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Abstract

Adapting hydrogen as a carbon-free fuel for industrial applications re-

quires new, innovative approaches, especially when radiant heat transfer is

required. One possible option is to dope hydrogen with bio-oils, containing

aromatics that help produce highly sooting flames. This study investigates

the potential doping effects of toluene on a hydrogen-nitrogen (1:1 vol) flames.

Flames with 1-5% toluene, based on the mole concentration of hydrogen, are

measured using a combination of techniques including: still photographs and

laser-based techniques. Toluene was mixed with hydrogen-nitrogen fuel mix-

ture as either a vapour carried by nitrogen, or as a dilute spray. Spray

flames are found to produce substantially more polycylic aromatic hydro-

carbons, with significantly more soot near the nozzle exit plane, than the

prevaporised flames. Increasing the dopant concentration from 1 to 3% of

the hydrogen has a marked effect on soot loading in the flame, although the

further increasing the dopant concentration to 5% has a far smaller effect

∗Corresponding author. E-mail: m.evans@adelaide.edu.au, Tel.: +61 8 8313 5460,
Fax: +61 8 8313 4367.

Preprint submitted to Proceedings of the Combustion Institute May 23, 2020

Revised unmarked manuscript

© 2020. This manuscript version is made available under the CC-BY-NC-ND 4.0 license http://
creativecommons.org/licenses/by-nc-nd/4.0/ 

m.evans@adelaide.edu.au


on the soot produced in the flame. Simulations of laminar flames using de-

tailed chemical kinetics support the above findings and reveal details of the

competition between soot precursor formation and hydrocarbon oxidation.

Correlations of formation rates are non-linear with toluene concentration in

cases where toluene represents less than 10% of the fuel, although expected

linear relationships are noted beyond this regime up to 1:1 toluene/hydrogen

blends. The study provides insight and explanation into effects of toluene

as a dopant, comparison between flame doping in gaseous or liquid phases

and suggests that flame doping and blending should be treated as different

regimes for their global effect on flame sooting characteristics.

Keywords: Hydrogen, Toluene, Dual-fuel, Fuel dopants, Spray flames

2



1. Introduction

In the global shift towards a carbon-neutral economy, carbon-free fuels

such as hydrogen and ammonia have been touted as sustainable, long-term

alternatives to natural-gas and town-gas networks. Replacing natural- and

town-gas with hydrogen in both domestic gas networks and at industrial

scale poses technical challenges relating to the supply chain, the resulting

flames, and the application of hydrogen to different industries. One such

challenge is the low thermal radiation from pure hydrogen flames, especially

in boiler and furnace applications. One approach to overcome this challenge

is to dope the hydrogen fuel with a small amount of bio-oil to generate soot

particulates within the flames to enhance radiative heat transfer and reduce

both gas temperature and thermal NOx formation.

Dual-fuel hydrogen and hydrocarbon combustion has been extensively

studied as a fuel additive for enhancing combustion properties of less re-

active or sooting fuels [1, 2]. Whilst numerous studies have demonstrated

enhanced flame stabilisation and reduced soot loading through hydrogen ad-

dition with concentrations near 1:1 by volume [1, 3], there has been very little

investigations of the effect of highly sooting hydrocarbon dopants (. 5% by

mol.) on the sooting properties of near-pure hydrogen flames.

Toluene, and other aromatics, are prominent components of bio-oils [4].

Toulene has a high threshold sooting index (TSI) near 40 [5], which exceeds

conventional, petroleum-derived diesel fuels at ∼30 [6]. Furthermore, toluene

features in multiple combustion chemistry schemes for sooting fuels and is

therefore suitable as a representative, highly-sooting dopant.

Toluene may be doped into hydrogen flames in its liquid or gaseous
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phase—or a combination of both. The injection of fuel in its liquid phase

as a dilute spray may reduce injection complexity without the need for pre-

vapourisation, however, the liquid fuel droplets subsequently evaporate in

the flame prior to and as part of combustion. Without the assistance of a

hot pilot, the consequences of this difference in a simple gaseous jet flame

are unknown and the effect on global flame characteristics are still to be

determined.

The paper reports the characteristics of turbulent, attached, 1:1 hydro-

gen/nitrogen diffusion flames and the impact of toluene dopant, ranging be-

tween 1–5% of the mole concentration of H2 (% molH2), added as both a

dilute spray or in vapour form. This series of flames allows for the inde-

pendent investigations of the chemical effects of the toluene dopant on flame

radiative characteristics and the physical effects of the liquid droplets in

the dilute spray. Photographs of the flames are presented and analysed, as

well as simultaneous, planar laser diagnostics. Analyses of trends and de-

tailed measurements allow insight into the effects of highly-sooting dopants

into otherwise carbon-free flames. This study further provides experimental

data, including local soot concentration and spray penetration, to contribute

towards validating future numerical simulations.

2. Methods

2.1. Burner Configuration

Turbulent flames issued from a 20 mm I.D. (D) pipe , surrounded by a

100 mm diameter coflow of room-temperature air at 0.33 m/s. The burner

was operated in two different configurations, to allow toluene to be injected

either as a liquid spray or as a vapour. For the spray flames, an ultrasonic
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Table 1: Summary of flame conditions, including composition, jet exit temperature and
stoichiometric mixture fraction (Zst). All flames had 1:1 H2:N2 (by vol) with a pipe
Reynolds number of 5,000. Toluene doping is based on the mole concentration of H2

(only) in the jet stream.

Case Toluene added XH2 XN2 Initial toluene Jet exit Total heat Zst

(% molH2) (% total) (% total) phase temperature (K) input (kW)
HT0 0.0 50 50 N/A 294 11.16 0.30

HT1-S 1.0 49.75 49.75 spray 294 11.17 0.28
HT3-S 3.0 49.25 49.25 spray 294 11.18 0.23
HT5-S 5.0 47.75 47.75 spray 294 11.20 0.20
HT1-V 1.0 49.75 49.75 vapour 300 11.17 0.28
HT3-V 3.0 49.25 49.25 vapour 300 11.18 0.23
HT5-V 5.0 48.75 48.75 vapour 300 11.20 0.20

nebuliser—which has been described previously [7]—was used to generate

the toluene droplets with a nominal diameter of 40 µm. In the case of

prevaporised toluene, a controlled evaporation and mixing (CEM) unit was

installed upstream of the jet, with vaporised toluene carried by N2 heated

to 400 K. The difference in jet exit temperatures between the two cases was

≈6 K.

A 1:1 H2/N2 mixture (by mole) issued from the pipe with a fixedRe= 5000

for all flames. The addition of nitrogen facilitates higher values of Re in the

relatively large-diameter pipe while also inhibiting soot formation, thus al-

lowing the division between cases to be more clearly distinguished. Seven

different attached flames were considered in this study; ranging from 0–5%

toluene (C6H5-CH3 or A1CH3, where ‘A’ denotes an aromatic ring) addition

(as a mole percentage of hydrogen in the fuel, denoted herein as % molH2). It

is worth noting that for these cases, the addition of toluene provides negligible

heat input to the flame. Details of the flames are summarised in Table 1.
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2.2. Experimental diagnostics

Simultaneous imaging of soot, liquid droplets, hydroxyl radicals (OH),

and polycyclic aromatic hydrocarbons (PAH) was achieved using four sepa-

rate laser diagnostic techniques at 10 Hz.

Prompt laser induced incandescence (LII) was used to measure the soot

volume fraction (fv), using the fundamental output of an Nd:YAG laser with

a fluence of ∼0.8 J/cm2/pulse. This is in the plateau region [8] where mea-

surements of fv are expected to be insensitive to fluence for independent

single-pulse measurements despite affecting soot morphology [9]. Incandes-

cence from the soot was collected with an ICCD camera with a gate width

of 100 ns through with an f/1.8 lens, and a 430 nm bandpass filter (FWHM

10 nm). The short camera gate of 100 ns ensured that transmitted chemi-

luminescence from CH* was below the detection limit and did not interfere

with the LII signal. Similarly, emission from the C2 Swan bands is at the

periphery of the bandpass of the filter and was determined to have negligible

impact on the LII measurements. Calibration was performed using laser ex-

tinction measurements at 1064 nm in premixed ethylene-air flames (Φ = 2.1

and 2.3) stabilised on a McKenna burner [10].

Mie scattering of droplets using a 532 nm laser sheet with a pulse energy

of 0.5 mJ was detected with a CCD camera through a 532 nm bandpass filter

(FWHM 10 nm) and an f/5.6 lens with a 500 ns gate width. This technique

allows for the observation of droplets but does not, in itself, facilitate droplet

sizing.

Planar laser-induced fluorescence (PLIF) was used to detect the loca-

tions of both OH and PAH in the flame. OH-PLIF was performed with a
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frequency-doubled dye laser, pumped by the 532 nm output of an Nd:YAG

laser. The dye laser was tuned to the Q1(6) transition of the OH radical—

with a measured energy of approximately 1 mJ/pulse. The resulting fluores-

cence was imaged using an ICCD camera through an f/3.5 UV lens and a

310 nm bandpass filter (10 nm FWHM, transmission > 70%). Fluorescence

of PAH was excited by the third harmonic (355 nm) of an Nd:YAG laser,

with a measured energy of 120 mJ. This was imaged using another dedi-

cated ICCD camera through a bandpass filter centred at 410 nm (FWHM

of 10 nm), along with an f/1.2 lens. Both the OH and PAH cameras were

operated with a gate width of 100 ns. The UV wavelengths used in this study

may excite PAH [11] and toluene as a fuel (although this was not sufficiently

strong to be measured in this study), with 355 nm lasers having previously

been used in studies of CH2O-LIF [12]. Some further interference from H2

and H2O Raman is possible, although an order of magnitude weaker than the

PAH-LIF signal. As OH transition and was considered negligible for most

measurements. This is discussed later in Section 5.

Beams were formed into sheets with a nominal height of 15 mm, overlap-

ping similar to previous studies [13]. Mie scattering and PLIF pulses were

each separated by less than 100 ns, with LII delayed by 400 ns to reduce

interference. The in-plane resolution of the combined system was approxi-

mately 125 µm. A minimum of 250 image sets were captured for each flame

case and measurement height. A 3 × 3 median filter was applied to the raw

PLIF and LII images prior to image corrections to improve the signal-to-noise

ratio. No filtering was used with Mie scattering images.

Photographs were taken with a DSLR camera using manual white-balance
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and a series of multiple ISO, f-numbers and exposure times. Given the sig-

nificantly different visibilities of the flames, it was not possible to maintain

consistent settings for all cases and they are reported throughout.

2.3. Chemical Analyses

Numerical simulations and chemical analyses of axisymmetric, laminar

opposed-flow flames were performed using Chemkin Pro v17.2 to complement

the experimental observations. The chemical mechanism used was previously

developed for modelling PAH formation, up to and including pyrene (A4),

and includes 335 species and 1610 reversible reactions [14]. Naphthalene

(A2) was chosen for analysis as a direct soot precursor because it: i) is the

closest PAH in size to the fuel, simplifying the chemical pathways; ii) is often

used as a direct soot precursor in numerical studies [15]; iii) fluoresces at

the measurement wavelength under flame conditions [11]; and iv) is a key

intermediate in A3 and A4 formation [15]. Comparative plots of modelled

A3, A3 and A4 mole fractions are included as Supplementary Data.

3. Visual observations of toluene-doped hydrogen jet flames

Photographs of the flames are shown in Figs. 1 and 2. These are divided

into long exposure images of all cases (Fig. 1) and short exposure images of

the near-field of the doped flames (Fig. 2). Initial observations show that all

flames that no burning toluene droplets escape the flame-front in the spray

(HTx-S) cases. It is important to highlight that, although these photographs

cannot provide quantitative planar or line data akin to LII, they can show ra-

diation from soot volume fractions below the lower limit of the LII technique

[16].
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Fig. 1: Photographs of hydrogen and toluene-doped hydrogen flames with long expo-
sures (exposure times and f-numbers provided below case-names). Photographs show
800 mm × 200 mm with the bottom of the images aligned with the jet exit plane. Several
heights are labelled in multiples of D.

Flame photographs show the substantial changes in soot loading in all

cases, even with minimal toluene doping of 1% by molH2 . The different expo-

sure times required for the presented photographs is indicative of the impact

of toluene on flame visibility. Although photographs of the toluene-doped

flames are dominated by orange/yellow soot incandescence, non-sooting re-

gions in these flames appeared blue due to the presence of CH*, C2*, CO2*

and HCO*, with the red emissions in the pure H2 flame (HT0) indicative of

H2O*.

Comparison of spray (HTx-S) and prevaporised (HTx-V) flames in Fig. 1

demonstrates the effects of toluene droplets on soot formation. It is notable

that the spray flames all show earlier soot onset than the corresponding

prevaporised cases, however, the HT3-S and HT5-S cases also exhibit peak

intensity (and hence peak soot) further downstream than in their prevapor-

ised counterparts. This suggests that some fraction of droplets burn shortly

after leaving the jet exit plane. Other droplets persist downstream, grad-

ually introducing toluene into the flame. Despite differences in the spatial
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Fig. 2: Photographs of toluene-doped hydrogen flames with short (1 ms) exposures. Images
were taken at f/16 with ISO-1600 and show 200 mm × 100 mm with the bottom of the
images aligned with the jet exit plane. Several heights are labelled in multiples of D.

distribution of soot, the HT3 and HT5 flame-pairs (spray vs. prevapor-

ised) appear to display similar radiative intensities, whereas the injection of

1% molH2 toluene as a dilute spray results in a higher soot-loading than as a

prevaporised dopant.

Short exposure photographs in Fig. 2 highlight that individual droplets

burn in isolation in the near-field of the flame, before the soot distribution

becomes more homogeneous further downstream (Fig. 1). This is not dissim-

ilar to the prevaporised flames, where soot kernels are identifiable upstream

of larger soot sheets. These images demonstrate that toluene injected as a

spray, rather than a vapour, results in earlier soot formation.

The soot around isolated droplets in the HTx-S flames (Fig. 2) is ev-

idence of heterogeneous combustion driven by the evaporation of toluene.

These high local concentrations are in contrast to the homogeneous distri-

butions driven by the upstream mixing of the prevaporised fuel. In both

circumstances, it is expected that the gaseous toluene forms dimers, which

lead to the formation of larger PAH molecules and soot [13, 16]. It is not

possible, however, to determine where droplet evaporation occurs relative to

the reaction zone from photographs, leading to the necessity for simultaneous

laser diagnostics.
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Fig. 3: Typical example of instantaneous fuel droplet distribution, soot precursors and
OH-PLIF in dilute-spray-doped-flames (case HT5-S) centred at 0.3 x/D above the jet exit
plane.

4. Extent of toluene droplets

A typical PLIF image of soot precursors, with fluorescence from liquid

droplets, and OH is presented in Fig. 3. The figure shows that droplets con-

sistently evaporate completely on the rich side of the reaction zone, without

overlap with the OH layer. A negligible number of droplets escape through

the preheat zone over the image set. The presence of soot precursors adja-

cent to the OH layer at the jet exit plane, however, demonstrates that some

fuel vaporises before or at the jet exit plane. This further supports the flame

and provides carbon-based radicals and intermediary species to the preheat

zone. The fraction of liquid fuel which vaporises in the pipe varies with fuel,

jet composition and momentum and has previously been estimated to be as

little as 1–8% in methanol flames but 10–15% in ethanol flames in a similar

burner [7]. The combination of these features indicates that the droplets are

evaporating in high temperature regions of little-to-no-oxygen. This local

deficiency of oxygen, or radicals such as OH, promotes the formation of soot

which results in the features seen in Figs. 1 and 2. This effect does not occur

in the flames doped with prevaporised toluene.

Complementing the analysis of the interactions between droplets and the

11



reaction zone in the near-field, Fig. 4 presents the droplet distribution along

the dilute-spray-doped-flames. The curves in Fig. 4 show the normalised,

radially-weighted number density of droplets at different downstream loca-

tions for the three dilute-spray-flame cases, which approximately follow an

x−1 decay (where x is the height above the jet exit plane). The decay profiles

in the absolute number of droplets (not shown) follow the same form. The

associated planar images show the intermittency of droplets near the jet exit

plane for the dilute spray-flames. These images show that droplets tend to

cluster near the pipe walls before becoming more uniformly distributed down-

stream. This is consistent with the behaviour of low Stokes-number particles

in pipe flow, resulting from Saffman lift and turbophoresis [17] which may

assist in delivering smaller droplets to the near-field reaction zone, whilst

carrying larger droplets further downstream. Figure 4 shows that liquid fuel

is delivered as far downstream as 320 mm (16D) into the flame, even in the

1% dopant case, although the majority of droplets evaporate within the first

200 mm (10D). This equals the height of the photographs presented in Fig. 2

and highlights that not all droplets are a source of soot in the near-field, but

contribute to more homogeneous soot downstream.

5. Effects of toluene-dopant on flame structure

Neither the addition of toluene as a vapour nor as a spray has a significant

effect on the distribution of OH in the first 320 mm (16D) of the flames. This

is shown by the consistency of the normalised mean OH-PLIF signal profiles

at different downstream locations presented in Fig. 5. Non-zero signal on

the centreline axis is indicative of LIF around the vapourising droplets in

the near-field and PAH-LIF in highly sooting regions rather than OH-LIF.
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Fig. 4: Decay of radially-weighted droplet number density in dilute-spray-doped-flames,
with linear, far-field x−1 trend inset. Below, planar images of the intermittency of Mie
scattering signal centred at 0.3 x/D above the jet exit plane.

Despite the presence of interference near the centreline in downstream images

of the highly sooting cases, the PAH and OH-PLIF regions are distinct in

instantaneous images.

The mean profiles of OH-LIF signal in the spray (HTx-S) cases feature

very similar magnitudes to the undoped flame, particularly near the jet exit

plane. In contrast, the OH-LIF signal in the prevaporised (HTx-V) cases

show a reduction in OH-LIF magnitude. This corresponds to a slight re-

duction in OH number density, supported by modelled trends presented as

Supplementary Data, although the enhanced quenching effects of the gaseous

toluene are expected to contribute to the reduction in the LIF signal. The

spray cases, similarly, show the dopant addition has little impact on the mag-

nitude of the OH-LIF signal and does not produce a second signal peak in
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Fig. 5: Normalised OH-LIF and PAH-LIF profiles at different downstream locations in
the doped and undoped flames. Flames are axisymmetric about r/D = 0 and plots of
spray flame species distributions are flipped about the flame centreline to provide direct
comparisons. All axes are linear. Note the different left-and-right-hand scales in the plots
of normalised PAH profiles. OH-LIF is normalised by the peak signal in the HT0 flame
centred at x/D = 0.35 and PAH-LIF is normalised by the peak signal in HT1-V centred
at x/D = 0.35.

the profile, demonstrating the relatively small effect of toluene doping on the

stabilisation and structure of the underlying H2 flames.

In contrast to the OH radical, the PAH-LIF signal originates solely from

the toluene dopant. The PAH-LIF signals presented Fig. 5 increase substan-

tially with toluene concentration, but the signal is significantly stronger for

the spray flames. This highlights the differences due to the dopant phase.

Notably, the profiles demonstrate that the spatial extent of the preheat zone

is largely unaffected by the toluene, which provides only a small amount of

extra heat input.
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6. Sooting propensity of toluene-doped flames

Toluene dopant in the H2 flames may either form soot via PAH or be

oxidised via CH2O to produce CO2. Although the desired effect of the toluene

dopant is to enhance radiative heat transfer through the addition of soot in

the flame, the high concentrations of OH from the H2 combustion is likely to

promote oxidation compared to conventional toluene diffusion flames. This

was seen visually in Fig. 1, where the flames doped with 1% toluene exhibited

significantly less visible soot incandescence compared to the HT3 and HT5

cases.

Comparison of fv distributions at different heights above the jet exit plane

(up to 16D), in Fig. 6, confirm the enhanced formation of soot in the HT3 and

HT5 flames compared to the HT1 cases. The prevaporised flames exhibit,

in general, less measurable soot concentrations than the spray flames within

this range. This is particularly highlighted by the magnitude and location

of peak fv, which is located closer to the jet centreline in the spray cases at

x/D = 6 and 10. Multiple peaks at different r/D are present at x/D = 16,

suggesting that the localised soot regions formed around individual droplets,

as seen in photographs, persists downstream.

Figure 6 shows noticeable similarities in soot distribution between the

HT3 and HT5 flames at x/D = 10 and 16, regardless of the dopant phase.

This is due to the substantial evaporation of droplets by these heights (recall

Fig. 4, showing that 95% of droplets vaporise upstream of x/D = 16). Local

concentrations of fv are critical in assessing the viability of toluene as a

dopant to increase flame radiation. Correspondingly, Figure 6 suggests that

∼3% molH2 doping may be a lower threshold for substantially increasing
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Fig. 6: Soot volume fraction PDFs (fv in log-scale) at different heights in the doped flames
taken over a 12 mm (0.6D) strip centred about the reported x/D. No soot was measured
in the HT1-V case.

radiation in these H2/N2 flames, although the underlying mechanisms cannot

be drawn from the experimental measurements alone.

Figure 7 shows the peak net absolute rates of production (ROPs) of

CH2O, A2 and the ratio of the two peak ROPs from the numerical anal-

yses of opposed-flow diffusion flames, for both 0–10% (% molH2) toluene

dopant concentrations and from H2-only to 1:1 H2:toluene. As homogeneous
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fuel mixtures, these represent prevaporised flames. The plots demonstrate

the competition between toluene oxidation (via CH2O) and soot formation

(represented by A2 production [13]). An example reaction path diagram is

provided as Supplementary Data. Although the tendency for soot formation

appears to be linear with increasing toluene for large toluene:H2 ratios, oxida-

tion is strongly preferenced for very low toluene concentrations (.5% molH2).

Furthermore, the dominance of oxidation pathways in toluene-doped flames

results in absence of net negative heat release rate regions. The preference

for oxidation is driven by the high availability of OH and H from the reaction

zone which promotes the oxidation of the CH3 and A1 groups. As a result

of this, the rate of A2 production increases by ≈650× between the HT1 and

HT3 compositions, but by only ≈5× between HT3 and HT5. This latter

difference is similar in magnitude to the increase between 5 and 10% molH2

toluene addition. The non-linear trend with dopant addition serves to ex-

plain the experimental differences in sooting propensity between the HT1-V

case, and the HT3-V and HT5-V flames (Figs. 1, 2 and 6).

The behaviour of dopant-level concentrations of toluene is in contrast

to large toluene-H2 ratios (&10% molH2), hereafter referred to fuel blend-

ing rather than doping, where the relative rate of production of CH2O to

A2 indicates a preference for soot formation over oxidation. Although high

relative concentrations of toluene do not occur in the homogeneous, prevap-

orised flames, high local concentrations of toluene occur around the evap-

orating droplets in the spray cases. The curve-fits in Fig. 7 are grouped

into those for small concentrations, using data from cases with 0–10% molH2

toluene dopants, whereas trends for large toluene:H2 blending ratios used

17



Fig. 7: Formaldehyde (CH2O) and naphthalene (A2) production rate for small (top) and
large (bottom) dopant concentrations. Dashed lines are trends using only toluene concen-
trations ≥10% molH2

.

data-points between 10–100% molH2 toluene concentrations (100% molH2 be-

ing 1:1 toluene:H2). Comparison of trends for peak ROP of A2 and CH2O

for small and large toluene concentrations demonstrate that one regime can-

not be used to predict the other. Peak ROP of both these species in-

crease quadratically for dopant-level toluene addition, however these trends

rapidly deviate from simulations for flames with toluene concentrations above

10% molH2 . This effect is more significant for the ROP of the larger A2

species, with the linear trend over-predicting the A2 ROP by a factor of

∼7 for a toluene concentration of 5% molH2 , whereas the linear prediction

of CH2O ROP overestimates by up to 30%. A similar distinction may be

observed for the ratio of peak ROPs (supplied as Supplementary Data), with

significantly different predictions produced using data from the dopant and

blending regimes.
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The decomposition of toluene (ROPs supplied as Supplementary Data)

also differs between regimes. For large toluene concentrations, the endother-

mic reaction A1CH3↔C6H5+CH3 favours C6H5 formation, however this is

suppressed in the dopant regime. In the blending regime, C6H5, C5H5 and

C2H2 are produced directly from A1CH2. The C6H5 directly forms A1, other

monocylcic aromatics and C9H7, an A2 precursor. Similarly, C5H5 forms

C2H2 and C3H3, another A2 precursor. In contrast, production of C6H5,

C5H5 and C2H2 are suppressed in the dopant regime, inhibiting both soot

precursor formation and PAH growth via C2H2 addition.

The combination of conclusions drawn from Fig. 7 explain the near-

absence of soot from the all-gaseous HT1-V case (in particular), with ox-

idation pathways dominating A2 and, hence, soot formation. In contrast,

soot formation still occurs around droplets in the HT1-S dilute-spray-flame

in regions where high local concentrations of toluene around droplets allow

for the formation of A2 over CH2O and – hence – soot production.

7. Conclusions

Measurements of turbulent H2/N2 flames doped with liquid or prevapor-

ised toluene, complemented by laminar opposed-flow flame simulations has

demonstrated substantial differences across a series of flames. Results demon-

strate that soot volume fraction increases non-linearly with toluene dopant

as a proportion of total H2 fuel, with less than ≈3% molH2 resulting in little

soot production in homogenous fuel mixtures. Toluene concentrations as low

as 3–5% molH2 , however, result in significant soot loading with little impact

on OH profiles. Distributions of soot and the location of peak soot volume

fraction vary depending on the phase of the dopant, i.e. if the toluene is
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introduced as a liquid in a dilute spray flame or as a prevaporised gas. In the

former case, high local concentrations of toluene surrounding individual fuel

droplets result in isolated regions of soot near the jet exit plane and delays

the peak soot region, compared with the prevaporised dopant.

Finally, as representative intermediates in the oxidation of toluene or

its further growth to PAHs, peak ROPs of CH2O and A2 were analysed

for different doping/blending fractions. Analyses highlight the chemical dif-

ferences between the fuel blending and doping, which result in significant

non-linearities in soot production, and consequently soot volume fraction and

flame radiation. The competition between A2 formation and oxidation serves

to explain the non-linear trends observed and measured experimentally. Re-

sults imply that doping hydrogen for increased radiative heat transfer should

be considered separately to blending similar concentrations of hydrocarbon

and hydrogen fuels.
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of hydrogen addition on soot formation in a laminar ethylene–air diffusion flame,
Combust. Flame 145 (2006) 324–338.

[2] G. K. Lilik, H. Zhang, J. M. Herreros, D. C. Haworth, A. L. Boehman, Hydrogen
assisted diesel combustion, Int. J. Hydrogen Energ. 35 (2010) 4382–4398.

20



[3] L. Arteaga Mendez, M. Tummers, E. van Veen, D. Roekaerts, Effect of hydrogen
addition on the structure of natural-gas jet-in-hot-coflow flames, Proc. Combust.
Inst. 35 (2015) 3557–3564.
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