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Abstract

The scenario of fuel injected into hot surrounds is found in a range of practical combustion

applications. These flame conditions have been emulated using a jet-in-hot-coflow-burner

using prevaporised n-heptane and mixtures of n-heptane and toluene, relevant to gasoline

and diesel fuel surrogates. This paper reports measurements of six lifted, turbulent flames,

with a constant jet flow of a prevaporised fuel/N2 mixture at 380 K into various hot and

vitiated coflow conditions. Five of these flames issued into coflows generated by the com-

bustion of different mixtures of ethylene/air and one had a coflow from a natural gas/air

flame. Two n-heptane/toluene fuel blends were also measured to study the effect of soot

propensity. Gas sampling, non-linear excitation regime two-line atomic fluorescence (NT-

LAF) and laser-induced incandescence (LII) were used to characterise the flames, investigate

the mixing between the hot coflow and the surrounding air, and measure the flame temper-

ature for the different coflow configurations. A comparison of results of the flames issuing

into hot coflows is presented, indicating that the hottest flame is not associated with the

coflow containing the highest concentration of O2, but with the minimum soot loading and,

consequently, the minimum radiative heat loss. Subsequent numerical simulations of canon-

ical opposed-flow flames demonstrate that the soot loading in the downstream region of the

flames is strongly dependent on PAH formation in the hot coflow region and further analy-

ses reveal the chemical pathways which are most impacted by small variations in hot coflow

composition.
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1. Introduction

Flames issuing into hot and vitiated environments are found in practical combustion

applications such as gas turbines, furnaces and other devices featuring strong exhaust gas

recirculation (EGR), e.g. homogeneous charge compression ignition (HCCI) engines. These

environments may be emulated in laboratory-scale research burners by the use of the jet-

in-hot-coflow (JHC) configuration, where a jet of fuel issues into a coflow of combustion

products [1–4]. This JHC burner is similar to the vitiated coflow burner (VCB) [5–8].

Both configurations have previously been used to measure soot-free regions in hydrocarbon

flames [1, 2, 6, 7, 9] or to investigate flame stabilisation in the coflow-controlled region of

a jet burner [7–12]. These studies have not, however, been able to provide detailed, down-

stream measurements of non-premixed jet flames in regions of significant soot loading due

to interference on the optical diagnostic techniques that were used [13]. The fuel emanating

from the central jet in this burner configuration may be in a gaseous form [1–3, 6–10, 14–

19], atomised sprays [20, 21], or as liquid droplets [22–24] or solid particles in a carrier gas

[25, 26]. The non-gaseous phase in such configurations, however, may also prevent the use

of common, scattering-based, optical diagnostic techniques for temperature measurements

[1, 2, 6, 7, 17, 18].

The ignition and structure of flames in hot and diluted coflows have been studied exten-

sively in the context of lifted flames [3, 4, 8, 12] and moderate or intense low oxygen dilution

(MILD) combustion [1, 3, 4, 27]. This configuration features a central jet emanating into a

hot coflow of combustion products, emulating the effects of EGR [28–30] or staged combus-

tion in gas turbines [31], such as those using inter-turbine burners [32, 33]. Studies of these

flames have often focused on the near-field, coflow-controlled, region of these flames [3]. This

limited region of interest has arisen because of the focus on flame stabilisation mechanisms.
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Although detailed temperature and species data have been collected in the soot-free region

of a range of flames under MILD combustion conditions [1, 2, 9] these data-sets have used

scattering-based diagnostic techniques, and therefore cannot be applied to sooting or spray

flames. Moreover, whilst these data have been used extensively for model validation, the

boundary conditions of the burners have often not been fully characterised.

Turbulent flames stabilised in hot and vitiated coflows have been the subject of numerous

previous studies investigating flame structure and stability [4, 6, 12, 14, 34, 35]. Of these

and similar studies, global features, such as temperature, have been studied in and beyond

the coflow- or pilot-controlled region of the jet flame [1, 2, 4, 9, 14, 22–24, 34–39]. These

measurements in JHC burners demonstrate the persistent effect of the coflow stream beyond

the coflow-controlled region. Whilst pointwise temperature measurements have previously

been taken in this region [15, 16], visual observations of sooting propensities indicate that

C2H4 flames stabilised on a hot coflow containing only 3% O2 result in significantly less

downstream soot than those in coflows with O2 concentrations of 9%. Furthermore, C2H4

flames with 1:3 air dilution may be soot-free for more than 300 mm in coflows with 3%

O2, but the increased O2 concentration results in soot-formation 125 mm from the jet exit

plane [9]. In both cases, the coflow temperature and H/C ratio were held constant and

the oxidant stream 300 mm downstream of the jet exit plane would mostly be composed of

quiescent air. Despite this, the very different flame features indicate the lasting influence

of coflow composition, suggesting a chemical effect which persists into the far downstream

region of the turbulent flame brush and tip. In contrast to the sparse availability of the

downstream effects of hot and vitiated coflows, numerous studies have been undertaken in

piloted turbulent flames [12, 34–39], where the pilot may account for 1-12% of the total heat

release [37, 38]. Investigations within these studies have shown that the pilot flames have

negligible effects on global, far downstream structure of turbulent flames [36–39].

Two key components of primary reference fuels (PRFs) and gasoline/diesel surrogates

are n-heptane (n-C7H16) and toluene (C7H8) [3, 40–49]. These fuels have been studied in

isolation [3, 48, 49], in binary blends [42] and as two components in ternary and quaternary

gasoline surrogates [43–47, 50]. Whilst the majority of these studies have focussed on fuel

3
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surrogate development or ignition delay measurements, limited studies of these fuels in

canonical diffusion-flame burners are presently available [40].

Previous investigations of n-heptane in hot and oxygen-diluted environments have demon-

strated significantly different behaviour to lower hydrocarbon fuels, which has been at-

tributed to its multiple fuel pyrolysis/decomposition pathways [3]. The combination of

different ignition pathways, and a distinct region of negative net heat release with highly

diluted (3% O2 vol./vol.) hot oxidants [3], warrants the further investigation of n-heptane,

and its blends, as a surrogate for more complex, practical fuels.

A well-known feature of n-heptane ignition is the negative temperature coefficient (NTC)

behaviour, occurring between 650-850 K at atmospheric pressure [51]. This range shifts to

higher temperatures with increasing pressure [45, 51], such as in HCCI engines, resulting in

a significant effect on ignition delay times and flame stabilisation mechanisms [40]. Whilst

NTC behaviour is not present in toluene combustion, previous studies have shown that a 1:1

n-heptane/toluene mixture features an NTC region, although the low-temperature ignition

process is delayed relative to pure n-heptane [46]. This addition of toluene, in turn, increases

the octane number of the fuel blend [46]. Although these studies have performed in-depth

kinetics analyses of ignition processes, they have not considered the increased prevalence of

soot formation due to toluene addition, and its subsequent effects on flame temperature.

This work explores the behaviour of n-heptane and n-heptane/toluene flames under dif-

ferent hot and vitiated coflow conditions. Initially, the study investigates the downstream

differences of n-heptane flames resulting from different coflow streams before investigating

the effects of fuel blends. This work, similar to previous studies [3], focuses on prevaporised

liquid fuels to eliminate the complex mechanism of droplet evaporation, and provides com-

parative data for future spray-flame studies. Unlike previous work, however, temperature

and soot volume fraction are measured beyond the coflow-controlled region. Additionally,

the persistence and mixing of the coflow stream and quiescent air are reported, which aid

interpretation of the NTLAF results and will be beneficial for future modelling of these

flames.
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2. Methodology

2.1. Burner Description and Flame Cases

Experiments were undertaken in flames stabilised on a JHC burner [52] similar to that

used in previous studies [1, 3, 9]. The burner features a 4.6 mm I.D. (6.35 mm O.D., tapered

over 4 mm to an O.D. of 5.2 mm at the jet exit plane) central jet which protrudes 25 mm

above a 110 mm I.D. porous bed burner, producing an annular coflow of hot combustion

products. The total length of the central pipe was more than 100 times its diameter to

ensure fully-developed flow at the jet exit plane. The porous bed burner was surrounded

by a secondary annular coflow (130 mm I.D.) of air at approximately 0.4 m/s to reduce

fluctuations downstream caused by the mixing of the hot coflow and quiescent room air (at

approximately 21◦C).

The fuel jet stream issuing from the central jet contained 35% prevaporised fuel (by

mass), in an N2 carrier gas. The fuel mixtures studied were pure n-heptane (termed HEP),

1:3 n-heptane/toluene, and 3:1 n-heptane/toluene blends (termed H25 and H75 respec-

tively). These volumetric ratios describe the fuel mixtures in their liquid state at room

temperature. The bulk mean Reynolds number at the jet exit was fixed at 10,000. The

fuel was diluted with N2 and heated using a controlled evaporated mixer (CEM), and exited

the jet at a temperature of 380 K to ensure completely prevaporised fuel. Approximately

10% of the total volumetric flow (equal to approximately 4 nLpm) of N2 in the jet bypassed

the CEM to carry indium nano- and micro-particles produced by means of ablation [53–55].

The CEM and seeded streams were recombined in a heated pipe upstream of the burner

assembly.

Four different coflow conditions are investigated in this study: three from the combustion

of ethylene/air (cases HEP-1 – HEP-3) and one from a natural gas/air flame (HEP-4). The

coflows termed HEP-1 – HEP-3 were selected to target a range of temperatures and O2

concentrations, while the HEP-4 case provided an additional variation in the CO2/H2O

ratio. The bulk velocities of the hot coflow streams just upstream of the jet exit plane were

held at 1.1 m/s in all cases. The coflow conditions are summarised in Table 1, which include

5
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the calculated equilibrium molar concentration of oxygen (XO2), carbon dioxide (XCO2) and

water vapour (XH2O) in the coflow, as well as the measured temperature (Tcofl).

The different compositions and temperatures of each coflow described in Table 1 result in

slight differences in properties such as density and viscosity. Although these differences are,

in themselves, small (e.g. coflow densities are expected to be differ by no more than 7%) they

may result in slight differences in the mixing between the hot coflow, fuel-jet and air streams.

These variations, however, may be compounded by the range of O2 concentrations in the

HEP-1 – HEP-4 cases, and different ignition properties of the n-heptane/toluene blends,

which affect the temperature and structure of the turbulent flame-sheet. This introduces

an additional level of complexity to the cases investigated in this study. Such systems are,

however, analogous to practical systems involving secondary combustion stages and dilution

air, such as aero-engines, and the magnitude of the impact slight changes in the hot coflow

have on the downstream flame are still yet to be fully understood.

The inclusion of the outer air-coflow lessens the impact of variations in the hot coflow and

fuel streams, as a hot coflow large enough to ensure a two-stream problem along the entire

length of the flame reacts is not practicable and confinement would introduce the further

complication of flame-wall interactions. Diagnostics were not available to simultaneously

quantify the temperature field, fuel and O2 concentrations, following soot inception.

[Table 1 about here.]

2.2. Experimental Techniques

Planar thermography was performed using non-linear excitation regime two-line atomic

fluorescence (NTLAF) of indium [24, 49, 54, 56–58]. Soot volume fraction was measured

using the laser-induced fluorescence (LII) technique [52, 55, 59–63]. The optical set-up was

similar to previous studies, with more detail presented in [49, 52, 55, 63]. This NTLAF

thermography technique has previously been successfully applied in sooting flames [13, 52,

54, 55, 57, 58, 63, 64], and the effects of soot loading have been assessed quantitatively

[13, 57, 58, 64].

6
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Thermography through NTLAF is performed on atomic indium seeded into the fuel

stream by laser ablation [65]. The energy of the focused 532 nm ablation laser was∼0.1 J/pulse,

similar to previous studies using the same apparatus [66]. Laser sheets with wavelengths

tuned to the indium transitions at 410.18 nm and 451.13 nm were produced by two dye

lasers, and used to pump the ground and thermally excited states (with electronic energy

difference ∆E10) of atomic indium. Laser energies were approximately 6 and 0.6 mJ/pulse,

respectively. A total of 500 image pairs of Stokes and Anti-Stokes signals were recorded

using a single f-number 1.2 lens through a custom-made dichroic beam-splitter arrangement

onto two ICCD cameras with gate widths of 40 ns. Both the Stokes and Anti-Stokes signal

were collected through narrowband (1.2 nm FWHM) to minimise prompt LII signal and any

scattering from the incident laser beam. Additionally, undesired interaction between other

lasers in the pulse train and the soot particles were assessed independently, under the high-

est soot loadings, and resulted in negligible interference. Raw images were smoothed with

a 3×3 median filter before image matching and temperature quantification. After image

matching, the spatial resolution is 150 µm/pixel in the region of interest, which is less than

the sheet thicknesses of approximately 400 µm, which limits the actual optical resolution.

The relative strengths of the Stokes and Anti-Stokes signals, F21 and F20 respectively, are

used to determine the local gas-phase temperature, T, through (1):

T =
∆E10/k

ln
(
F21

(
1 + CS

I20

))
− ln

(
F20

(
1 + CA

I21

))
+ CT

(1)

In (1), I20 and I21 are the energy of the incident Stokes and Anti-Stokes laser beams, k

is the Boltzmann constant, and CA, CS and CT are constants determined through daily

experimental calibration. This technique is valid for estimating conditional temperature,

〈T 〉, in fuel-rich mixtures with a single-shot accuracy within 100 K, between 800-2500 K [54].

The technique is not accurate below this temperature range owing to the low population

density of thermally excited indium, which is probed using the Anti-Stokes beam, or in the

fuel-lean reaction zone where atomic indium is oxidised [54]. Finally, it should be noted that

7
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as the Stokes signal originates from atomic indium in its ground state, this signal may be

used as a surrogate for imaging rich mixtures in the flow.

Soot volume fraction (SVF) was measured with LII using the experimental methodology

described in detail elsewhere [52, 62, 63]. The fundamental output from an Nd:YAG laser

with energy of 600 mJ/pulse was used to heat the soot particles, with prompt incandescence

detected by an ICCD camera through an f-number 1.4 lens and a gate width of 40 ns

[52, 55, 63]. This technique allows for the detection of soot with a minimum primary particle

diameter of approximately 5 nm [63].

Laser sheets were nominally 20 mm high, however, only the central 15 mm are presented

herein as planar images. Data were collected at ten downstream measurement locations for

each case. The height of sheet centres ranged from 15 mm to 330 mm (spanning a total

range of x/D from 2 to 72) above the jet exit plane (also referred to herein as height above

burner, HAB) to capture the temperature field from the flame base to the broadest part of

the flame. Histograms were constructed at several locations in the flame (provided later in

Table 2), with data taken from a 2 mm high strip centred at the nominal height. All flames

were approximately 500 mm long.

The coflow temperature for all cases and downstream jet centreline profile of HEP-2

case were measured with an R-type thermocouple with a 175-µm-diameter bead, corrected

for radiative heat transfer. Gaseous O2 and CO2 were measured (on a dry basis) using a

calibrated gas analyser sampled through a 3.2 mm O.D., 1.6 mm I.D. probe, with a length

of 80 mm normal to the flow bulk velocity. The probe diameter was kept as small as

possible in order to minimise the disturbance of the flow-field. Quenching of the products

is not necessary because they are at equilibrium conditions at the coflow exit plane. The

estimated absolute accuracy of the gas analyser (based on calibration) is ±0.1% for O2 and

±0.2% for CO2.

2.3. Numerical Analyses

Numerical analyses of steady-state, axisymmetric opposed-flow flames were undertaken

using the OPPDIF solver in ANSYS Chemkin Pro. The one-dimensional analyses used

8
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a mixture-averaged transport treatment of species, including the Soret effect. Gas phase

radiation to ambient surroundings was neglected, however this has previously been shown

to be negligible in the hot-coflow-controlled region of similar ethylene flames in a JHC burner

[67]. Hence, the exclusion of radiation is not expected to significantly affect the kinetics or

the phenomena discussed in this work.

A reduced mechanism for n-heptane and toluene combustion, consisting of 335 chemical

species and 1610 reactions [47], was used for all simulations. This mechanism was reduced

by Cai and Pitsch [47] from a comprehensive 1027 species, 8472 reaction PRF mechanism,

published by Curran et al. [68]. The reduced, 355 species mechanism includes PAH with

up to four aromatic rings (pyrene) and the analyses of aromatics follows a similar approach

to recent work [52, 69]. This reduced mechanism has been successfully compared to the

full mechanism and validated [47] against an extensive experimental dataset for various fuel

blends with n-heptane and toluene [43, 50, 70–80].

As per the experimental cases, the fuel stream was diluted with 65% N2 by mass and

oxidant compositions and temperatures were taken from Table 1. Velocities were set such

that both streams had an equal momentum and an average normal strain rate ∼50 s−1.

This canonical opposed-flow configuration has previously been used to analyse the chemical

structures of both laminar and turbulent diffusion flames under a wide range of conditions

[1, 5, 7, 11, 14, 16, 18, 52, 56, 81–88].

3. Results and Discussion

3.1. Mean Flow-Field and Boundary Conditions

The measured mean values of O2 and CO2 mole fractions, for case HEP-2, at the centre

plane region above the jet, are presented in Fig. 1. Data were collected at 15 radial locations

spanning a total of 100 mm: the centreline, then every 5 mm until 20 mm, followed by every

10 mm until 50 mm either side of the centreline; at 5 heights including the jet exit plane up

to 85 mm downstream. The central, hatched, regions of the species fields represent the fuel

stream where gas concentrations could not be measured due to the high concentration of pre-

vaporised liquid fuel. These results suggest that the limit to which flame may be considered

9
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coflow-controlled is approximately 70 mm downstream of the jet exit plane. Further down-

stream, mixing between the jet, annular air and hot coflow streams is evident by elevated

O2 and reduced CO2 concentrations adjacent to the flame. The flame, in turn, is indicated

by regions of very low mean O2 and peak mean CO2 concentrations at this height. The

apparent discrepancies between the dry-basis measurements and the values in Table 1 are

due to the calculation of equilibrium species on a wet-basis. The values, however, agree to

within the the measurement accuracy of the gas analyser, following conversion to dry-basis.

Similar to the CO2 and O2 fields, the temperature field outside of the flame is expected

to transition from the measured hot coflow value to that of room air due to three-stream

mixing. Differences observed far downstream in flames with identical jet compositions but

stabilised on different coflows, are consequently expected to be the persistent effects of the

hot coflow on the upstream turbulent flames rather than due to variations in the local oxidant

composition.

[Fig. 1 about here.]

The measured coflow temperature for HEP-2 is shown in Fig. 2. The radial temperature

profile at the jet exit plane shows a maximum difference of less than 10 K at equal radial

locations, within 30 mm of the centre of the burner. Temperature distributions for the other

coflows were similarly uniformly distributed and axisymmetric (not shown).

[Fig. 2 about here.]

Understanding the extent and shape of the mixing field is critical to interpret the re-

sults of the flame appearance and laser-based NTLAF (among other) diagnostics. Without

knowledge of the mixing field, the properties of the oxidant cannot be determined locally

at the flame front and conclusions drawn about flame behaviour or structure may be erro-

neously attributed to the hot coflow. Therefore, the mixing between the fuel stream, hot

coflow stream, annular air stream and surrounding quiescent air must both be understood

for interpretation of measured data, particularly far downstream of the jet exit plane, and

well-characterised for thorough model validation [89, 90]. Although some data for these
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fields are already available from previous data-sets of flames in hot coflows studied using

scattering techniques [1, 3, 6, 8, 12], the three-stream mixing cannot be measured using

NTLAF (as the conditions are both cool and lean). The data presented in Figs. 1a and 1b

may be used to provide verification for modelling the three-stream mixing effects in JHC

burners using computational fluid dynamics, facilitating more accurate understanding of the

fundamental combustion processes.

3.2. NTLAF Measurements of n-Heptane Flames

Instantaneous measurements of the temperature field of all four pure n-heptane flames

were centred at heights ranging from 15 mm to 330 mm above the jet exit plane. The mean

lift-off heights of the flames were all approximately 10 mm, although lift-off height increased

slightly with decreasing coflow O2 concentration. Photographs of all flames are shown in

Fig. 3, showing the delayed onset of soot formation with decreasing O2 in the coflow of the

n-heptane flames, as well as n-heptane/toluene flames (which are discussed in more depth in

§3.3 and 3.4). Lift-off heights were defined as the location where gas temperatures reached

800 K in the averaged, conditional temperature fields. Images centred at 15 mm above the

jet exit plane (not shown for brevity) show isolated pockets of high temperatures, suggesting

the presence of ignition kernels, upstream of lifted flame bases. This mechanism of flame

stabilisation is typical of autoignitive turbulent flames [11], and is consistent with previous

conclusions of prevaporised n-heptane flame stabilisation in hot and diluted coflows [3].

The lift-off heights of each flame are summarised in Table 2, along with the most probable

temperature centred about three different heights. Probability density functions (PDFs)

obtained from the ensemble of images are provided in Fig. 4. Noticeably, the flame in the

HEP-4 case is the hottest at both 62.5 mm downstream of the jet exit plane and 317.5 mm

downstream, despite the coflow having the lowest O2 concentration.

[Table 2 about here.]

[Fig. 3 about here.]
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Comparison between PDFs of temperature in the histograms in Fig. 4, with modal

values presented in Table 2, demonstrates that the HEP-4 flame is hotter than the HEP-1

flame (which, in turn, is of a similar temperature to cases HEP-2 and 3), despite having

3% less available O2 (vol./vol.) in the coflow stream. This trend is consistent across all

heights. As both coflows in cases HEP-1 and 4 are held at similar temperatures, this can be

associated with the influence of the coflow CO2/H2O ratio on n-heptane combustion through

chemical or physical effects. This is consistent with simulations of laminar C2H4 flames with

hot coflows where coflows with higher ratios of H2O to CO2 exhibited hotter flame fronts,

particularly under MILD conditions [87, 91–95].

[Fig. 4 about here.]

[Table 3 about here.]

Initial mixing between the coflow and quiescent air occurs at ∼70 mm above the jet exit

plane (see Fig. 1). At, and beyond this point, the flame is no longer strictly coflow-controlled,

with entrainment from the outer air coflow and ambient room air with both oxidant streams

having an effect on the flame. At, and beyond, this height, the HEP-1 and HEP-4 flames

begin to exhibit intermittent ‘ruptures’ in the flame front. This is in contrast to unbroken

flame fronts consistently observed at 60 mm above the jet exit plane. A typical rupture is

shown in Fig. 5. The frequencies of these ruptures was determined manually and are given

in Table 3, centred at several heights. These ruptures appear on both sides of the jet exit

plane with similar frequency, but are only seen to occur on both sides simultaneously in

a comparatively small number of frames (∼1% of frames). Of all the cases in this study,

HEP-4 demonstrates the greatest propensity for ruptures in the flame sheet at any height.

This is consistent with HEP-4 also demonstrating the greatest lift-off height in the coflow-

controlled region. This trend is consistent with the trend in coflow O2 concentration—and

hence mixture reactivity—between these two cases, although in contrast to the trends in

flame temperature, suggesting a different underlying cause of the temperature discrepancy.

The frequency of ruptures is similar in cases HEP-2 and 3, whilst HEP-1 has the least

number of observed discontinuities in the flame sheet at any given height.
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Ruptures in the conditional temperature field may be indicative of relatively low tem-

peratures (T<800 K, below the minimum measurable temperature for indium NTLAF) or

the absence of atomic indium. In the case of the former, ruptures would correspond to

an absence of thermally-excited anti-Stokes signal, however, the ground-state Stokes signal

would still be measured. A typical comparison between the conditional temperature, Stokes

signal and Anti-Stokes signal is therefore presented in Fig. 5, showing a rupture centred at

110 mm downstream of the jet exit plane. The absence of Stokes signal in Fig. 5 indicates

that these ruptures are evidence of an absence of atomic indium. Possible reasons for the

absence of atomic indium are:

1. all free indium atoms have been oxidised [57, 96],

2. entrainment of gas that originates from the unseeded oxidant stream, diluting the

atomic indium to below measurable levels, and/or

3. gases are not hot enough to decompose the seeded indium into atomic indium.

In general, all three mechanisms may be active at the boundary between the flame and

ambient cool air. It is, however, unlikely that all free indium has been oxidised at this height,

as demonstrated by the reliable signal further downstream in conjunction with similar studies

of turbulent toluene [52], C2H4 [54] and CH4-based [55] flames using a comparable method

of seeding indium micro- and nanoparticles. Such particles would continue to readily release

atomic indium into the flame preheat zone [66], which would be detectable in the image of

the Stokes signal. Such a preheat zone is not observable from the Stokes signal, however,

suggesting the absence of a flame front coinciding with the rupture shown in Fig. 5. The

two other aforementioned mechanisms are suggestive of cool, quiescent air or cool fuel at

the location of the rupture, however identification of the local composition and conserved

scalar dissipation rates to support a more in-depth analysis of the ruptures are not possible

using the NTLAF technique used in this study and would require further investigation.

[Fig. 5 about here.]

Measurements centred at 165 mm downstream of the jet exit plane demonstrate a sig-

nificantly reduced propensity for ruptures than at 110 mm downstream (see Table 3). This
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is a result of the increasing local O2 concentration, as well as reduced local strain-rates and

hence longer fluidic time-scales, due to lower velocities owing to jet decay. There is little

change in the most probable conditional temperature in cases HEP-1 to HEP-3, although the

modal conditional temperature in HEP-4 slightly increases. This is despite HEP-4 still hav-

ing the greatest propensity for rupturing. These results further demonstrate the persistent

effect of coflow composition on downstream flame temperature, with the hottest flame—

HEP-4—stabilised in the coflow with the lowest concentration of O2. Interestingly, HEP-4

has a similar coflow temperature to HEP-1, which has the highest coflow O2 concentration

but the lowest downstream flame temperatures. Both cases have similar concentrations of

coflow CO2, however HEP-4 has nearly twice the molar concentration of gaseous H2O in

the hot coflow. These differences, in themselves, cannot account for the higher temperature

in HEP-4, particularly beyond the coflow-controlled region of the flame, prompting further

analyses presented in §3.5.

3.3. NTLAF Measurements of n-Heptane/Toluene Flames

Toluene and n-heptane are both hydrocarbons with seven carbon atoms, but with eight

and sixteen hydrogen atoms, respectively. Accordingly, there is less than a 10% difference

between the molecular masses of the two molecules. With these similarities, blending toluene

and n-heptane in the fuel stream approximately maintains the concentration of the atomic

carbon in the flame. Because of this, the adiabatic flame temperatures of these blends differ

very little, however, the aromatic structure of toluene results in a significantly increased

propensity for soot formation. Comparisons of measured gas temperatures in the H25-2 and

H75-2 flames (see Table 1 for details) are shown in Fig. 6. Data were taken from the same

downstream locations as previously presented in Fig. 4, and are additionally summarised in

Table 4.

[Table 4 about here.]

[Fig. 6 about here.]
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Analyses of the temperature PDFs for the H25-2 and H75-2 flame demonstrates that

an increase in the toluene concentration in the fuel stream leads to a reduction in flame

temperature by 150 – 200 K, at 317.5 mm above the jet exit plane, well downstream of the

coflow-controlled region. Similarly, the temperatures of the H25-2 flame are slightly less than

those in the HEP-2 flame in the coflow-controlled region (recall Table 4). The differences

between flame temperatures are consistent between cases and across the different heights in

Table 4. Differences in temperature are even more significant further downstream of the jet

exit plane. The significant differences between flames with varying concentrations of toluene

are in spite of the similar adiabatic flame temperatures for the different fuel streams. This

suggests that the discrepancies may have a different underlying cause beyond gas-phase

combustion chemistry.

3.4. Soot Volume Fraction in n-Heptane/Toluene Flames

The molecular structure of toluene can be described as an aromatic ring of six carbon

atoms with the addition of a methyl group. This structure is subsequently prone to polyaro-

matic hydrocarbon (PAH) formation [97, 98] and, hence, soot particle production. This is

demonstrated in Fig. 3 where increases in soot loading are evident along the entire length of

the flame with increasing toluene concentration. Noticeably, visible soot is present within

∼45 mm of the jet exit plane in case H75-2, and within ∼20 mm for case H25-2, following

the addition of toluene to the fuel stream.

Blending toluene and n-heptane fuels has a significant impact on the total soot loading

of the flame, which is evident from Fig. 7. This figure shows the total soot loading (in

volume fraction), at different heights in the flame. This value was calculated by integrating

along the radial position, and integrating azimuthally along each row of pixels in the 2 mm

data strip in each image, and then averaged. This figure demonstrates that the addition

of toluene to 25% of the liquid volume increases the soot loading by up to three orders of

magnitude. This is apparent at 217.5 mm above the jet exit plane, where the addition of

25% toluene results in an increase in soot loading from ∼10 to ∼5000 ppm·mm3. This effect

is less extreme after further increasing the toluene volume to 75%.
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The addition of toluene markedly accelerates the soot formation, with significant SVF in

the hot and diluted coflow-controlled region. In both H25-2 and H75-2 cases, Fig. 7 shows

that the peak value of integrated SVF occurs approximately 300 mm above the jet exit plane,

whereas the peak integrated SVF was at, or beyond, the maximum measurement height in

the HEP-2 flame. Noticeably, the soot visible in Fig. 3 at heights less than 50 mm above

the jet exit plane, were not measurable using LII in this study. These SVF measurements

may be reasonably well described using a power law fit (of the form y = axb) well upstream

of the region of peak soot loading. Fits are shown in Fig. 7.

The addition of toluene to the fuel jet results in a significant reduction in flame temper-

ature, as shown previously in Fig. 6 and Table 4. These differences in temperature are most

significant beyond the coflow-controlled region. At a height of 112.5 mm above the jet exit

plane, the temperature of the H25-2 flame is similar to that the H75-2 flame, however, by

167.5 mm above the jet exit plane, the H25-2 flame is cooler by approximately 200 K (recall

Table 4). In stark contrast, the modal temperature of the HEP-2 flame increases by 50 K

over the same distance. These differences can be related to the soot loading and thermal

radiation.

The soot loading may be used to calculate the radiative heat losses from the flame. By

assuming that the flame is optically thin, the radiation loss from the flame, qloss in W/m3,

can be approximated by:

qloss = 3.337× 10−4fvT
5 + 4kPσT

4 (2)

from [99], where kP is the Planck mean absorption coefficient, and σ is the Stefan-Boltzmann

constant [99, 100]. This approach has been successfully applied to sooting, laminar ethylene

[99, 101] and acetylene [100] flames, although radiative losses may be significantly enhanced

with the effects of turbulence [102, 103]. As 〈T 〉 was not measurable in all pixels with soot

measurements, the radially integrated mean qloss was evaluated at each height using the

modal value of 〈T 〉 and the measured distribution of fv. The value of kP was calculated using

the modal temperature and the peak mole fractions of CO2, CO, H2O and CH4 determined
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using opposed-flow flame calculations. Following this approach, the values of qloss from gas

radiation are approximately constant along the length of the flame, and are tabulated in

Table 5.

[Table 5 about here.]

The radially integrated radiative heat loss at different heights above the jet exit plane,

can be separated into two components, namely radiative soot (Fig. 8) and gas (summarised

in Table 5) emissions, expressed in W/mm along the axial length of the flame. It is pertinent

to recall that the LII technique used in this study is only reliable for soot structures with

dp & 5 nm, and hence radiation from smaller soot particles, expected closer to the jet exit

plane [104] and evident from Fig. 3, cannot be estimated.

The plot in Fig. 8 shows an increase in heat loss with the inclusion of 25% toluene in

H75-2 flame relative to the HEP-2 flame of up to several orders of magnitude. The radiative

power loss from soot at the 217.5 mm height increases from ∼10 W/mm in the H75-2 case to

∼5000 W/mm in the H25-2 case. This is further increased in the H25-2 flame containing 75%

toluene, although the difference is significantly less. This trend in heat loss with increasing

toluene fraction is similar to the trend of increasing integrated soot loading seen in Fig. 7,

approximately following a power law upstream of the region of peak soot loading. These

radiative losses from soot emissions represent the dominant contribution to the total flame

radiant fraction, and are several orders of magnitude greater than the heat losses from gas

radiation (Table 5).

[Fig. 7 about here.]

[Fig. 8 about here.]

The results of opposed-flow analyses are provided in Fig. 9 to provide further insight

on the effects of toluene blending with n-heptane. The plot shows the combined mass

fraction of all PAH species (all species with two or more benzene rings, denoted as YA2+),

used as a surrogate for soot formation, similar to previous work [52]. The data in Fig. 9
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demonstrate the linear increase in total PAH concentration for fuel mixtures with increasing

concentrations of toluene. Although this trend is qualitatively similar to that in Fig. 7,

the different quantitative trends may be the result of molecular growth beyond the kinetics

mechanism used in this study [47], and the soot aggregation and agglomeration processes

which are not considered in the modelling approach.

[Fig. 9 about here.]

Mass fractions of PAH were calculated for autoignitive flames near the transition to

the MILD combustion regime [3]. This regime is well known for its low soot production

[3, 4, 9, 17, 27, 85, 105–107]. As conditions approach MILD combustion, through elevated

temperatures and decreasing local O2 concentrations, the magnitude of negative heat release

reduces [3, 17, 85, 105, 106]. This, in turn, reduces fuel pyrolysis and PAH formation relative

to combustion with cold air. Consequently, the predictions of YA2+ in Fig. 9 are expected

to be conservative along the length of the flame, with the sooting propensity increasing

downstream beyond the coflow-dominated region.

Increased PAH concentration is indicative of the increasing soot propensity due to toluene

addition. This is consistent with the photographs shown in Fig 3. Although the increased

concentration of soot in the coflow-controlled region of the flame appears to be evident

in the photographs, and its formation is supported by the opposed-flame analysis, only

limited concentrations of soot were measured in this region. Consequently, soot fv in this

region is suspected to be below the minimum threshold of the configuration in this study.

Nevertheless, the photographs provide evidence that the soot particles in this region still

have an impact on radiative heat losses, which may account for the temperature differences

presented in Table 4.

3.5. Soot Volume Fractions in n-Heptane Flames

Comparison of the for all the HEP cases are presented in Fig. 10. This plot demonstrates

that the total soot concentration increases with increasing O2 concentration in the coflow.

Soot volume fraction data were measurable in all cases from 217.5 mm (47D) above the jet
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exit plane. It is noteworthy that the 1% difference in coflow O2 between the HEP-2 and 3

cases resulted in an average 2.4-fold increase in soot concentration at heights greater than

250 mm above the jet exit plane, despite both cases having very similar coflow temperatures.

Integrated SVF measurements for the n-heptane flames all showed good agreement with a

fitted power law curve.

[Fig. 10 about here.]

The increased soot in HEP-2 relative to HEP-3 may explain the very similar flame

temperatures between the two cases, despite HEP-2 having a slightly higher coflow O2

concentration. The increased soot concentration in HEP-2 not only results in more radiant

heat loss from soot particles, but the higher coflow O2 concentration implies that the HEP-2

flame features fewer characteristics of the MILD combustion regime beyond the coflow-

controlled region of the flame. Due to this difference, in the HEP-3 flame, the endothermic

reactions typical of fuel decomposition are more significant than the exothermic combustion

reactions [3, 85]. This not only results in slight reductions in flame temperature, but increases

the propensity of forming small soot particles in the coflow-controlled region. This increase

may explain the similarities in measured flame temperatures at all heights, despite HEP-2

having a slightly higher adiabatic flame temperature.

HEP-1 has the lowest coflow temperature, but the highest coflow O2 concentration. In

contrast, HEP-4 has the lowest concentration of coflow O2 with a slightly higher (30 K)

coflow temperature. HEP-4 is, therefore, closer to the MILD combustion regime than HEP-

1. The reduced coflow O2 concentration in HEP-4 suggests that the suppression of a negative

heat release rate region is more likely in HEP-4, consistent with the reduced soot loading in

HEP-4.

The discrepancy in total soot loading between cases HEP-1 and HEP-4 is more sub-

stantial at 47D above the jet exit plane than it is further downstream. At this height, the

integrated SVF in HEP-1 is nearly two orders of magnitude greater than that in HEP-4. This

difference decreases with downstream distance, reducing to a factor of four-and-a-half times
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difference at 73D. This is despite the total integrated soot loadings increasing significantly

between 47D and 73D in both cases.

The differences in total SVF lead to significant differences in radiant heat loss in the HEP

flames. The contribution from soot is shown in Fig. 11, with losses due to radiation from

gaseous CO2, CO, H2O and CH4 given previously in Table 5. As with the n-heptane/toluene

flames, radiant heat loss from the n-heptane flames is dominated by soot. Figure 11 shows

that the radiative heat losses from soot in HEP-1 are approximately threefold those in the

HEP-4 flame. The results suggest that the hottest flame temperatures do not correspond to

the greatest O2 concentration in the coflow, but are closely tied to the propensity for soot

formation, following similar power law curves. The formation of soot, however, appears to

be closely related to the O2 in the coflow, which is in agreement with previous studies on

autoignitive and MILD combustion [1, 9, 85].

[Fig. 11 about here.]

The difference in soot loading in the HEP cases is supported by results from opposed-

flow flame analyses. Following a similar approach to the n-heptane/toluene flames, Table 6

compares the calculated peak total PAH mass fraction for the four HEP cases. These

data reveal a similar trend as seen experimentally with SVF, with the mass fraction of

PAH increasing significantly with oxidant O2 concentration. This suggests an increased

propensity for soot, and hence, increased radiative heat loss from small soot (dp . 5 nm) as

was suggested for the n-heptane/toluene blends in §3.4.

Rate of production and sensitivity analyses were performed for naphthalene (C10H8,

referred to herein as A2) in the HEP-1 – HEP-4 cases. These analyses were undertaken

at the minimum (most negative) net heat release rate where pyrolysis and, hence, soot

precursor formation is prevalent. Analysis of the heat release rate profile indicates that

peak PAH production, unsurprisingly, correlates with the most negative heat release rate,

and confirms the phenomenological argument that this is less prevalent closer to the MILD

combustion regime.

[Table 6 about here.]
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Analyses of A2 production (see Supplementary Data for additional figures for rate of

production analyses and normalised sensitivity to reactions) demonstrates that the main

pathway for A2 production is, in all cases, from the reaction of the methyl radical (CH3) with

C9H7. Although this is the dominant formation reaction in each case, the absolute rate of

production is maximum for HEP-1 and decreases with decreasing oxidant O2 concentrations.

Formation of A2 through this reaction is increased by 5% from HEP-1 to HEP-2; decreased

by 27% from HEP-1 to HEP-3 and decreased by nearly 70% from HEP-1 to HEP-4. The

dominant means of A2 consumption is, in all cases, via reaction with the H radical to

form C10H7 + H2, and this is most significant in the HEP-1 and HEP-2 cases. Additional

reactions between C10H7 and H radicals produce further A2, as do reactions between C6H5-

CH2 + C3H3 and C10H7-CH3 + H.

Although the pathways which support A2 production in the HEP cases are all common,

the different oxidant compositions result in significantly different sensitivities to key reac-

tions. In all cases, A2 formation is inhibited by the recombination of CH3 to C2H6, which is

promoted under MILD combustion conditions [108] and this is, accordingly, most significant

in the HEP-4 case. The relative sensitivity to this reaction is least significant in the HEP-2

case.

The significant reduction in A2 between cases HEP-2 and HEP-3 is a result of reducing

the O2 concentration in the oxidant by 1%. This small decrease in the total oxygen results in

a stronger sensitivity to the production of O and OH radicals from the reaction of H + O2.

The normalised sensitivity to this reaction is further increased in the HEP-4 case, where it

is more influential than the recombination of CH3 or the production of C2H2, with greater

consumption of H corresponding to more A2 production. This is due to the increased

availability of H reacting with A2 as well as C2H4, C2H6 and C3H6, which compete with the

initial consumption of the n-heptane fuel and, hence, less A2 and therefore soot.

4. Conclusions

Temperature fields of turbulent, autoignitive, lifted n-heptane/toluene flames issuing

into hot and diluted coflows have been imaged using NTLAF thermography and prompt LII
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for soot volume fraction. These data extend from the flame base region to over 330 mm

downstream and are complemented by gas composition measurements of the mixing field

between the fuel jet, hot coflow and air streams.

Thermography results using the NTLAF technique indicate that an n-heptane flame issu-

ing into a natural gas/air coflow (case HEP-4) is hotter than those issuing into ethylene/air

coflows (cases HEP-1 – HEP-3), despite higher O2 concentrations in the coflow stream

and similar, or higher, coflow temperatures. Flames of n-heptane/toluene fuel blends are

similarly cooler than those with pure n-heptane. In both scenarios, this is attributed to

significantly increased soot loading and radiant heat loss from soot, following examination

of the LII measurements and simulated opposed-flow flames.

The results of the simultaneous conditional temperature and soot measurements, in con-

junction with radiative modelling and chemical analyses, may be used to draw the following

conclusions:

• The integrated soot loading dominates radiative heat losses in flames stabilised on hot

and diluted coflows, but concentrations are significantly affected by the temperature

and composition of the hot coflow.

• Small changes in coflow oxygen concentration result in significant differences in PAH

formation, which translate to substantial differences in sooting propensity far down-

stream of the coflow-controlled region.

• Trends in temperature PDFs and modal temperatures within the coflow-controlled

region persist far downstream into the flame brush, with downstream temperatures

strongly coupled with soot loading.

• Increasing the proportion of toluene in binary mixtures of n-heptane/toluene fuels in

hot oxidants results in an approximately linear increase in PAH production, resulting

in up to three orders of magnitude increase in soot loading between pure n-heptane

and a 3:1 n-heptane/toluene blend, and a further order of magnitude increase in total

soot in a 1:3 mixture of n-heptane/toluene blend.
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• Reducing oxidant O2 concentrations in representative n-heptane opposed-flow flames

results in a significant decrease in naphthalene (A2) production as a result of H reacting

with C2 and C3 species in preference to the fuel. This is compounded by enhanced

recombination of CH3 to form C2H6.

The results of this study provide quantitative insight into both the impact of soot loading

on turbulent flame temperature, as well as the formation and persistent downstream effects

of PAH species in jet flames stabilised on hot and vitiated coflows. These findings highlight

the importance of the hot coflow on the global flame features, particularly the implications

of small variations in ambient conditions on the chemical pathways in complex hydrocarbon

combustion.
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Fig. 1: Measured volumetric concentrations of O2 and CO2 (dry basis), for HEP-2, at the centre plane
region at different heights above the burner jet exit plane (HAB).
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Fig. 2: Mean radial profile of measured coflow temperature, for HEP-2, at the jet exit plane.
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Fig. 3: Photographs of flames with increasing toluene concentration. From left-to-right: pure n-heptane,
25% toluene, 75% toluene. Photographs are 100 mm wide, and approximately 375 mm high, with the jet
exit plane at the bottom of each image. Photographs were taken through a 50 mm lens at f/8 and ISO-100
with exposure times of 1/15 s. The white dashed lines in each image show the flame lift-off heights.
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Fig. 4: Probability distributions of temperatures for cases HEP-1 and 4 centred at four different heights
above the jet exit plane. Data taken from a strip approximately 2 mm tall, with bins of 50 K, from 500
images.
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Fig. 5: Instantaneous temperature and field, Stokes signal and Anti-Stokes signal in HEP-4 centred 110 mm
above the jet exit plane with a break in the flame circled. Imaging area is 15 mm × 50 mm, and white lines
represent the I.D. of the central fuel jet.
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Fig. 6: Probability distributions of temperatures for the H25-2 and H75-2 flames, centred at four different
heights above the jet exit plane. Data taken from a strip approximately 2 mm tall, with bins of 50 K, from
500 images.
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Fig. 7: Integrated soot volume fraction, for three n-heptane/toluene flames at different heights above the
jet exit plane. Data averaged over a strip approximately 2 mm tall. Curves show best fit of a power law for
each flame. Curve fits for Cases H25-2 and H75-2 only used data within 250 mm of the jet exit plane.
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Fig. 8: Calculated radiative heat loss from soot in n-heptane/toluene flames based on measurable SVF from
LII and modal measured temperature from NTLAF. Curves show best fit of a power law for each flame.
Curve fits for Cases H25-2 and H75-2 only used data within 250 mm of the jet exit plane.
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Fig. 9: Peak total YA2+ in simulated n-heptane/toluene opposed-flow flames with different concentrations of
toluene, with dashed line showing linear regression (R2 = 0.9999). Oxidant composition from cases HEP-2,
H25-2 and H75-2 are found in Table 1.
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Fig. 10: Integrated soot volume fraction, for four n-heptane flames in different coflow conditions and various
heights above the jet exit plane. Data averaged over a strip approximately 2 mm tall. Curves show best fit
of a power law for each flame.
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Fig. 11: Calculated radiative heat loss from n-heptane flames in different coflows based on measurable SVF
from LII and modal measured temperature from NTLAF. Curves show best fit of a power law for each flame.
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Table 1: Summary of the jet fuel (ratios by liquid volume) and coflow (wet basis) streams.
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Table 2: Summary of flame characteristics in the four n-heptane only flame cases. Most probable tempera-
tures are provided based on 50 K bins, representative of the accuracy of the measurements.
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Table 3: Percentage of images with ruptured flame fronts in two cases, centred at three different heights.
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Table 4: Summary of flame characteristics in the n-heptane/toluene flame cases. Most probable temperatures
are provided based on 50 K bins, representative of the accuracy of the measurements.
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Table 5: Mean heat loss (mW/mm) from radiant gases in n-heptane and n-heptane/toluene flames.
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Table 6: Peak total mass fraction of polycyclic hydrocarbons (YA2+
) and minimum net heat release rate

(HRR) in simulated n-heptane opposed-flow flames. Oxidant details given in Table 1.
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