while the HEP-03 flame is most likely to feature
an outer reaction zone only, with a smaller percentage of frames in which an
inner flame is detected. Importantly, the shift in the location of the peak at
x/D = 1.5 for the HEP-03 case, and the broadening of the profile in the ETH-03
case at the same location, indicates that the visually lifted nature of the 3% O2

flames can be attributed to the lack of a stabilised outer flame front upstream
of this location.

Similarly to Figure 7, radial profiles of the mean OH and UV signals for
cases HEP-H08 and HEP-08 are shown in Figure 8, highlighting the effect of the
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coflow temperature on the near-field flame structure. The coflow temperature
can be seen to have a relatively minor effect on the flame structure compared
with the O2 concentration, with the HEP-08 and HEP-H08 profiles showing a
similar behaviour. For both cases, the UV signal can be seen to peak radially
inward with respect to the OH layer at x/D = 0.35, suggesting pre-ignition
reactions of the prevaporised fuel, as discussed in Section 3.3. Once the inner
flame is established further downstream (i.e. at x/D = 1.5), the radial location
of the peak in the UV can be seen to coincide with the inner peak in the OH
signal, again highlighting the strong overlap between OH and CH2O during the
autoignition stage. It is worth noting that this behaviour is also evident for
the HEP-11 flame (Figure 7), while the UV signal peak at x/D = 1.5 for the
ETH-11 case occurs closer to the centreline in relation to the inner OH peak.
This difference can be attributed to the change in the stabilisation of the inner
flame front between the n-heptane and ethanol flames. Rather than undergoing
spontaneous ignition, the inner flame tends to branch away from the outer flame
front near the jet exit for the ETH-11 case, forming a bifurcating structure (see
Figure 4). Consequently, the inner OH structure is more stable for the ethanol
flame, and there is less overlap between the OH and CH2O in this region.

Although the radial profiles are very similar for the HEP-H08 and HEP-08
cases, a difference in the OH structure can be seen at x/D = 0.75 in Figure 8.
For both cases, the outer OH structure is dominant, with the peaks occurring
at a similar radial location (approximately |r/D| = 0.7). For the higher tem-
perature case (HEP-H08), a slight peak in the OH profile can be observed at
|r/D| = 0.5, indicating that the inner flame is at least partially stabilised at
this axial location. The HEP-08 case, on the other hand, only features a sin-
gle peak in the OH profile, indicating that the inner flame is stabilised further
downstream. This behaviour is to be expected, since the lower coflow temper-
ature leads to a delayed ignition of the prevaporised fuel mixture. It should be
noted that, due to the averaging process and the turbulent nature of the flames,
the occurrence of a single peak in the OH profile does not necessarily dictate
that there is no inner flame front at x/D = 0.75 for the HEP-08 case; rather,
it shows that there is a less prominent double flame structure, with the outer
flame dominating the OH profile.

To show the structure of the flames further downstream, Figure 9 displays
the OH profiles for all cases, from x/D = 3.0 to x/D = 5.3. The plots are
grouped in pairs, to show separately the effects of coflow oxygen concentration
(for both fuel types) and temperature (for n-heptane). It is interesting to note
that, despite the clear difference in near-field flame structure between the HEP-
03 and HEP-11 cases as seen in Figure 7, the two appear to exhibit similar overall
structures for x/D ≥ 3.0, with distinct inner and outer reaction zones present
for both cases. In saying this, there are some important differences to note
between the two cases. While it is not possible to directly compare the signal
magnitudes between cases due to varying quenching effects, it is possible to
compare the relative magnitudes between the inner and outer peaks at different
axial locations. With this in mind, it can be seen at x/D = 3.0 that the inner
and outer OH peaks are approximately equal in magnitude for the 11% O2 case,
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whereas the inner OH peak is greater for the 3% O2 case. This indicates that the
outer reaction zone is significantly less intense for the HEP-03 flame, consistent
with previous findings for gaseous flames under similar conditions [14]. For both
cases, the centreline OH signal can be seen to peak at x/D = 4.5, representing
the tip of the inner flame. This is consistent with the droplet distribution plots
shown in Figure 6, which showed a sharp reduction in the presence of droplets at
x/D = 4.5, indicating that there is rapid evaporation of droplets in this region
due to the influence of the inner flame. Although both cases reach their peak
centreline OH magnitude at x/D = 4.5, there is a much more rapid reduction
in OH from x/D = 4.5 to x/D = 5.3 for the HEP-11 case, highlighted by the
reversal in the relative magnitudes of the OH peaks between these two axial
locations which is not the case for the HEP-03 flame. This suggests that the
tip of the inner flame occurs slightly further downstream for the HEP-03 flame,
which is likely a result of the reduced thermal back-support from the weakened
outer flame front.

Comparing the HEP-H08 and HEP-08 profiles in Figure 9, the ≈ 300 K
difference in coflow temperature does not appear to have a major impact on
the downstream flame structure. Although the OH signal magnitude is signif-
icantly higher for the higher temperature coflow (HEP-H08), as expected, the
relative magnitudes between the inner and outer OH structures can be seen to
be consistent between the two cases at each of the axial locations. Similarly
to the 3% and 11% O2 cases, the peak centreline OH occurs at approximately
x/D = 4.5, with the outer flame dominating further downstream. In general,
the flame structure at x/D ≥ 3.0 is shown to be very consistent across all of the
n-heptane flames in Figure 9. In a previous study of similar flames with varying
jet boundary conditions and constant coflow conditions [34], the downstream
behaviour—in particular the presence of a double flame structure—was shown
to be very sensitive to the initial conditions. This highlights the relative dom-
inance of the jet boundary conditions on the overall structure of these flames,
despite the change in stabilisation and near-field structure.

For the ethanol cases shown in Figure 9, the OH profiles indicate a clear
change in behaviour in comparison with the n-heptane flames. For both the
ETH-11 and ETH-03 cases, the inner and outer flame fronts are noticeably
less distinct, with the inner OH peak occurring at an increased radial distance
and the outer peak closer to the centreline, relative to the n-heptane flames at
the equivalent axial location. It is interesting to note that in the near field—
specifically at x/D = 0.35 in Figure 7—the location of the OH peaks for the
ETH-11 and HEP-11 cases is seen to coincide. This suggests that the difference
observed in Figure 9 is not a result of a shift in the stoichiometric mixture
fraction (as has been hypothesised previously [34]), since this difference would
manifest itself at the point of stabilisation. It can instead be concluded that the
change in shape of the OH profiles is a result of increased interaction between
the two flame fronts in the case of ethanol, with thermal back-support and
the transport of radicals leading to the two structures stabilising closer to one
another. The absence of an OH peak at the centreline for the ethanol cases also
suggests that the inner reaction zone persists further downstream in comparison
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Figure 9: Mean radial profiles of OH-PLIF from x/D = 3.0 to x/D = 5.3. Plots are grouped
to show the effect of coflow oxygen concentration and temperature separately.
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to the n-heptane cases. Referring again to the droplet distributions shown in
Figure 6, the lack of centreline decay of droplets in the case of ethanol can be
linked with the inner flame front occurring at a greater radial location.

Similarly to the n-heptane flames, the reduction in the coflow O2 concentra-
tion can again be seen to cause a weakening of the outer reaction zone in terms
of the relative peak signal magnitudes for the ethanol flames. This is particu-
larly evident at x/D = 3.0 in Figure 9, where the inner flame front dominates
the OH profile and only a single peak is observed for the ETH-03 case. This
indicates that the change in O2 concentration has an increased effect for the
ethanol flames compared with n-heptane, in terms of the formation of the dou-
ble flame structure. Once again, it should be stressed that the lack of a separate
outer peak at x/D = 3.0 for the ETH-03 case does not disprove the presence
of separate inner and outer reaction zones for this case, rather that these two
structures are less distinct, such that the two structures become “blurred” in
the mean profile.

It is evident from the profiles shown in Figures 7 to 9 that the averaging
process leads to a “blurring” effect, such that the variation in the position
of the reaction zone due to turbulent fluctuations leads to the inner and outer
structures being difficult to distinguish in some instances. To examine the flame
structure for the different cases in a more quantitative sense, it is therefore
useful to perform calculations on the instantaneous images prior to averaging.
As mentioned in the Methodology, an algorithm was developed to separate
the inner and outer OH structures in the instantaneous images. Using this
method, it is then possible to calculate the width of the outer reaction zone for
the different cases. For this analysis, the full-width at half maximum (FWHM)
value of the radial OH signal was used to provide a measure of the reaction zone
thickness, similar to previous studies [37, 47]. For further details regarding this
process the reader is directed to the Supplementary Material, where an example
of the separation between the inner and outer structures and the subsequent
analysis are provided. The FWHM results are plotted against the axial location
in Figure 10, for the n-heptane flames from the jet exit to x/D = 5.3. For the
HEP-03 case, the results are only included for x/D ≥ 1.5, since the lack of a
stabilised outer flame upstream of this point prevents a meaningful analysis of
the flame width.

The FWHM values displayed in Figure 10 highlight some key differences
between the flame cases, which are not evident from the mean profiles alone.
From the mean FWHM plots, it can be seen that a reduction in O2 concen-
tration leads to a narrowing of the outer reaction zone, with the HEP-03 case
in particular having a noticeably narrower reaction zone in comparison to the
higher O2 cases for x/D ≥ 3. This is an interesting result, since previous studies
of mild combustion have found that the reaction zone tends to become wider as
the O2 concentration is reduced, which is attributed to a shift in the stoichio-
metric mixture fraction towards the oxidant side resulting in lower strain rates
[37]. The change in behaviour observed in the current study is likely due to
the presence of the inner reaction zone, which influences the outer flame front
differently in the various cases. Recalling from Figure 7 and the accompanying

25



0 2 4 6

x/D

2.5

3

3.5

4

4.5

5

F
W

H
M

 [m
m

]

0 2 4 6

x/D

0

0.5

1

1.5

2

F
W

H
M

 [m
m

]

Mean

RMS

HEP-03
HEP-08

HEP-H08
HEP-11

Figure 10: Mean and RMS values of the FWHM reaction zone thickness for the n-heptane
cases, from x/D = 0.35 to x/D = 5.3.
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discussion that the HEP-03 case only displays a single peak in the mean OH
profile at x/D = 1.5 while the HEP-11 case features distinct peaks, it follows
that the double flame structure is less prominent for the 3% case, with increased
interaction between the two reaction zones in the HEP-03 case; this is substan-
tiated by the increased likelihood of the merged flame structures being detected
for this case (Table 2). Somewhat paradoxically, this merging of the inner and
outer structures leads to a broadening of the reaction zone when it occurs, hence
the much higher RMS values for the HEP-03 case at x/D = 1.5. However, it
should be noted that this behaviour only accounts for approximately 18% of
the images analysed, while the majority show only a stabilised outer flame. It
is therefore hypothesised that the presence of a stabilised and distinct inner
reaction zone corresponds with a broadening of the outer flame front, whereas
the lack of a stabilised inner flame for the HEP-03 case results in a build-up
of radicals within the inner region which supports the outer reaction zone, ul-
timately leading to a narrowing of the OH structures. This behaviour is also
consistent with the shift in the OH peak towards the centreline for the HEP-03
radial profiles at x/D = 1.5 in Figure 7 and at x/D = 3.0 in Figure 9. This also
explains the increased width for the HEP-H08 case, for which the inner flame
was shown to have greater stability and separation from the outer structure in
Table 2 and Figure 8.

The change in the reaction zone width with increasing distance from the jet
exit is also interesting to note. For the cases with > 3% O2, there is an initial
increase in the FWHM values from the jet exit to x/D = 1.5, followed by a
narrowing of the reaction zone up to x/D = 4.5, after which the width appears
to increase again. The broadening observed in the near-field region is likely a
result of the radially outward shift of the outer reaction zone (shown in Figures 7
and 8), which is accompanied by reduced strain rates. Interestingly, the reaction
zone continues to move radially outwards up until x/D ≈ 3.0, yet there is a sharp
reduction in the reaction zone width from x/D = 1.5 to x/D = 3.0 for all cases.
This is consistent with the explanation that the presence of the inner reaction
zone leads to a broadening of the outer flame, with the increased separation
further downstream leading to a narrower outer structure. As mentioned, the
tip of the inner flame is reached at approximately x/D = 4.5 for the n-heptane
cases, which is consistent with the increase in the outer reaction zone width
downstream of this location.

4. Conclusions

The stabilisation features and flame structures of dilute sprays of ethanol
and n-heptane have been experimentally analysed under a range of coflow con-
ditions. Three laser diagnostic techniques were performed simultaneously, en-
abling the combined visualisation and analyses of the reaction zones and droplet
distributions. This work highlights the complex nature of the reaction zones and
stabilisation processes for spray combustion, specifically under highly vitiated
coflow conditions which are typical of the mild combustion regime. A transition
from a stabilised flame base at the jet exit to a visually lifted flame was observed
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with reduction in the coflow O2 concentration to 3%, for both n-heptane and
ethanol flames. The instantaneous imaging, however, revealed the occurrence
of flame radicals and intermediate species in this apparently lifted region, indi-
cating the presence of a relatively weak reaction zone extending to the jet exit
for the 3% O2 cases. Analysis of the radial droplet distributions revealed that
there is a tendency for droplets to cluster near the pipe walls at the jet exit,
after which they undergo rapid evaporation in the presence of the hot coflow.
This leads to a stabilised diffusion flame at the jet exit for coflows with >3% O2

concentrations, with the heat release in this region leading to increased evapora-
tion rates in comparison to the reduced O2 cases. Droplets were found to persist
further downstream in the ethanol cases, which is attributed to the increased
interaction between the inner and outer flame fronts which results in the inner
flame propagating further radially from the central axis in comparison to the
n-heptane flames.

The mean OH- and UV-PLIF results revealed interesting changes in the
structures of the flames studied. The 3% O2 cases were found to display a
less prominent double flame structure, particularly in the near field, due to the
weakened outer flame front which is stabilised further downstream. A broaden-
ing in the mean radial OH profile was observed near the apparent lift-off height,
for both the HEP-03 and ETH-03 cases, suggesting that the lack of a stabilised
“outer flame” at the jet exit is responsible for the visually lifted nature of the
flames. It was also observed that there is an increased probability of merging
between the inner and outer flame fronts for the HEP-03 case in comparison to
the other n-heptane flames, leading to greater variability in the reaction zone
width for this case in the near-field. Interestingly, and in apparent contrast to
gaseous flames in similar configurations, the reduction in O2 was found to lead
to a narrowing of the mean outer reaction zone, and the cases with higher O2

concentrations displayed a non-monotonic behaviour with respect to the axial
location. This indicates that the presence of a stabilised inner reaction zone
leads to a broadening of the outer reaction zone, which is in competition with
the reduced strain rate at greater axial locations.
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