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Abstract

If it is to be achieved successfully, the rapid transition towards a low-carbon
future requires the development of flexible, efficient and low-emissions
combustion systems. A comprehensive understanding of fundamental com-
bustion processes—such as flame structure and stability—is necessary to
optimise the operation of such systems. While these phenomena have been
investigated in detail in the past, the studies have typically been focussed
on relatively “conventional” flames in open environments. There has also
been significant attention towards the combustion of fuels under hot and
low-oxygen conditions, such as those which would occur with intense recircu-
lation or re-use of exhaust gases. An important concept in this regard is mild
combustion, a particular combustion regime which can lead to numerous
benefits such as improved fuel-flexibility and emissions reductions. While
mild combustion has been studied previously, the range of conditions and
fuel types investigated has remained relatively narrow, limiting the uptake
of the technology in certain practical applications, such as gas turbines.

To address the knowledge gaps relating to fuel-flexible combustion un-
der conditions of practical interest, a series of experimental investigations
have been performed to encompass different burner configurations, fuel
types, operating pressures and boundary conditions. The first set of these
experiments—upon which the first two papers of this thesis-by-publication
are based—relates to a novel combustion apparatus which enables the study
of jet flames issuing into a hot and low-oxygen coflow at elevated pressures.
Using this configuration, the independent effects of jet Reynolds number,
coflow oxygen concentration and operating pressure on the structure, stability
and sooting behaviour of the flames are investigated. The flames are studied
in terms of their chemiluminescence behaviour, providing a useful compar-
ison against the results of a series of computational fluid dynamics (CFD)
simulations. The validity of this CFD model in predicting the trends with
increasing pressure is investigated, while the chemiluminescence mechanism
is further studied via laminar flame simulations.

The combustion of liquid sprays under hot and low-oxygen conditions
was also studied experimentally as part of this research. A combination
of laser diagnostic techniques were implemented to simultaneously image
the location of key reaction zone species, fuel droplets and soot, for dilute
spray flames of differing fuel compositions. A range of different boundary
conditions were again investigated for these spray flames, enabling the
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change in stabilisation behaviour and the effect that this has on the structure
of the reaction zones to be studied. The combined imaging of droplets and
reaction zone structures offers unique insights regarding the complex and
highly coupled interactions between chemistry, droplet evaporation and flow
phenomena which influence these flames. These experiments also led to
the publication of two journal papers, in which a thorough analysis of the
key features of the flames and the sensitivity to changes in jet and coflow
boundary conditions is performed.

As an extension to the experiments based on a “jet-in-hot-coflow” con-
figuration, a series of flames using fuel blends of predominately hydrogen
were also studied experimentally. The focus of this phase of the research
is on improving the visibility and radiative heat transfer characteristics of
hydrogen flames, which is motivated by the potential substitution of natural
gas with hydrogen for the decarbonisation of a range of processes. The results
of this testing indicate a significant increase in thermal radiation and flame
luminosity with the addition of toluene (a highly sooting fuel) in concen-
trations of up to 1% by mole. Furthermore, the spectral imaging of these
flames showed a strong emission band at 589 nm, confirming the importance
of sodium from the surrounding environment on the visual appearance of
hydrogen flames.

The fundamental reaction zone structures and stabilisation features re-
lating to the combustion of fuels under practically relevant conditions are
examined in this thesis. Particular emphasis has been placed on the experi-
mental imaging of flames under a wide range of independently controllable
boundary conditions, to isolate the effects of pressure, oxidant composition,
fuel flowrate and fuel type. In addition to providing important insights in
their own right, these results will enable numerical modelling capabilities
to be further developed, which will in-turn facilitate the optimisation of
fuel-flexible and low-emissions combustion devices.
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Chapter 1

Introduction

1.1 Motivation and current challenges for the energy
transition

It is no secret that there is mounting pressure around the world to transition
away from the combustion of fossil fuels and towards low-carbon, sustain-
able sources of energy. In terms of electricity generation, there has been an
enormous increase in the contribution from renewable energy sources in
recent years, particularly from wind and solar energy [1], facilitating the
phase-out of many coal-fired power plants globally. Despite this, combustion
still remains the dominant source of energy, accounting for more than 90% of
the world’s primary energy supply in 2019 [2]. Although there is significant
potential for further increases in the capacity of renewables for electricity
generation, the decarbonisation of other sectors such as transport and man-
ufacturing is much more challenging, since alternatives to combustion are
not always feasible [3, 4]. The long- and short-term fluctuations in output
from wind and solar also presents additional challenges. Addressing this
inherent variability requires either a highly developed storage infrastructure
within the electricity grid, or alternatively (or in conjunction with), generation
sources that are often referred to as “dispatchable power” which can respond
to these fluctuations. Consequently, gas turbine combustors are predicted to
play an increasingly important role during the transition to renewables [5].
This includes both land-based (or stationary) gas turbines used for electricity
generation, and those used for propulsion in aerospace applications.

It is well documented that combustion—in particular the combustion
of fossil fuels—can lead to significant environmental consequences, most
notably in terms of CO2 emissions and the associated greenhouse effect
[6]. It is therefore important that new combustion systems facilitate the
use of alternative, low- or zero-carbon fuels, such as biodiesel or hydrogen
(H2), while maintaining high efficiencies. In addition to CO2, other harmful
emissions which can be formed during combustion include nitrogen oxides
(NOx), carbon monoxide (CO) and soot [7, 8]. In many practical devices, such
as gas turbines and reciprocating engines, limiting these emissions to comply
with regulations is often accompanied by a reduction in operating efficiency,
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1.1 Motivation and current challenges for the energy transition

and it can also lead to a reduction in stability or increased sensitivity to fuel
composition [9, 10]. Moderate or intense low-oxygen dilution combustion, or
“mild” combustion, is a promising solution in this regard.

Mild combustion refers to a particular mode of combustion which can
provide a range of benefits over conventional combustion. Mild combustion
occurs when fuel is burnt in sufficiently hot and low-oxygen conditions,
such that the fuel undergoes autoignition and there is a modest increase
in temperature [11]. The required conditions are typically achieved using
hot exhaust gases to dilute the oxidant stream and raise the temperature,
either through exhaust gas recirculation (EGR) or sequential combustion. In
this context, sequential combustion refers to a configuration in which the
exhaust gases from an initial or upstream combustion zone pass through to
a secondary or downstream combustor, providing the necessary conditions
for mild combustion. Not only does the use of exhaust gas heat allow an
increase in thermodynamic efficiency, mild combustion also offers consider-
able reductions in CO, NOx and soot emissions [12], and can improve fuel
flexibility [13]. The technology has been successfully implemented in indus-
trial furnaces, with the resultant uniform temperature distribution leading to
increased performance [14].

Mild combustion can also be implemented in gas turbines, for both elec-
tricity generation and transport applications. This can be achieved via the
EGR technique, although such designs tend to involve a trade-off between
achieving good mixing (and hence low emissions) and avoiding excessive
pressure losses (which reduces efficiency) [5]. Gas turbines which employ the
concept of sequential combustion are an alternative option for the application
of mild combustion. In a sequential gas turbine (SGT), a primary (typically
lean-premixed) combustion chamber generates the hot and low-oxygen ex-
haust gases which pass through to a secondary combustion zone, into which
the secondary fuel stream is injected [15]. Depending on the specific design
architecture, the SGT may incorporate a high- and low-pressure turbine, with
the secondary combustion zone located between the two turbines, or the two
combustors may operate at approximately the same pressure to drive a single
turbine stage [15–18]. In terms of land-based/stationary gas turbines, the
former configuration has been implemented in the Ansaldo GT24/26 family
of gas turbines (originally developed by ABB/Alstom) [15, 19], while the
latter is used in the more recent GT36 design [20, 21]. A similar concept has
been implemented in the context of aerospace propulsion systems, where it
is referred to as an inter-turbine burner or ITB [22, 23].

Although commercial gas turbines which incorporate hot and low-oxygen
combustion have been developed, further exploration is necessary to facilitate
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1.2 Thesis outline and details of publications

design improvements and optimisation, particularly in terms of obtaining
the benefits of the mild combustion regime [5]. Specifically, there is a lack
of understanding regarding mild combustion under the elevated-pressure
conditions which are encountered in gas turbines [24]. Additionally, the
fundamental combustion processes relating to spray-injected liquid fuels
and hydrogen-based fuels are other areas which require a higher level of
understanding for practical implementation [5, 25]. It should be noted that
hydrogen-compatible gas turbines are currently in development [26, 27], and
the ability to retrofit existing natural gas systems to run on both blended and
pure hydrogen has been demonstrated [28–30]. In saying this, there remains
significant potential for the optimisation of hydrogen-fired gas turbines in
terms of efficiency and emissions reductions [31].

The possibility of using hydrogen and hydrogen-based fuels for practical
combustion processes is a topic which has received significant attention in
recent years. This has largely been stimulated by the growing interest from
governments and industries in developing a so-called “hydrogen economy”
[32], in which hydrogen becomes a key energy carrier to enable the decar-
bonisation of a range of sectors, while also acting as a storage medium and
providing a method of exporting renewable energy. In terms of combustion,
the substitution of natural gas with hydrogen is a particularly attractive op-
tion which can enable rapid reductions in carbon emissions in a range of areas
[33, 34]. Potential applications include power generation via implementation
in gas turbines (as mentioned previously) and combined heat and power
(CHP) plants, industrial burners such as those used in high-temperature man-
ufacturing processes, and in domestic appliances such as cookers, boilers,
water heaters and space heaters.

1.2 Thesis outline and details of publications

This thesis takes the form of a thesis-by-publication. Specifically, the body
of the thesis is composed of three papers that have been published in peer-
reviewed scientific journals and one which is currently under review, as
well as a technical report based on research aligned with the Future Fuels
Cooperative Research Centre (FF-CRC); these are each presented as separate
chapters in the thesis. Prior to presenting these chapters, a comprehensive
review of the relevant literature is provided, with a focus on the research
efforts in relation to the development of low-emissions and fuel-flexible
practical combustion systems. Five key research gaps are identified from this
analysis, which leads directly into the aims and objectives of the research,
which are in-turn addressed within the five publications. This is followed
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1.2 Thesis outline and details of publications

by a summary chapter which presents the key outcomes of this work in a
cohesive manner and provides additional discussion. The submission and
publication details of the papers and the associated chapters are as follows:

Paper 1 (Chapter 4)

D. B. Proud, M. J. Evans, Q. N. Chan & P. R. Medwell (2022). “Characteristics
of turbulent flames in a confined and pressurised jet-in-hot-coflow combustor.”
Journal of the Energy Institute, vol. 105, pp.103–113.

Paper 2 (Chapter 5)

D. B. Proud, M. J. Evans, J. A. Kildare, Q. N. Chan & P. R. Medwell. “The
effects of pressure and oxygen concentration on the structure and stability of
turbulent flames.” Submitted Oct. 2022 to: Fuel.

Paper 3 (Chapter 6)

D. B. Proud, M. J. Evans, P. R. Medwell & Q. N. Chan (2021). “Experimental
investigation of the flame structure of dilute sprays issuing into a hot and
low-oxygen coflow.” Combustion and Flame, vol. 230, Article 111439.

Paper 4 (Chapter 7)

D. B. Proud, M. J. Evans, Q. N. Chan & P. R. Medwell (2022), “Dilute
spray flames of ethanol and n-heptane in the transition to mild combustion.”
Combustion and Flame vol. 238, Article 111918.

Paper 5 (Chapter 8)

D. B. Proud, P. R. Medwell, N. Smith, M. J. Evans (2022), “Effect of Dopants on
Hydrogen Flames for Improved Safety and Performance.” Report published
by Future Fuels Cooperative Research Centre (Project RP1.10-04).
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Chapter 2

Literature Review

2.1 Turbulence-chemistry interactions in combustion

Although the study of combustion phenomena pre-dates recorded human
history, and despite its widespread application, there remain many areas in
the field of combustion science which are not well-understood. This is largely
a result of the inherent complexity associated with combustion—particularly
turbulent combustion. Not only is the study of turbulence notoriously com-
plex in its own right, but the coupling of turbulent flow phenomena with the
chemical reactions which occur within a flame further complicates this be-
haviour. To illustrate this, consider the chemistry involved in the combustion
of methane (CH4), a relatively simple fuel. The combustion of methane in air
is often expressed in its simplest form, via the global reaction:

CH4 + 2 (O2 + 3.76 N2) −−→ CO2 + 2 H2O + 7.52 N2

However, the actual process of forming the major products of CO2 and H2O
from the reactants is much more complex in terms of chemistry, involving a
number of elementary reactions and intermediate species. A commonly used
and well-validated chemical mechanism to describe this process—namely,
GRI-Mech 3.0 [1]—consists of more than 300 individual elementary reactions
(many of which are reversible), with an additional 48 intermediate chemical
species [2]. While it is not always necessary to understand this behaviour in
detail, certain situations—specifically those in which there is strong coupling
between the intermediate species and the underlying flow-field—are heavily
influenced by these “finite-rate chemistry” effects [3]. The rate at which the
various reactions take place at different regions in a flame is dependent on
the localised conditions—such as temperature and species’ concentrations—
which are influenced by the turbulent transport properties, both at large
scales via eddy transport, and at very fine scales. The heat released from
these reactions subsequently affects the fluid properties, such as viscosity,
which leads to changes in turbulence [4]. This coupled behaviour between
the turbulent flow properties and the finite-rate chemistry is referred to as
the turbulence-chemistry interaction, or TCI [5]
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The understanding of TCI phenomena is particularly important from
a computational modelling perspective. Typically, computational fluid dy-
namics (CFD) models of combustion prioritise the accurate and detailed
description of either the flow behaviour or the chemical kinetics, with one
at the expense of the other, to enable simulations to be performed with
reasonable computational resources [6]. This leads to TCI models such as
the conserved scalar equilibrium model, which assumes that the individual
chemical reactions occur at a much faster rate than the transport phenomena
(referred to as the “infinitely fast chemistry” assumption) [7], such that the
chemistry can be simplified and the flow described in greater detail. At the
other end of the spectrum are TCI models such as the well-stirred reactor
model, which facilitates calculation of the intermediate species concentrations
and individual reaction rates under the assumption of a simplified flow-field
[8]. A useful parameter for characterising different combustion scenarios is
the Damköhler number (Da), a dimensionless number defined as the ratio of
the characteristic flow and chemical timescales [7]. For cases where reactions
occur relatively quickly (in comparison to the rate of turbulent mixing), Da
is large, and approaches such as the laminar flamelet model [9] are valid,
while combustion systems with low Da—due to either slower chemistry or
increased levels of turbulence—require additional computational resources
to be assigned to describe the coupling between the finite-rate chemistry and
the flow-field [3, 10].

2.2 Combustion under hot and low-oxygen conditions

2.2.1 Mild combustion and related concepts

As mentioned in §1.1, the re-use of exhaust gases via either EGR or sequential
combustion can lead to a range of benefits, including increased thermal
efficiency and reductions in emissions. The dilution of the reactants with
exhaust gases leads to an increased temperature of the reactants and a lower
oxygen (O2) concentration, which significantly alters the combustion process
in comparison to “conventional” combustion. In particular, the reduced
O2 concentration causes the reactions to proceed at a slower rate, while
the increased temperature of the reactants can—in some instances—lead to
autoignition of the fuel. The characteristic features of combustion under these
hot and low-O2 conditions has been a key focus of research in the field of
combustion, with various regimes identified based on the specific behaviour
observed.
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An important concept related to EGR and sequential combustion is a
specific regime referred to as “mild combustion”. In general terms, the mild
regime may be characterised by a hot and highly diluted reactant stream,
which results in a distributed reaction zone, reduced maximum temperatures,
and the lack of a clearly visible or defined flame front [11, 12]. The use of
preheated reactants is not unique to mild combustion; the high temperature
air combustion (HiTAC) technique has been studied in-depth [13, 14], along
with the more general concept of high temperature combustion technology
(HiCOT), of which mild can be considered a subset [12]. An important dis-
tinction for mild combustion is the low O2 concentration, with the maximum
allowable mole fraction of O2 in the oxidant stream typically ranging from
0.06–0.1 based on previous studies [15, 16]. This reduced O2 concentration
results in a relatively gradual transition from reactants to products (both
spatially and temporally), in contrast to the intense reactions typically associ-
ated with combustion. In this sense, the term mild is not only an acronym
which stands for “moderate or intense low-oxygen dilution”, but is also de-
scriptive of the combustion process itself. The term “flameless” is often used
interchangeably with mild [6], along with “flameless oxidation”, or FLOX®,
with the latter actually referring to a specific, trademarked burner technology
rather than a combustion regime [17]. Figure 2.1 illustrates graphically the
various modes of combustion, classified in terms of the concentration of O2

in the reactants, and temperature of the reactants.
In Figure 2.1, the mild combustion regime (referred to in the figure as

flameless) is depicted in the upper-left corner, corresponding to a significant
preheating of reactants and a depleted level of O2. The most practical method
of attaining such conditions is via dilution of the reactants with the exhaust
products of combustion, which has the added benefit of enabling an increase
in thermal efficiency, since the exhaust gas heat would otherwise be wasted
in a conventional combustor. Despite the high initial temperature of the
reactants, the low O2 concentration limits the increase in temperature during
combustion, such that the maximum temperature is reduced in comparison
to conventional combustion. Consequently, NOx emissions are significantly
reduced through mild combustion, since the formation of thermal NOx (typi-
cally the dominant NOx formation mechanism in a flame [19]) is extremely
sensitive to high temperatures [20].

The precise definition of mild combustion and the boundaries of the
regime have been the subject of review and debate, further complicated
by the existence of the previously mentioned similar and/or overlapping
combustion modes. A commonly cited definition of mild combustion is based
upon the notion of a minimum “self-ignition” (or autoignition) temperature
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2.2 Combustion under hot and low-oxygen conditions

Figure 2.1: High temperature combustion regimes, including mild (described as flameless)
combustion. Reproduced from Perpignan et al. [6] (originally produced by Rao & Levy
[18]). Creative Commons License (CC BY NC ND): https://creativecommons.org/
licenses/by-nc-nd/4.0/

of a given fuel-air mixture in a premixed reactor, and requires that the tem-
perature increase within the reactor remain below this temperature [12]. This
definition—while convenient—is somewhat arbitrary, and is not readily ap-
plied to nonpremixed configurations. A more theoretical approach based on
the analysis of the so-called “S-shaped curve” (which relates the temperature
of a reactor to Da) leads to an alternative definition of mild combustion,
predicated upon the absence of the typical ignition and extinction phenom-
ena associated with conventional combustion [15]. This is consistent with
the previously mentioned characteristics of the mild regime; that is, a less
clearly defined flame structure and more distributed reaction zones, which
are a consequence of the increased chemical timescales. In the context of this
project, the precise definition and classification of the mild regime is not a
major focus, instead focussing on the flame properties and boundary condi-
tions which are characteristic of mild combustion and similar/overlapping
regimes.

2.2.2 Fundamental studies in mild combustion

Burner designs which limit the formation of NOx, while maintaining high
efficiencies, have long been considered a priority in the field of combustion.
EGR is a well-known technique in this regard, having been applied in many
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practical devices [21, 22]. Under regular conditions with ambient air, EGR
combustion tends to become unstable when the recirculation rate—defined
as the mass ratio of exhaust gas to fresh fuel and air in the reactant stream—
exceeds 30% [23]. It was found, however, that with sufficient preheating of
the reactants (that is, above auto-ignition temperature), much higher levels
of recirculation can be achieved [24]. Under such conditions, a region of
stable combustion, generally lacking a visible or audible flame, was observed
[24]. The concept of a stable combustion mode which enables both emissions
reductions and efficiency improvements is obviously very attractive, leading
to significant interest in the development of a fundamental understanding of
mild combustion.

Since the initial conception of mild combustion, a number of experimental
and numerical studies have been carried out to investigate the fundamental
behaviour of flames in this regime. To study the effect of O2 concentration on
the structure of turbulent, nonpremixed flames in the mild regime, the jet-in-
hot-coflow (JHC) burner was developed [25]. This burner essentially emulates
the recirculation of exhaust gases typically associated with mild combustion,
without the need for this recirculation. The JHC configuration involves a
central jet stream of fuel, which issues into the products of a secondary
burner located upstream of the jet exit plane. Air and nitrogen (N2) can also
be injected into the coflow, allowing temperature, O2 concentration and flow
rate to be independently controlled, which is not possible for burners which
use recirculation [6]. It was found that a reduction in O2 concentration from
9% to 3% resulted in a decrease in peak temperature of up to 400 K, as well as
reductions in CO and NO levels. Additionally, the results indicated a change
in the NO formation mechanism at very low (∼3%) O2 concentrations [25].

The transition from the high-temperature, auto-ignitive combustion regime
to the mild regime is of importance for the development of adaptive CFD
models, as well as for implementation in practical systems. The JHC configu-
ration was used to study this transition for ethylene flames, again with coflow
O2 concentrations of 3% and 9% [26]. Laser diagnostic measurements of the
hydroxyl radical (OH) indicated a broader and less intense reaction zone for
the 3% O2 case, which results in a higher level of partial premixing prior to
combustion. Another study, using a similar experimental setup, examined
the reaction zone structures at the bases of these flames in more detail [27].
Flames with 9% O2 appeared to be lifted from the jet exit, while in the 3% O2

case, a faint outline attaching the flame base to the jet was observed. For the
visually lifted flames, laser diagnostic data pointed towards the occurrence
of a “weak” reaction upstream of the apparent lift-off height, and this height
was found to decrease with increasing jet exit velocity, both of which indicate

13



2.2 Combustion under hot and low-oxygen conditions

a fundamentally different behaviour to that of conventional lifted flames
[27]. The transient autoignition behaviour of flames based on a similar JHC
burner was investigated in further detail, by implementing a pulsed fuel
injection technique combined with high-speed chemiluminescence imaging
and Rayleigh scattering measurements [28]. This configuration enables the
detection of ignition kernels and quantification of the associated temperature
and mixture fraction fields, providing insights that are particularly useful for
the validation of models [28, 29].

The experimental data collected in the aforementioned studies—and in-
deed others using similar configurations [30–32]—have facilitated significant
progress in the modelling of mild combustion and autoignition processes.
In general, mild combustion is notoriously difficult to model, since the low
O2 concentration in the reactant stream and the corresponding reduction in
reaction rates leads to a lower value of Da under mild combustion conditions
in comparison to conventional combustion [33]. In many cases, Da is of
the order of unity, which means that both the turbulent flow-field and the
finite-rate chemistry must be captured in detail in order to accurately model
the combustion process [33]. As a result, many commonly used TCI models—
such as the flamelet model—either fail to describe the mild regime accurately
or require significant computational resources, thus limiting their practicality
[34]. Additionally, the changes in flame stabilisation with variations in O2 con-
centration, Reynolds number, and fuel composition [6] add to the difficulty
of developing a robust model. The TCI model known as the eddy dissipation
concept (EDC) has been identified as a promising technique in this respect,
as it allows both the turbulent transport of individual species and detailed
chemical kinetics to be captured with relatively low computational expense
[35]. The EDC model operates under the assumption that reactions occur
within localised regions represented by the smallest turbulent structures,
and these regions are approximated as a perfectly stirred reactor (PSR) [36].
Modification of the standard parameters of this model has been shown to be
successful in terms of reproducing experimental results of mild combustion
[37–39]. However, these modified models are limited to describing specific
flame cases by adjusting the values of the parameter constants, hindering
their use for practical simulations [6]. Much of the recent work in this area
has therefore focused on the development of more generalised models, using
locally-evaluated model constants [10, 40]. While such models have been
proven successful in predicting a range of experimental results, this has
largely been limited to flames at atmospheric pressures, likely due to a lack
of validation data at elevated pressures.
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2.3 Pressurised combustion

2.3.1 Fundamental studies at elevated pressure

Many practical combustion devices, such as reciprocating engines and gas
turbines, operate at pressures significantly above that of the surrounding
atmosphere. Combustion at high pressures is advantageous for such devices
because it allows a reduction in the size of the combustion chamber while
maintaining the same power output; similarly, it enables the power output to
be increased without the need to increase the size of the device [41]. Despite
the high combustion pressures associated with many practical devices, there
is a comparative lack in understanding of the behaviour of flames at elevated
pressures in relation to what is known of flames at atmospheric conditions
[42]. This is largely due to the added cost and complexity of pressurised
experimental burners, and the challenges associated with optical diagnostics
for high-pressure configurations [41]. As a result, many studies of combustion
at elevated pressures—particularly those relating to the development of
practical combustors—have historically been carried out with the goal of
optimising the performance of a specific type of device, by fine-tuning
the performance and analysing the output and emissions under varying
conditions, without necessarily investigating the underlying physics and
chemistry involved [43]. Nevertheless, a number of important observations
have been made regarding the fundamental effects of pressure on flame
behaviour and emissions.

Much of the research based on flames at elevated pressures has involved
the investigation of soot formation, as it has long been recognised as a
harmful pollutant as well as being important for radiative heat transfer [44,
45]. For laminar diffusion flames, soot formation was initially studied in
terms of a maximum smoke-free flow rate [46], whereby the flow rate of
various fuels was gradually increased until smoke was observed, and the
process repeated for a range of pressures up to 4 atm. It was observed that,
for all fuel types considered, the maximum smoke-free flow rate of fuel is
inversely proportional to pressure [46], indicating that elevated pressure leads
to an increase in the formation of soot. This increase in soot was attributed
to the decrease in diffusion coefficient with pressure, which results in less
mixing between fuel and oxidant and therefore less opportunity for soot
to be oxidised. This explanation appears to be insufficient, however, since
an increase in soot formation at higher pressures has also been observed
with a constant mass flow rate (and hence a constant rate of diffusion)
[47]. Additionally, experiments with premixed, laminar flames also show
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an increase in soot volume fraction with pressure [48, 49], indicating that
there is a change in soot formation chemistry with pressure, rather than it
being simply a mixing phenomenon. These experiments clearly indicate a
change in combustion behaviour at elevated pressures, for both premixed
and nonpremixed (diffusion) flames.

A major limitation of the aforementioned findings is that the experiments
were performed for the case of laminar flames only. Although such results
are certainly important in terms of providing a fundamental understanding
and enabling the development of simplified models, they are not directly
translatable to practical combustion scenarios, which almost always involve
turbulence [50]. Experiments based on turbulent, nonpremixed flames of
kerosene—both in prevaporised form [51] and as a liquid [52]—suggest that
the soot formation rate in such flames increases approximately linearly with
pressure. Interestingly, the study which focussed on prevaporised flames
attributed this trend to the increase in the carbon content per unit volume
as pressure is increased [51], while the latter study concluded that there is a
broadly linear underlying pressure-dependence of soot chemistry [52]. Soot
measurements based on methane flames in the same experimental configura-
tion observed an order-of-magnitude increase in soot volume fraction when
increasing the pressure from 1–3 bar, indicating that the pressure-dependence
of soot formation is very sensitive to the fuel used [53]. More recently, highly
turbulent (Reynolds number up to 50,000), nonpremixed flames were studied
at pressures of up to 5 bar, with a particular focus on measurements in the
near-field sooting region to facilitate model development and validation [54].
These experiments reveal a reduction in the length of the non-sooting region
of the flames with increasing pressure, even when the bulk velocity of the
fuel at the jet exit was held constant.

Combustion experiments which focus on the analysis of flame structure
and reaction zone features are particularly challenging at elevated pressure,
since the requirement of a confined and sealed vessel tends to limit optical
access for flame diagnostics. In this context, an attractive option for studying
elevated-pressure combustion is via the detection of chemiluminescence
emitted from the flame—that is, the light which is emitted from excited
species (specifically, those excited via a chemical reaction) upon their decay
back to the ground state [55]. Chemiluminescence-based sensors have also
been identified as a potential tool to be implemented in practical combustion
systems, both for detecting the presence of a flame [56], as well as providing
an active control signal to sense changes in key combustion parameters, such
as equivalence ratio [57–59]. The major contributors to chemiluminescence
in a flame are the OH∗, CH∗, C∗

2 and CO∗
2 species [60], where the asterisk
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(*) superscript denotes the excited-state nature of the various species. The
OH∗ and CH∗ species are of particular interest in the investigation of flame
structure, as they tend to be correlated with regions of high heat release
and radical concentrations [61]. It has previously been observed for laminar,
premixed flames that the chemiluminescence intensity of both OH∗ and CH∗

tends to decrease as a function of pressure, with this intensity also being
very sensitive to equivalence ratio [58, 62]. This study again highlights the
potential for the determination of equivalence ratio based on the relative
signal intensities, using the known pressure-dependence of the OH∗ and
CH∗ signals [58]. With regard to turbulent flames, it has been observed that
the presence OH∗ and CH∗ is particularly sensitive to the local strain rate,
with regions of very high strain heavily diminishing the chemiluminescence
signal [63, 64]. It is worth noting that there have been very few experimental
studies of chemiluminescence involving turbulent, nonpremixed flames [65],
and even fewer relating to elevated-pressure conditions.

It should be mentioned that laser-based imaging of turbulent, non-
premixed flames at elevated pressures has been performed previously. Planar
laser induced fluorescence (PLIF) imaging of the OH radical was performed
in the near-field region for a series of sooting flames at pressures of up
to 5 bar and Reynolds numbers up to 50,000 [54], allowing the structure
and stabilisation features to be investigated at increased levels of turbulence
than that which is possible at atmospheric pressure, due to the increased
stability of the flames as the pressure is increased. Using the same burner
configuration, turbulent, nonpremixed flames with a mixture of H2, CO and
N2 in the fuel stream were investigated at pressures up to 12 bar [66]. It
was observed in this study that increasing the pressure while maintaining
constant Reynolds number leads to a reduced probability of local extinction
events, which is believed to be a consequence of the reduced strain rate
at the burner exit. Additionally, it was found that Reynolds number is the
dominating factor in terms of the degree of corrugation of the flame front,
with pressure alone having relatively little impact at sufficiently high levels of
turbulence [66]. These studies have provided important and unique insights
regarding the near-field structure of well-defined and practically-relevant
flames at elevated pressure, which is particularly important for the validation
of CFD models.

With the continuous rise in computational processing capabilities, coupled
with the difficulty and cost of developing suitable experimental rigs, numer-
ical modelling is a useful tool for the analysis of pressurised combustion.
In general, the simulation of practical cases of combustion—such as those
relevant to gas turbines and engines—requires the use of a simplifying tur-
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bulence model, since the processing power required to resolve the fine-scale
flow structures is not feasible for repeated simulations of detailed geometries
[42]. Due to the complex interaction between turbulence and chemistry, the
use of a turbulence model can often lead to erroneous simulation results
[4], so validation of the model against experimental results under a range of
boundary conditions is necessary. Significant progress has been made in the
development of experimental data sets for this reason, such as the “Turbulent
Nonpremixed Flames” and “International Sooting Flames” workshops [67,
68]. However, these flames have largely been limited to atmospheric pressure,
since optical access is generally prioritised. The previously mentioned recent
laser diagnostics experiments of highly turbulent flames at pressure (e.g., [54,
66] therefore provide much needed data for model validation in this regard.
There still, however, remains a lack of detailed data at pressure, particularly
regarding the effect of the surrounding conditions on combustion behaviour,
including the hot and low-O2 conditions encountered in mild combustion [6,
42].

2.3.2 Mild combustion at elevated pressures

A promising application of mild combustion is in gas turbines (which can
operate at pressures on the order of 50 bar), both for electricity generation
and aircraft propulsion [69]. From a theoretical standpoint, it is expected that
pressure would have a noticeable impact on the mild regime, since reactions
occur at a faster rate due to the higher concentration of reactants at increased
pressure [6]. Additionally, mild combustion is known to suppress soot [70],
while increased pressure tends to promote it, so it is difficult to predict the
outcome of these competing effects. Despite the importance of pressure and
the need to understand its impact, the vast majority of fundamental studies
on mild combustion have been limited to atmospheric pressure [6].

Experimental investigations of combustion in general tend to involve a
compromise between how closely a certain configuration represents practical
conditions—such as high pressures and realistic burner geometries—and the
ability to gather detailed experimental data suitable for model validation.
A prime example is the JHC burner (see §2.2.2), which facilitates the use of
laser diagnostic measurement techniques and is a relatively simple flame
for computational modelling, but the results cannot be directly applied to
practical burners which have complex geometries and operate at increased
pressure [6]. There have, however, also been a number of investigations using
confined burners with more complex geometries, which often allow the effect
of pressure to be studied.
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Measurements made in enclosed burners without optical access typically
focus on the final products of combustion, including pollutant emissions,
rather than intermediate species and flame structure. In experiments per-
formed with a burner geometry which promotes a strong recirculation of
exhaust gases, interesting changes in NOx and CO emissions were observed
for increasing pressure with a constant level of recirculation [71]. The for-
mation of NOx was found to increase with pressure due to the longer res-
idence times, while the opposite was true for CO, ultimately resulting in
a narrowing of the range in which both low NOx and CO emissions can
be achieved. Interestingly, when pressure was increased with velocity held
constant (by decreasing the nozzle diameter), both NOx and CO emissions
were found to be reduced, emphasising the importance of mixing processes
on mild combustion [71]. Pre-vapourised fuels have also been studied with
the same experimental configuration [72], with results indicating that at
elevated pressures, the shorter ignition delay times can lead to less mixing
prior to combustion, such that a higher jet velocity (or another method of
promoting mixing) is required to achieve mild combustion. Although these
studies provide important insights regarding the effects of pressure, the lack
of data regarding flame structure and ignition processes—as well as the
strong coupling between flow rate and O2 concentration—makes it difficult
to draw any generalised conclusions regarding mild combustion at pressure.

Despite the relative lack of understanding regarding the fundamental
features of mild combustion at elevated pressure, there are some exploratory
designs for gas turbines operating in the mild regime (or similar), that
have been manufactured and tested. Many of these designs employ the
FLOX® burner technology, which was originally developed for industrial
furnaces [24]. The feasibility of extending this technology to gas turbines
has been demonstrated experimentally [73], and modified designs have since
been developed [74–76]. Even with optimisation, there are some inherent
challenges associated with the FLOX® concept for gas turbines, primarily
related to the trade-off between achieving good mixing (and hence low
emissions) and avoiding excessive pressure losses (which reduces efficiency)
[6]. Gas turbines which employ the concept of sequential combustion are an
alternative option for the application of mild combustion. In such designs, a
primary, lean combustion chamber generates the hot gases to drive a high-
pressure turbine, and the flue gases pass through to a secondary combustion
zone, located between the high-pressure and low-pressure turbines [77]. This
secondary combustion process could operate in the mild regime, with the
flue gases from the upstream combustion providing the hot and diluted
environment without the need for recirculation—much like the JHC concept
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[12]. Some recent designs based on this concept have been developed [78–80];
however, further exploration is necessary for these to become commercially
viable [6].

Due to the cost of developing prototypes for testing, and the fact that in-
depth analyses of flame structure and intermediate species are experimentally
challenging at elevated pressures, computational modelling is particularly
important in the design and optimisation of gas turbines. Although signif-
icant progress has been made in the modelling of mild combustion, it has
not yet reached the level at which design decisions can be made in confi-
dence based off of simulation results, particularly with limited computational
resources [6]. Furthermore, optimisation of models is largely based on com-
parisons with experimental results at atmospheric pressure, due to the lack
of suitable data pertaining to flames in a pressurised environment [40, 42].
Preliminary experimental results clearly indicate a change in behaviour at
elevated pressure, although these studies do not facilitate the individual
variation in parameters such as reactant O2 concentration, Reynolds number
and temperature, nor the visualisation of flame structure and reaction zones,
which limits their usefulness in terms of model validation. This highlights
the need for high-quality experimental data relating to canonical flames at
elevated pressure, under well-defined operating conditions whereby key
parameters—such as jet Reynolds number and coflow O2 concentration—can
be independently varied, to emulate the range of conditions that may be
encountered in the secondary combustor of a sequential gas turbine.

2.4 Combustion of liquid sprays

2.4.1 Fundamental studies in spray combustion

Liquid fuels are the most common form of fuel for transport applications,
due to their high energy density and relative ease of storage [81]. Since
evaporation must occur prior to combustion, liquid fuels are commonly
injected in the form of a high-momentum spray which breaks up to form
droplets, increasing the surface area and therefore enhancing the evapora-
tion/combustion process [82]. When studying sprays, and the combustion
of sprays in particular, it is convenient to divide the spray into two regions;
namely the “dense” and “dilute” regions [83]. The fuel is typically injected
directly into the reaction zone as a dense spray in practical burners, whereby
droplets are clustered together and form “ligaments”. This dense region
then undergoes spray break-up, with droplets becoming smaller and more
dispersed, ultimately forming a dilute sprays when the interactions between
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individual droplets become negligible [84]. The droplets in this dilute region
then undergo the processes of vaporisation and combustion. The presence of
a secondary phase adds another layer of complexity to the already compli-
cated process of turbulent combustion, due to the coupling between spray
break-up/evaporation processes, transport phenomena and chemistry [85].
Consequently, spray combustion is another area in which there remain gaps
in the fundamental understanding, despite its widespread implementation
in practice [83].

In order to focus on the fundamental combustion processes in spray
flames in an experimental setting, it is often useful to form a dilute spray
directly. This can be achieved by forming the droplets upstream of the reaction
zone (via an atomiser, for example), with the droplets then transported to the
reaction zone via a carrier gas [86]. Not only does this allow greater control
over the boundary conditions (since the dense region is much more difficult
to characterise), it also facilitates the use of non-intrusive laser diagnostic
techniques, the usefulness of which is limited in regions with high droplet
densities despite recent progress being made in this regard [83, 87]. These
“dilute spray burners” are a particular focus of The International Workshop on
Turbulent Combustion of Sprays (TCS) [83, 88], which has been established to
assist in the development of numerical models of spray combustion. The TCS
has facilitated the provision of experimental data on the flow and droplet
fields, as well as reactive scalars, for a series of well-defined target flames.

Experiments based on the TCS target flames have revealed important in-
sights relating to the structure and stabilisation mechanisms of pilot-stabilised
dilute spray flames. In order to examine the turbulence-droplet-chemistry
interactions, measurements of the velocity and droplet fields were performed
for both reacting and non-reacting sprays [86]. In addition to highlighting
the interactions between the flame and the underlying droplet dynamics,
these measurements provide much-needed data for model development and
validation. Simultaneous imaging of both droplets and the reaction zones (via
OH-PLIF) was performed for a range of flame cases with the same burner
configuration, with the results indicating that the flames displayed charac-
teristics of both premixed and non-premixed flames [89]. This is related to
the development of double flame structures in certain cases, in which there
is a distinct inner reaction zone due to premixing between fuel vapour and
the carrier air [89]. The effect of droplets on the sooting behaviour has also
been investigated, for dilute sprays using hydrogen as a carrier gas, with a
notable increase in soot formation in the near-field region in comparison to
otherwise equivalent prevaporised mixtures [90].

The concept of dual-fuelling—which refers to the combined use of both a
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liquid and gaseous fuel—has also been studied in the context of a swirling
flow burner configuration [91, 92]. Dual-fuelling can offer advantages in
engine performance, by allowing the timing of auto-ignition to be precisely
controlled, or prevented in the case of an SI engine, through variation of the
relative proportion of the two fuels [93]. The results from the swirl burner
investigations, which used both H2 and natural gas (predominantly CH4) in
the gaseous stream, suggested a significant change in flame structure due
to both the high temperature oxidant stream and the change in chemistry
associated with the addition of gaseous fuel [91, 92]. It would therefore
also be expected that spray flames would show a different behaviour under
conditions relating to mild combustion, since this also involves a change in
temperature and composition of the oxidant stream.

2.4.2 Liquid fuels and mild combustion

In order to assess the viability of mild combustion for transport applications,
particularly for aerospace gas turbines, knowledge of the behaviour of liquid
fuel combustion in a hot and low-oxygen environment is required. Since
much of the work on mild combustion has been focussed on developing a
fundamental understanding and obtaining datasets for model validation, ex-
periments have typically involved relatively simple, gaseous fuels. There are,
however, a limited number of studies which have investigated the behaviour
of liquid fuels in the mild regime.

To isolate the chemical effects of different liquid fuels and to simplify the
analysis, the combustion of prevapourised fuels was investigated using the
previously mentioned JHC configuration [94–96]. Similar to previous studies
with this type of burner, a fundamental change in behaviour in terms of
flame structure was observed when reducing the coflow O2 concentration
from 9% to 3%, indicating a transition toward the mild regime [95]. When
using both ethanol and dimethyl ether (DME) as a fuel, the resulting flames
exhibited similar structures when issuing into a 3% O2 coflow [95], while
n-heptane—which tends to involve a more complex combustion pathway—
displayed a notably different behaviour, with a shift away from the features
typical of mild combustion under the same conditions [94].

To analyse the effect of the surrounding conditions on the spray atomisa-
tion and evaporation processes, high-speed imaging and laser diagnostics of
ethanol spray flames was performed for coflows of both air and a hot and
low-O2 oxidant [97]. The results indicated a much more rapid break-up and
vaporisation of the liquid jet in the hot and diluted coflow, leading to an
interesting change in the overall structure and propagation of the flame. In
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particular, it was found that in the case of an air coflow, there were distinct
peaks in the temperature profile on either side of the centreline, which is
indicative of dual reaction zones, often referred to as a “double flame struc-
ture”. This was attributed to the tendency for large droplets to spread radially
outwards (noting that these experiments used a pressure-swirl atomiser to
generate the spray), while fuel vapour mixes with air to form an inner flame
which propagates towards the centreline [97]. Under the hot and low-O2

conditions, this behaviour was less prominent, since the stoichiometry of
the inner flame was shifted toward the fuel-rich side. The structure of these
flames was also investigated via numerical simulations, in which a high
sensitivity to the relative evaporative and chemical timescales was observed
[98]. This highlights the challenges associated with the modelling of spray
combustion, and the importance of detailed experimental results under a
range of operating conditions to test the robustness of these models.

Dilute spray flames have also been studied under hot and low-O2 con-
ditions. The autoignition and heat release behaviour of such flames was
investigated experimentally [99, 100], using a burner design which combines
the features of the JHC with the previously mentioned piloted dilute spray
burner [86]. This facilitates the study of the independent effects of fuel load-
ing and coflow properties on flame structure and stabilisation mechanisms. A
double flame structure was observed for cases in which the droplets were car-
ried by air, with a more typical nonpremixed behaviour when using nitrogen
as the carrier gas, again emphasising the importance of mixing between air
and fuel vapour on the development of the flame structure [100]. A change in
the autoignition behaviour was also observed for these flames in comparison
to gaseous flames, with the presence of localised ignition kernels observed
over a larger range of axial locations for the spray flames [99]. One of the
limitations of these studies—and the previously mentioned investigations
involving pressure-swirl injected sprays [97]—is the absence of simultaneous
imaging of both fuel droplets and intermediate species indicative of preheat
regions within the flames (such as CH2O). Additionally, it is of interest to
extend the range of boundary conditions investigated, particularly to coflows
of lower O2 concentration to further explore the behaviour under conditions
relevant to mild combustion and sequential gas turbines.
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2.5 Hydrogen as a fuel in practical combustion systems

2.5.1 Hydrogen and mild combustion

Hydrogen has been identified as a promising carbon-free energy source of
the future, with the capability to be produced via the electrolysis of water
using excess renewable energy in the electricity grid [101]. This hydrogen
can then be used in fuel cells to produce electricity, or it can be used directly
in combustion systems. As a fuel for combustion, hydrogen has the potential
to be used in a range of domestic, transport and industrial applications
[102, 103]. In particular, it is anticipated that hydrogen will displace (or in
some cases, supplement) the use of natural gas in a range of areas, includ-
ing power generation [104] and high-temperature industrial processes [105].
There is also potential for it to be used in commercial and domestic appli-
ances in instances where electric alternatives are either cost-prohibitive, do
not meet requirements of end-users, or place an excessive load on the wider
power generation and storage infrastructure [102, 106]. There are, however, a
range of key differences between hydrogen and natural gas in terms of their
fundamental combustion properties [107], leading to challenges in terms
of adapting existing burner technologies to operate safely and effectively
with hydrogen. These differences include a reduced volumetric energy den-
sity, wider flammability limits, higher flame speed, higher adiabatic flame
temperature, and reduced levels of visible and thermal radiation [108–111].

One of the key advantages of hydrogen as a fuel is that it is essentially
emissions-free, with the only product ideally being water vapour. However,
the relatively high adiabatic flame temperature of hydrogen can result in
significant thermal NOx production [112, 113]. The most common method of
preventing NOx formation in devices such as gas turbines is by premixing
the fuel with air at very low equivalence ratios—that is, with much more
air than is required. The excess air essentially increases the thermal mass
of the reactants, resulting in a lower flame temperature. Due to the wide
flammability limits of hydrogen, this technique can be very effective, since
extremely fuel-lean conditions can be reached. Incidentally, the wide flamma-
bility limits are also one of the issues with this technique, due to the risk
of pre-ignition which is both a safety and performance concern for devices
[114, 115]. H2 combustion in the mild regime is therefore an attractive option,
since it facilitates a reduction in NOx emissions without the need for lean,
premixed combustion.

Hydrogen has been used as a fuel in several studies of mild combustion,
primarily in blends with hydrocarbon fuels [6]. Experiments using the JHC
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setup indicated that the addition of H2 can cause a significant change in
flame structure, particularly with regards to ignition and stabilisation; in fact,
hydrogen blending is often necessary to avoid flame blow-off [27, 30, 116].
Although hydrogen addition can aid in flame stabilisation, measurements
indicate that it also leads to higher flame temperature (and therefore poten-
tially higher NOx emissions), possibly indicating a narrowing or shifting of
the mild regime with the change in fuel composition [6, 117]. As mentioned,
there has recently been a much larger emphasis placed on the adoption of
hydrogen as a fuel for the decarbonisation of combustion processes. There is
particular interest in the potential for operating existing combustion devices—
such as gas turbines—on blends of hydrogen in natural gas [118, 119]. It is
therefore important to extend the understanding of mild combustion to fuels
with higher hydrogen content, as well as investigating the impact of elevated
pressures on these flames.

2.5.2 Visibility and radiative properties of hydrogen flames

One of the concerns related to the transition from natural gas to hydrogen
is the supposed “invisible” nature of hydrogen flames, due to the potential
safety implications and acceptance by end-users [111, 120]. While it is true
that hydrogen tends to produce a less intense flame appearance compared
with conventional hydrocarbon fuels (including natural gas), the combustion
of hydrogen in air does, in fact, lead to the emission of light in the visible
spectrum [111]. Although the majority of the light emitted is in the ultraviolet
(UV) and infra-red (IR) regions, analysis of the spectra of hydrogen flames
reveals a relatively low-intensity blue continuum in the 412–510 nm range, as
well as emissions in the red region of the visible spectrum due to vibrationally
excited H2O molecules [111]. In other experiments, a relatively intense visual
appearance of hydrogen flames has been observed, which has been attributed
to various sources such as carbon impurities in the fuel or piping system,
as well as from metal or metal-oxide particles stemming from hydrogen
embrittlement during storage [121]. It is also possible that the presence of
sodium in the atmosphere could contribute to this phenomenon, as it has
previously been found to produce interference in measurements of flame
spectra [122], and has an emission wavelength at 589 nm which appears to
match the experimental observations. It is worth noting that there is very little
information on this topic in the literature, with no clear consensus regarding
the source of the light.

In addition to visibility, the emission of electromagnetic radiation from
hydrogen flames—particularly in the UV to IR range—is of interest more
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generally. In many practical combustion applications, radiative heat transfer
from flames is particularly important, either as a desired or unwanted feature
of the process, depending on the application. Industrial combustion processes
often rely heavily on thermal radiation to operate effectively; for example,
to enable efficient heating of refractory walls in furnaces and rotary kilns
[123, 124]. In contrast, for applications in which the aim is to maximise the
temperature of the combustion products (i.e., to drive a piston in a recipro-
cating engine or a turbine in a gas turbine), thermal radiation is generally
considered a negative feature as it results in radiative heat losses, and can
also lead to overheating of the combustor walls [123]. For hydrocarbon fu-
els, the emissivity of the flame is largely dependent on the amount of soot
particles within the flame, with this soot producing black-body radiation
proportional to the fourth power of the temperature [125]. In non-sooting
flames, the thermal radiation is dominated by the excitation of CO2 and H2O
molecules [110]. Since the combustion of hydrogen produces both no soot and
no CO2, the thermal radiation from such flames is much lower. Consequently,
applications in which thermal radiation provides a significant proportion of
the heat transfer require either design modifications to the furnace or kiln,
for example, or a method for improving radiative heat transfer.

Methods of improving the radiative heat transfer characteristics of fuels
which would otherwise produce minimal thermal radiation have been inves-
tigated previously. The addition of chemically inert nano-particles of alumina
to LPG fuel was found to significantly enhance the radiative heat transfer
from the resulting flames, although the practical concerns of introducing
nano-particles to industrial combustion systems places several limitations on
this approach [126]. In terms of fuel additives, a review of existing combus-
tion data accompanied by a theoretical analysis suggested that the addition of
solid, liquid and gaseous hydrocarbons to hydrogen in varying proportions
can produce a highly radiating, luminous flame, with pulverised bituminous
coal being particularly effective due to its high sooting propensity [110]. If
such a technique is to be applied in practice, it is important to understand the
fundamental physical and chemical phenomena relating to soot formation
and its subsequent oxidation in a predominately hydrogen flame, both to
maximise the thermal radiation and to ensure that the emission of unburnt
hydrocarbons and particulate matter is avoided [110]. These phenomena have
been investigated in a recent investigation focussing on the impact of the
addition of toluene—a particularly highly sooting aromatic hydrocarbon—to
hydrogen in the liquid and gaseous phases [90]. Experimental measurements
of the soot volume fraction revealed a highly non-linear dependence of soot
formation on the ratio between toluene and hydrogen in the fuel mixture,

26



2.6 Research gaps

as well as an increased tendency for localised regions of soot to be formed
when the toluene is injected as a liquid [90]. This study (i.e., ref. [90]) was
performed in a project closely related to the work presented in this thesis,
and is therefore included in Appendix A. Generally, these different methods
aim to increase the total radiative heat flux via either the direct introduction
of solid particles, or the use of a fuel additive which promotes the forma-
tion of particles within the flame—that is, via the formation of soot. These
particles emit broadband radiation within the flame, which also results in a
luminous flame with increased visibility. It is therefore of interest to explore
the feasibility of using these techniques to simultaneously improve the safety
and performance of hydrogen as a fuel.

2.6 Research gaps

Following a review of the literature, five key gaps have been identified,
which relate to the improvement of fuel-flexibility in practical combustion
systems—these are summarised below:

1. There is a lack of experimental data relating to flames at elevated
pressures under sequential combustion conditions. Most high pressure
configurations do not facilitate the decoupling of temperature, flow-rate
and composition of the oxidant stream. Consequently, understanding of
combustion under such conditions is limited, as are validation options
for computational models.

2. Numerical simulations have great potential for improving understand-
ing of mild combustion at pressure; however, the implementation of
combustion models typically used to describe the mild regime—such
as the EDC model—has not been extended to elevated pressures.

3. The flame structure of dilute liquid sprays in a hot and low-oxygen
environment is significantly different to that of conventional spray
flames, yet there is a lack of understanding regarding the sensitivity of
this structure to changes in boundary conditions for such flames.

4. The stabilisation mechanisms of liquid sprays under sequential combus-
tion conditions are not well-understood, particularly in the transition
to the mild regime.

5. The effects of fuel blending with a liquid “dopant” on the structure,
appearance and radiative properties of predominately hydrogen flames
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is another subject which requires further investigation. Further under-
standing of these effects will facilitate the transition towards low-carbon
and fuel-flexible combustion.
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Chapter 3

Aims and Objectives

The overarching aim of this research is to advance the fundamental un-
derstanding of combustion under hot, low-oxygen and elevated-pressure
conditions. This in-turn facilitates the development of fuel-flexible, low-
emissions and efficient combustion systems, such as sequential combustion
gas turbines. More specifically, five individual aims have been identified;
these are aligned with the five gaps outlined in §2.6, and are addressed by
the five publications which constitute the following chapters of this thesis.

Aim 1

To investigate the flame structure, stability and chemiluminescence features of jet
flames issuing into a low-oxygen and high-temperature coflow, within a confined
burner operating at elevated pressures.

Jet flames in hot and low-oxygen environments have been widely studied
at atmospheric pressures, using burner configurations such as the jet-in-hot-
coflow (JHC) which enable the independent variation of parameters such
as jet Reynolds number, coflow temperature and oxygen concentration. In
contrast, most studies of mild combustion at elevated pressures are based
on recirculation designs, which inherently involve the coupling of these vari-
ables. Therefore, the focus of Aim 1 is to address this gap in knowledge by
performing a series of chemiluminescence imaging experiments based on
turbulent flames in a confined-and-pressurised jet-in-hot-coflow (CP-JHC)
combustor. The results of these experiments offer several key insights relating
to the effects of pressure under conditions that are particularly relevant to
practical combustion devices. Paper 1 (Chapter 4) presents the commissioning
and characterisation of the CP-JHC and a selection of experimental results,
which are expanded upon in Paper 2 (Chapter 5).

41



3 Aims and Objectives

Aim 2

To assess the validity of an atmospheric-pressure numerical model for mild
combustion at elevated pressures.

Numerical modelling is an important tool for the development and
optimisation of practical combustion systems, and can also provide
fundamental insights not available experimentally. Significant progress has
been made in the development of computational fluid dynamics (CFD)
models in the context of mild combustion, although the lack of experimental
data at pressure has limited the applicability of these models. Recently,
the eddy dissipation concept (EDC) has proved particularly useful for
modelling turbulence-chemistry interactions in conditions associated with
the mild regime. Consequently, it is of interest to extend the use of this
model to elevated pressures and assess its suitability in predicting trends
with increasing pressure. The validity of the kinetics mechanisms which
describe chemiluminescence (OH* and CH*) are also explored within the
the context of this modelling. The CFD modelling results are presented in
Paper 2 (Chapter 5), which also includes the experimental results against
which comparisons are made.

Aim 3

To examine the effect of variations in the jet boundary conditions on the flame struc-
ture of dilute sprays in a sequential combustion environment.

The combustion of liquid sprays is an inherently complex phenomenon,
due to the coupled interactions between droplet evaporation, turbulence and
chemistry. To provide fundamental insights and aid in the development of
computational models, it is useful to investigate the impact of variations in
boundary conditions on the structure and evolution of the resulting flames.
This has been achieved through a series of experiments based on a dilute
spray JHC burner, which enables the independent variation in jet and coflow
parameters, with instantaneous imaging of reaction zones and radical species
via laser diagnostic techniques. Paper 3 of this thesis, presented in Chap-
ter 6, investigates in detail the effects of fuel type, fuel loading, and the jet
Reynolds number on the reaction zone features of dilute sprays issuing into
a hot and low-oxygen coflow, emulating the secondary stage of a sequential
gas turbine.
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3 Aims and Objectives

Aim 4

To investigate the stabilisation mechanisms of dilute spray flames under hot and
low-oxygen conditions.

Expanding on the scope of Aim 3, the fourth aim of this thesis relates
to the mechanisms involved in the stabilisation of the flames studied via the
dilute spray JHC burner. In particular, the effect of the coflow oxygen concen-
tration and temperature on the evaporation and subsequent combustion of
the droplets is investigated, and comparisons are drawn against previous ob-
servations for gaseous flames. These results, which are presented in Paper 4
(Chapter 7), highlight the complexity of turbulent spray combustion, while
providing a number of important insights to advance the understanding of
the fundamental nature of such flames.

Aim 5

To assess the effects of toluene addition on the appearance and radiative properties of
hydrogen flames, in the context of the practical implementation of hydrogen as a fuel
source.

As an extension to the experiments involving liquid spray flames, blends
of hydrogen and prevaporised toluene were also investigated as the final
aim of the thesis. The motivation behind this aspect of the research is to
improve the applicability of hydrogen as a fuel source in practical combustion
devices, including in domestic applications such as gas cookers. This aim has
been addressed through a series of experiments involving both a simple jet
burner configuration as well as two practical domestic (Type A) appliances,
in which the flames were studied in terms of their visual appearance and
their radiative and spectral properties. The key outcomes of these experi-
ments were presented in a report for the Future Fuels Cooperative Research
Centre (CRC), which is included in Chapter 8. This investigation was also
accompanied by experiments of a more fundamental nature, the results of
which were included in a separate journal paper. Although this paper does
not directly contribute to this thesis-by-publication, it has been included in
the appendices for reference (Appendix A).
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Chapter 4

Characteristics of Turbulent Flames
in a Confined and Pressurised
Jet-in-hot-coflow Combustor
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Keywords: 
Elevated pressure combustion 
Mild combustion 
Turbulent flames 
Jet-in-hot-coflow 
Chemiluminescence 

A B S T R A C T   

Combustion in hot and low oxygen environments—such as those encountered in practical devices including 
inter-turbine burners and sequential gas turbines—is not yet fully understood at a fundamental level, particularly 
in terms of the effects of pressure. To meet this gap in understanding, a confined-and-pressurised jet-in-hot- 
coflow (CP-JHC) combustor has been developed to facilitate optical diagnostics of turbulent flames in hot and 
vitiated coflows for the studies of flame stabilisation, structure and soot formation at elevated pressures. The CP- 
JHC burner has been designed for steady operation at 10 bar with internal temperatures of up to 1975 K, with a 
water-cooled central jet issuing into a hot oxidant stream of combustion products from a non-premixed natural 
gas/H2 burner. This work describes the key features and operational capabilities of the CP-JHC burner and 
presents a selection of experimental results showing characteristics not previously available. Specifically, tem-
perature measurements of the hot coflow are used to estimate the enthalpy deficit of the stream, revealing an 
increase in thermal efficiency with increasing heat input, and a decrease with increasing pressure. Chem-
iluminescence imaging of OH* and CH* is performed for turbulent jet flames to study the flame structure under 
various operating conditions, and true-colour imaging results are also included to highlight the change in soot 
formation under elevated pressures. The mean images indicate a change in stabilisation behaviour with changes 
in pressure and jet Reynolds number (Rejet), which is further investigated by a statistical analysis of the short- 
exposure CH* images. This analysis reveals that an increase in Rejet from 10,000 to 15,000 leads to an in-
crease in the mean lift-off height (from the jet exit plane) from approximately 1.5 to 6 jet diameters at atmo-
spheric pressure, while the flames at elevated pressures show significantly less variation and tend to stabilise at 
the jet exit for P > 3.5 bar(a). The experimental findings are complemented by numerical simulations of laminar 
opposed flow flames, providing additional insights into the fundamental chemical kinetics effects which influ-
ence these flames. In particular, a monotonic reduction in both the maximum and integrated OH* and CH* mass 
fractions is observed with increasing pressure. This reduction is particularly pronounced at lower pressures, with 
a reduction to 10% of the atmospheric-pressure value at 3 bar(a) for the integrated OH* mass fraction. Addi-
tionally, this behaviour is shown to be related to the combined effects of a shift in the formation pathways and 
the increased impact of collisional quenching.   

1. Introduction 

The reduction of pollutant emissions, in conjunction with improve-
ments in efficiency and operational flexibility, are major challenges in 
the development of new combustion devices. A promising technology in 
this regard is “mild” combustion, which, in addition to describing the 
nature of the combustion process, is an acronym for moderate or intense 
low-oxygen dilution combustion. This mode of combustion, which is 

also referred to as flameless combustion and flameless oxidation [1,2], is 
characterised by a highly diluted oxidant stream which is above the 
auto-ignition temperature of the fuel [3]. In practice, such conditions are 
typically achieved via exhaust gas recirculation (EGR) or the use of a 
secondary combustion stage. The use of exhaust gas heat allows an in-
crease in the thermal efficiency, while the low oxygen concentration 
results in lower peak temperatures, thus limiting the production of NOx, 
a major pollutant associated with combustion. Another important 
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feature of mild combustion is the reduced tendency for soot formation in 
this regime, which is attributed to a shift in the heat release profile such 
that pyrolytic regions of negative heat release are suppressed [4]. 

A potential application of mild combustion is in gas turbines, for both 
electricity generation and aerospace propulsion applications [1]. The 
most common approach for practical implementations of mild com-
bustion is via the EGR method, using either internal recirculation (e.g. 
with a high-momentum jet to generate recirculation zones) or the 
external recirculation of flue gases. Another potential option which is 
particularly relevant for gas turbines is the use of a sequential com-
bustion configuration, in which the exhaust products of a primary or 
initial combustor pass through to a downstream combustion zone into 
which a secondary fuel stream is injected. Such a configuration—which 
is referred to as either a sequential gas turbine (SGT) or inter-turbine 
burner (ITB) depending on the geometry [5–9]—may be beneficial as 
it can provide additional fuel-flexibility while avoiding the issue of 
pressure loss, an inherent challenge of EGR-based gas turbines [1]. 
There are, however, a number of complexities involved in the imple-
mentation of mild combustion in a gas turbine, largely due to the 
requirement of a variable output and the need to operate at a range of 
pressures and temperatures. While mild combustion is relatively well 
understood for the case of atmospheric pressure (such as in a furnace), 
the impact of increased pressure on the formation of emissions and 
stability of the mild regime requires further investigation [10], to enable 
the extension of its application to devices such as gas turbines. 

Due to the relevance of the topic to practical applications, the effect 
of pressure on combustion has remained an active area of investigation 
for some time. An inherent challenge associated with experiments at 
elevated pressure is the difficulty in obtaining data relating to flame 
structure and stabilisation, since the need for confinement tends to limit 
optical access for diagnostics. A useful technique in this regard is 
chemiluminescence imaging, which facilitates the investigation of flame 
structure and reaction zone features through a single viewing window. 
This imaging is typically focussed on the excited-state OH and CH spe-
cies (termed OH* and CH*), as they tend to be correlated with regions of 
high heat release and radical concentrations [11]. One of the challenges 
associated with chemiluminescence imaging is the difficulty in 
extracting quantitative information (such as heat release rate) from the 
measurements, since several factors—including pressure—can influence 
the excitation and subsequent relaxation of the species [12,13]. 
Recently, laser diagnostic measurements have been performed for tur-
bulent flames at pressures up to 12 bar for turbulent nonpremixed flames 
with a CO/H2/N2 fuel mixture issuing into a coflow of air [14]. Imaging 
of the near-field reaction zone revealed both a narrowing of the OH layer 
and a reduced probability of local extinction with increasing pressure 
[14]. The formation of soot is also known to be particularly sensitive to 
pressure, with previous studies suggesting a linear relationship between 
soot volume fraction and operating pressure [15], as well as a shift in the 
onset of the sooting region further upstream for elevated pressures, even 
when velocity is held constant [16]. Although mild conditions are 
known to suppress soot formation, this is primarily based on observa-
tions at atmospheric pressures; it is therefore imperative to explore the 
competing effects of pressure and dilution by exhaust products on the 
formation of soot. 

There have also been a number of important studies based on con-
ditions relevant to mild and sequential combustion at elevated pres-
sures. A particular configuration that has been studied in-depth is the 
FLOX® combustor [17,18], which is based on a high-momentum, 
recirculation concept. Optically accessible experiments with the 
FLOX® combustor highlighted the importance of the jet exit conditions 
on the mixing processes and the resulting emissions characteristics, with 
OH* chemiluminescence and OH-PLIF reaction-zone imaging confirm-
ing the existence of distributed reaction zones (typical of mild com-
bustion) in the low-emissions operating range [17]. Turbulent jets 
issuing into a hot cross-flow of combustion products under pressurised 
conditions have also been investigated, with high-speed imaging 

revealing that the flame stabilisation process is particularly sensitive to 
the addition of natural gas to hydrogen, as well as highlighting the 
importance of isolated ignition kernels on the overall autoignition pro-
cess [19]. The ignition and stabilisation features of flames in conditions 
relevant to sequential gas turbines have also been studied, with a nu-
merical analysis involving both 1-D simulations and LES modelling by 
Schulz and Noiray [20] identifying a range of possible combustion 
modes which can co-exist in such a configuration. Additionally, Guethe 
et al. [21] provide a comprehensive overview of the potential of 
chemiluminescence to aid in the development, control and optimisation 
of gas turbines, including as a diagnostic tool to further understand the 
flame dynamics in sequential combustors. While these studies provide 
valuable insights into the behaviour of flames under hot and low-oxygen 
conditions at pressure, they tend to feature relatively complex geome-
tries which—although beneficial in terms of demonstrating the viability 
of the technology—leads to coupling between boundary conditions and 
limits the applicability of the results for model validation [10]. 

In contrast to the aformentioned studies at elevated pressures, there 
have been several studies performed in open-flame burners at atmo-
spheric pressure which facilitate the decoupling of chemistry, mixing 
and flow-field effects. Many of these experiments have been carried out 
using so-called jet-in-hot-coflow (JHC) burners [22,23], or similar de-
signs such as the vitiated coflow burner [24,25]. In these burners, mild 
combustion conditions are achieved using an additional burner up-
stream of the main combustion zone, with the primary fuel jet issuing 
into the hot and low-O2 coflow of combustion products. This configu-
ration emulates EGR conditions, or the secondary stage of an SGT or ITB. 
The advantage of the JHC and similar designs is the fact that the up-
stream combustion zone can be controlled independently of the jet, 
allowing the coflow properties, such as O2 concentration and tempera-
ture, to be varied while maintaining constant jet boundary conditions, 
such as Reynolds number and fuel type. 

To enhance the fundamental understanding of mild combustion in 
conditions relevant to devices such as gas turbines, the current investi-
gation is focussed on the structure, stability and sooting behaviour of 
turbulent flames at elevated pressures, in a hot and low-O2 coflow. Ex-
periments have been performed using a unique burner which combines 
the advantages of the well-studied JHC configuration with the ability to 
operate at pressure. The design and operation of this “confined and 
pressurised jet-in-hot-coflow” combustor (CP-JHC) is described in this 
paper, along with a series of experimental results. This includes a 
characterisation of the coflow, in terms of the effect of pressure, 
equivalence ratio and heat input on the downstream temperature of the 
coflow stream. Chemiluminescence and true-colour imaging is per-
formed to examine the effect of pressure on the characteristics of jet 
flames with Reynolds numbers of 10,000 and 15,000 issuing into a 9% 
O2 coflow. These results are supplemented by laminar flame simula-
tions, which facilitate the detailed analysis of the change in chemical 
kinetics with increasing pressure, and its implications regarding chem-
iluminescence intensity. This is of particular importance to guide future 
research efforts in developing the ability to extract quantitative infor-
mation from chemiluminescence imaging, which will in turn aid in the 
development and validation of CFD models. 

2. Methods 

2.1. Burner description 

A cross-sectional schematic which highlights the key features of the 
CP-JHC combustor is shown in Fig. 1. The jet flame and hot coflow are 
contained within a 100-mm-diameter cylindrical quartz tube, which is 
surrounded by a section of DN300 (O.D. of 324 mm), 304 stainless steel 
seamless pipe with a wall thickness of 12.7 mm. The void between the 
quartz and the pipe wall is filled with thermal insulation to allow steady 
operation at 10 bar with internal temperatures up to 1975 K without a 
requirement for cooling the main pressure vessel walls. This 
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configuration minimises heat losses in the system, allowing for the 
investigation of hotter coflow conditions and with minimal thermal 
boundary layer. The hot combustion products from the jet and coflow 
are then cooled via water jackets, allowing the pressure in the vessel to 
be controlled with a back-pressure regulator (cooling/exhaust system is 
not shown in Fig. 1). 

The hot and low-O2 coflow is produced using a ring burner, via the 
nonpremixed combustion of a natural gas (NG) and H2 fuel mixture with 
an air stream which enters upstream of the ring burner. The ring burner 
is initially ignited with a pilot flame, which is then extinguished 
following stabilisation. The flowrates of NG, H2 and air can be inde-
pendently varied to provide a range of coflow conditions, with the op-
tion of diluting the air stream with N2 to obtain specific O2 
concentrations and temperatures with constant coflow velocity [22,23]. 
The main fuel stream issues into the coflow of combustion products from 
a 4.6-mm-diameter jet, which is readily interchangeable to facilitate 
measurements with other jet diameters. The central jet is water-cooled 
to avoid structural damage or thermal decomposition of the fuel, and 
the length of the jet is nearly 300 times its internal diameter to ensure 
fully-developed flow at the exit plane. The combustor has the capability 
for 8 windows to be installed at two different heights (as shown in 
Fig. 1), although the current configuration features a single quartz 
window (48 mm × 107 mm) positioned level with the jet exit plane, with 
the others blanked-off with thermal insulation. This viewing window 
facilitates the optical analysis of the jet flames issuing into the hot 
coflow of combustion products. An annulus composed of porous silicon 
carbide foam is positioned below the viewing window, upstream of the 
jet exit plane in order to improve the uniformity of the flow. It is worth 
noting that the CP-JHC is a research burner developed for the investi-
gation of flame structure and stabilisation in a specific location within 

the burner; consequently, the emissions characteristics—which are a 
global feature of the combustor—are not a focus of the experiments. 

2.2. Boundary conditions and experimental techniques 

Turbulent flames were stabilised in a hot and low-O2 coflow in the 
CP-JHC burner. The ring burner fuel is NG blended with H2 in a 1:1 
volumetric ratio to improve stability and reduce formation of soot at 
increased pressures. Air was used as the oxidant, and the air-fuel ratio 
and total fuel flowrate were modified to provide a range of coflow O2 
concentrations (XO2 ) and heat inputs (Qin), respectively. Coflow tem-
peratures (Tmeas) were monitored in-situ with an R-type thermocouple 
which was located level with the jet exit plane, halfway between the 
central axis and the inner wall of the insulation. As mentioned previ-
ously, the insulation surrounding the combustor walls minimises the 
prominence of the thermal boundary layer. Similarly, the water-cooled 
jet is covered with an alumina sheath to minimise heat transfer. With 
these features, the impacts of a thermal boundary layer are ameliorated. 
Additionally, the temperature across the core of the coflow is homoge-
nised by the silicon carbide foam which is positioned upstream of the jet 
exit. Ultimately, the spatial variations in the coflow temperature are at 
most 10%, and the effect of these variations is reflected in the experi-
mental uncertainty that is reported throughout the paper. Presented 
temperature measurements for coflow characterisation were taken 
without a jet flame to minimise additional incident radiation on the 
thermocouple. The coflow characterisation results presented in this 
paper correspond to equivalence ratios (Φ) ranging from 0.3 to 0.85 
(excess O2 of 3–14% vol.), with heat inputs ranging from approximately 
4–22 kW; these two variables in turn correspond to variations in the 
temperature, O2 concentration and velocity (U) of the coflow. 

Turbulent jet flames with a 1:1 (by volume) blend of NG (≥92% CH4) 
and H2 issuing into the hot coflow were also investigated. Two different 
jet Reynolds numbers (Rejet) of 10,000 and 15,000 were used throughout 
the investigation; these were maintained across the different pressures 
to examine the effects of pressure and Rejet independently. The chem-
iluminescence imaging results presented for the turbulent jet flames 
herein correspond to constant coflow conditions at the various pres-
sures; these are shown in Table 1. 

Images of the jet flames were captured using both a DSLR camera and 
an intensified CCD camera with a UV lens. The DSLR camera was fitted 
with a 430 nm bandpass filter (FWHM of 10 nm), enabling the imaging 
of CH* chemiluminescence. True-colour photographs (i.e. without the 
filter installed) were also captured with the DSLR camera to study the 
broadband luminescence. The UV-ICCD camera was also fitted with a 
bandpass filter, centred at 310 nm with a FWHM of 10 nm to target the 
chemiluminescence from OH* radicals. Both cameras were manually 
focussed, and images were captured with a range of exposure times, f- 
numbers and ISO-speeds/gains—these settings are reported in this paper 
where appropriate, and consistency is ensured when directly comparing 
images from different flame cases. A series of short-exposure CH* images 
were also captured with the DSLR camera, facilitating the statistical 
analysis of the flames in greater detail. 

Fig. 1. CP-JHC cross section with main components labelled. Note: the exhaust 
section of the combustor has been omitted from this figure. 

Table 1 
Coflow boundary conditions and equilibrium species concentrations (X) for the 
NG:H2 jet flame results.  

P U Tmeas Tad Qin XO2 XCO2 XH2O XN2 

[bar 
(a)] 

[m/s] [K] [K] [kW] [%] [%] [%] [%] 

1.1–7 3.6–0.57 1025 ±
25 

1595 8.7 9.0 4.3 13 73  
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2.3. Numerical simulations 

Numerical simulations were performed for 1-D, laminar opposed 
flow flames under a range of conditions, using the OPPDIF code avail-
able in CHEMKIN-PRO. The GRI-Mech 3.0 chemical kinetics mechanism 
was used to model the combustion of a 1:1 mixture of CH4 and H2, with a 
hot and low-O2 oxidant stream (T = 1050 K, XO2 = 0.09) to match the 
experimental conditions. GRI-Mech 3.0 is a well-established detailed 
kinetics mechanism available for natural gas combustion under a range 
of conditions, including pressures up to 20 atm [26]. The rate constant 
parameters for GRI-Mech are informed by laboratory experiments and 
theoretical formulations, with the resulting mechanism subjected to a 
series of sensitivity analyses and parameter optimisations, and the final 
parameter set then checked against validation datasets available in the 
literature. This mechanism has been used extensively in the context of 
CFD modelling, to reproduce the behaviour observed for JHC flames at 
atmospheric pressure [27–29], as well as in laminar flame simulations 
[30]. It is also worth noting that GRI-Mech 3.0 is a more sophisticated 
version of its predecessors in GRI-Mech 2.11 and GRI-Mech 1.2, which 
have also been used previously in combustion models involving hot and 
low-oxygen conditions, including studies based the JHC configuration 
[31], and similar burners such as the vitiated coflow burner [32,33]. 
These mechanisms have also been used to develop reduced mechanisms 
such as DRM19 and DRM22 [34], as well as in comparisons against 
other, less detailed mechanisms such as KEE [35]. These reduced 
mechanisms—particularly DRM19—have again been used successfully 
to model combustion under similar hot and low-oxygen conditions 
[36–39], further validating the use of GRI-Mech 3.0 in the current study. 

The strain rate was held constant for the simulations at different 
pressures, with a mean normal strain rate of approximately 40 s− 1. In 
order to compare against the experimental observations, additional re-
actions for OH* and CH* formation were included in the kinetics 
mechanism. The sub-mechanism used for OH* formation is based on the 
following two formation reactions, with rate coefficients obtained from 
Hall & Petersen [40]: 

H + O + M⇌OH∗ + M (R1)  

CH + O2⇌OH∗ + CO (R2)  

The CH* sub-mechanism is based on the following two reactions, with 
rate coefficients from Elsamra et al. [41]: 

C2 + OH⇌CH∗ + CO (R3)  

C2H + O2⇌CH∗ + CO2 (R4)  

Additionally, quenching reactions were included in the model, using the 
rate coefficients from Tamura et al. [42]. For the OH* sub-mechanism, 
an additional reaction was included in order to model the spontaneous 
emission process, that is: 

OH*→OH + hv (R5)  

For this reaction, a spontaneous emission rate coefficient of 1.45 × 106 

was assumed [43]. It is worth noting that R5 is the mechanism by which 
light is emitted and therefore corresponds to the experimental chem-
iluminescence imaging, so its inclusion provides additional insights in 
comparing the numerical and experimental results. 

Although GRI-Mech 3.0 is valid at elevated pressures, the excited- 
state OH* and CH* sub-mechanisms have only been validated at atmo-
spheric pressures. Nevertheless, it is still of interest to investigate how 
the model behaves as the pressure is increased, particularly in terms of 
the underlying species which participate in the excitation reactions. 
Additionally, the simulations enable the modelling of heat release rate 
(HRR) as a function of pressure. Since OH* and CH* chemiluminescence 
are often used as indicators for regions of intense heat release in a flame 
[13,44], it is useful to compare the trends in HRR with pressure—based 

on the simulations—with the experimental observations relating to 
chemiluminescence. 

3. Results and discussion 

3.1. Coflow characterisation and operational limits 

To facilitate the precise control of the coflow conditions for the 
current and future experiments, it is important to characterise the 
behaviour of the coflow under a range of operating conditions. To ensure 
that the coflow exhibited a consistent and predictable behaviour, tem-
perature measurements were performed for a range of equivalence ra-
tios, heat inputs, and operating pressures. In addition to these 
measurements, qualitative observations via the viewing window were 
made to assess the stability of the coflow, in addition to monitoring the 
integrity of the combustor itself in the form of wall-temperature mea-
surements. Fig. 2 maps the measured coflow temperatures at 1 and 5 bar 
(a) to combinations of coflow heat input (calculated using the lower 
heating value of the fuel mixture) and equivalence ratio, producing an 
“operational window” for the coflow burner. This window is limited by: 
(i) the requirement for a lean, soot-free coflow; (ii) minimum tempera-
ture to ensure self-ignition of the jet; and (iii) maximum operating 
temperature to avoid overheating the pressure vessel. 

The temperature maps shown in Fig. 2 highlight some interesting 
results regarding the behaviour of the coflow, particularly when 
comparing the two different pressures. First of all, both maps show a 
general increase in the coflow temperature from the bottom-left of the 
map to the top-right. The increase from left-to-right is expected, since 
the adiabatic flame temperature increases the closer the equivalence 
ratio is to unity. The increase in coflow temperature with increasing heat 
input is due to heat losses to the walls of the combustor, since—despite 
the insulation surrounding the combustion zone—there is expected to be 
a departure from the adiabatic flame temperature, emphasising the 
importance of characterising the coflow. Based on Fig. 2, it appears that 

Fig. 2. Temperature maps for combinations of coflow heat input and equiva-
lence ratio at 1 and 5 bar(a). 

D.B. Proud et al.                                                                                                                                                                                                                                



Journal of the Energy Institute 105 (2022) 103–113

107

the heat loss is in general greater under the elevated pressure conditions, 
with a lower coflow temperature for corresponding locations on the map 
in comparison to the atmospheric case; this is most apparent at low heat 
inputs and equivalence ratios. 

To investigate the heat loss from the coflow under different operating 
conditions, it useful to quantify this behaviour using the enthalpy deficit 
(Δh), defined by the following: 

Δh = cP × (Tad − Tmeas) (1)  

where CP is the specific heat capacity, Tad is the adiabatic flame tem-
perature, and Tmeas the measured coflow temperature. Fig. 3 displays the 
enthalpy deficits calculated using Eq. (1) as a function of operating 
pressure, from 1 to 5 bar(a). The values were calculated for three 
different coflow initial conditions, corresponding to three different heat 
inputs, all with an adiabatic flame temperature of 1595 K and an equi-
librium O2 concentration of 9% by mole. The plots shown in Fig. 3 
display a clear trend in the enthalpy deficit with both operating pressure 
and heat input. A consistent decrease in the coflow temperature can be 
seen with increasing pressure, leading to an approximately linear rela-
tionship between enthalpy deficit and operating pressure for all three 
heat inputs. The increase in heat loss is likely a consequence of the 
greater residence times as pressure is increased, since the coflow ve-
locity is inversely proportional to operating pressure for coflows of 
equivalent heat input. This also explains the reduction in enthalpy 
deficit with increasing heat input, noting that the coflow fuel composi-
tion is the same for all three heat inputs, such that the mass flow-
rate—and therefore the coflow velocity for a given pressure and 
equivalence ratio—is directly proportional to the heat input. Referring 
back to Fig. 2, a reduction in equivalence ratio (that is, an increase in the 
amount of excess air) can actually be seen to lead to an increase in 
coflow temperature for equivalent heat inputs for certain regions of the 
map, for example when moving directly right-to-left from Φ = 0.8 to 
0.65 with a heat input of approximately 10 kW in the case of the 1 bar 
map in Fig. 2. This again indicates that the heat losses are related to the 
coflow velocity, such that the excess air can lead to the heat from the 
coflow being more effectively transferred downstream despite the 
reduced flame temperature under certain conditions. 

3.2. Mean chemiluminescence imaging 

To examine the effect of pressure on the behaviour of turbulent 
flames issuing into the hot coflow, chemiluminescence imaging of OH* 
and CH* was performed. Fig. 4 displays the results of this imaging for 
H2/NG flames with Rejet = 10, 000 and Rejet = 15, 000, at operating 
pressures ranging from 1.1 to 7 bar(a). The flames shown in Fig. 4 
correspond to a coflow of constant heat input and equivalence ratio 
across the various operating pressures, producing the conditions shown 

in Table 1. It is worth noting that, although Fig. 3 shows that the 
operating temperature tends to decrease with increasing pressure if the 
heat input is held constant, it is possible to exploit the large thermal 
mass of the system to maintain quasi-constant temperature for the short 
duration of each individual measurement at different pressures. This is 
useful as it enables the effect of pressure to be examined for a coflow of 
constant momentum.Some interesting changes in flame structure and 
stability with increasing pressure can be seen from the chem-
iluminescence imaging results in Fig. 4. For the Rejet = 10, 000 case at 
near-atmospheric pressure (i.e. at 1.1 bar), the flame can be seen to be 
slightly lifted from the jet exit, by approximately half a jet-diameter, 
based on the OH* image. It is worth noting that this behaviour is 
consistent with previous observations based on a flame of equivalent 
Rejet, fuel mixture and coflow O2 concentration in an open JHC burner 
[23]. At 2.0 bar, the flame again appears lifted at first glance; however, 
upon closer inspection a very faint flame front can be seen to extend to 
the jet exit. It should be noted that the images shown correspond to long 
exposure times (20 s in the case of the OH* images), such that it rep-
resents the mean rather than the instantaneous flame structure. The 
statistical features relating to flame liftoff and stabilisation are presented 
and analysed in §3.3, in addition to a series of short-exposure OH* im-
ages which are included in Fig. S1 of the Supplementary Material. 

The Rejet = 15, 000 case displays a similar behaviour to the Rejet = 10, 
000 case at 2.0 bar in Fig. 4, although the faint region appears to extend 
further downstream for the higher Rejet case. At 1.1 bar, the Rejet = 15, 
000 case shows a significant departure, with a less clearly defined flame 
structure and lift-off location in the near-field which suggests a change 
in flame stability; this is explored further in §3.3. Interestingly, the 
10,000 and 15,000 Rejet flames studied in the open JHC burner both 
exhibited similar structures, with no noticeable change in stability or 
lift-off in the near-field [23]. It should be mentioned that the CP-JHC 
flames presented in Fig. 4 correspond to an approximately 75 K lower 
coflow temperature to that of the JHC, as well as an increased coflow 
velocity. These differences—in addition to the absence of entrainment of 
surrounding air in the confined configuration—are likely responsible for 
the increased sensitivity to Rejet. For P > 2.0 bar, a shift to a flame that is 
stabilised at the jet exit can be seen for both the 10,000 and 15,000 Rejet 
cases; this is evident from both the OH* and CH* images. 

In general, the OH* and CH* imaging results both show a similar 
flame structure for the various cases, with a consistent jet spreading 
angle of ≈ 7◦ from the jet centreline. It is, however, important to note 
the change in intensity of the images at different pressures shown in 
Fig. 4. Specifically, a reduction in intensity with increasing pressure is 
apparent for both the OH* and CH* imaging results in Fig. 4, with a 
particularly noticeable shift from 2.0 to 3.5 bar for both Reynolds 
numbers. This is also evident for the Rejet = 10, 000, 7 bar case, which 
displays very faint CH* and OH* signals which are difficult to distin-
guish from the background. Interestingly, the Rejet = 15, 000 case at 7 
bar shows a stronger signal, and there does not appear to be a significant 
reduction in intensity from 3.5 to 7 bar for the higher Rejet flames. This 
suggests that changes due to flow effects and flame stability have at least 
a partial impact on the chemiluminescence detected, although the much 
stronger signal at 1.1 and 2 bar hints at a fundamental change in 
behaviour at elevated pressures. The change in chemical kinetics 
behaviour with increasing pressure is examined in §3.5. 

3.3. Statistical analysis of short-exposure images 

The statistical behaviour of the flames can be examined in greater 
detail by analysing the short-exposure CH* images. A series of greater 
than 200 video frames for each case were included in the analysis, 
enabling the calculation of the mean and variation in the liftoff height. 
An adaptive thresholding algorithm was applied to each individual 
frame, which effectively isolates the flame base such that the liftoff 
height can be determined. This process, in-turn, enables the mean 
location of the liftoff height (x‾L)above the jet exit to be calculated, as 

Fig. 3. Enthalpy deficits based on measured coflow temperatures, for coflows 
with three different heat inputs at operating pressures from 1 to 5 bar(a). 
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well as the standard deviation. These results are plotted as a function of 
pressure in Fig. 5, with the standard deviation (σL) about the mean 
represented by the vertical bars; these and the mean values are also 
included in Table 2. The minimum and maximum liftoff heights 
(following removal of outliers) from the series of images are also dis-
played in Fig. 5 on the same set of axes. 

In the discussion surrounding the mean images shown in Fig. 4, the 
lack of a clearly defined flame base for the Rejet = 15, 000, 1.1 bar case 
was noted. The statistical results shown in Fig. 5 and Table 2 confirm the 
hypothesis that this is related to fluctuations in the liftoff height, with 
this case displaying not only an increased liftoff height, but significantly 
greater variation in this value in comparison to the other cases. This is 
also evident in the short-exposure (1–2.5 ms) OH* images which may be 
found in Fig. S1 of the Supplementary Material. It has previously been 
observed that flames in the transition from the attached to the lifted 
regimes can show a sudden change in liftoff location with changes in the 
jet and coflow velocity [45], so it is possible that small fluctuations in 
the relative velocity are responsible for the variability of the flame base. 
It has also been observed previously that inhomogeneities in the tem-
perature profile can have a significant effect on the liftoff height of JHC 

flames [46], which could also be responsible for this variability. 
Regardless of the mechanism, it can be seen that increasing the pressure 
from 1.1 to 2 bar has a significant effect for the Rejet = 15, 000 flames, 
with the 2 bar case displaying a very similar liftoff behaviour to the 
corresponding Rejet = 10, 000 flame. As the pressure is increased beyond 
2 bar, the flames become stabilised at the jet exit, with a tendency for 
less fluctuation in the flame base; again, the instantaneous OH* images 
shown in Fig. S1 support this. This change in stabilisation with pressure 

Fig. 4. Chemiluminsecnece imaging of 10,000 and 15,000 Reynolds number CH4/H2 flames (1:1 blend) at 5 different operating pressures, showing CH* (left) and 
OH* (right). All flames correspond to a 9% O2 coflow and a nominal coflow temperature of 1025 K (±25 K). Note: jet exit is located at the bottom of the images, 
issuing towards the top, and each photograph is 4 jet diameters (18.4 mm) in width and 13 jet diameters (59.5 mm) in height. 

Fig. 5. Mean liftoff height (indicated by red boxes) as 
a function of pressure for Rejet = 10, 000 (a) and Rejet 
= 15, 000 (b) flames, with vertical bars representing 
the standard deviation from the mean. Minimum and 
maximum liftoff heights from the series of images are 
also shown by the green markers, noting that the 
same axis limits are used for subfigures (a) and (b). 
Statistical values were calculated from a series of >
200 CH* video frames for each case. (For interpreta-
tion of the references to colour in this figure legend, 
the reader is referred to the Web version of this 
article.)   

Table 2 
Standard deviation values of liftoff height based on CH* video frames.   

σL[x/D] x‾L[x/D] 

P [bar] Rejet = 10k Rejet = 15k Rejet = 10k Rejet = 15k 

1.1 0.35 2.4 1.5 5.5 
2.0 0.21 0.23 0.88 0.90 
3.5 0.06 0.40 0.32 0.50 
5.0 0.03 0.06 0.04 0.14 
7.0 – 0.02 – 0.02  
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can be explained by the reduced velocity of the fuel stream at higher 
pressures, since velocity is inversely proportional to pressure for the 
flames with constant Rejet. 

3.4. Broadband flame imaging 

To compare the broadband appearance of the flames at different 
pressures, true-colour images are shown in Fig. 6. These images corre-
spond to jet flames with Rejet = 10, 000 and a coflow of 9% O2 similar to 
Fig. 4, although with an increased coflow temperature of 1200 K. The 
typical flame photographs at Rejet = 15, 000 show very similar features 
and trends with pressure to those presented in Fig. 6 and are not 
included for brevity. All photographs were captured with an exposure 
time of 1/250 s in order to capture the turbulent sooting behaviour, and 
two photographs are shown for each operating pressure. Reduced ISO- 
speed settings on the camera were required to avoid saturation as the 
operating pressure was increased; these values are also displayed in the 
figure. 

The true-colour images in Fig. 6 display a noticeable change in the 
sooting behaviour of the flames as the pressure is increased. For the 1.1 
and 2.0 bar cases, a very faint blue/violet outline can be observed, while 
there is no evidence of soot formation. The lack of soot at 1.1 bar is 
consistent with observations for similar flames at atmospheric pressure, 
whereby soot formation is suppressed within the coflow-controlled re-
gion (which extends approximately 120 mm from the jet exit); this is 
true for flames of 1:1 NG:H2 [23] as well as for unblended NG in a 9% O2 
coflow [47]. Notably, soot can be seen to form well within this region for 
the 5.0 and 7.0 bar cases shown in Fig. 6, which is a significant departure 
from the behaviour observed for low-pressure flames, particularly 
considering the fuel mixture being used. This is likely a result of a shift 
towards pyrolytic reactions at elevated pressure, which is examined 
further via laminar flame simulations in §3.5. 

3.5. Laminar flame simulation results 

To determine whether the changes in chemiluminescence intensity 
(§3.2) and sooting behaviour (§3.4) are a result of mixing/flow-field 
effects or purely chemical phenomena, laminar opposed-flow simula-
tions were performed. Although the OH* and CH* sub-mechanisms that 
were used in the simulations are tailored for atmospheric-pressure 
combustion, they can be implemented in combination with the under-
lying kinetics mechanism, which is valid for elevated pressures. This 
facilitates comparisons against the experimental chemiluminescence 
results, to assess the suitability of the model in regard to predicting the 
underlying trends with increasing pressure. Fig. 7 displays the variation 
in the mass fraction of both OH* and CH* as a function of pressure, with 
strain rate held constant for the different pressures. Both the maximum 

and integrated values over the simulation domain are shown in Fig. 7, in 
order to account for the narrowing of the reaction zone as pressure is 
increased. 

Both OH* and CH* show a noticeable reduction with pressure based 
on the simulation results presented in Fig. 7. The reduction is particu-
larly pronounced at lower pressures, in particular for the integrated OH* 
values up to P ≈ 3.0 bar, at which point the mass fraction is reduced by a 
factor of 10 from the atmospheric-pressure value, after which further 
increases in pressure appear to be less significant. This generally sup-
ports the experimental observations, in which the most noticeable 

Fig. 6. True-colour images of Rejet = 10, 000 CH4/H2 flames (1:1 blend) at 5 different operating pressures. All flames correspond to a 9% O2 coflow and heat input of 
15 kW. Note that a constant exposure time and aperture were used, and each photograph has a width of 5 jet diameters (23 mm) and height of 17 jet diameters (78 
mm). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 7. Variation in OH* (top) and CH* (bottom) for pressures ranging from 0.5 
to 20 bar(a). Results are shown for the maximum mass fraction (in red) and 
integrated mass fraction (in blue) over the simulation domain. (For interpre-
tation of the references to colour in this figure legend, the reader is referred to 
the Web version of this article.) 
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reduction in intensity was from 1.1 to 3.5 bar, although the 7 bar case 
was also seen to be of significantly lower intensity for the Rejet = 10,000 
case. The fact that there is a monotonic decrease in both the maximum 
and integrated values indicates that this reduction is not a direct 
consequence of a narrowing of the reaction zone, suggesting instead that 
it could be related to a change in the consumption and/or formation 
pathways as the pressure is increased. For OH*, this can be investigated 
by studying the rates of the two reactions which lead to OH* for-
mation—that is, R1 and R2 (§2.3)—as a function of pressure, as shown in 
Fig. 8 (see Fig. 9) 

The plots shown in Fig. 8 show that reaction R2 is the main 
contributor to OH* formation at all pressures (in terms of both the 
maximum and mean formation rate), although R1 becomes more sig-
nificant as the pressure is increased. Despite the clear reduction in the 
OH* mass fraction with pressure shown in Fig. 7, the maximum for-
mation rate is seen to increase with pressure for both reactions; this is 
also the case for the mean rate of R1, while the mean rate of R2 shows a 
non-monotonic behaviour. These results indicate that, although the 
pressure does have an impact on the OH* formation pathways, this does 
not explain the reduced mass fractions observed in Fig. 7. It is important 
to note that, due to the short-lived nature of excited-state radicals such 
as OH* in a flame, the formation rate does not completely capture the 
overall behaviour in terms of the steady-state species concentrations. 
Therefore, it is important to understand the total or net rate of pro-
duction (ROP), which in this analysis includes both formation and 
consumption (largely due to collisional quenching). The trends in net 
ROP as a function of pressure are shown in Fig. 9, along with the values 
of heat release rate (HRR) and OH* concentration ([OH*]), noting that 
the mass fraction and not the concentration was shown in Fig. 7. As 
mentioned in §2.3, the spontaneous emission process and associated 
relaxation to the ground state was included in the OH* sub-mechanism; 
this emission rate is also shown in Fig. 9. To facilitate comparison in 
terms of the trends with pressure, all of the values are normalised against 
their respective maxima across all pressures in Fig. 9. It should also be 
mentioned that the HRR values correspond to specific (i.e. density- 
normalised) heat release, to account for the increased mass flow as the 
pressure is increased. 

The normalised values shown in Fig. 9 provide a number of inter-
esting insights regarding the chemiluminescence behaviour. First of all, 
it is worth noting that the plots for the OH* decay rate and the OH* 
concentration are essentially coincident, both in terms of the maximum 
and integrated values; this is expected, since a constant rate coefficient 
was prescribed for reaction R5. The increase in the maximum OH* 
concentration at low pressures (P ≤ 1.5) suggests that there are 

competing effects taking place in terms of the effect of pressure, noting 
that higher peak values of species concentrations are expected as the 
pressure is increased due to the narrowing of the reaction zone and the 
increase in density. This initial increase with pressure can also be seen 
for the maximum and integrated net ROP values, with the maximum 
ROP showing a significant increase up to approximately 7 bar and then 
decreasing slightly, while the integrated ROP only shows a slight in-
crease from 0.5 to 1.0 bar. Interestingly, the maximum OH* concen-
tration and the integrated ROP both show a similar trend with pressure. 
Since the formation rates show a general increase with pressure (at least 
for lower pressures in the case of R2) as shown in Fig. 8, it follows that 
the more rapid reduction in the net ROP—and the corresponding 
reduction in [OH*]—is related to the increased impact of collisional 
quenching at higher pressures. Indeed, the mixture-fraction-space pro-
files of formation and consumption—included in Figs. 2 and 3 of the 
Supplementary Material—show that an increase in formation is 
accompanied by an increase in consumption via quenching, which ul-
timately leads to a reduction in the net ROP at elevated pressures. 

The normalised plots of specific heat release rate shown in Fig. 9 are 
also important to analyse, since chemiluminescence is commonly used 
as a practical method of indicating heat release. While the maximum 
HRR is seen to increase with pressure, the integrated values—which 
essentially represent the total heat release across the 1-D flame 
zone—show a reduction with pressure due to the narrowing of the re-
action zone. It can also be seen that the integrated OH* concentration 
shows a similar trend with pressure to HRR, although the former shows a 
more rapid reduction. These results highlight the importance of under-
standing the effects of pressure on chemiluminescence, particularly in 
terms of developing a quantitative relationship between chem-
iluminescence and HRR. It is also worth noting that it has previously 
been observed that changes in heat release rate with pressure are heavily 
dependent on flow characteristics, particularly when comparing the 
behaviour of laminar and turbulent flames [48]. Therefore, further ef-
forts in developing the relationship between chemiluminescence and 
HRR should consider these effects, which can be achieved using both 
computational fluid dynamics (CFD) and more detailed experimental 
measurements via laser diagnostics, for example. 

In the photographs shown in Fig. 6, it was observed that there is a 
significant increase in soot formation near the jet exit as the pressure is 
increased. Although the detailed chemistry relating to soot formation 
was not modelled in the simulations, it is possible to analyse the pres-
ence of regions of negative heat release; these regions are indicative of 
pyrolysis within the flame, which leads to the production of soot pre-
cursors [4]. Mixture-fraction-space profiles of net HRR are shown in 
Fig. 10, for five different pressures ranging from 1 to 7 bar(a). At 1 bar 
(a), two distinct positive peaks are observed in the heat release profile, 
which is typical of combustion with a high-temperature oxidant stream 
[4]. As the pressure is increased, this dual-peak behaviour is suppressed, 
with the cases at 5 and 7 bar(a) displaying a “shoulder” feature rather 
than a distinct secondary peak. The reaction-specific plots—which are 
included in the Supplementary Material for 1 and 7 bar(a)—show that 
this is due to an increase in the spatial overlap between the exothermic 
reactions as the pressure is increased, accompanied by a general nar-
rowing of the positive heat release region. This is accompanied by an 
increased tendency for negative heat release as the pressure is increased, 
both in terms of net HRR and the reaction-specific profiles. 

The results of these laminar flame simulations highlight the impor-
tance of understanding the effect of pressure on combustion under hot 
and low-O2 conditions. The narrowing of the reaction zone and reduced 
chemical time-scales which occur with increasing pressure appears to 
promote a transition away from features typically associated with the 
mild combustion regime, such as a broadening of the OH profile and an 
absence of negative heat release regions [4]. The chemiluminescence 
behaviour is shown to be particularly sensitive to pressure, with both the 
OH* and CH* maximum and integrated mass fractions displaying a 
monotonic reduction with pressure. Further analysis of the OH* 

Fig. 8. Variation in the formation rates of OH* for pressures ranging from 0.5 
to 20 bar(a). Results are shown for the maximum rates (in red) and mean rates 
(in blue), with the contribution from R1 and R2 shown separately. (For inter-
pretation of the references to colour in this figure legend, the reader is referred 
to the Web version of this article.) 

D.B. Proud et al.                                                                                                                                                                                                                                



Journal of the Energy Institute 105 (2022) 103–113

111

formation reactions and net ROP rates suggests that there are competing 
effects present leading to non-monotonic trends, particularly at lower 
pressures. Furthermore, the analysis indicates that the general reduction 
in OH* with pressure is due to a combination of a shift in the formation 
pathways and an increased impact of collisional quenching at elevated 
pressures. These findings are particularly important for informing future 
research directions, which will involve extending the 1-D simulations to 
a more realistic CFD model with geometry and flow conditions matching 
those of the CP-JHC. 

4. Conclusions 

The characteristics of confined-and-pressurised, turbulent jet flames 
have been investigated, using a novel burner configuration which fa-
cilitates the control of coflow conditions. The CP-JHC enables the 
parametric analysis of the effects of coflow temperature and oxygen 

concentration, as well as turbulent and chemical timescales and how 
these change with elevated pressure. A detailed description of the key 
features and capabilities of the apparatus has been provided in this 
paper. Temperature measurements of the coflow stream indicate an 
increase in enthalpy deficit as the pressure is increased, due to increased 
heat losses to the combustor walls. Turbulent jet flames of NG/H2 were 
examined in terms of both targeted chemiluminescence and broadband 
imaging. Changes in flame stability were observed for variations in both 
Reynolds number and pressure, with an increased tendency for flame 
attachment at elevated pressures, as well as a reduction in OH* and CH* 
and an increase in soot formation. 

The effect of pressure on the chemiluminescence behaviour and heat 
release rate was examined numerically via laminar flame simulations, 
which highlighted a fundamental change in behaviour at elevated 
pressures. In particular, both the OH* and CH* mass fractions were 
observed to show a reduction with pressure in line with the experi-
mental observations, suggesting that the atmospheric-pressure chem-
iluminescence sub-mechanisms can provide at least a qualitative 
indication of the trends with increasing pressure. Further analysis in 
regards to the OH* behaviour indicates that this reduction is related to 
an increase in collisional quenching, which counteracts the increase in 
the rate of formation at lower pressures. Additionally, a narrowing of the 
reaction zone and a more prominent negative heat release region is 
observed with pressure, highlighting the challenges associated with the 
adoption of mild combustion in practical configurations such as gas 
turbines. This in-turn emphasises the need for further investigation into 
the fundamental combustion behaviour under such conditions, which 
the CP-JHC apparatus will facilitate. 
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1. Short-exposure OH∗ imaging

Figure 1: Short-exposure example images of OH* for the 10,000 and 15,000 Reynolds number jet flames
issuing into a 9% O2, 1025 K (±25 K) coflow, at near-atmospheric pressure (1 bar(a)) and at 5 bar(a).
Exposure time is 1 ms for the 1 bar(a) cases and 2.5 ms for the 5 bar(a) cases, due to the lower signal-to-
noise ratio at elevated pressures.
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2. OH∗ formation and consumption profiles
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Figure 2: OH* total formation and quenching rates for pressures of 1, 5, 10 and 20 bar. Formation rates
are shown as positive with solid lines, while quenching rates are shown as negative with dashed lines.
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Figure 3: OH* total ROP from all reactions, shown for pressures of 1, 5, 10 and 20 bar.
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3. Profiles of heat release for specific reactions
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Chapter 5

The Effects of Pressure and Oxy-
gen Concentration on the Struc-
ture and Stability of Turbulent
Flames
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Pressurised combustion in hot and low-oxygen environments:1

chemiluminescence imaging and modelling2
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Abstract8

Turbulent flames in a confined and pressurised jet-in-hot-coflow combustor, under a range9

of pressures and coflow conditions, are investigated in this study. The investigation in-10

volves both experimental and numerical analyses, with the central focus on extending11

the use of an atmospheric-pressure computational fluid dynamics (CFD) model to de-12

scribe hot and low-oxygen combustion at elevated pressures. A series of CFD simulations13

are compared against experimental images, in terms of both flame structure and chemi-14

luminescence behaviour. The imaging of OH* and CH* is performed experimentally15

for flames with Reynolds numbers of 10,000 and 15,000, issuing into coflows with O216

concentrations ranging from 3–9%. The experimental results show a reduction in OH*17

and CH* intensity with increasing pressure under the various coflow conditions, while18

the CFD results display some key differences in the trends with pressure and O2. The19

computational analysis is complemented by a series of one-dimensional laminar flame20

simulations at a range of pressures and oxidant O2 concentrations. These simulations21

enable the changes in chemical kinetics with pressure and O2 concentration to be studied22

in greater detail, and several key differences in comparison with the CFD results are23

observed. Ultimately, the results highlight the importance of accurately predicting both24

the flow-field and finite-rate chemistry to reproduce the trends observed under hot and25

low-oxygen combustion conditions at elevated pressures.26

Keywords: Elevated pressure combustion, Mild combustion, Turbulent flames27
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1. Introduction28

Combustion at elevated pressures is encountered in a range of applications due to the29

thermodynamic and practical advantages of burning fuels under such conditions. While30

devices such as internal combustion engines and gas turbines have been continually opti-31

mised for improved performance, there remain significant knowledge gaps relating to the32

effects of pressure on the fundamental combustion phenomena which govern the perfor-33

mance of these devices [1, 2, 3]. This is particularly true for “non-standard” combustion34

regimes, such as those encountered under conditions associated with sequential combus-35

tion [4] and exhaust gas recirculation (EGR) [5]. Not only can these techniques enable36

improvements in thermal efficiency, they can also effectively reduce emissions of NOx,37

CO and soot, while improving fuel flexibility if implemented correctly. With the growing38

need to shift towards low-emissions and carbon-neutral fuels—such as hydrogen-based39

and synthetic fuels—the understanding of these combustion phenomena is of paramount40

importance.41

The techniques of sequential combustion and EGR are closely related to the concept42

of mild combustion. In this context, the term “mild” refers to a specific combustion43

regime that is characterised by a highly diluted (i.e. low-oxygen) and high-temperature44

oxidant stream [6]. Under these conditions, reactions proceed more slowly and with lower45

peak temperatures, accompanied by the absence of distinct ignition and extinction events46

that are associated with conventional combustion [7]. In practice, mild conditions are47

typically achieved via dilution with exhaust gases—either via recirculation or by passing48

the products from an initial combustor into a downstream reaction zone—this latter49

technique can be referred to as sequential combustion. To date, most fundamental studies50

of mild combustion have been performed in “open” burners operating at atmospheric51

pressures. Many of these experiments have been carried out using so-called “jet-in-hot-52

coflow” (JHC) burners [8, 9], or similar designs such as the “vitiated coflow” burner [10,53

11]. In these burners, mild combustion conditions are achieved using an additional burner54

∗Corresponding author. E-mail: douglas.proud@adelaide.edu.au
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upstream of the main combustion zone, with the primary fuel jet issuing into the hot and55

low-oxygen coflow of combustion products, such that there are two distinct combustion56

processes which happen sequentially. The advantage of the JHC and similar designs is57

the fact that the upstream combustion zone can be controlled independently of the jet,58

allowing the coflow properties, such as O2 concentration and temperature, to be varied59

while maintaining constant jet boundary conditions, such as Reynolds number and fuel60

type, and vice-versa. On the other hand, studies of mild combustion at elevated pressures61

generally involve more complex geometries, such that the separation of chemistry, mixing62

and flow-field effects is not possible [12, 13]; this is a general limitation of many studies63

of elevated-pressure combustion.64

The effect of pressure on combustion phenomena has long been a topic of great interest65

in the field of combustion science. Typically, combustion experiments involve a trade-off66

between the level of detail of the results which can be obtained for the flames, and the67

similarity to practical configurations, such as high pressures and realistic burner geome-68

tries [14]. Consequently, investigations relating to confined environments and elevated69

pressures are often focussed on the analysis of exhaust gases and pollutant emissions, for70

example, rather than more fundamental aspects such as flame structure and stabilisation71

[2]. While such studies at pressure have provided a wealth of knowledge to enable the72

development of more efficient and reliable engine and gas turbine designs, a higher level73

of understanding is necessary to produce more accurate and robust numerical models. It74

should be noted that significant research efforts have been dedicated to obtaining data75

for model validation under well-defined and engine-relevant conditions in recent years,76

with much of this research being guided by the Engine Combustion Network (ECN), a77

collaboration between experimentalists and computational modellers [15, 16]. This work78

acts as an important link between purely performance-based experiments (for example,79

measurements of power output and exhaust emissions) and the more fundamental ap-80

proaches involving detailed measurements of relatively simple flames. These experiments81

and their associated models are primarily concerned with the measurement and predic-82
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tion of parameters that are specific to internal combustion engine designs and concepts,83

such as spray penetration and ignition delay [16]. As a result, the knowledge gained and84

the validation data are not directly applicable to other high-pressure combustion config-85

urations, such as those found in gas turbines, for example. Therefore, to further develop86

modelling capabilities for such combustors—and to in-turn enable design improvements87

in regards to operational and fuel flexibility—it is pertinent to obtain data relating to88

flame structure and reaction zones under a range of boundary conditions.89

It should also be mentioned that in situ measurements and reaction zone imaging90

of flames at elevated pressures has indeed been performed. Recently, turbulent non-91

premixed flames of CO/H2/N2 issuing into a coflow of air at pressures up to 12 bar92

were investigated experimentally, with OH imaging revealing both a narrowing of the93

reaction zone and a reduced probability of local extinction with increasing pressure [17].94

Additional experiments based on a similar configuration were aimed at characterising95

flame height for a range of fuel compositions, Reynolds numbers and pressures, with the96

results suggesting that—in general—the prediction of flame height based on the well-97

established “Delichatsios’ model” is valid at elevated pressure, with pressure having no98

noticeable impact on flame height in the momentum-controlled region [18]. These exper-99

iments have provided key insights pertaining to the change in combustion behaviour at100

pressure, as well as enabling advances in modelling capabilities via validation datasets.101

However, to further develop this understanding and to test the robustness of the mod-102

els, a greater range of operating conditions is required. This includes combustion under103

high-temperature and low-oxygen conditions, such as those encountered in sequential104

combustors and EGR configurations.105

Chemiluminescence imaging is a particularly useful diagnostic technique for burn-106

ers featuring confinement and/or pressurisation, as it enables the investigation of flame107

structure and reaction zone features through a single viewing window. It is also particu-108

larly attractive from the perspective of implementation in practical combustion systems;109

for example, flame detectors which rely on chemiluminescence have been developed [19],110
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with a major advantage being that such devices—particularly those which detect the111

chemiluminescence via a photodiode—can be used in harsh environments (such as the112

high temperatures encountered in a furnace or combustor) [20]. In addition to detection113

of flames (i.e. whether or not a flame is present), there is also ongoing research into114

developing techniques for chemiluminescence-based active control systems to optimise115

combustion performance; for example, by correlating the measured signals to equiva-116

lence ratio in premixed systems [21, 22, 23, 24].117

Typically, chemiluminescence imaging of hydrocarbon flames targets one or both of118

the excited-state OH and CH species (termed OH∗ and CH∗), which are associated with119

regions of high heat release and radical concentrations [25]. Consequently, significant ef-120

forts have been made to develop methods of obtaining quantitative data relating to heat121

release rate from chemiluminescence intensity [26, 27]. There are several factors which122

influence both the excitation of the radical species and the resulting chemiluminescence123

that is detected, making a generalised relationship difficult to formulate. In particular,124

pressure is expected to have a significant impact on chemiluminescence intensity. For125

example, a monotonic reduction in both OH∗ and CH∗ with increasing pressure has been126

observed for laminar premixed methane flames at pressures ranging from 5–25 bar(a),127

although the measured intensity was also found to be very sensitive to equivalence ra-128

tio [28, 22]. Interestingly, this study found that equivalence ratio can be correlated to129

the product of the OH∗ and CH∗ signal intensities independently of the mass flowrate130

(provided that the pressure is known) [22], which has important implications for imple-131

mentation in control systems. While the equivalence ratio parameter is generally reserved132

for the description of premixed flames, the concept can also be extended to nonpremixed133

configurations in which there is rapid mixing between fuel and oxidiser (e.g. via turbu-134

lence), such that a “local equivalence ratio” can be used to describe certain regions of135

the flame [29]. In this context, an experimental investigation was performed to assess the136

potential for local equivalence ratio sensing in diffusion flames, although the results in-137

dicated that this technique is ill-suited for such flames when compared to measurements138
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made via the laser-induced breakdown spectroscopy (LIBS) technique [29]. Again, these139

findings relate only to a relatively narrow range of operating conditions and tend to be140

focussed on the development of specific techniques; it is therefore important to inves-141

tigate the fundamental chemiluminescence behaviour under combustion conditions that142

are of particular practical interest, such as jet flames issuing into hot and low-oxygen143

coflows.144

To enable the investigation of elevated-pressure combustion under a range of condi-145

tions relevant to practical devices, a confined and pressurised jet-in-hot-coflow (CP-JHC)146

combustor has been developed. This apparatus facilitates the parametric analysis of the147

effect of pressure on the behaviour of jet flames issuing into an independently controlled148

coflow. This paper builds upon a previous study with the same apparatus in which the149

coflow conditions were characterised and preliminary jet flame imaging results were pre-150

sented [30]. Specifically, the current study focusses on the flame structure and stability151

of turbulent flames under a range of coflow O2 concentrations up to pressures of 7 bar(a),152

emulating the conditions likely to be encountered in the secondary stage of a sequential153

gas turbine. Chemiluminescence imaging of the flames is performed, to investigate the154

changes in OH∗ and CH∗ under the various operating conditions, and providing a useful155

resource to test the applicability of atmospheric-pressure numerical models at elevated156

pressures. The results of a series of computational fluid dynamics (CFD) simulations157

under conditions matching those of the CP-JHC combustor are also presented, with par-158

ticular focus on the changes in chemiluminescence behaviour with pressure and coflow O2159

concentration, and the mechanisms responsible for these changes. The CFD modelling160

is accompanied by one-dimensional, opposed-flow laminar flame simulations to provide161

additional insights regarding the effect of pressure and O2 concentration on the reactions162

which lead to chemiluminescence.163
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2. Experimental details164

2.1. Burner configuration and operating conditions165

The confined and pressurised jet-in-hot-coflow (CP-JHC) combustor used for the ex-166

perimental investigation has been described in detail in a previous publication [30], which167

includes characterisation of the coflow behaviour and a limited set of jet-flame imaging168

results. In brief, the CP-JHC consists of a 4.6-mm water-cooled jet, through which a169

fuel stream issues into a hot and low-oxygen coflow of combustion products formed from170

an upstream ring burner. The jet and coflow are contained within a cylindrical quartz171

tube with a diameter of 100 mm, which is surrounded by a 100-mm thick layer of ther-172

mal insulation, thus minimising the effect of the thermal boundary layer at high coflow173

temperatures. This apparatus facilitates the analysis of elevated-pressure flames under174

a range of jet and coflow boundary conditions, with optical access to the flames via a175

quartz viewing window.176

A range of different operating conditions have been investigated in this study, corre-177

sponding to changes in the combustor pressure, as well as the jet and coflow parameters.178

The composition of the fuel stream in the jet remained consistent throughout the exper-179

iments, with a 1:1 (by volume) mixture of H2 and NG, while two different jet Reynolds180

numbers (Rejet) were used. Using previously obtained measurements which characterised181

the coflow behaviour [30], the flowrates of fuel and air into the ring burner were varied182

to control the coflow conditions at the height of the viewing window, including the mole183

fraction of O2 (XO2
), temperature (Tcofl), mass flowrate (ṁcofl) and the coflow heat184

input (Q̇in). The ranges of these different parameters for the results presented herein185

are displayed in Tables 1 and 2.186

Table 1: Range of jet boundary conditions used in the current study.

Fuel Rejet ṁjet [g/s]

1:1 NG/H2 10,000 6.14
1:1 NG/H2 15,000 7.44
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Table 2: Range of coflow operating conditions used in the current study.

XO2 [%] ṁcofl [g/s] Tmeas [K] Q̇in [kW]

3.0 6.14 1200±25 14.8
6.0 7.44 1200±25 14.8
9.0 9.36 1200±25 14.8
5.2 7.33 1300±25 14.8
7.8 10.1 1300±25 17.6

2.2. Diagnostic techniques & image processing187

Images of the jet flames were captured using both a DSLR camera and an intensified188

CCD camera with a UV lens. The DSLR camera was fitted with a 430 nm bandpass189

filter (FWHM of 10 nm), enabling the imaging of CH∗ chemiluminescence. True-colour190

photographs (i.e. without the filter installed) were also captured with the DSLR cam-191

era to study the broadband luminescence. The UV-ICCD camera was also fitted with192

a bandpass filter, centred at 310 nm with a FWHM of 10 nm to target the chemilumi-193

nescence from OH∗ radicals. Both cameras were manually focussed, and images were194

captured with a range of exposure times and ISO-speeds/gains to account for changes195

in intensity between cases. For flame cases with sufficient signal-to-noise ratio (SNR), a196

series of high-speed, low-exposure images were captured to enable the visualisation of the197

instantaneous behaviour of the flames, as well as statistical analyses. A gain correction198

based on a calibration curve was also performed to enable direct comparisons between199

images captured with different camera settings. A 3×3 median filter was applied to the200

OH∗ images in order to improve the SNR.201

A background correction algorithm was applied to both the OH* and CH* images in202

post-processing. This algorithm generates a background profile graduated in the axial203

direction, based on the intensity of the pixels outside of the flame boundary, which is204

then applied to the entire image. The OH∗ and CH∗ images were then cropped and205

scaled to achieve pixel-to-pixel matching between the images from the two cameras. It206

is worth noting that the two cameras were aligned with the jet centreline, mounted on207

top of one another and at a sufficient distance from the flame such that the difference in208

the viewing angle was negligible—thus no spatial transformation other than scaling was209
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required; this was confirmed by comparisons of the jet spreading angle between the OH∗
210

and CH∗ camera.211

To enable comparison of the line-of-sight-integrated photographs with the 2-D CFD212

results, an Abel inversion (inverse Abel transformation) was applied to the rows of the213

chemiluminescence images. This inversion algorithm operates under the assumption of214

cylindrical symmetry, to reconstruct the underlying radial profile (akin to that obtained215

from planar LIF imaging, for example) from the integrated data. The results of this216

inversion are shown in Figure 1, for an entire flame image and for a radial profile at217

x/D = 6.0.218

Figure 1: Comparison of line-of-sight-integrated and Abel-inverted chemiluminescence images, with
radial profiles at x/D = 6.0 also shown (axial location of radial profiles indicated by dashed line on
images).

3. Numerical modelling approach219

3.1. Model overview220

The mild combustion regime can be characterised by a near-unity Damköhler number221

(Da), limiting the applicability of commonly used models which describe the turbulence-222

chemistry interactions (TCI), such as the flamelet model [31]. Previously, the eddy223

dissipation concept (EDC) [32] has been found to be promising in this regard [33, 34],224

facilitating the detailed modelling of both turbulent mixing and finite-rate chemistry. The225
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simulation results presented throughout this paper extend the use of this EDC model—226

which has previously been optimised for moderately-turbulent diffusion flames in hot and227

low-oxygen conditions at atmospheric pressures [34, 35]—to describe elevated-pressure228

mild combustion.229

Similar to a previous study [34], a reduced form of the GRI-Mech 3.0 chemical ki-230

netics mechanism (with N-O reactions excluded) is implemented to model the finite-rate231

chemistry. The simulations were performed using the ANSYS Fluent 19.2 CFD software,232

with a 2-D, axisymmetric domain. An optimised form of the k − ϵ turbulence model233

was implemented for closure of the Reynolds-averaged Navier-Stokes (RANS) equations,234

with the C1,ϵ constant set to 1.6, a value which has previously been shown to correct for235

the so-called “round-jet anomaly” in axisymmetric flows [36, 37]. Initially, the geometry236

of the well-studied JHC configuration was maintained, to enable direct comparisons to237

the results of Dally et al. [8], for which detailed species compositions and temperature238

measurements are available at atmospheric pressure for a 1:1 NG/H2 fuel mixture in the239

jet. The geometry was then updated to model the combustion chamber of the CP-JHC240

burner, facilitating comparisons with the experimental results at elevated pressures.241

To compare the simulation results with those obtained experimentally with the CP-242

JHC, chemiluminescence modelling of OH∗ and CH∗ was also performed. This was243

implemented as a post-processing step based on the converged results of the simulation,244

since these excited-state radicals have a negligible effect on the concentrations of other245

species. The sub-mechanism used for OH* formation uses the following two formation246

reactions, with rate coefficients obtained from Hall & Petersen [38]:247

H+O+M ⇌ OH* +M (R1)

CH +O2 ⇌ OH* +CO (R2)

The CH∗ sub-mechanism is based on the following formation reaction, with rate248

coefficients from Elsamra et al. [39]:249
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C2H+O2 ⇌ CH* +CO2 (R3)

Additionally, quenching reactions were included in the model, using the rate coef-250

ficients from Tamura et al. [40]. Including these quenching reactions, a total of 12251

reactions were included for OH*, and 9 included for CH*. It is worth noting that these252

sub-mechanisms have not been validated at elevated pressures, so the analysis of the253

current chemiluminescence modelling requires careful interpretation, as discussed in the254

presentation of the results. To complement the CFD results, an additional set of chemical255

kinetics simulations based on 1-D, laminar opposed flow flames was carried out. These256

simulations were performed using the OPPDIF code available in the Chemkin-Pro soft-257

ware, which allows the reaction pathways and kinetics effects to be explored in more258

detail under the assumption of a simplified flow field. The same kinetics and chemilu-259

minescence mechanism to that described above was used for these simulations, and a260

constant mean strain rate of approximately 40 s−1 was used.261

3.2. Validation and comparison cases262

To confirm the validity of the CFD model under open, atmospheric conditions, com-263

parisons were made against the experimental results obtained with the JHC configura-264

tion, under similar operating conditions to those implemented in the CP-JHC. Specifi-265

cally, the HM2 and HM3 flames from Dally et al. [8] were used for validation purposes;266

these correspond to Rejet = 10, 000 flames with a 1:1 (by volume) NG/H2 fuel blend267

issuing into a 1300 K coflow, with a coflow O2 mole fraction of 5.2% and 7.8%, respec-268

tively. The CFD and experimental results were compared in terms of the radial profiles269

of OH concentration at two different axial locations; this is shown in Figure A1 of the270

Supplementary Material. This comparison yields a mean error of 5% in terms of the ra-271

dial location of peak OH, and 10% in terms of the peak magnitude of OH mass fraction.272

Specifically, the CFD model under-predicts the peak OH magnitude for the 5.2% O2 case273

at x = 30 mm, and also slightly over-predicts the radial location of peak OH for both274
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cases at x = 30 mm; these observations are consistent with previous studies relating to275

the simulation of JHC flames using the EDC model [35, 41].276

To assess the effect of confinement on the behaviour and validity of the model, simu-277

lations at atmospheric pressure were performed with a modified geometry and boundary278

conditions to match those of the CP-JHC. As shown in the last two rows in Table 2,279

coflows with a measured temperature of approximately 1300 K with a molar O2 concen-280

tration of 5.2% and 7.8% were generated under near-atmospheric pressure conditions in281

the CP-JHC, facilitating comparisons with the experimental results based on the JHC282

configuration. It is worth noting that, due to the heat losses to the walls of the com-283

bustor, an increased heat input (and hence coflow velocity) was required to produce a284

coflow of the same temperature as that of the JHC, since the coflow temperature in the285

near-field can be closely approximated by the adiabatic flame temperature for the JHC.286

The various results are compared in terms of the jet spreading rate in §4.1, based on the287

radial location at which OH∗ is at a maximum, using the Abel-inverted experimental288

results as described in §2.2.289

Following these comparisons at atmospheric pressure, the behaviour of the model290

at elevated pressures is then investigated. Simulations were performed at a range of291

operating conditions to match those shown in Tables 1 and 2, and the results were292

compared with those of the experiments in terms of the change in chemiluminescence293

behaviour with pressure and O2 concentration.294

4. Results and discussion295

4.1. Effect of confinement296

The model used in this study has been validated for atmospheric-pressure combus-297

tion under the hot and low-oxygen conditions associated with the JHC/CP-JHC burner298

configurations (see §3.2). To assess the effect of confinement, comparisons are made299

between the CFD (with geometry matching the CP-JHC) and experimental results at300

near-atmospheric pressure initially, for the cases displayed in the bottom two rows of301
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Table 2. This comparison is shown in Figure 2 for the jet spreading rate based on the302

location of maximum OH∗, as well as the location of maximum OH concentration for303

the open JHC results (i.e. flames HM2 and HM3 [8]). For the JHC spreading rates, the304

plots shown are based on the radial data available at the three axial locations of 4 mm,305

30 mm and 60 mm from the jet exit.306
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Figure 2: Jet spreading comparison between confined CFD and experimental results at atmospheric
pressure, based on location of maximum OH∗. Jet spreading is also shown for open-JHC case based on
OH data from Dally et al. [8] for comparison.

From Figure 2, it appears that there is a slight discrepancy in the radial location of307

maximum OH∗ between the CFD and experimental results, with the CFD OH∗ values308

occurring at radial distances further from the centreline. It is worth noting that the two309

curves have approximately the same gradient, with the largest differences occurring in the310

near-field (x/D ≲ 2). It should also be mentioned that the difference in radial location311

between OH and OH∗ in the CFD simulations is relatively minor, with the OH* maxima312

occurring at slightly reduced radial distances. Similar results have also been observed313

experimentally, with general agreement in terms of visualisation of the flame structure314

based on OH and OH* imaging [42, 43]. It follows then that the reduced gradients of315

the CP-JHC plots (both from the experiments and CFD) in comparison to those of the316

JHC suggests a reduction in the jet spreading rate as a result of confinement, a trend317

which is reasonably well-predicted by the CFD model, although the CFD still slightly318
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over-predicts the spreading rate in comparison to the experimental data.319

4.2. General observations at elevated pressures320

The jet flames issuing into the 3%, 6% and 9% O2 coflows were imaged via both321

unfiltered (i.e. true-colour) and spectrally filtered photography, to study both the broad-322

band light emission and chemiluminescence behaviour, as described in §2.2. In terms323

of their visible appearance, the flames were generally difficult to distinguish from the324

background radiation, as shown by the unfiltered images displayed in Figure A2 of the325

Supplementary Material. The 3% and 6% O2 flames are virtually indistinguishable from326

the background both at 1 bar and 7 bar, although a very faint blue-violet outline can327

be observed for the 6% O2 case at 1 bar; this lack of a clearly visible flame front is a328

common feature of combustion under hot and low-oxygen conditions [2, 44]. The 9%329

O2 atmospheric-pressure case also displays a faint flame boundary in Figure A2, while330

luminous radiation due to the presence of soot is observed for the 7 bar case at this331

O2 concentration. It is particularly interesting to note that neither the 3% nor the 6%332

O2 images indicate the presence of any soot in the region of interest; indeed, none of333

the photographs captured for these O2 concentrations suggest any soot formation in this334

region under such conditions. This highlights the soot suppression characteristics of the335

mild combustion regime, which has previously been attributed to a reduced tendency for336

pyrolytic reactions to occur under hot and low-oxygen conditions [45, 46, 47].337

Chemiluminescence images obtained experimentally for a series of flames at pressures338

ranging from atmospheric pressure (1 bar) to 7 bar are displayed in Figure 3. The images339

correspond to jet flames with two different Reynolds numbers (Rejet = 10, 000 and340

Rejet = 15, 000), with a constant coflow O2 concentration of 6% by mole and measured341

coflow temperatures of 1200±25 K. The OH∗ and CH∗ images are shown side-by-side for342

each flame case, with the OH∗ images reflected about the centreline such that the same343

half of the flame is shown. The images were generated based on multiple long-exposure344

(> 1 s) photographs, such that they represent the mean behaviour. These images also345
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correspond to the line-of-sight-integrated photographs, that is, prior to implementing the346

Abel inversion algorithm.347

Figure 3: OH∗ (left) and CH∗ (right) chemiluminescence images for flames with Rejet = 10000 and
Rejet = 15000 issuing into a 6% O2 coflow with Tcoflow = 1200 ± 25 K, at absolute pressures ranging
from 1–7 bar. Each image has a width of 4 jet diameters (18.4 mm) and height of 15 jet diameters
(67 mm).

The key observation in Figure 3 is the notable reduction in chemiluminescence in-348

tensity with increasing pressure, in terms of both of OH∗ and CH∗, for both Reynolds349

number series shown. It is worth noting that a consistent colour scale was used for all of350

the flames at different pressures and Reynolds numbers in order to highlight this change351

in intensity; hence the difficulty in distinguishing the flames in some images, particularly352

the OH∗ for the 7 bar cases. In previous studies involving both premixed [28] and non-353

premixed [48] flames, a reduction in OH∗ chemiluminescence with increasing pressure has354

been observed, and attributed to increased frequency of collisional quenching at elevated355

pressures. This behaviour and the mechanisms responsible for it are further explored in356

§4.3.357

In general, all of the flames shown in Figure 3 display similar overall structures,358
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although some differences in the flame bases are worth discussing. For both the Rejet =359

10000 and Rejet = 15000 flames at near-atmospheric pressure, the flame base appears to360

be slightly lifted from the jet exit plane, although closer inspection of the OH∗ images361

indicates that the flame base is not clearly defined. Since these images represent the362

mean, not the instantaneous behaviour, the ill-defined flame base indicates that there is363

some variation in its location with respect to time for these cases. At elevated pressures,364

this behaviour is not apparent, with the flames all appearing to be stabilised at the jet365

exit. In order to quantify these differences, statistical analyses were performed for a series366

of more than 200 short-exposure images (obtained with the CH∗ camera) for the various367

cases. This enables the mean liftoff height to be determined, as well as the unsteadiness368

at the flame base as quantified by the standard deviation of the liftoff height—these369

results are displayed in Figure 4 for the Re = 15000 flames with a 6% O2 coflow.370
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Figure 4: Effect of pressure on liftoff height and stability, for the Re = 15000, 6% O2 cases. Note
that the vertical bars shown on the plot represent one standard deviation above and below the mean,
providing an indication of the time-dependent fluctuations in the liftoff height.

The results shown in Figure 4 show a general reduction in liftoff and more stabilised371

flame base at elevated pressures. The change from 1 to 2 bar is the most notable observa-372

tion, with a significant reduction in both the mean and the variation of the liftoff height.373

For P > 2 bar, the variation in the location of the flame base is seen to be significantly374

reduced, and there is relatively little change from 5 to 7 bar. The tendency for the flames375
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to stabilise nearer to the jet exit at elevated pressures can be explained by the reduced376

velocity of the fuel stream at higher pressures, since the cases shown all correspond to a377

constant mass flowrate, such that velocity is inversely proportional to pressure.378

4.3. OH∗ and CH∗ intensity379

To further explore the changes in chemiluminescence behaviour under different oper-380

ating conditions, Figure 5 displays the intensity of OH∗ and CH∗ as a function of pressure381

for the various coflow cases, based on the experimental imaging. For this analysis, the382

intensity values for each case were calculated based on the peak signals along each row383

of pixels from the jet exit to x/D = 10, which were then averaged.384

0 1 2 3 4 5 6 7

Absolute Pressure [bar]

0

0.2

0.4

0.6

0.8

1

O
H

* n
o

rm

0

0.2

0.4

0.6

0.8

1

C
H

* n
o

rm

9% O
2

6% O
2

3% O
2

Figure 5: OH∗ and CH∗ row-averaged maximum chemiluminescence intensity (based on the experi-
ments) as a function of pressure for Rejet = 10000 flames with 3%, 6% and 9% O2 coflows. OH∗ signals
are shown on the left vertical axis (blue) and CH∗ signals are shown on the right (red).

In Figure 5, it is apparent that there is a general reduction in chemiluminescence385

intensity as the pressure is increased and the O2 concentration reduced. In terms of386

pressure-dependence, the OH∗ intensity appears to show greater sensitivity, with an387

approximate order-of-magnitude decrease as the absolute pressure is increased from 1 bar388

to 7 bar. There is also a tendency for CH∗ to decrease with pressure, although the trend389

is less consistent, particularly for the 3% O2 coflow where the curve is seen to level390

out and even slightly increase for P > 3.5 bar. As mentioned in §4.2, the reduction in391

intensity with increasing pressure has previously been attributed to a greater likelihood392
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of third-body or collisional quenching of the excited-state radicals [28], which is expected393

to increase with density and therefore pressure. Additionally, it is possible that there is394

a shift in chemical kinetics pathways at elevated pressures which leads to a change on395

OH∗ formation. The greater relative intensities for the CH∗ results at elevated pressures396

suggests that either quenching has a reduced effect in comparison to OH∗, or there is397

indeed a difference due to chemical kinetics as the pressure is increased; this is explored398

further in §4.4.399

Figure 6 compares the experimental and numerical modelling (both CFD and Chemkin)400

results, in terms of the change in chemiluminescence behaviour with pressure and coflow401

O2 concentration. The intensity values shown for the experiments correspond to the402

maximum radial values averaged over x/D < 10 (i.e. the results from Figure 5 are repro-403

duced), while the molar concentration was used for the CFD and Chemkin results. Both404

sets of results were normalised against the maximum value over the entire dataset, which405

corresponds to the 9% O2, 1 bar case for the experiments, CFD and Chemkin results.406

The results corresponding to the same coflow are shown together on a single set of axes,407

with a separate set of axes for each of the 3, 6 and 9% O2 coflow cases.408
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Figure 6: OH∗ and CH∗ radially-averaged chemiluminescence intensity (experiments) and molar
concentration (CFD and Chemkin) as a function of pressure for Rejet = 10000 flames for three different
coflows. The experimental, CFD and Chemkin results are normalised against their highest respective
values across all pressures and O2 concentrations. Also note the change in the scale of the y-axis for the
separate plots corresponding to the different O2 concentrations.

In Figure 6, some key differences between the results of the CFD and Chemkin simu-409

lations and those from the experiments can be seen. First of all, it can be seen that—for410

the 9% O2 case—both the CFD and Chemkin simulations appear to over-predict the411

reduction in OH∗ with pressure, although the Chemkin results match the experimental412
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observations much more closely. Interestingly, the pressure-dependence of CH∗ based on413

the CFD results appears to be minimal, while the 1-D simulations predict a consistent414

reduction in CH∗ with pressure which is similar to that observed for the experimental415

results—at least at 9% O2. The large discrepancy between the Chemkin and CFD results416

in terms of CH∗ suggests that the flow field plays an important role on the predicted417

trends, that is, it is not simply a matter of kinetics. Although the OH∗ intensity is seen418

to decrease with pressure slightly more rapidly than CH∗ based on the experiments, the419

CFD results predict a major difference between the two. This is further explored in terms420

of the reaction pathways in §4.4.421

In comparison to the experimental chemiluminescence imaging, the CFD results show422

a much greater reduction in both OH* and CH* as the O2 concentration is decreased.423

Considering the 1 bar cases in isolation, it can be seen that the OH* and CH* chemilumi-424

nescence intensities based on the photographs are reduced by approximately 50% as the425

O2 concentration is reduced from 9% to 6%, noting the change in vertical axis scales be-426

tween the sub-figures. The CFD concentrations, however, are reduced to approximately427

20% and 10% of the maximum OH* and CH* values, respectively. The difference is even428

more pronounced for the 3% O2 coflow, particularly for the CH∗ results, which have429

normalised values of less than 0.01 (i.e., < 1% of the maximum radially-averaged value)430

based on the CFD concentration at all pressures, while the experimental case at 1 bar and431

3% O2 is approximately 25% of the maximum value. It is particularly interesting that the432

CH* concentrations based on the CFD simulations do not appear to show any noticeable433

pressure-dependence, yet are very sensitive to changes in O2 concentration. Considering434

now the Chemkin results, it is interesting to note that the OH* concentration shows less435

sensitivity to O2 concentration, with all of the normalised values at 6% and 3% O2 based436

on the Chemkin analysis being greater than the corresponding CFD and experimental437

values. Interestingly, the Chemkin-derived CH∗ values show a similar reduction from438

9% to 6% O2 to the behaviour observed based on the experiments, yet there is then a439

more pronounced reduction from 6% to 3% O2 for the Chemkin results, particularly at440
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lower pressures. These results indicate that the trends in chemiluminescence behaviour441

which occur with both pressure and O2 concentration are highly sensitive to both chem-442

ical kinetics and flow phenomena. The following section explores this in more detail by443

comparing the simulation results of the CFD and Chemkin models, in terms of formation444

mechanisms and the sensitivities of the underlying chemical species.445

4.4. OH∗ and CH∗ reaction pathways446

Although there is some agreement in the general trends between the modelling and447

experiments based on the results shown in §4.3, it is apparent that the simulations do448

not accurately predict all of the changes in chemiluminescence as the pressure and O2449

concentration are varied. It is therefore of interest to analyse in more detail the individual450

reactions and species which are relevant to OH* and CH* formation and consumption,451

based on both the Chemkin and CFD simulations. This is important not only to provide452

insight into the mechanisms responsible for the experimental observations, but also to453

highlight which aspects of the model should be prioritised in future investigations—454

particularly since the kinetics mechanism used for chemiluminescence has been applied455

beyond the conditions for which it has previously been validated.456

Figure 7 shows the effect of pressure on the rates of formation and consumption of457

OH* based on both the CFD and laminar opposed-flow flame (Chemkin) simulations.458

The formation rates are determined based on the forward-reactions of R1 and R2 (see459

§3.1), with the contribution from each reaction shown separately. The rates of the reverse460

reactions are also displayed, although these are much lower. Also shown in Figure 7 is461

the total collisional quenching rate, based on the summation of all of the quenching462

reactions. The values shown in the plots correspond to the mean reaction rates for463

the region x/D < 10, to maintain consistency with the results shown in the previous464

section. Similar to Figure 6, the results for the three different coflow O2 concentrations465

are displayed on separate axes.466
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Figure 7: Mean rates of reactions R1 and R2 based on the CFD and Chemkin simulations (evaluated
for axial distances x/D < 10 for the CFD). Forward reactions (i.e. OH* formation) shown in blue, while
reverse (i.e. consumption) shown in red. OH* quenching rate also shown in green.

Figure 7 highlights some interesting behaviour with regards to OH* formation. It467

is evident that—at least for the CFD results—reaction R2 is the dominant formation468

pathway in the near-field region for all pressures and coflow O2 cases, with a mean rate469

that is multiple orders of magnitude greater than that of reaction R1. Interestingly, the470

Chemkin simulations predict a relatively greater contribution from reaction R1, partic-471

ularly for the 9% O2 case as the pressure is increased, where it is seen to become the472

dominant pathway for P > 5.0 bar. It can also be seen in the CFD results that the473

R1 reaction favours the reverse pathway in this region (although this is still significantly474
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lower than the formation rate from R2), which suggests that the concentration of O and475

H radicals is relatively low. In general, the CFD and Chemkin results predict signifi-476

cantly different trends, both in terms of the effects of pressure and O2 concentration.477

For example, the quenching and total formation rates show a slight increase with in-478

creasing pressure for the 9% O2 Chemkin results (noting that the total formation rate479

essentially matches the quenching rate), while the CFD predicts a monotonic reduction480

with pressure at the same O2 concentration. This difference appears to be largely related481

to the increased prominence of R1, whose mean rate is seen to increase with pressure482

based on the Chemkin analysis, although it is also seen that the rate of R2 also shows an483

initial increase with pressure which is not evident in the CFD results at 9% O2. These484

differences highlight the influence of the flow field on the resulting chemiluminescence485

behaviour, as explored further in this section.486

A noticeable change in behaviour can also be seen by comparing the results for the487

different O2 concentrations in Figure 7. Focussing on the CFD results in isolation, it488

is interesting to note that while the 9% O2 cases show a monotonic trend in terms of489

pressure-dependence of the various reaction rates, both the 6% and 3% O2 cases show a490

departure from this. Firstly, it is worth noting that the trends are essentially the same491

for the 6% and 9% plots if the 1 bar data points are excluded (i.e. for P ≥ 2 bar), and492

similarly for the 3% O2 case for P ≥ 3.5 bar. This suggests that there are competing493

effects occurring as the pressure is varied, which are more pronounced at lower pressures494

and O2 concentrations. Since the reaction R2 is the dominant OH* formation pathway495

in the CFD simulations, it is useful to investigate the CH radical to provide additional496

insight. This analysis is included in the Supplementary Material (Figure A3), and shows497

that—although there is a monotonic decrease in the mean CH concentration with pressure498

for all O2 cases—the spatial overlap between CH and O2 (the two reactants of R2)499

increases from 1.0–2.0 bar for the 6% O2 case and from 1–3.5 bar for the 3% O2 case.500

Additionally, this change in overlap can be attributed to the flames stabilising nearer to501

the jet exit as the pressure is increased, as was observed from the experimental imaging502
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results (§4.2). This emphasises the importance of accurately modelling both the flow-503

field and the finite-rate chemistry for the flames studied, particularly when simulating504

chemiluminescence behaviour. It is also worth noting that, despite the non-monotonic505

behaviour of the 3% and 6% cases in terms of formation rate, the OH* concentration506

displays a consistent reduction with pressure for all cases, as seen in Figure 6. This507

suggests that quenching does, in fact, have an increased impact at elevated pressures in508

conjunction with the change in formation rate.509

The Chemkin simulations also predict a shift in pressure-dependence with regard to510

OH∗ formation as the O2 is varied. Comparing the 9% and 6% Chemkin plots and511

noting that they share the same vertical axis scale, it can be seen—somewhat counter-512

intuitively—that reaction R2 actually shows a slightly increased mean rate at all pressures513

for the 6% O2 case. Further reducing the O2 concentration to 3% then leads to a reduction514

in both the R1 and R2 reaction rates, as well as a more significant decrease with pressure515

for P > 2 bar as seen in the 3% O2 plot in Figure 7. These trends, in addition to others516

discussed in this section, can be explored further by analysing the sensitivity of the OH∗
517

species, in terms of the reactions which have the greatest influence on formation and518

consumption. These sensitivity results are shown in Figure A4 of the Supplementary519

Material, in the form of normalised charts displaying the key reactions at the location of520

maximum OH∗ at a range of pressures and O2 concentrations.521

The sensitivity results indicate that, for all of the cases shown, the key reactions522

which influence the OH∗ concentration at its peak remain largely the same. For all cases523

shown except for the 7 bar, 3% O2 case, the behaviour is consistent in terms of the524

three reactions which produce the greatest sensitivity. In general, the key reaction is525

R2, as would be expected based on Figure 7, although the 7 bar cases at 9% and 3%526

O2 show a departure from this. For the higher O2 case, the sensitivity to reaction R2 is527

significantly reduced in comparison to the other cases, with a normalised value of 0.75,528

with the other cases all having sensitivities of greater than 0.95. It is also interesting to529

note that reaction R1 does not appear in the list for any of the cases other than the 7 bar,530
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9% O2 case, which appears to be a result of the narrower reaction zone which occurs at531

higher pressures and O2 concentration. Interestingly, Figure 7 shows that the mean rate532

of R1 exceeds that of R2 for the 7 bar, 9% O2 case, yet OH∗ is more sensitive to R2 at533

the location of interest. Looking at the locations of the peaks of R1 and R2 (mixture-534

fraction-space plots of which are included in Figure A5 of the Supplementary Material),535

and that of the global OH∗ peak, it is apparent that the maximum concentration is536

almost coincident with the peak production rate of R2; this suggests that the quenching537

effect is stronger in the region of the flame where reaction R1 predominately takes place.538

In terms of OH∗ formation, the key question which remains is the cause of the much539

lower relative rate of reaction R1 predicted by the CFD compared with the laminar flame540

simulations. The differences in terms of the prominence of the formation reactions can541

be investigated by comparing the concentrations of the underlying species, that is, H542

and O for reaction R1 and CH and O2 for reaction R2. This is shown for the 9% O2,543

1 bar case in Figure 8, with the radial species profiles evaluated at an axial distance of544

x = 30 mm for the CFD results.545
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Figure 8: Comparison of underlying species profiles (O2, CH, O, H) for CFD and Chemkin results at
1 bar with a 9% O2 oxidant stream. Note that the 2-D CFD simulation results are evaluated along a
radial profile 30 mm from the jet exit plane.

The species profiles in Figure 8 indicate that the radical species concentrations are546

generally lower for the CFD results, but of similar order of magnitude to that of the 1-D547

simulations, and the relative magnitudes of the O, H, and CH species are also similar.548

Interestingly, however, the CFD model predicts a significantly higher concentration of549

O2 in the region near the CH peak in comparison to the Chemkin simulations, which is550

likely the cause of the relative dominance of the R2 pathway in the CFD modelling. It is551

particularly interesting to observe that the O2 concentration behaves non-monotonically552

as a function of the distance from the centreline, since it is expected that the O2 con-553

centration would increase monotonically from zero on the fuel side to 9% (in this case)554
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on the oxidant side for a nonpremixed flame. This indicates that a non-negligible por-555

tion of the O2 from the coflow is entrained and transported to the fuel-rich side without556

being completely consumed by the reaction, as indicated by the 2-D colour-map shown557

in Figure A6 of the Supplementary Material. This O2 then continues to react, such that558

oxidant is supplied to the reaction zone from both sides and the O2 concentration de-559

creases to a minimum at the location where CH is at a maximum. Importantly, the fact560

that the CFD and Chemkin modelling predict similar behaviour in terms of the radical561

species, yet produce such different results in terms of OH∗, again highlights the extreme562

sensitivity of chemiluminescence modelling to the underlying flow-field in these flames.563

The mean formation rates for CH* from the CFD and Chemkin simulations are564

shown in Figure 9, again evaluated for x/D < 10 for the CFD. In this figure, the three565

different coflow O2 concentrations are shown in a single plot, and the formation rate is566

calculated from the forward rate of reaction R3. It is worth noting that the mean rate of567

consumption was also calculated via the summation of the various quenching reactions,568

and this was found to be equivalent to the mean formation rate (as expected since it569

is an intermediate species). Comparing Figures 7 and 9, it is interesting to note that570

the CH* formation rate (and quenching rate) shows an increase with pressure for all O2571

concentrations (for both the CFD and Chemkin plots), while the OH* rates showed a572

general reduction with pressure, with some cases displaying non-monotonic trends. In573

terms of CH* formation, the increase is a consequence of greater concentrations of the574

C2H radical as the pressure is increased, while the CH concentration (which leads to575

OH* formation via the R2 pathway) decreases with pressure as mentioned previously.576

Referring back to Figure 6, the CH* concentrations predicted by the CFD do not show577

any clear pressure-dependence, while the Chemkin simulations predict a weak negative578

correlation between pressure and the mean CH* concentration; this suggests that the579

increase in quenching at elevated pressures counteracts the increased formation rate580

which is evident in Figure 9.581
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Figure 9: Rates of formation for CH* via reaction R3, for both the CFD and Chemkin results (evaluated
for axial distances x/D < 10 for the CFD). Note that the mean quenching rates are essentially identical
to the respective formation rates when shown on this scale, and are therefore not included.

It is also interesting to observe in Figure 9 that the CH* concentration shows a582

much greater sensitivity to the O2 concentration for the CFD results in contrast to the583

Chemkin simulations, noting the different vertical-axis scales. This difference is also584

evident for the OH* rates in Figure 7, albeit to a lesser extent. The difference is possibly585

a consequence of the reaction zone shifting radially outwards as the O2 is decreased in586

the CFD simulations, such that there is a change in the local strain rate which is likely587

to have a significant effect on the composition of the radical pool, and therefore on the588

relative rates of the chemiluminescence reactions.589

In the context of the experimental observations, the results presented in this section590

offer some important insights. In particular, they highlight the complex interactions591

between chemistry and flow-field effects, which lead to some interesting behaviour as the592

pressure and coflow O2 concentration are varied. The general trend observed based on the593

experimental chemiluminescence images is a reduction in both OH* and CH* intensity594

with increasing pressure and decreasing O2, as well as a shift towards a more stable595

flame base at elevated pressures. While the CFD model appears to predict the general596

flame structure reasonably well for the various cases, there is disagreement between the597

experimental and CFD results in terms of the relative change in intensity/concentration598
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with both pressure and O2. Additionally, the Chemkin simulations suggest that these599

differences are not solely a consequence of the chemical kinetics mechanism. In terms600

of OH*, the modelling results suggest that there is a general reduction in the presence601

of the CH radical which leads to a reduction in OH* formation with pressure, although602

there are also competing effects at play in terms of the spatial overlap with O2. The603

reduced concentration of CH ultimately leads to a more rapid reduction in OH* with604

pressure than would be expected simply due to increased quenching. This result is605

particularly noteworthy, since a previous experimental investigation involving laminar606

diffusion flames observed that the OH* signal decay with pressure was less than what607

would be expected due to quenching effects, suggesting an increased OH* formation rate608

as the pressure is increased [48]. Since the CFD model over-predicts the reduction in609

OH* with pressure (see Figure 6), it is possible that there is indeed a shift towards an610

additional OH* formation mechanism at pressure, which is not captured in the kinetics611

model. It is also worth noting that the R1 OH* formation pathway does not show612

this same pressure-sensitivity, so it is possible that the CFD modelling fails to capture613

accurately the relative contributions of the two formation reactions and how these vary614

with pressure. Interestingly, for the CH* results, there is an increased rate of formation615

which is approximately balanced by the increase in quenching rate, such that—according616

to the CFD model—there is no noticeable pressure dependence from a chemical kinetics617

perspective. The chemiluminescence imaging, however, shows a general reduction in618

intensity with pressure, and the Chemkin analysis also suggests a modest reduction in619

the mean CH* concentration with pressure, which appears to be related to increased620

quenching rates.621

5. Conclusions622

The effect of pressure on the structure and chemiluminescence behaviour of tur-623

bulent flames under hot and low-oxygen combustion conditions has been investigated.624

Experimental imaging of OH* and CH* in a confined and pressurised jet-in-hot-coflow625
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combustor was complemented by CFD modelling using a validated, atmospheric-pressure626

model based on the JHC burner. The model geometry and boundary conditions were up-627

dated to match those of the CP-JHC, and initial comparisons were made in terms of the628

jet-spreading rate. The experimental chemiluminescence imaging results were presented629

and analysed in conjunction with the numerically-derived OH* and CH* concentrations,630

based on both the CFD modelling and laminar, opposed-flow flame simulations. Ul-631

timately it was found that, although the modelling predicts certain trends such as a632

reduction in OH* with both pressure and coflow O2 concentration, there is a clear need633

to further develop the mechanisms in order to reproduce the experimental results. Fur-634

ther analysis of both sets of numerical modelling results revealed that there is a reduction635

in the mean concentration of the CH radical with pressure which leads to a reduction in636

OH* formation via the reaction R1: CH+O2 ⇌ OH*+CO, which is the dominant path-637

way at all pressures and coflow O2 concentrations considered in the CFD analysis. This638

result is particularly interesting, since previous observations of reduced OH* intensity at639

elevated pressures are generally attributed to the increased quenching rates at elevated640

pressure. The comparisons between the CFD and Chemkin results also indicate that the641

relative dominance of the R1 pathway—as well as the non-monotonic trends observed at642

lower pressures—are related to slight changes in the spatial overlap of CH and O2. This643

emphasises the need to accurately capture both the overall flow behaviour, particularly644

in the stabilisation region, as well as the precise location and concentration of key inter-645

mediate species in order to predict the trends in chemiluminescence behaviour. This is646

particularly important from a practicality perspective, since chemiluminescence imaging647

is a widely used experimental technique, and if computational models can accurately648

predict the behaviour seen for the flames in the current experiments, then it gives good649

confidence in the suitability of the model.650
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Supplementary Material7

1. CFD model validation8

As mentioned in the main text, the CFD modelling results were compared to the “HM2” and “HM3”9

open-JHC flames. Figure A1 displays this comparison, in the form of radial plots of the OH species at axial10

locations of 30 mm and 60 mm from the jet exit plane.
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Figure A1: Comparison of radial profiles of OH concentration at axial locations (x) of 30 mm and 60 mm,
for CFD modelling and experimental results. Experimental OH profiles obtained from Dally et al. [? ].
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1. Unfiltered jet flame imaging12

Unfiltered images of the 3, 6 and 9% O2 flames at absolute pressures of 1 bar and 7 bar are shown in13

Figure A2, displaying the broadband radiation characteristics. As mentioned in the text, the flames are14

virtually indistinguishable from the background luminescence at 3 and 6% O2, while the 9% O2, 7 bar case15

displays evidence of soot formation.

Figure A2: Unfiltered photographs of jet flames for the 3%, 6% and 9% O2 coflows at absolute pressures
of 1 and 7 bar. All images were captured with an exposure time of 1/125 s and 3200 ISO, with the exception
of the 9% O2, 7 bar case, which was captured with 400 ISO.
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2. Additional modelling results: CFD and laminar flame simulations17

In the analysis of the CFD results (§4.4), it was observed that the rate of reaction R1 displayed a non-18

monotonic behaviour as the pressure was increased. Figure A3 shows that, although the concentration of CH19

decreases consistently with increasing pressure for each of the cases, the overlap between CH and O2—given20

by the product [CH]×[O2]—initially increases at lower pressures for the 6% and 3% O2 cases.21
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Figure A3: Plots of CH concentration and overlap of CH and O2 (i.e. [CH]×[O2]) as a function of pressure
for the 3, 6 and 9% O2 cases, from CFD modelling results.

In terms of the Chemkin simulations, the normalised sensitivity values are particularly useful for identify-22

ing the key reactions involved and their relative importance. Figure A4 shows the sensitivity results for OH*23

at the location of maximum OH* concentration, with the 1 bar results shown in the left column and 7 bar24

on the right, with separate columns for each O2 concentration. Essentially, this provides an overview of the25

reactions which lead to both formation (positive) and consumption/quenching (negative) at this particular26

location.27
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Figure A4: Normalised sensitivities of OH* to various reactions at 3, 6 and 9% O2 and 1 and 7 bar(a), at
the location of maximum OH* concentration based on the Chemkin simulations.

To provide further insight regarding how the underlying reactions R1 and R2 contribute to the overall28

presence of OH* in the laminar flame simulations (i.e. the Chemkin analysis), Figure A6 displays the mixture-29

fraction space profiles of these two reactions along with the OH* concentration on a separate vertical axis. It30

is interesting to note that, for the 1 and 3 bar cases, the profile for [OH*] essentially follows the profile of R131

until it reaches the location at which that reaction rate peaks, after which it follows very closely the profile32

of R2. The 5 and 7 bar cases are similar; however, due to the reduced spatial separation between the two33

reactions, the [OH*] profile deviates away from the R1 curve prior to the peak location of that reaction—this34

is particularly evident for the 7 bar case.35
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Figure A5: Mixture-fraction space profiles of reactions R1 and R2 (shown on left axis in blue) superimposed
with OH concentration (shown on right axis in red).

It was also shown in §4.4 that the reason for the relative dominance of reaction R2 in the CFD modelling36

compared to the Chemkin simulations—particularly at 9% O2—is due to a higher O2 concentration at the37

location of maximum CH concentration. The radial profile of O2 concentration 30 mm downstream of the38

jet exit plane also showed a non-monotonic behaviour with respect to radial location, whereas it is expected39

that the O2 concentration would increase monotonically from 0 on the fuel side to 9% (in this case) on the40

oxidant side for a nonpremixed flame. The fact that there is a relatively high O2 concentration on the “fuel”41

side (which decreases to a minimum when CH is at a maximum), indicates that the O2 from the coflow is42

not completely consumed by the reaction (or is entrained upstream before the flame is stabilised), and then43

continues to react, such that O2 is supplied to the reaction zone from both sides.44
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O2 Concentration [kmol/m3]

Figure A6: 2-D colour map of O2 concentration from the CFD simulation of the 9% O2, 1 bar case,
highlighting the transport of O2 to the fuel-rich side of the reaction zone.
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Chapter 6

Experimental Investigation of the
Flame Structure of Dilute Sprays
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a b s t r a c t 

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

range of practical situations. To enable investigation of the fundamental combustion processes relating 

to such applications, liquid fuels were injected into the reaction zone as dilute sprays in this study. 

Droplets of ethanol, n -heptane, and n -heptane/toluene blends were produced via an ultrasonic nebu- 

liser, and were carried by air through a central jet to a hot coflow of combustion products. The resulting 

flames were then analysed using four simultaneous laser diagnostic techniques. Planar laser-induced flu- 

orescence (PLIF) was implemented to perform imaging of key intermediate species, including hydroxyl 

(OH) and formaldehyde (CH 2 O), while the Mie scattering technique was used to detect the location of 

droplets. The sooting behaviour of these flames was also investigated, via the laser-induced incandes- 

cence (LII) technique. The existence of distinct inner and outer reaction zones is a key feature of all of 

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

and fuel, as well as penetration of droplets into the inner reaction zone. A change in the stabilisation 

of the inner flame front was observed with variations in fuel type, with a greater likelihood of ignition 

kernels in the case of the n -heptane and n -heptane/toluene flames, whereas the equivalent ethanol flame 

displays a bifurcation structure. Variations in the jet Reynolds number and liquid fuel loading were also 

found to have a notable impact on the distribution and evaporation of droplets, which was in turn found 

to affect the formation of the double flame structure. Due to the complex coupling between turbulence, 

chemistry and droplet evaporation in these flames, the accurate prediction of such results a priori is not 

within the limits of current modelling capabilities. These findings provide a valuable insight to enable 

future advancements in spray combustion modelling and the design of practical combustion devices. 

© 2021 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 

1. Introduction 

The combustion of liquid fuels accounts for approximately 35% 

of the primary energy consumption in the modern world. Liquid 

fuels are typically injected in the form of a spray, to accelerate the 

evaporation and subsequent combustion of the fuel [1,2] . Despite 

the widespread use of liquid sprays in combustion devices such 

as gas turbines and reciprocating engines, current understanding 

of the behaviour of liquid spray flames remains incomplete, par- 

ticularly in regards to the development and validation of accurate 

and efficient computational models [3] . This is largely due to the 

complex nature of the coupled interactions between spray break- 

up and evaporation, combustion chemistry, and turbulence. 

∗ Corresponding author. 
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In broad terms, a spray—or a certain region of a spray—can be 

classified as being either “dense” or “dilute”. For classification pur- 

poses, a spray can be considered dilute when the liquid loading 

is less than approximately 1% by volume and the interactions be- 

tween droplets are negligible [4,5] . In practical situations, liquid 

fuels are typically injected as a dense spray, which subsequently 

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

focus on the fundamental combustion processes relating to fuel 

droplets in an experimental context, a dilute spray can be directly 

formed and transported into the reaction zone via a carrier gas. 

Detailed measurements of reactive scalars and droplet fields have 

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

ternational Workshop on Turbulent Combustion of Sprays (TCS), 

which is aimed at providing insight for the development of practi- 

cal models. Despite this, there still remains a lack of detailed data 

for certain types of flames, particularly in conditions related to 

https://doi.org/10.1016/j.combustflame.2021.111439 
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sequential gas turbines and engines using exhaust gas recirculation 

(EGR) [8,9] . 

Liquid sprays reacting in a high-temperature, low-oxygen envi- 

ronment are commonly encountered in combustion devices which 

use techniques such as EGR and mild combustion [10,11] . These 

methods enable improvements in efficiency and combustion sta- 

bility, along with emissions reductions [12,13] . The term “mild”

has been used here to encapsulate the features of moderate or 

intense low-oxygen dilution combustion, a particular regime with 

very high dilution by hot combustion products, characterised by 

distributed reaction zones, lower peak temperatures, and signifi- 

cant reductions in emissions of NO x , CO and soot [14] . 

The behaviour of flames under mild combustion conditions is 

significantly different to that of conventional flames [15] . The re- 

duced concentration of O 2 results in longer chemical time-scales 

[16] , and a change in the stabilisation mechanism of visually lifted 

flames has been observed [17] . To examine the fundamental phys- 

ical and chemical processes which govern flames in this regime, 

and to facilitate the development of numerical models, most stud- 

ies have been focussed on relatively simple, gaseous fuels. Many 

of these fundamental experimental studies have been carried out 

using a type of burner commonly referred to as a “jet in hot cross- 

/co-flow” (JHC) configuration [18–21] , which allows the fuel com- 

position and flow rate to be varied independently of the temper- 

ature and O 2 concentration of the oxidant stream, and also facili- 

tates the use of laser diagnostic techniques. 

The behaviour of liquid fuels in the mild combustion regime 

has also been investigated. To study the chemical effects in isola- 

tion, a series of experiments were performed with a JHC configu- 

ration using prevaporised fuels, including ethanol and blends of n - 

heptane/toluene [22,23] . A change in flame structure was observed 

when the O 2 concentration was increased from 3% to 9%, suggest- 

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

of reaction fluxes indicated a fundamental change in chemical ki- 

netics, with greater sensitivity to fuel-specific reactions in the 9% 

O 2 case [22] . A significant increase in soot formation with addition 

of toluene to the fuel was also observed, which was found to have 

a notable impact on the flame temperature [23] . Measurements of 

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

spray in hot coflow” (DSHC) flames [24] , which uses a pressure- 

swirl atomiser to generate droplets. These experiments highlighted 

a change in spray break-up and evaporation processes when com- 

paring spray flames in a coflow of air versus a hot-diluted coflow. 

This change was found to have a large impact on the flame struc- 

ture and temperature field, with the rapid spray break-up and va- 

porisation in the hot coflow leading to a reduction in peak temper- 

atures and a more uniform distribution. The temperature profiles 

also indicated the presence of separate inner and outer reaction 

zones for both coflow conditions, although this was most obvious 

in the case of an air coflow. 

The existence of multiple reaction zones is a commonly ob- 

served feature of spray flames. In a simplified numerical analysis of 

a counterflow spray configuration, two distinct flame zones were 

predicted to occur under certain conditions; this was attributed 

to the flame exhibiting both premixed and diffusion-like charac- 

teristics, with a merging of the two zones at high strain rates 

[25] . This “double flame” structure has been observed in other ex- 

periments involving sprays [26,27] , and has also been reproduced 

via large-eddy simulation (LES) [28] . This latter study found that 

there were actually up to four distinct reaction regions in the case 

of an air coflow, despite the associated experimental results sug- 

gesting a double flame structure [28] . Additionally, the formation 

of these multi-flame structures was found to be very sensitive 

to the relative evaporative and chemical time-scales, highlighting 

the complexity involved in the modelling of dual-phase combus- 

tion [28] . The flame structure has also been investigated using a 

RANS approach, where bifurcating flame fronts were found to oc- 

cur at lower coflow temperatures [29] . Although the presence of 

multi-flame structures (i.e. flames with distinct reaction zones) has 

been observed both experimentally and numerically, the underly- 

ing mechanisms which lead to these structures requires further in- 

vestigation to enable robust and efficient numerical models to be 

developed. 

To bridge the gap between the understanding of gaseous fu- 

els undergoing autoignition in a hot coflow and the experiments 

performed with piloted dilute sprays [30] , a dilute spray burner 

for studying spray flames in a hot and low-oxygen coflow was de- 

veloped [31] . Imaging of the hydroxyl (OH) radical was performed 

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

auto-ignition occurs in a relatively gradual manner and over a 

larger range of distances compared with gaseous flames [31] . In 

a separate study with the same burner configuration [32] , a dou- 

ble flame structure was observed when air was used as the carrier 

gas, which was hypothesised to be a result of vaporised liquid mix- 

ing with air to produce localised, ignitable mixtures. Another im- 

portant feature of these flames was the presence of formaldehyde 

(CH 2 O) prior to OH formation, highlighting the importance of this 

radical in the autoignition process. Heat release rate was also ex- 

amined qualitatively in this study, using the product [OH] ×[CH 2 O] 

as a marker [32] . A limitation of these studies [31,32] , and in- 

deed all of those involving sprays in hot and vitiated coflows, is 

the lack of simultaneous imaging of both droplets and chemical 

species, which has been performed in previous studies involving 

dilute spray burners [5,33] . 

The present study aims to extend the understanding of spray 

combustion in a hot and low-oxygen environment, using a dilute 

spray burner in a JHC configuration. The stabilisation mechanisms 

and near-field flame structure are of particular focus, along with 

the distribution of fuel droplets and the effect that this has on 

the flame further downstream. The results presented correspond 

to constant coflow conditions, while a range of jet boundary con- 

ditions and fuel compositions are investigated. A series of simul- 

taneous laser diagnostic techniques are implemented, providing 

a unique insight into the structure of these flames and facilitat- 

ing future development of spray combustion models. Planar laser- 

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

hydroxyl (OH) and formaldehyde (CH 2 O) radicals, while the Mie 

scattering technique is used to capture the location of droplets. Ad- 

ditionally, laser-induced incandescence (LII) is performed to mea- 

sure the soot volume fraction, and how this varies with fuel 

composition. 

2. Methodology 

2.1. Spray burner description 

The spray burner used in this study shares several features with 

well-studied JHC and dilute spray burners, which have been used 

to study both piloted and autoignitive flames [18,22,30–32,34] . The 

burner and laser diagnostics configuration is equivalent to that 

which has previously been used to study hydrogen flames with 

toluene addition, albeit without a hot coflow [34] . A schematic of 

this burner is shown in Fig. 1 . Fuel droplets with minimal initial 

momentum are generated using an ultrasonic nebuliser, with an 

estimated Sauter mean droplet diameter (SMD) of 30 μm at the 

nebuliser head. This estimate is based on data from the manufac- 

turer (Sonotek), in conjunction with a commonly used correlation 

for the diameter of droplets ( d SMD ) generated via ultrasonic nebu- 

lisation [35] : 

d SMD = c 

(
8 πσ

ρ f 2 

)1 / 3 

, (1) 
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Fig. 1. Schematic cross-section of spray burner and nebuliser (not to scale). 

where c is an empirically derived constant which depends on the 

specific nebuliser used, f is the vibrational frequency of the nebu- 

liser, and σ and ρ are the surface tension and density of the liq- 

uid being used, respectively. The viscosity ( μ) of the liquid is also 

known to have an effect on the atomisation process, although pre- 

vious findings suggest that this effect only becomes significant for 

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

the viscosity of the liquids used in this investigation. 

The nebuliser is located inside a brass housing which has 

a smooth, tapered exterior, which is in turn contained within 

a smooth, stainless steel internal contraction. Carrier air flows 

around the outside of the brass housing, to collect the droplets at 

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

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

which is located approximately 270 mm downstream of the neb- 

uliser. The jet diameter ( D ) is 20 mm (ID), while the surround- 

ing coflow diameter is 110 mm. The hot coflow is produced via 

the lean premixed combustion of natural gas and air, stabilised 

on a porous bed burner positioned 10 mm upstream of the jet 

exit plane. The porous bed has a depth of 90 mm, containing flint 

clay with a maximum flint size of 5 mm. The coflow conditions 

were held constant, with a temperature of 1690 K and a calcu- 

lated O 2 concentration of 7.5% (by volume). These coflow condi- 

tions were selected to enable comparisons with previous studies 

involving prevaporised fuels [23,37] . Air at room temperature is- 

sues from a 130 mm (OD) annulus surrounding the coflow with a 

velocity of 0.4 m/s, to reduce mixing of the jet and coflow with the 

surrounding quiescent air. 

Four different liquid fuel compositions were used in this study; 

namely ethanol, n -heptane, and 3:1 and 1:1 blends of n -heptane 

and toluene ( n -heptane:toluene, by liquid volume). These were se- 

lected to allow the effects of fuel chemistry to be analysed, par- 

ticularly in regards to soot formation, as well as the potential 

for comparison against previous results. Additionally, the variation 

in physical properties of the different liquids is considered when 

comparing the flame cases. For the ethanol flames, the flow rates 

of both the carrier gas (air) and the liquid fuel were also inde- 

Table 1 

Table of flame cases, indicating the fuel composition, fuel loading 

( ̇ m f ), jet equivalence ratio ( � jet ) and Reynolds number ( Re jet ). 

Case Fuel composition ˙ m f [g/s] � jet Re jet 

E15-5 Ethanol 0.15 0.95 5000 

E21-5 Ethanol 0.21 1.3 5000 

E27-5 Ethanol 0.27 1.7 5000 

E21-3 Ethanol 0.21 2.2 3000 

E21-6 Ethanol 0.21 1.1 6000 

H21-5 n -heptane 0.21 2.2 5000 

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

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

pendently varied. These correspond to changes in the jet Reynolds 

number ( Re jet ) and the liquid fuel loading ( ˙ m f ), respectively, not- 

ing that the changes in ˙ m f have a negligible impact on the bulk 

volumetric flow rate through the jet. 

The operating conditions and the name of their associated 

flame cases are listed in Table 1 , along with the values of equiv- 

alence ratio for each case, based on the total mass of fuel and 

carrier air. The cases are named according to the type of fuel 

used (E ≡ ethanol, H ≡ n -heptane, T ≡ toluene), the liquid fuel 

flow rate, and the jet Reynolds number. For example, case “E21- 

5” refers to an ethanol flame with 0.21 g/s liquid fuel loading and 

Reynolds number of 50 0 0. To differentiate between the 3:1 and 

1:1 n -heptane/toluene blends, “HT” is used for the 3:1 blend, while 

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

pressure ( P v ) and boiling point ( T b ) of the pure liquid fuels used 

are shown in Table 2 , in addition to the values of ρ and μ for all 

fuel compositions. 

2.2. Diagnostic techniques 

The optical diagnostics configuration used in this study was 

identical to that which was used in a previous study with a similar 

spray burner [34] . Simultaneous imaging of soot volume fraction, 

fuel droplets, hydroxyl radicals (OH) and formaldehyde (CH 2 O) was 

achieved using four separate laser diagnostic techniques. Three 

Nd:YAG lasers and one Nd:YAG-pumped dye laser were used to 

produce vertical sheets of 10 Hz pulsed laser light of different 

wavelengths, each with a nominal height of 15 mm. The burner 

was traversed vertically through the laser sheet to measure dif- 

ferent heights ( x ) in the flame, ranging from the jet exit plane to 

112 mm downstream ( x/D = 5 . 6 ). This range allows the near-field 

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

the existence of multiple reaction zones. For each diagnostic, sets 

of 255 images were captured for each flame case and measurement 

location, allowing both instantaneous and time-averaged analyses 

to be performed. 

The frequency-doubled output of an Nd:YAG laser (532 nm) 

was used to observe fuel droplets via the Mie scattering technique. 

The laser was operated with an energy of 0.5 mJ/pulse, and the 

scattered light was detected using a CCD camera through an f/5.6 

lens with a 500 ns gate width. The lens was fitted with a band- 

pass filter centred at 532 nm with a FWHM of 10 nm and trans- 

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

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

of both OH and CH 2 O. For the OH-PLIF, a frequency-doubled dye 

laser was tuned to a wavelength of 282.927 nm to excite the Q 1 (6) 

transition of the OH radicals. The Q 1 (6) transition was selected due 

to its relatively low sensitivity to temperature fluctuations in the 

range of interest, and the fact that it provides a stronger signal 

in comparison to the Q 1 (7) transition. The output of the dye laser 

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

pumped by a frequency-doubled Nd:YAG laser. The resulting fluo- 

rescence of OH radicals was imaged using an ICCD camera oper- 

3 
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Table 2 

Table of liquid fuel properties. All properties correspond to a pressure of 1 bar and temperature of 20 ◦C, with mixture properties calculated 

based on empirical correlations for binary mixtures [38,39] . 

Fuel Composition ρ [kg/m 

3 ] μ [mPa ·s] σ [mN/m] P v [kPa] T b [ 
◦C] 

Ethanol 789 1.2 22.4 6.0 78.4 

n -heptane 684 0.41 20.1 5.3 98.4 

Toluene 867 0.59 28.5 2.9 110.6 

3:1 n -heptane:toluene 728 0.44 

1:1 n -heptane:toluene 774 0.47 

ated with a gate width of 100 ns, with an f/3.5 UV lens. A 310 nm 

bandpass filter (10 nm FWHM, peak transmission > 70%) was fit- 

ted to the UV lens. 

For the CH 2 O-PLIF, the third harmonic (355 nm) of an Nd:YAG 

laser was used, with a measured energy of 120 mJ/pulse. An ICCD 

camera (100 ns gate width) was used for CH 2 O imaging, with 

a bandpass filter centred at 410 nm (10 nm FWHM, transmis- 

sion > 45%), along with an f/1.2 lens. It should be noted that UV 

excitation is known to cause broadband fluorescence of a range of 

carbonaceous species in a flame, including polyaromatic hydrocar- 

bons (PAH). In most of the results presented, particularly for mea- 

surements made near the flame base, CH 2 O is expected to domi- 

nate the signal, as has been observed in previous studies of similar 

flames stabilised via autoigntion [5] . However, since there is some 

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

the downstream locations, the results presented in this paper re- 

fer to the signal detected from the 355 nm laser using the label of 

“UV” to account for this. This scalar measurement is indicative of 

precursor reactions, whether the collected signal is CH 2 O or other 

species which fluoresce in the detected UV region. 

Laser-induced incandescence (LII) was used to measure the soot 

volume fraction ( f v ), using the fundamental output (1064 nm) of 

an Nd:YAG laser with a fluence of 800 mJ/cm 

2 /pulse at the de- 

tection location. This ensures that the measurements correspond 

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

fluctuations in the laser power [40–42] . The incandescence from 

the soot particles was observed through an ICCD camera with an 

f/1.8 lens and a gate width of 100 ns. The camera was also fitted 

with a bandpass filter, with peak transmission of 45% at 430 nm 

and FWHM of 10 nm. In order to quantify the soot measure- 

ments, calibration was performed against extinction measurements 

in a premixed, laminar flame (ethylene-air, � = 2 . 4 ) stabilised on 

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

The timing of the lasers and cameras was controlled using a 

combination of delay/pulse generators, configured such that all 

laser pulses were within 400 ns of each other. The 1064 nm LII 

pulse occurred last, to avoid interference from the broadband in- 

candescent radiation. It should be noted that despite the Mie scat- 

tering camera being operated with a gate width of 500 ns, such 

that there was overlap with the 1064 nm pulse, there was no ap- 

preciable interference from LII, due to the strength of the Mie scat- 

tering signal. Images were corrected for dark charge, vignetting, 

and any background signal present, and the OH-PLIF signals were 

also corrected to account for the variation in intensity of the laser 

sheet in the vertical direction. Images were spatially matched to 

sub-pixel accuracy, with a pixel size of ∼ 130 μm. A 3 × 3 median 

filter was applied to the raw PLIF and LII images to improve the 

signal-to-noise ratio, while the Mie scattering images were left un- 

filtered. Out-of-plane resolution (i.e. sheet thickness) has been es- 

timated to be approximately 400 μm. 

Additional processing of the Mie scattering images was per- 

formed in order to extract data related to the number of droplets 

and their spatial distributions. A counting algorithm based on the 

binarised Mie scattering images was implemented, to determine 

the number and location of droplets in each instantaneous image. 

A radial weighting was also applied, such that the droplet count is 

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

cylindrical integration of the planar measurements. This process 

was applied to a set of 255 images for each case, and these values 

were then averaged following the removal of any outliers, ensuring 

statistical convergence of the mean data. For x/D < 3 . 0 , the uncer- 

tainty in these measurements ranges from 2% to 6%, while the un- 

certainty across all axial locations and flame cases is less than 10%. 

To analyse the droplet distributions with respect to the underlying 

flame structure, the UV-PLIF signal was used as a spatial thresh- 

old for the Mie scattering images, such that the droplets could be 

divided into those which occur inside the continuous CH 2 O layer, 

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

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

ing techniques were implemented, following a similar method to 

that which has previously been used to detect primary particles 

in images of soot aggregates [44–46] . Specifically, the process in- 

volved dilation and erosion of the images, and the resulting struc- 

tures were filtered by size and eccentricity. The division of the im- 

ages into “inner” and “outer” regions is further discussed in con- 

text with the structure of the flames in Section 3.3 . 

Photographs of the flames were captured using a DSLR camera, 

with exposure times ranging from 30 s to 250 μs, although long 

exposures were not achievable for certain cases due to saturation. 

The photographs presented in this paper were all captured with 

an f-number of 16 and an ISO value of 100, with manual focus and 

white balance. 

3. Results and discussion 

3.1. Visual observations 

Photographs of the eight different flames, corresponding to 

changes in fuel loading, Reynolds number and fuel composition, 

are shown in Fig. 2 . For the ethanol flames, the photographs 

shown have exposure times of 4 s, while the n -heptane and n - 

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

posures were required due to the differences in flame luminosities 

resulting from the increased soot loading of the n -heptane and n - 

heptane/toluene flames. All other camera settings were held con- 

stant for the different cases. The boxed region in the images rep- 

resents the range of heights at which laser diagnostic data were 

collected in this study. 

The increase in luminosity for the n -heptane and n - 

heptane/toluene flames is clearly evident in the photographs 

(particularly taking the different exposures into account), which 

is attributed to higher levels of soot in these flames. Looking at 

the ethanol flames alone, there also appears to be an increase 

in luminosity with increasing fuel loading, and decreasing Re jet 

(which also corresponds to increasing equivalence ratio). With 

the exception of the n -heptane/toluene flames (cases HT21-5 and 

TH21-5), a blue inner cone can also be observed at the base of 

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

inner cone near the base of some of the flames (particularly the 

E21-3 flame), which transitions to a yellow/orange flame further 

4 
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Fig. 2. Flame photographs captured with a DSLR camera with exposure times as shown, with an f-number of 16 and ISO of 100. 

downstream, suggesting a double flame structure. The near-field 

flame structure has a significant impact on the overall appearance 

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

The photographs show noticeable changes in the visible flame 

length for the different cases. The first three images, looking from 

left-to-right, show a consistent increase in flame length with fuel 

loading. Since the flow rate of carrier air is held constant for these 

cases (i.e. Re jet is constant), � jet is also directly proportional to 

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

E21-6 and E21-3 flames, it can be seen that Re jet also has an im- 

pact on flame length, with a noticeable increase in length when 

the Reynolds number is decreased from 60 0 0 to 30 0 0. Once again, 

it should be noted that the change in Re jet is accompanied by a 

change in � jet ; in this case the two are inversely proportional. It 

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

have a longer flame length than the ethanol flame with the equiv- 

alent fuel and air flow rates (E21-5). Comparing them to the E21- 

3 flame, however, the flame lengths are approximately the same, 

and these flames all have approximately the same value of � jet . 

These observations suggest that there is a relationship between 

flame length and � jet , noting that the equivalence ratio is based 

on the central jet alone. It is therefore hypothesised that partial 

premixing between fuel and oxidant in the jet is of importance in 

these flames, as has been suggested in a previous study of dilute 

sprays carried by air [32] . 

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

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

UV-PLIF and droplet Mie scattering was performed at axial loca- 

tions ranging from the jet exit plane to x/D = 5 . 6 . Figure 3 displays 

selected instantaneous images and a superimposed image of the 

three different signals, for the E21-5 flame with the laser sheets 

centred at x/D = 3 . 0 . These images were selected as they were 

deemed to be representative of the “typical” instantaneous signals 

obtained, and they display several key features of the flames stud- 

ied. Also shown in the superimposed image is the overlap between 

the OH and UV signals (shown in dark blue), which was deter- 

mined based on the product [OH] ×[UV]. 

As suggested by the photographs in Fig. 2 , a double flame struc- 

ture is evident from the OH-PLIF images, with two distinct OH lay- 

ers on either side of the centreline, although the outer layer is sig- 

nificantly less intense (by a factor of approximately two). An addi- 

tional region of OH can be seen on the inside, which corresponds 

to a separate reaction zone around an individual fuel droplet. The 

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

OH and CH 2 O in this region, which is indicative of local heat re- 

lease [47] . The presence of an inner and outer flame front has been 

observed previously for similar flames [24,26] , where it is said to 

be caused by larger droplets being transported into the coflow, 

while smaller droplets (i.e. those with a small Stokes number) fol- 

low the flow field and move closer to the centreline. However, in 

a previous study with the same burner as that used in the current 

study, it was found that droplets tend to cluster near the pipe walls 

prior to exiting the jet [34] . This was attributed to the phenom- 

ena of Saffman lift and turbophoresis [48] , which are associated 

with low Stokes number flow, suggesting that smaller droplets are 

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

while there is some evidence of fuel droplets penetrating the inner 

OH layer in Fig. 3 , the Mie scattering signal is low in this region—

indicating that the droplets exist between the two flame fronts fur- 

ther upstream and have evaporated by x/D = 3 . 0 . The distribution 

of droplets with respect to the two flame fronts is further explored 

in Section 3.4 . 

In Fig. 3 , the label of “UV” has been used to refer to the CH 2 O- 

PLIF signal, as discussed in Section 2.2 . The UV signal that lies just 

inside of the inner OH layer indicates the presence of intermediate 

species associated with the preheat region—the same being true 

for the region enclosing the OH layer around the reacting droplet. 

In the region circled in Fig. 3 (d), an isolated region of UV-PLIF can 

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

also be seen in Fig. 3 , which at first glance appear to be related 

to interference caused by Mie scattering of the 355 nm light by 

droplets. However, further analysis of the UV images (for a range 

of axial locations and cases), in conjunction with the Mie scattering 

images from the 532 nm laser, indicates that interference from Mie 

scattering signal in the UV images is not significant. It is instead 

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

ignition reactions taking place around evaporating droplets; this is 

supported by the fact that these structures are observed more of- 

ten in the regions corresponding to the formation of intermediate 

species. 

To further illustrate the key features of these flames, Fig. 4 

shows an additional superimposed image, centred at x/D = 1 . 5 , 

with labels to highlight particular aspects of the flame. Also in- 

cluded in Fig. 4 is a post-processed version of the UV-PLIF im- 

age from the same instantaneous shot, where the continuous CH 2 O 

structure on either side of the centreline has been isolated, as dis- 

cussed in Section 2.2 . This is particularly useful for analysing the 

spatial distribution of droplets, which is explored in Section 3.4 . 
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Fig. 3. Selected instantaneous spatially and temporally matched images of (a) OH-PLIF, (b) UV-PLIF (CH 2 O) and (c) Mie scattering, and (d) the three signals superimposed. 

Signal overlap ([OH] ×[UV]) is shown in dark blue. Flame case E21-5, centred at x/D = 3 . 0 . (For interpretation of the references to color in this figure legend, the reader is 

referred to the web version of this article.) 

Fig. 4. Instantaneous superimposed images OH-PLIF, UV-PLIF and Mie scattering, 

with key features as indicated. Flame case E21-5, centred at x/D = 1 . 5 . 

3.3. Instantaneous flame structure 

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

different cases, a series of superimposed images near the jet exit 

are shown in Fig. 5 . These images are centred at an axial location 

of approximately 7 mm above the jet exit ( x/D = 0 . 35 ), such that 

the bottom of the laser sheet is aligned with the jet exit plane. It 

is evident from Fig. 5 that all of the flames are attached, at least in 

terms of their outer flame front. The bifurcation of the flame into 

an inner and outer front can also be seen in some of the cases 

in Fig. 5 —this is most noticeable on the left-hand side of the E15- 

5 flame case. The CH 2 O layer lies along the inside of this inner 

flame front (overlap is shown in blue), and in the cases where 

the “branching off” of the flame takes place, there appears to be 

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

be seen in Figs. 3 and 4 , where the UV-PLIF signal lies within the 

inside OH layer. This suggests that the inside flame front is the 

result of some of the fuel becoming prevaporised and mixing with 

the carrier air, since the concentration of CH 2 O, and hence the UV- 

PLIF signal, is expected to be significantly higher under partially 

premixed conditions [49] . 

An interesting structure can be observed in the images in 

Fig. 5 (c), where there is no indication of an inner OH layer, yet 

the CH 2 O layer appears to be branching away from the OH, as in- 

dicated by the lack of [OH] ×[UV] signal in the upper regions of 

the images (particularly on the right-hand side of both images). 

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

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

illustrate this, selected instantaneous UV- and OH-PLIF images for 

the H21-5 case, centred at x/D = 0 . 75 , are shown in Fig. 6 . 

Distinct ignition kernels can be observed in the OH signals in 

Fig. 6 ; these are accompanied by the presence of CH 2 O, which 

represents the preheat region prior to autoignition. It should be 

mentioned that due to the turbulent nature of the flames, out-of- 

plane effects could lead to apparent “discontinuities” in the OH 

sheet which are not actually present; however, there are several 

reasons why this is unlikely to be the case. First of all, these 

flames are dominated by streaming flow in the axial direction, 

such that out-of-plane effects are not expected to be significant. 

If out-of-plane effects were responsible for the OH structures ob- 

served, then the CH 2 O layer would be expected to show the 

same discontinuity, which is not the case. Additionally, the fact 

that the discontinuities are accompanied by CH 2 O, and in some 

cases surrounded by it, further indicates that they are in fact ig- 

nition kernels, since this has been observed in previous studies 

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

the discontinuities occur with much greater frequency for the n - 

heptane and n -heptane/toluene flames as opposed to the ethanol 

flames, and fuel type would not be expected to have a signif- 

icant impact on out-of-plane effects. Therefore, it can be con- 

cluded that the isolated OH structures do indeed represent ignition 

kernels. 

In each of the instantaneous images shown in Fig. 6 , the ig- 

nition kernels can be seen to form along the continuous CH 2 O 

layer; more specifically, they tend to form on the outside of this 

layer—examples of this are labelled as A in Fig. 6 . Analysis of a se- 

ries of images for this particular case revealed that when ignition 

kernels are detected (approximately 60% of images at x/D = 0 . 75 ), 

there is a 75% probability that they occur along the outside of the 

CH 2 O layer, while the remaining 25% are enclosed within a layer 

of CH 2 O (see the features labelled B in Fig. 6 ). The fact that there 

is always UV-PLIF signal on the inside of the ignition kernels (in a 

radial sense) is an important observation, as it shows that the for- 

mation of intermediate species (including CH 2 O) within the inner, 

partially premixed region is crucial to the formation of the inner 

flame structure. 
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Fig. 5. Superimposed signals from fuel droplets, OH and CH 2 O for ethanol and n-heptane/toluene flames, centred at x/D = 0 . 35 . Row (a) shows variation of fuel loading, row 

(b) shows variation of Re jet , and row (c) shows the effect of toluene addition. [OH] ×[UV] is included in dark blue. (For interpretation of the references to color in this figure 

legend, the reader is referred to the web version of this article.) 

Fig. 6. Selected instantaneous, superimposed images of OH- and UV-PLIF for the H21-5 flame, centred at x/D = 0 . 75 . 

The occurrence of ignition kernels at x/D = 0 . 75 was also de- 

tected for the n -heptane/toluene flames, while the ethanol flames 

did not show this feature consistently at this axial location. In 

the equivalent ethanol case (E21-5), the inner OH layer begins to 

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

are more likely to occur, rather than isolated ignition kernels fur- 

ther downstream. In previous experiments using prevaporised fu- 

els under similar conditions [50] , an increase in lift-off height has 

been observed for n -heptane flames in comparison with ethanol. In 

the context of the current study, this suggests that the increased 

tendency for ethanol to ignite near the jet exit leads to the in- 

ner flame branching off from the stabilised, outer structure (i.e. 

a bifurcation), whereas for the n -heptane and n -heptane/toluene 

flames, distinct ignition kernels are more likely to occur since the 

outer OH layer has greater separation further downstream. In addi- 

tion, the lower boiling point and higher vapour pressure of ethanol 

(see Table 2 ) could also contribute to the inner flames stabilising 

nearer to the jet in these cases. A change in the autoignition pro- 

cess of ethanol droplets in comparison to n -heptane has been pre- 

viously observed [51] , where it was found that the lower volatility 

of n -heptane leads to the formation of flames around individual 

droplets. It is also worth mentioning that the stoichiometric mix- 
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Fig. 7. Stacked images at axial locations from the jet exit to x/D = 5 . 6 , for flame cases E21-5, E21-3 and H21-5 (data were not collected for cases E21-3 and H21-5 at 

x/D = 2 . 25 ). Note: Images shown at different axial locations are not temporally matched. 

ture fraction is shifted toward the oxidant side (i.e. the coflow) for 

the n -heptane and n -heptane/toluene flames, which further sepa- 

rates the two structures. For the ethanol flames with greater values 

of � jet (namely cases E21-3 and E27-5), there is an increased like- 

lihood of ignition kernels being detected in the images centred at 

x/D = 0 . 35 . While only a single case is shown in Fig. 6 , the Supple- 

mentary Material includes the statistical data relating to the de- 

tection of ignition kernels for the various cases, along with addi- 

tional instantaneous images at x/D = 0 . 35 . Intermittency plots of 

the OH signal are also included in the Supplementary Material, in- 

dicating a less stabilised inner structure in the near-field for the 

n -heptane and n -heptane/toluene flames—this is further explored 

in Section 3.6 . 

Figure 7 provides an overview of the flame structures from the 

jet exit up to x/D = 5 . 3 , in the form of stacked, instantaneous, su- 

perimposed images, for the E21-5, E21-3 and H21-5 cases. Note 

that there are no images corresponding to the location x/D = 2 . 25 

for the E21-3 and H21-5 cases in Fig. 7 . It should also be noted that 

the UV-PLIF signal has been removed from the n -heptane images 

for x/D � 2 , due to significant interference from LII resulting from 

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

highlight the development of the inner and outer flame fronts and 

how this varies between the different cases. While the two flame 

fronts are clearly distinguishable in all cases, there is also signifi- 

cant interaction between them, particularly for the ethanol flames, 

where the inner and outer OH layers can be seen to form a sin- 

gle structure in some of the instantaneous images. This is a com- 

mon occurrence in flames with multiple reaction zones [52] , and 

is related to thermal “back-support” between the two flame fronts, 

leading to a build-up of intermediate species and the merging of 

the two reaction zones in some instances. These images also show 

that the inner flame structure closes out nearer to the jet exit for 

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

This is likely a consequence of increased premixing in the case of 

n -heptane due to the delayed ignition time. 

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

Fig. 7 , although the majority are enclosed within the inner cone, 

particularly for the E21-5 case. It can also be seen that there are 

still liquid droplets present as the inner, partially premixed flame 

front begins to “close out” at x/D ≈ 5 . 6 . Additionally, some droplets 

can be seen to penetrate into the OH layer in this region. It is 

worth noting that this closing out of the inner flame front cor- 

responds to the tip of the blue inner cone, as seen in the pho- 

tographs of the ethanol flames in Fig. 2 (this is less clear in the 

n -heptane flame, due to increased luminosity from soot). In the 

photographs, a change in colour from a blue/violet shade to a yel- 

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

the tip of the inner cone, which is attributed to the droplets pen- 

etrating into and through the tip of the inner flame front, where 

they evaporate and react as a diffusion flame, forming soot. Addi- 

tionally, isolated regions of UV-PLIF are detected between the two 

flame fronts from x/D � 2 . 5 (for the ethanol flames), which are as- 

sociated with the onset of the sooting region that is characteristic 

of conventional diffusion flames [53] . This is particularly evident 

in the E21-3 images, where the UV-PLIF signal between the two 

flame fronts in the images centred at x/D = 3 . 00 and x/D = 4 . 5 is 

attributed to the presence of soot precursors (such as PAHs); this is 

consistent with the increased luminosity of this flame. It is worth 

noting here that the level of soot in the ethanol flames was below 

the LII detection threshold. 

While only a limited set of results have been shown in this 

section, it was observed that the fuel loading and Reynolds num- 

ber have a noticeable effect on the instantaneous flame structure. 

Specifically, the merging of the two flame fronts tends to become 

more frequent both at higher values of Re jet , and lower values 

of ˙ m f —further evidence is included in the Supplementary Mate- 

rial, where additional instantaneous OH-PLIF images are shown 

for the different cases at a range of axial locations. The effect of 

Re jet is expected, since the increased turbulence in the case of 

higher Re jet promotes the transport of both heat and intermediate 

species between the two reaction zones. The trend observed with 

the change in fuel loading is attributed to a reduction in the num- 

ber of droplets which penetrate the inner reaction zone, leading to 

a less pronounced double flame structure. 
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Fig. 8. Radially-weighted axial profiles of mean droplet number counts with vari- 

ations in (a) jet Reynolds number, (b) fuel loading and (c) fuel composition, nor- 

malised against the maximum droplet count from the E21-5 case. 

In the stacked images in Fig. 7 , the high-intensity circular re- 

gions in the UV signal are much more noticeable for the E21-3 

case in comparison to the other cases shown. As mentioned in 

Section 3.2 , these structures are attributed to pre-ignition reactions 

around evaporating droplets. This suggests that there is increased 

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

further explored in the following section. 

3.4. Droplet behaviour 

To further investigate the distribution of droplets and how this 

relates to the overall flame structure, a useful measure is the 

droplet number count. Figure 8 displays the normalised droplet 

number counts with respect to axial location, with three separate 

plots to independently show the effects of variations in Reynolds 

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

location was determined using a computational algorithm, based 

on the radially weighted Mie scattering signal over the height of 

the laser sheet and averaged over a set of 255 images for each 

case, as described in greater detail in Section 2.2 . Also shown is the 

root-mean-square (RMS) values of the droplet counts, to provide 

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

RMS plots were normalised against the maximum average droplet 

count from the E21-5 case, which is included in all plots as a ref- 

erence case. 

In Fig. 8 (a), a more gradual decay profile with increasing Re jet 

is evident, with the E21-6 case ( Re jet = 60 0 0 ) having the lowest 

droplet count in the near-field region, and the highest value fur- 

ther downstream at x/D = 5 . 3 , compared to the Re jet = 50 0 0 and 

Re jet = 30 0 0 cases. Considering the difference in bulk flow rates, 

the greater average droplet number density near the jet exit for the 

case of lower Re jet is expected. The difference in slopes between 

the three cases is a less obvious result, and indicates a significant 

increase in the evaporation of droplets in the near-field for the 

E21-3 case. This can be attributed to the droplets having greater 

momentum in the axial direction when Re jet is higher, such that 

they tend to remain clustered towards the central axis, whereas 

there is an increased radial distribution of droplets towards the 

hot coflow when Re jet is lower, leading to increased evaporation. 

This is supported by analysis of the Mie scattering images in terms 

of the signal intermittencies, which are included in the Supple- 

mentary Material and show an increased radial spread of droplets 

when Re jet is lower. This result is interesting, since an increase in 

turbulence could be expected to promote the radial transport of 

droplets towards the coflow, increasing the rate of evaporation. The 

fact that the opposite effect has been observed indicates that the 

magnitude of the turbulent fluctuations does not have a significant 

effect on the droplet dynamics, at least at the values of Re jet used 

in this study. 

As expected, Fig. 8 (b) shows that an increase in fuel loading 

leads to a general increase in the droplet count, although there 

are noticeable fluctuations with respect to axial location for the 

E15-5 case. Comparing (a) and (b) in Fig. 8 , and noting the fact 

that all of the plots are normalised against the E21-5 case, it is in- 

teresting to observe that cases E21-3 and E27-5 have very similar 

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

photographs, these two cases are very similar in terms of their vi- 

sual appearance, which further highlights the influence of droplets 

in the near-field on the overall evolution of these flames, and 

also emphasises the need to be able to accurately predict droplet- 

combustion interactions in numerical modelling of spray flames. 

The effect of fuel composition on the number of droplets is 

shown in Fig. 8 (c). There is a noticeable increase in the droplet 

number count as toluene is added to the fuel (HT21-5 and TH21- 

5 cases). This trend is likely a consequence of the lower volatil- 

ity of toluene in comparison to ethanol and n -heptane. Specifically, 

toluene has a significantly lower vapour pressure and a higher 

boiling point ( Table 2 ), thus a decreased rate of droplet evaporation 

for the n -heptane/toluene blends is expected. Furthermore, the fact 

that this increase in droplet count can be seen at the jet exit indi- 

cates that there is significant prevaporisation of the liquid droplets 

prior to exiting the jet. 

As alluded to in Section 3.3 , it is also of interest to investi- 

gate the radial location of droplets, particularly with regards to 

the penetration of droplets into the reaction zone. As discussed in 

Sections 2.2 and 3.2 , the Mie scattering images were spatially fil- 

tered with respect to the UV-PLIF signal, to divide the droplets into 

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

in the “outer region” (see Fig. 4 ). These “inner” and “outer” droplet 

counts are shown as ratios in Fig. 9 , focussing on the near-field 

region for variations in fuel loading. 

In Fig. 9 , it can be seen that droplets are consistently detected 

outside of the inner cone for all fuel loadings and axial locations 

shown. The proportion of droplets which exist outside of the in- 

ner cone (i.e. those labelled as “outer”) ranges from approximately 

15–25% of the total droplet count. Interestingly, the outer frac- 

tion can be seen to generally increase with distance from the jet 

exit for each of the cases. It should be mentioned that droplets 

which are outside of the inner cone would evaporate relatively 

quickly, due to the influence of both the hot coflow and the in- 

ner flame front. Therefore, the fact that the outer ratio increases 

suggests that droplets from the inner cone are consistently trans- 

ported through the preheat region, and penetrate into the inner 

OH layer. 
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Fig. 9. Proportion of droplets occurring inside and outside of the continuous CH 2 O 

layer, for a range of fuel loadings and axial locations. 

As mentioned in Section 3.3 , the instantaneous images showed 

a higher degree of separation between the inner and outer flame 

structures with an increase in fuel loading. In previous experi- 

ments involving pressure-swirl atomised spray flames [24] , the 

divergence between the inner and outer flame fronts was found to 

be related to the radial spreading of droplets, such that the outer 

flame is sustained by the vaporisation of larger droplets. Within 

the context of the droplet fractions displayed in Fig. 9 , in conjunc- 

tion with the normalised number counts shown in Fig. 8 (b), it can 

be seen that there is an increase in both the number and propor- 

tion of droplets which penetrate through the inner preheat layer 

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

the flames being studied here and those of Rodrigues et al. [24] , 

the findings indicate that the radial distribution of droplets is a 

crucial factor leading to the development of a dual flame structure, 

in addition to the partial premixing of prevaporised fuel. 

3.5. Mean flame structure: ethanol flames 

To further investigate the flame structure and the effects of fuel 

loading and Reynolds number, radial plots of the time-averaged 

OH and UV signals at four different axial locations are shown in 

Figs. 10 and 11 . The laser sheets were centred at the axial heights 

stated in the figures, and the radial signals correspond to a hor- 

izontal line at these heights. The averaged OH and UV plots are 

respectively normalised against the maximum average OH and UV 

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

the same normalising value has been used for the different cases 

shown in Figs. 10 and 11 . In addition to time averaging, the signals 

on either side of the centreline were also averaged to produce the 

plots. 

The plots shown in Figs. 10 and 11 display the OH and UV pro- 

files side-by-side, noting that the OH profiles have been reflected 

about the vertical axis. From Fig. 10 , the mass loading of liquid fuel 

can be seen to have a noticeable impact, particularly in regards 

to the formation of a double flame structure. This is highlighted 

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

for the highest fuel loading case (E27-5), while the E15-5 signals 

only show a single peak. The intermediate case, E21-5, can also be 

seen to have a secondary peak, although it is much less defined 

than the E27-5 case. It should be mentioned that due to turbulent 

fluctuations in the flames, the averaging process leads to a “blur- 

ring” effect, such that some structures cannot be distinguished. At 

x/D = 4 . 5 (and to a lesser extent at x/D = 3 . 0 ) the OH signal for 

the E15-5 case displays a “shoulder” feature rather than a peak, 

indicating that there is an inner and outer flame front present, but 
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Fig. 10. Radial profiles of normalised OH-PLIF (left) and UV-PLIF (right) signals, at 

a range of axial locations for ethanol flames with three different fuel loadings. 

this double flame structure is less pronounced and is somewhat 

obscured by the averaging process. It can also be seen that the ra- 

dial location of the OH peak in the E15-5 case approximately aligns 

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

various heights, indicating that the inner flame front is more dom- 

inant when the fuel loading is lower. This is likely due to the re- 
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Fig. 11. Radial profiles of normalised OH-PLIF (left) and UV-PLIF (right) signals, at a 

range of axial locations for ethanol flames with three different Reynolds numbers. 

duced number of droplets penetrating the inner flame front and 

reacting with the hot coflow in the E15-5 flame, as shown by the 

droplet counts in Fig. 9 . 

For all cases in Fig. 10 , the UV signal can be seen to reach its 

maximum within r/D < 0 . 1 at x/D = 4 . 5 , representing the begin- 

ning of the tip of the inner flame. The UV plots show a similar 

shape for the three fuel loadings, with the magnitude generally 

showing an increase with increasing fuel loading, although this 

change is relatively small at most locations. The non-zero centre- 

line UV signal near the jet exit is related to the isolated regions of 

UV-PLIF discussed in Section 3.2 , and this appears to increase with 

fuel loading. 

In Fig. 11 , Re jet can also be seen to have a significant impact 

on the flame structure. Specifically, the double flame structure is 

much more pronounced for the Re jet = 30 0 0 case, with separate 

OH layers evident in the near-field. At x/D = 4 . 5 , the inner OH 

layer can be seen to reach its maximum at the centreline for this 

case, representing the tip of the inner flame front at this axial lo- 

cation. In contrast, the inner peaks of the OH signals in the E21-5 

and E21-6 cases at x/D = 4 . 5 occur at radial positions of approx- 

imately r/D = 0 . 4 and r/D = 0 . 5 , respectively. This indicates that 

the inner flame front persists further downstream for the higher 

Re jet cases. 

It is interesting to note that the total flame length decreases 

with increasing Re jet for these flames (see Fig. 2 ), while the inner 

flame structure is shown to have the opposite relationship ( Fig. 11 ). 

When Re jet is higher, the rate of evaporation in the jet increases, 

leading to an increased degree of premixing such that the flame 

favours the partially premixed mode (i.e. the inner cone). When 

Re jet is lower, there is less partially premixed fuel to sustain the 

inner flame front downstream, with a greater number of droplets 

evaporating in the presence of the hot coflow and reacting as a 

diffusion flame, hence a greater flame length. This also explains 

the decrease in flame luminosity as Re jet is increased ( Fig. 2 ), 

since an increase in the degree of partial premixing generally sup- 

presses soot formation, provided that � jet is sufficiently low ( � 10 ) 

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

of a double (or triple) flame structure is very sensitive to the evap- 

orative time scale [28] . In the context of the current findings, this 

emphasises the importance of droplet evaporation and the near- 

field structure on the overall behaviour of the flame. 

Another observation from Fig. 11 is that the intermediate case 

with Re jet = 50 0 0 (E21-5) has the highest magnitude in terms of 

OH signal at all locations, except for x/D = 0 . 35 , at which point it 

has the lowest signal. First of all, it should be noted that due to 

the qualitative nature of the results, it is difficult to directly com- 

pare signal magnitudes, because they could be affected by changes 

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

parent non-monotonic behaviour with respect to Re jet highlights 

the complex nature of turbulent and transitional spray flames, in 

terms of the competing effects of droplet residence time and mix- 

ing/evaporation processes. It can also be seen that this case has 

the lowest UV signal at all locations. The E21-3 case has a signifi- 

cantly higher UV signal, particularly near the jet exit, and the high 

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

would seem to indicate that interference from droplets is respon- 

sible (since the E21-3 case has a greater number of droplets in the 

near-field); however, if this were the case then the centreline sig- 

nal would be expected to be higher for the E21-5 case compared 

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

though this indicates that the change in UV signal intensity is not 

a direct result of interference from droplets, the signal magnitudes 

at the centreline suggest that it is also not solely a result of in- 

creased concentration of CH 2 O in the preheat region. At this stage 

it is not possible to determine an exact cause, although the instan- 

taneous images show that there is a greater proportion of high- 

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

and E21-6 cases, which, as discussed in Section 3.2 , is indicative 

of pre-ignition reactions surrounding droplets. 

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

between the two OH layers (at r/D ≈ 0 . 8 ) at the axial locations 

of x/D = 4 . 5 and x/D = 3 . 0 . Referring back to Fig. 10 , this feature 
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is also evident for the E27-5 flame (and to a lesser extent the 

E21-5 flame) at x/D = 4 . 5 . These two cases (i.e. E27-5 and E21- 

3) also have the most pronounced double flame structure, as ev- 

idenced by the OH profiles. Referring again to the droplet plots 

( Figs. 8 and 9 ), both of these cases have a relatively high number 

of droplets near the jet exit, with the majority having evaporated 

by x/D = 4 . 5 . While the inner and outer droplet profiles are not 

included for the E21-3 case, Fig. 9 shows that there is a signifi- 

cant number of droplets outside of the inner cone in the near-field 

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

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

signal is attributed to the increased proportion of droplets pene- 

trating through the inner preheat region, and subsequently evapo- 

rating and reacting with the hot coflow as a diffusion flame. This 

is also consistent with the increased luminosity of these flames, 

and the change in colour at approximately x/D = 4 . 5 , indicating 

the presence of nascent soot. 

3.6. Effect of fuel type 

To analyse the effect of toluene addition on flame structure in 

the near-field, shared radial plots of OH- and UV-PLIF for cases 

H21-5, HT21-5 and TH21-5 are shown in Fig. 12 , along with the 

E21-5 case for reference, from x/D = 0 . 35 to x/D = 1 . 5 . Once again, 

the plotted data are averaged, normalised signals, using the max- 

imum average intensity from the three axial locations as the nor- 

malising value. At the location nearest to the jet exit ( x/D = 0 . 35 ), 

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

cases, which develops into a double flame structure with two dis- 

tinguishable peaks further downstream. All three of the cases with 

n -heptane have very similar OH profiles, with the radial location 

of the peaks coinciding with each other at each of the heights, in- 

dicating that the addition of toluene does not significantly affect 

the near-field flame structure. In saying this, the magnitude of the 

OH peaks can be seen to decrease with toluene addition, particu- 

larly for the outer peaks (when multiple peaks are present). Again 

referring to the droplet plots, this difference is attributed to the 

decreased rate of evaporation which occurs with toluene addition, 

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

For the UV plots, the data have been omitted for x/D = 1 . 5 , due 

to significant interference from LII, particularly in the cases con- 

taining toluene. The increased intensity of the UV-PLIF signal with 

addition of toluene is thus likely a result of increased levels of PAH 

when toluene is added, which is consistent with previous find- 

ings based on prevaporised n -heptane/toluene flames under sim- 

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

intensity for the two cases containing toluene is very similar at 

x/D = 0 . 35 , despite the TH21-5 case having twice the concentra- 

tion of toluene and a significantly higher intensity at x/D = 0 . 75 . 

Previous results relating to prevaporised fuels indicate that as the 

proportion of toluene is increased, the concentration of PAH in- 

creases at all axial locations where PAH is present [56] . It is there- 

fore hypothesised that the amount of vaporised toluene is approx- 

imately the same for both cases at x/D = 0 . 35 , which is supported 

by the higher droplet count for the TH21-5 case (see Fig. 8 (c)). 

It is interesting to note the difference in the OH profiles be- 

tween the n -heptane/toluene cases and the ethanol case. For the 

ethanol flame, the inner peak can be seen to occur nearer to the 

jet exit, while it only becomes prominent at x/D = 1 . 5 for the other 

cases. At this location, the signal corresponding to the inner peak 

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

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

the remainder of the ethanol flames ( Figs. 10 and 11 ). Interest- 

ingly, the instantaneous images show that the OH signal inten- 

sity is actually higher in the inner region for all cases—examples 

at x/D = 1 . 5 are included in the Supplementary Material. The rea- 

Fig. 12. Radial profiles of OH and CH 2 O in the near-field for flames of varying fuel 

composition. 

son that the averaged profiles show a greater outer peak for the 

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

the signal is less consistent in the near-field, suggesting a less sta- 

bilised inner flame structure, which is supported by the OH inter- 

mittency images shown in the Supplementary Material. 

To investigate the formation of soot and how it relates to the 

flame structure, radial profiles of the average soot volume fraction 

( f v ) at a range of axial locations are shown alongside normalised 

signals of OH-PLIF in Fig. 13 . In these plots, results correspond to 

the two n -heptane/toluene blends and the purely n -heptane case, 

at the three furthest-downstream axial locations. Note that none 

of the ethanol cases are included, since the level of soot in these 

flames was below the LII detection threshold. 

A consistent increase in soot volume fraction with toluene ad- 

dition is noticeable in Fig. 13 , with very low levels of soot detected 

for the n -heptane flame. This is due to the relatively high sooting 

propensity of toluene, as has been well-documented in the liter- 

ature [23,57] . For both the HT21-5 and TH21-5 cases, the LII sig- 
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Fig. 13. Radial profiles of OH-PLIF and f v for the n -heptane flame (H21-5), and the 

1:3 (HT21-5) and 1:1 (TH21-5) n -heptane/toluene flames from x/D = 3 . 0 to x/D = 

5 . 3 . 

nal can be seen to peak at approximately r/D = 0 . 8 , which corre- 

sponds to the region between the two flame fronts, where the OH 

is at a minimum. There is a sharp drop in f v for r/D > 1 , corre- 

sponding to the outer peak in the OH signal, suggesting that the 

soot is oxidised by the outer flame front, noting that OH is known 

to oxidise soot [58] . It should be noted that much of the soot oc- 

curring between the two flame at the locations shown in Fig. 13 is 

convected further downstream, where further mixing between soot 

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

4. Conclusions 

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

environment has been studied using a combination of laser diag- 

nostic techniques. Fuel composition, jet Reynolds number and fuel 

loading were independently varied, and a number of key findings 

were obtained: 

• All flames exhibited a so-called “double-flame” structure to 

some extent, which is associated with prevaporisation of fuel, 

along with the penetration of droplets through the inner reac- 

tion zone. 

• The inner flame structure either “branches away” from the 

outer structure as a bifurcation, or undergoes a separate au- 

toignition process, accompanied by distinct ignition kernels. It 

was found that ignition kernels are much more likely to occur 

for the n -heptane and n -heptane/toluene cases in comparison 

to the ethanol flame with equivalent fuel loading and Reynolds 

number. A reduction in Reynolds number and an increase in 

fuel loading also leads to an increased likelihood of kernel for- 

mation as opposed to bifurcations, which is related to an in- 

creased equivalence ratio in the jet. 

• The distribution of droplets in the near-field was found to have 

a significant impact on the overall evolution of the flames. 

Analysis of the Mie scattering signals, in conjunction with si- 

multaneous CH 2 O imaging, revealed that droplets are consis- 

tently transported through the initial preheat region and into 

the inner OH structure, which plays an important role in the 

formation of a double flame structure. 

• Analysis of the mean signals indicates that the double flame 

structure is more pronounced for lower Reynolds numbers and 

higher fuel loadings, with two distinct peaks in the OH signals 

evident in some instances. 

• Toluene addition was found to have little effect on the overall 

flame structure, despite the increase in soot volume fraction. 

Combined analysis of the mean soot volume fraction and radial 

OH-PLIF signal indicates that soot is formed between the two 

flame fronts, and is oxidised in the outer reaction zone. 

These findings provide a valuable insight into the underlying 

mechanisms which lead to the complex structures observed in 

spray flames in a hot and low-oxygen environment. While flames 

with similar structures have been studied previously, the paramet- 

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

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

allows direct comparisons to be made between the various cases 

in order to better understand the factors which influence the flame 

structure. This is particularly important, since it is difficult to pre- 

dict the effect of such changes in boundary conditions in turbulent 

spray flames, due to the coupled interactions between turbulence, 

chemistry and droplet evaporation. Although primarily qualitative 

in nature, the results presented here are of particular importance 

for the prediction of bifurcating flame structures and the presence 

of ignition kernels under varying conditions. This is an important 

step towards the development of more efficient and robust numer- 

ical models of spray combustion, which will in turn enable im- 

provements in the efficiency of practical combustion devices. 
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Supplementary Material

1. Ignition kernels and bifurcations: statistical data and instantaneous images

As mentioned in Section 3.3, the n-heptane and n-heptane/toluene flames

tend to feature ignition kernels at the axial location of x/D = 0.75, while

bifurcations are more common for the ethanol flames. The percentage of in-

stantaneous images in which these features are observed for the various cases is

shown in Table 1. It should be noted that in some instances, neither ignition

kernels nor bifurcations are present, either because the inner flame is stabilised

further upstream, or because there is no inner flame front present. Additionally,

some of the instantaneous images display both bifurcations and ignition kernels

in a single shot.

Table 1: Percentage of instantaneous images displaying ignition kernels and bifurcations at

x/D = 0.75.

Case Bifurcations [%] Ignition Kernels [%]

E15-5 35 1

E21-5 63 8

E27-5 27 18

E21-3 28 20

E21-6 36 5

H21-5 23 60

HT21-5 24 55

TH21-5 36 49

As discussed, it is evident from Table 1 that ignition kernels are much more

likely to be detected for the n-heptane and n-heptane/toluene cases. It is worth

mentioning that for the E21-3 and E27-5 cases, a significant portion (∼50%) of

the images at x/D = 0.75 indicated that the inner flame front was stabilised

further upstream, such that the ignition kernel/bifurcation could not be detected

within the height of the laser sheet. For these cases, it is therefore of interest to

further analyse the structure at x/D = 0.35, which captures the jet exit plane.
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Figure 1 displays instantaneous images of OH- and UV-PLIF for cases E21-3

and E27-5, as well as E21-5 for comparison, centred at x/D = 0.35.
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Figure 1: Selected instantaneous OH-PLIF images for cases E21-3, E27-5 and E21-5.

From Figure 1, both bifurcations and ignition kernels can be seen to occur

near the jet exit for the E21-3 and E27-5 cases. Although one of the E21-5

images shows a bifurcation structure, there is generally less separation between

the inner and outer flames fronts for this case, and ignition kernels are rarely

detected. The increased separation for the E21-3 and E27-5 cases is attributed

to the outer flame front developing further away from the central axis, recalling

that these cases have the highest values of Φjet amongst the ethanol flames, such

that the stoichiometric mixture fraction is shifted towards the oxidant side.

Figure 2 shows the signal intermittencies for a range of cases at x/D = 0.75

and x/D = 1.5, in order to highlight the differences in the stability of the inner

flame front as the fuel is changed. In these images, the probability of detection

of a signal greater than 10% of the maximum over the height of the laser sheet

is shown. Results are shown for three different fuel compositions (E21-5, H21-

5 and TH21-5), as well as a case with a lower Rejet (E21-3) for comparison.

From Figure 2, it can be seen that there is a much lower probability of OH

being detected in the inner region for the H21-5 and TH21-5 flames, while

for the ethanol flames the detection frequency is more uniform between the

two structures. This is attributed to the greater separation between the inner
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and outer flame fronts in the cases involving n-heptane, resulting in a greater

likelihood of ignition kernels (see Figure ??) and local extinction events, in

contrast with the more continuous structures which are present for the E21-5

and E21-3 flames. It is worth noting the similarities in the H21-5 and TH21-

5 cases, which indicates that the n-heptane in the 1:1 blend dominates the

flame structure in the near-field. This is attributed to the higher volatility of n-

heptane, such that it evaporates and subsequently reacts in preference to toluene

near the jet exit. Note that for case TH21-5, at the axial location x/D = 0.75,

there appear to be some irregularities in the signal intermittency, specifically

on the right-hand side at the top and bottom of the image. This is related to

interference from the relatively high luminosity of this particular flame case,

resulting in the signal in this region being above the 10% threshold in certain

frames.

x/D=0.75

x/D=1.5 x/D=1.5

E21-5 H21-5

0

Probability of OH signal (%)

100

x/D=0.75

E21-3 TH21-5

x/D=0.75

x/D=1.5 x/D=1.5

x/D=0.75

Figure 2: Probability of OH signal detection for four different flame cases.

2. Additional instantaneous OH-PLIF images

To provide further insight into the effects of Rejet and ṁf on the flame

structure, additional OH-PLIF images, centred at x/D = 3.0, are shown in

Figure 3. Images are shown for cases E21-3, E21-6, E15-5 and E27-5, and

three instantaneous images are shown for each case—these were selected to be

representative of the “typical” structures for each case and to highlight the

differences between cases.

4



As discussed in Section 3.3, the inner and outer flame structures tend to

merge together more frequently for the cases with higher Rejet and lower ṁf .

It can also be seen in Figure 3 that the outer OH structure for the E21-3 case is

generally further away from the centreline in comparison with the E21-6 case,

and this is reflected in the mean radial plots shown in Section ??.

It was also highlighted in Section 3.6 that the inner peak in the mean OH

profiles was lower than the outer peak for the n-heptane and n-heptane/toluene

flames, with the opposite being true for the ethanol flames. This is despite the

signal corresponding to the inner OH structures in the instantaneous images

being higher in all cases, indicating a less stabilised inner structure in the n-

heptane and n-heptane/toluene flames. This is shown in Figure 4, in which a

selection of instantaneous images for four different cases centred at x/D = 1.5

are included.

3. Droplet intermittency plots

To provide a visual indication of the statistical behaviour of droplets in

the near-field, and how this varies with Rejet, intermittency plots showing the

probability of detecting droplets at a given location are shown in Figure 5. The

results are shown for the three axial locations nearest to the jet exit, for three

different values of Rejet.

As discussed in Section 3.4, the images in Figure 5 show a greater likelihood

of droplets in the near-field for the E21-3 case. It can also be seen that droplets

are more likely to spread in the radial direction for the E21-3 case; this is

most evident in the x/D = 0.75 image, where there is a wider spread angle in

comparison to the cases with higher Rejet. At x/D = 1.5, the E21-3 case can be

seen to again have a greater spread in the radial direction, despite being more

concentrated in the inner region.
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a b s t r a c t 

The structure and stabilisation mechanisms of ethanol and n -heptane spray flames are investigated in 

this study. The burner configuration involves a dilute 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 implemented for the different flame 

cases, allowing the effects of the coflow oxygen (O 2 ) concentration and temperature to be examined in- 

dependently. The resulting flames were analysed using three simultaneous laser diagnostic techniques, 

enabling the combined planar imaging of the hydroxyl (OH) and formaldehyde (CH 2 O) radicals, along 

with the location of droplets. For both fuel types, a noticeable shift in stabilisation behaviour was ob- 

served with a variation in the coflow O 2 concentration from 11% to 3%, while the coflow temperature 

was not seen to have a significant impact. These flames also show an interesting departure from the typ- 

ical 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. 

© 2021 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 

1. Introduction 

The use of spray-injected liquid fuels is widespread in practical 

combustion devices, particularly in applications where a high en- 

ergy density is a priority, such as the transport and aerospace sec- 

tors. Injection of liquids in the form of a spray enhances the com- 

bustion process, by increasing the rate of fuel evaporation and im- 

proving the mixing between fuel and air. In order to develop low- 

emissions and fuel-flexible technologies, the ability to accurately 

predict spray 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 evap- 

oration, and spray break-up. 

In practical burners, liquid fuels are typically injected directly 

into the reaction zone in the form of a “dense” spray, in which 

droplets are clustered together. This dense region then under- 

goes spray break-up, with droplets becoming smaller and more 

dispersed, ultimately evaporating before the fuel burns. This dis- 

persed region of the spray—in which interactions between individ- 

ual droplets are negligible—is referred to as a “dilute” spray [3] . In 

∗ Corresponding author. 

E-mail address: douglas.proud@adelaide.edu.au (D.B. Proud). 

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 ob- 

tained using a dilute spray configuration, providing important in- 

sights into the structure and behaviour of spray flames. Exper- 

imental findings based on a piloted, dilute spray burner high- 

lighted the complexity of the reaction zones and ignition modes in 

such flames, with particular focus on the sensitivity to the bound- 

ary conditions [5] . Due to this sensitivity, there has been a con- 

scious effort to obtain experimental results for flames with well- 

characterised initial conditions, forming a major focus of the Work- 

shop on Turbulent Combustion of Sprays (TCS) [6,7] . These effort s 

have in turn enabled the development of more accurate and ef- 

ficient 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 applications. The excess heat from the combus- 

https://doi.org/10.1016/j.combustflame.2021.111918 
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tion products enables preheating of the reactants, facilitating an 

increase in thermal efficiency and improved combustion stability 

[10] . Additionally, the reduced O 2 concentration resulting from the 

dilution leads to a less intense combustion process, limiting the 

increase in temperature and allowing a reduction of CO, NO x and 

soot emissions under certain conditions [11,12] . A particular com- 

bustion regime which is of interest in this regard is “mild” combus- 

tion, which, in addition to describing the nature of the combustion 

process, stands for moderate or intense low-oxygen dilution com- 

bustion [13] . While initially developed and studied for implemen- 

tation in furnaces, there is also potential to extend this combustion 

technique to both land-based and aerospace gas turbines, particu- 

larly 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 combus- 

tion has been carried out using a “jet in hot cross-/co-flow” (JHC) 

burner configuration [14–17] . This type of burner enables the tem- 

perature and O 2 concentration of the oxidant stream to be con- 

trolled and adjusted independently of the fuel composition and 

flow rate, allowing the transition to the mild regime to be studied. 

In the context of gaseous flames, several interesting findings have 

previously been made regarding the change in stabilisation and 

lift-off behaviour with variations in the coflow properties [18–21] . 

It has been observed that there is a fundamental shift in the sta- 

bilisation 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 tem- 

perature and O 2 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 ap- 

pearance of the resulting flames tends to be different to that which 

is observed under more practical implementations of mild com- 

bustion, 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. Prevaporised flames of ethanol and dimethyl 

ether (DME) issuing into a hot coflow were found to exhibit simi- 

lar structures, particularly at a coflow oxygen concentration of 3% 

by volume, with an increased sensitivity to fuel type at higher 

O 2 concentrations [23] . In the same experimental configuration, n - 

heptane flames were found to exhibit a significantly different be- 

haviour to prevapourised ethanol and other gaseous flames, with a 

general deviation away from the mild regime even at very low oxy- 

gen 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 combus- 

tion regime can be examined via temperature measurements and 

analysis of the flue gas composition, in addition to visual observa- 

tions. Experiments with ethanol in liquid form were performed us- 

ing a confined burner with recirculation of flue gases and a “blurry 

injector” configuration to generate a spray, with reduced pollu- 

tant emissions and uniform temperatures observed under certain 

operating conditions corresponding to a range of excess air coef- 

ficients [25] . Experiments involving a cyclonic flow configuration 

emphasised the flexibility of mild combustion, with steady opera- 

tion 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 configura- 

tions [27,28] —are very useful for studying the limits of mild com- 

bustion in a practical 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 recircu- 

lation in many cases [1] . Thus, while such studies offer important 

insights 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 devel- 

opment of numerical models. 

Liquid sprays issuing into a hot and low-oxygen coflow have 

also been investigated previously. Measurements of droplet loca- 

tion 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 evapo- 

ration 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 re- 

sulting 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 propaga- 

tion 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 struc- 

ture has also been investigated for pressure-swirl-atomised spray 

flames in coflows of room-temperature air at a range of coflow ve- 

locities (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 development of the in- 

ner flame structure [31] . The structure of the DSHC flames was also 

reproduced via large-eddy simulation (LES), in which the forma- 

tion 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 configuration [33] which is similar to that used in the cur- 

rent study. For the case of fuel droplets carried by air, it was hy- 

pothesised 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 effect of jet boundary conditions and fuel com- 

position has also been investigated using a dilute spray burner, in 

which simultaneous imaging of fuel droplets and OH/CH 2 O-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 ker- 

nels was identified for ethanol and n -heptane flames. While these 

studies reveal important details of the structure and stabilisation of 

spray flames in a hot and low-oxygen environment, an open ques- 

tion remains regarding the effect of the coflow conditions, particu- 

larly at reduced O 2 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 aforemen- 

tioned study [34] presented results and analysis related to the 

overall evolution of the flame structures for a range of jet bound- 

ary conditions, the current paper is focussed on investigating the 

stabilisation mechanisms of the flames, and the impact of the 
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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 O 2 in the coflow, while the letter “H” in 

the suffix denotes the higher temperature (1690 K) coflow. 

Jet Properties Coflow Properties 

Case Fuel Re jet � jet X O 2 X H 2 O X CO 2 X N 2 T cof l [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 

coflow composition and temperature on these mechanisms. The 

burner used is based upon the well-established JHC configura- 

tion, allowing the independent effects of coflow temperature and 

O 2 concentration to be determined while the jet boundary condi- 

tions 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 importance in practical combustion applications; 

ethanol has been identified as a promising low-carbon fuel for the 

transport sector [35] , while n -heptane is commonly used as a pri- 

mary reference fuel for the analysis of internal combustion engines 

[36] . An ultrasonic nebuliser is implemented to generate a dis- 

persed droplet field, with simultaneous imaging of fuel droplets via 

Mie scattering, and key intermediate flame species (predominately 

OH and CH 2 O) 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 in- 

teresting change in the stabilisation behaviour is observed as the 

O 2 concentration is reduced from 11% to 3%, and fundamental dif- 

ferences 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 pro- 

vide a challenging target to test the predictive capabilities of nu- 

merical models under a range of boundary conditions. 

2. Methodology 

2.1. Spray burner description 

The burner configuration implemented in this study is identi- 

cal to that which has been used previously to investigate the ef- 

fect 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. [14,37] ), while also incor- 

porating the features of dilute spray burners which have previ- 

ously been used to study piloted flames [6,38] . An ultrasonic nebu- 

liser is used to generate fuel droplets with a nominal Sauter mean 

diameter of 30 μm. These droplets have minimal initial momen- 

tum, 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 ( Re jet ) for all flame cases 

was 50 0 0. 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 pre- 

mixed combustion of natural gas, H 2 and air in varying quanti- 

ties, with dilution via N 2 to control the concentration of O 2 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, H 2 , N 2 and air into 

the porous bed, four different coflow conditions were produced. 

These consist of three coflows with different O 2 concentrations (all 

with the same temperature), and two coflows with different tem- 

peratures and the same O 2 concentration, enabling the effects of 

these two parameters to be investigated independently. For the re- 

sults 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 ( � jet ), 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 pre- 

mixing within the pipe. In a previous study using 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 approxi- 

mately 40% of the liquid fuel undergoes evaporation prior to reach- 

ing 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 

� jet = 2 . 2 for the n -heptane flames and � jet = 1 . 3 for the ethanol 

flames, noting that this difference is due to the lower stoichiomet- 

ric 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 simulta- 

neously 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 central axis of the burner was 

performed, using vertical sheets of pulsed laser light with a fre- 

quency of 10 Hz and a nominal height of 15 mm. Two Nd:YAG 

lasers and one Nd:YAG-pumped dye laser were used to gener- 

ate the three laser sheets of different wavelengths. Different ax- 

ial 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 col- 

lected 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 

3 
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Nd:YAG laser, was tuned to a wavelength of 282.927 nm to ex- 

cite the Q 1 (6) transition of the OH radicals. This transition was 

selected as it has a relatively low sensitivity to temperature fluc- 

tuations in the range of interest, and provides a stronger signal 

in comparison to the Q 1 (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 band- 

pass 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, al- 

lowing the statistical behaviour of the reaction zone to be explored 

in more detail. 

The PLIF technique was also implemented to detect intermedi- 

ate species associated with fuel decomposition and pre-ignition re- 

actions, in particular the formaldehyde (CH 2 O) 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 fluo- 

rescence 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 CH 2 O 

species to be targeted. Consequently, the signal associated with the 

355 nm laser is expected to be dominated by CH 2 O-PLIF, particu- 

larly in the near-field region where the flame undergoes stabilisa- 

tion, 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 inter- 

ference 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 ex- 

pected to be effectively attenuated by the bandpass filter, which 

has an optical density of approximately 7.5 at 355 nm, such that 

the intensity of light transmitted at this wavelength is reduced by 

a factor of greater than 1 ×10 7 . In terms of inelastic Raman scat- 

tering 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 20 0 0. 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 re- 

sults 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 sep- 

arate ICCD camera with a 100 ns gate width, fitted with an f/1.2 

lens. 

Imaging of fuel droplets was performed via the Mie scatter- 

ing 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 cam- 

era, operated with a gate width of 500 ns. The camera was fit- 

ted 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 tar- 

get wavelength. Additional processing of the Mie scattering images 

was performed in order to extract the intermittency data relating 

to the droplet distributions. This involved converting the Mie scat- 

tering signal to a binarised image, representing the presence or ab- 

sence 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 indicating 

an uncertainty ranging from 1 to 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 fol- 

lowed 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 detec- 

tion in the sequence was also separated by approximately 100 ns 

from the preceding detection, noting that the Mie scattering cam- 

era 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, vi- 

gnetting, and background signal corrections were performed for all 

imaging techniques, and a beam-profile correction was also carried 

out for the OH-PLIF signals. Images were spatially matched to sub- 

pixel accuracy, with each pixel representing ∼130μm, 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 scatter- 

ing images were left unfiltered. 

Photographs of the flames were captured using a DSLR camera, 

with exposure 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 Fig. 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 pho- 

tographs are also shown in Fig. 1 . It is worth noting that the dif- 

ference 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 Fig. 1 is the re- 

gion in which laser diagnostics were performed, from the jet exit 

plane to x/D = 5 . 6 . 

In Fig. 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 lumi- 

nosity with variations in O 2 concentration or coflow temperature, 

while there appears to be a slight increase in luminosity as the 

concentration of O 2 is increased for the ethanol flames. The n - 
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Fig. 1. Photographs of flames captured with a DSLR camera, with exposure times 

as shown. Subfigure (a): full photographs of flames, with box indicating region in 

which laser diagnostics were performed. Subfigure (b): Near-field images, from jet 

exit to 112 mm ( x/D = 5 . 6 ). 

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 ob- 

served for similar flames under a variety of jet boundary condi- 

tions [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 reaction zone; 

this is most apparent in the ETH-11 case, although it is more dif- 

ficult 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 surrounding air begins to mix with the jet and 

coflow and influences the appearance 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 con- 

trast to previous studies involving a JHC configuration [18,22,24] . 

This difference is attributed to the presence of carrier air in the jet 

for these flames, which results in an increase in O 2 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 non- 

premixed flame in a hot and low-oxygen coflow. It should be men- 

tioned that in one of the aforementioned studies (namely [18] ), 

flame cases with air in the central jet were in fact included, us- 

ing 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 H 2 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 Fig. 1 (b) 

is the apparent change in lift-off behaviour under the different 

coflow conditions. The HEP-03 and ETH-03 flames—which corre- 

spond to the 3% O 2 coflow—appear to be lifted, while the flames 

with 7.5% and 11% O 2 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 O 2 in the coflow is varied, with an initial increase in lift-off as 

the level of O 2 is increased [24] . This behaviour is thought to be 

related to a shift in the location of the most reactive mixture frac- 

tion 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 O 2 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 im- 

ages indicate that the onset of the luminous, sooting region oc- 

curs closer to the jet exit for the cases with increased O 2 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 inten- 

sity of the blue region near the flame base in the different cases. 

For the 3% O 2 cases, this region is relatively faint compared with 

the higher O 2 cases, with a less clearly defined structure. This re- 

sult 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 temper- 

ature of the coflow would be expected to be the dominant fac- 

tor in the appearance and lift-off behaviour of this blue region in 

the near-field, rather than O 2 concentration. Comparing the HEP- 

08 and HEP-H08 flames, although there is a slight increase in in- 

tensity 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 ex- 

amined, simultaneous 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 dis- 

plays 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 superim- 

posed image showing the spatially matched signals together. 

Focussing on the OH signal in Fig. 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 ap- 

pears 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. 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 contin- 

uous nature of the UV-PLIF signal which lies inside of the inner 

OH layer, and the fact that these flames are dominated by stream- 

ing 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 Fig. 2 due to the much 
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Fig. 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 . 

Table 2 

Frequency of detection of different OH structures (as shown in Fig. 3 ) for the differ- 

ent 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 

higher signal from the flame fronts. This “coflow OH” concentra- 

tion 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 Fig. 2 , is the overlap be- 

tween 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 as- 

sociated with the formation of soot precursors in the outer diffu- 

sion flame, hence the very strong signal on the right-hand side of 

Fig. 2 (b). There is also evidence of some interference in the UV-PLIF 

signal from the presence of fuel droplets in Fig. 2 (b). This is repre- 

sented 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 cor- 

responding to the inner and outer reaction zones. This in turn en- 

ables 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 Fig. 3 . Table 2 

presents the statistical 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. 

From Table 2 , it is evident that the coflow conditions have an 

impact on the formation of the different OH structures shown in 

Fig. 3 . For the 3% O 2 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 O 2 concentration and coflow 

temperature, 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% O 2 n -heptane case, while a further increase in O 2 

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 O 2 leads to an increased likeli- 

hood of a distinct inner and outer reaction zone. The frequency of 

the occurrence of these different structures is further discussed in 

the following sections in the context of the stabilisation mecha- 

nisms 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 representa- 

tive of typical images for each case. 

In Fig. 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 Fig. 1 , where the HEP-03 flame 

appears lifted from the jet exit. In saying this, the presence of UV- 

PLIF signal in Fig. 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 

Fig. 4 , although it is difficult to distinguish from the coflow equi- 
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Fig. 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 . 

Fig. 4. Instantaneous, superimposed images of OH-PLIF, CH 2 O-PLIF and Mie scattering, for the six different flames at x/D = 0 . 35 . 

librium 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 

Fig. 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 flames and the 11% O 2 ethanol flame, the 

OH structure which is stabilised at the jet exit appears to corre- 

spond to the “outer” flame; this is substantiated by the fact that 

the continuous OH layer can be seen to spread radially outward 
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Fig. 5. Averaged OH images for the HEP-03, HEP-08 and HEP-11 cases, from the jet exit to x/D = 1 . 85 . 

in the images. Referring back to the flame photographs ( Fig. 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 sta- 

bilised by the outer reaction zone, which is barely visible in the 

photographs even in the cases with 11% O 2 , at least with the ex- 

posure times shown in Fig. 1 . The fuel within the inner region 

then undergoes ignition, supported by the heat release and radi- 

cal build-up from the outer flame. 

In the ETH-11 image in Fig. 4 , the bifurcation of the flame into 

an inner and outer reaction zone can be seen. The CH 2 O 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 

CH 2 O 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 previ- 

ously 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 Fig. 2 . 

To further explore the formation and stabilisation of the dou- 

ble flame structure for the various cases, Figure 5 displays the av- 

eraged OH-PLIF signal, from the jet exit to x/D = 1 . 85 for the n - 

heptane cases with varying O 2 concentrations (averaged images for 

the ethanol flames are included in the Supplementary Material). 

These images highlight the change in flame structure for the 3% 

O 2 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 similar, with a consistent outer flame front sta- 

bilised at the jet exit, and a less prominent inner flame which be- 

gins to branch away at approximately x/D = 1 . The HEP-03 case, 

in contrast, does not show a stabilised outer flame until approx- 

imately x/D = 1 . 15 , which is consistent with the apparent liftoff

height ( Fig. 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 Fig. 5 , does not appear to 

spread radially outward in the same way as the outer flame front 

for the cases with more O 2 in the coflow. This difference can be ex- 

plained by changes in droplet evaporation as the concentration of 

O 2 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% O 2 case, the droplets still evaporate at a similar rate 

initially; however, the low level of O 2 leads to slower chemical 

timescales and a reduced tendency for droplets to react near the 

jet. As a result, the flame corresponding to the prevaporised fuel in 

the inner region is stabilised prior to the formation of an outer dif- 

fusion 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 O 2 concentration was varied 

from 9% to 3%, characterised by the presence of a weak OH sig- 

nal 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% O 2 cases. This transi- 

tional structure is considered to be indicative of a shift away from 

the mild regime [24,45] , suggesting a greater difficulty in achiev- 

ing mild combustion for n -heptane. In the present study, the 3% O 2 

cases show similarities with the corresponding prevaporised cases 

[24] , with the HEP-03 flame displaying a very weak OH signal up- 

stream of the apparent lift-off height, while the ETH-03 case has a 

relatively strong signal ( Fig. 4 ). As the concentration of O 2 in the 

coflow is increased, however, a change in behaviour is observed 

due to the presence of droplets, resulting in the flames being sta- 

bilised 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 struc- 

ture of a spray flame [34] . It is therefore crucial to predict these 

features in order to enable accurate modelling of these flames. 

To analyse the distribution and evaporation of droplets under the 

different coflow conditions, Figure 6 displays the radial profiles 

of droplet intermittency for the various cases, with results corre- 

sponding to 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 Fig. 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 turbophore- 

sis [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 lo- 
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Fig. 6. Radial distribution of droplets at a range of axial locations, for all flame cases. 

cation. An interesting difference in the HEP-03 plot in comparison 

to the other n -heptane cases is the fact that the peak at approxi- 

mately | 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 

formation of the outer flame structure. This difference is also evi- 

dent 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 increas- 

ing 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 O 2 concentration on the 

near-field flame structure, Figure 7 displays the mean radial pro- 

files of OH- and UV-PLIF up to x/D = 1 . 5 , for the 3% and 11% O 2 

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 Fig. 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 vari- 

ation in the coflow O 2 concentration is apparent in Fig. 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% O 2 cases, while only a single 

peak is present for the 3% cases. This confirms that there are dis- 

tinct, 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% O 2 cases. Previously, temperature mea- 

surements 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 pres- 

ence 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 in- 

ner flame front due to the reduced stoichiometric mixture fraction 

and hence richer local mixture [29] . In the plots shown in Fig. 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 to 

the inner, partially premixed flame front, since the radial location 

coincides with the inner peaks in the ETH-11 case, and a slight ir- 

regularity 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 
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Fig. 7. Mean radial profiles of OH- and UV-PLIF for cases HEP-11, HEP-03, ETH-11 and ETH-03, from x/D = 0 . 35 to x/D = 1 . 5 . Signals are normalised against the maximum 

OH- or UV-PLIF intensity amongst cases of the same fuel type. 

of Rodrigues et al. [29] . It should, however, be noted that the re- 

sults 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 cur- 

rent investigation. 

Another important observation from Fig. 7 is the difference be- 

tween the HEP-03 and ETH-03 cases. Recalling from Fig. 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 sig- 

nal is only marginally above that which corresponds to the coflow 

equilibrium OH, and much lower than the 11% O 2 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 ap- 

parent 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 Fig. 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 bi- 

furcating OH structure is the most prevalent for ETH-03 flame (oc- 

curring 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 lo- 

cation, indicates that the visually lifted nature of the 3% O 2 flames 

can be attributed to the lack of a stabilised outer flame front up- 

stream of this location. 

Similarly to Fig. 7 , radial profiles of the mean OH and UV sig- 

nals for cases HEP-H08 and HEP-08 are shown in Fig. 8 , highlight- 

ing the effect of the 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 O 2 con- 
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Fig. 8. Mean radial profiles of OH- and UV-PLIF for cases HEP-H08 and HEP-08, 

from x/D = 0 . 35 to x/D = 1 . 5 . Signals are normalised against the maximum OH- or 

UV-PLIF intensity from both cases. 

centration, with the HEP-08 and HEP-H08 profiles showing a sim- 

ilar 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 , sug- 

gesting pre-ignition reactions of the prevaporised fuel, as discussed 

in Section 3.3 . Once the inner flame is established further down- 

stream (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 CH 2 O during the 

autoignition stage. It is worth noting that this behaviour is also 

evident for the HEP-11 flame ( Fig. 7 ), while the UV signal peak at 

x/D = 1 . 5 for the ETH-11 case occurs closer to the centreline in re- 

lation 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 spon- 

taneous 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 Fig. 4 ). Consequently, the inner OH struc- 

ture is more stable for the ethanol flame, and there is less overlap 

between the OH and CH 2 O 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 Fig. 8 . For both cases, the outer OH structure is dom- 

inant, with the peaks occurring at a similar radial location (approx- 

imately | r/D | = 0 . 7 ). For the higher temperature case (HEP-H08), a 

slight peak in the OH profile can be observed at | r/D | = 0 . 5 , in- 

dicating that the inner flame is at least partially stabilised at this 

axial location. The HEP-08 case, on the other hand, only features a 

single peak in the OH profile, indicating that the inner flame is sta- 

bilised further downstream. This behaviour is to be expected, since 

the lower coflow temperature leads to a delayed ignition of the 

prevaporised fuel mixture. It should be noted that, due to the av- 

eraging process and the turbulent nature of the flames, the occur- 

rence of a single peak in the OH profile does not necessarily dic- 

tate 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 Fig. 7 , the two appear to ex- 

hibit 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 mag- 

nitudes between cases due to varying quenching effects, it is pos- 

sible 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 ap- 

proximately equal in magnitude for the 11% O 2 case, whereas the 

inner OH peak is greater for the 3% O 2 case. This indicates that 

the outer reaction zone is significantly less intense for the HEP- 

03 flame, consistent with previous findings for gaseous flames un- 

der similar conditions [14] . For both cases, the centreline OH sig- 

nal 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 Fig. 6 , which showed a sharp reduction in the presence 

of droplets at x/D = 4 . 5 , indicating that there is rapid evapora- 

tion of droplets in this region due to the influence of the inner 

flame. Although both cases reach their peak centreline OH mag- 

nitude 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 fur- 

ther 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 Fig. 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 significantly higher for the higher temper- 

ature coflow (HEP-H08), as expected, the relative magnitudes be- 

tween the inner and outer OH structures can be seen to be con- 

sistent between the two cases at each of the axial locations. Simi- 

larly to the 3% and 11% O 2 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 Fig. 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 sho wn to be very sensitive to the initial conditions. This high- 

lights the relative dominance 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 Fig. 9 , the OH profiles indi- 

cate a clear change in behaviour in comparison with the n -heptane 
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Fig. 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. 

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 equiva- 

lent axial location. It is interesting to note that in the near field—

specifically at x/D = 0 . 35 in Fig. 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 Fig. 9 is not a result of a shift in the sto- 

ichiometric mixture fraction (as has been hypothesised previously 

[34] ), since this difference would manifest itself at the point of sta- 

bilisation. 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 stabilis- 

ing closer to one another. The absence of an OH peak at the cen- 

treline for the ethanol cases also suggests that the inner reaction 

zone persists further downstream in comparison to the n -heptane 

cases. Referring again to the droplet distributions shown in Fig. 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 

O 2 concentration 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 particularly evident at x/D = 3 . 0 

in Fig. 9 , where the inner flame front dominates the OH profile 

and only a single peak is observed for the ETH-03 case. This indi- 

cates that the change in O 2 concentration has an increased effect 

for the ethanol flames compared with n -heptane, in terms of the 

formation of the double 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 
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heptane cases, from x/D = 0 . 35 to x/D = 5 . 3 . 

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 Figs. 7 –9 that the av- 

eraging 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 distin- 

guish 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 av- 

eraging. As mentioned in the Methodology, an algorithm was de- 

veloped to separate the inner and outer OH structures in the in- 

stantaneous images. Using this method, it is then possible to cal- 

culate 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 reac- 

tion zone thickness, similar to previous studies [37,47] . For further 

details regarding this process the reader is directed to the Sup- 

plementary Material, where an example of the separation between 

the inner and outer structures and the subsequent analysis are pro- 

vided. The FWHM results are plotted against the axial location in 

Fig. 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 Fig. 10 highlight some key dif- 

ferences 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 O 2 concentration 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 O 2 

cases for x/D ≥ 3 . This is an interesting result, since previous stud- 

ies of mild combustion have found that the reaction zone tends 

to become wider as the O 2 concentration is reduced, which is at- 

tributed to a shift in the stoichiometric 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 pres- 

ence of the inner reaction zone, which influences the outer flame 

front differently in the various cases. Recalling from Fig. 7 and the 

accompanying discussion that the HEP-03 case only displays a sin- 

gle 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 substantiated by 

the increased likelihood of the merged flame structures being de- 

tected for this case ( Table 2 ). Somewhat paradoxically, this merg- 

ing 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, ultimately leading 

to a narrowing of the OH structures. This behaviour is also con- 

sistent with the shift in the OH peak towards the centreline for 

the HEP-03 radial profiles at x/D = 1 . 5 in Fig. 7 and at x/D = 3 . 0 in 

Fig. 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 Fig. 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 % 

O 2 , 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 

Figs. 7 and 8 ), which is accompanied by reduced strain rates. Inter- 

estingly, 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 sep- 

aration further downstream leading to a narrower outer structure. 

As mentioned, the tip of the inner flame is reached at approxi- 

mately 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 un- 

der a range of coflow conditions. Three laser diagnostic techniques 

were performed simultaneously, enabling the combined visualisa- 

tion 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 un- 

der 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 with reduction in 

the coflow O 2 concentration to 3%, for both n -heptane and ethanol 

flames. The instantaneous imaging, however, revealed the occur- 

rence of flame radicals and intermediate species in this apparently 

lifted region, indicating the presence of a relatively weak reaction 
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zone extending to the jet exit for the 3% O 2 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% O 2 concentrations, with the heat release in this region 

leading to increased evaporation rates in comparison to the re- 

duced O 2 cases. Droplets were found to persist further downstream 

in the ethanol cases, which is attributed to the increased interac- 

tion 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% O 2 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 broadening 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 sta- 

bilised “outer flame” at the jet exit is responsible for the visu- 

ally 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 O 2 was found to lead to a narrowing of the mean outer reac- 

tion zone, and the cases with higher O 2 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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Supplementary Material

1. Averaged OH-PLIF images for ethanol

Figure 1 shows the mean flame structure from the jet exit to x/D = 1.85,
in the form of the averaged OH-PLIF images stacked together. This figure
complements what was shown in the radial plots, allowing the flame behaviour
to be better visualised. As mentioned in the main text, the outer flame can
be seen to be significantly weakened for the 3% case, with a much less clearly
defined structure, which supports the analysis of the radial plots in Section 3.5.
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Figure 1: Averaged OH-PLIF images from the jet exit to x/D = 1.85 for cases
ETH-03 and ETH-11.
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2. Additional OH processing and FWHM calculation

To analyse the behaviour of the inner and outer reaction zones separately,
a spatial filtering algorithm was applied to the instantaneous OH-PLIF images.
Essentially this algorithm was based on identifying the radial locations of the
peak OH signal, as well as the minimum value between these peaks, which is
used as a boundary to separate the inner and outer structures. An example of
this is shown in Figure 2 for the HEP-11 case, including the definition of the
FWHM for the outer OH structure.
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Figure 2: Example of separation of inner and outer OH structures based on
radial profile, for case HEP-11 at x/D = 1.5. Right-hand side only shown.

In the event that there was no clearly defined boundary between the two
structures (i.e. two separate peaks could not be identified or the minimum
value between peaks was greater than the FWHM), then the shape of the OH
structure was identified, to determine which of the four categories (see Section
2.2) the image belonged to. The inner structures of images with a clearly defined
boundary were also analysed in terms of their shape, to determine if the inner
structure was continuous or featured ignition kernels.
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Summary of Report  
This report presents a description of some of the issues and challenges relating to the use of hydrogen in 

domestic settings, and the feasibility of addressing these issues through the use of a fuel additive. Specifically, 

the potential for blending a small amount of a highly sooting liquid hydrocarbon (referred to as a dopant) with 

hydrogen is investigated, with the aim of simultaneously improving the flame visibility and thermal radiation, as 

well as facilitating leak detection via odorisation of the gas. A comprehensive literature review is provided, 

including a discussion of the visibility of pure hydrogen flames and the need for improving visibility, and potential 

solutions for improving both the visible and radiative properties of hydrogen flames. The issues surrounding the 

olfactory detection of gas leaks are also presented in this literature review, including potential solutions for a 

100% hydrogen gas network.  

A series of experiments based on the use of toluene as a dopant were carried out for this project, and the key 

experimental results are presented in this report. Experiments were carried out for three different burner 

configurations, and the flames were analysed based on their visual appearance (flame photography), thermal 

radiation (heat flux measurements), and visible and infra-red emissions (spectral imaging). These experiments 

involved both pure and toluene-doped hydrogen, with dopant concentrations up to 1% by mole. Comparisons 

were also made against natural gas flames of equivalent heat input. Interestingly, the visible emissions from the 

pure hydrogen flames were observed to be stronger than expected, and the spectral imaging revealed that the 

visible light emissions were dominated by sodium excitation at 589 nm. Analysis of previous results for natural 

gas and blends of natural gas and hydrogen indicated that this sodium excitation was not unique to hydrogen, 

although the intensity tends to increase at higher concentrations of hydrogen, and sensitivity to the burner 

configuration was also observed. A noticeable increase in both visibility and thermal radiation was observed with 

increasing toluene addition, due to the formation of soot which is then oxidised within the flame. Qualitative 

observations and theoretical calculations concerning the olfactory properties of toluene were also made, to 

assess the potential of such a dopant in the context of leak detection. The experimental results presented in this 

report address Aims 1, 2 and 3 of the project, which correspond to Deliverables 3 and 4. 

While the findings suggest that doping with toluene has the potential to address the three issues identified, it is 

unlikely to be a feasible solution in practice, particularly in the context of distribution throughout the network. 

However, if it were derived from a sustainable source, or if a similar highly sooting and pungent dopant which is 

carbon-neutral were to be implemented, then it could become a viable option. This is particularly true if 

alternative, sulphur-free odorants are not feasible (for economic reasons, for example), or if removal of traditional 

odorants upstream of fuel cells is cost-prohibitive. Additionally, the use of a dopant to enhance safety and 

performance at the appliance side, such as within the internal pipework of a gas cooktop, appears to be a 

feasible option for manufacturers to consider in comparison to alternative methods of flame supervision. 
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1. Introduction 
As society moves away from the combustion of fossil fuels and towards clean, renewable sources of energy, the 

role of hydrogen will become increasingly important [1]. Not only can hydrogen be used to power fuel cells to 

generate electricity, it can also be used directly as a fuel in combustion applications, ranging from domestic 

appliances to large-scale industrial boilers, engines and gas turbines [2, 3]. One particular area in which 

hydrogen is well-positioned to displace fossil fuels is in existing gas networks [4]. The addition of hydrogen to the 

natural gas pipeline in relatively low proportions has been trialled and successfully implemented in several 

networks globally, and studies indicate that most pipelines can accommodate addition of hydrogen up to 10% (by 

volume), with only slight modifications to the distribution system required [5]. Ultimately, the aim is to extend this 

to achieve a zero-carbon gas pipeline of 100% hydrogen, which can be used as a fuel for combustion appliances 

and to power fuel cells. There are, however, a number of safety concerns which must be addressed when 

implementing hydrogen as a fuel source, particularly with regards to pure or near-pure hydrogen.  

Many of the safety concerns pertaining to hydrogen (H2) are related to the fact that hydrogen molecules are both 

extremely small (in fact, the smallest [6]) and very reactive. The small molecular size means that hydrogen is 

more susceptible to leaking than other substances and can result in material defects in metal alloys [7]. 

Additionally, the high reactivity means that small leaks have a greater likelihood of leading to explosions 

compared with conventional fuels [8]. From an end-use perspective, a major issue is the lack of a clearly visible 

flame for the case of 100% hydrogen as a fuel source [9], which presents an obvious safety hazard. Additionally, 

radiative heat transfer is of importance to the operation of many combustion appliances, and the heat radiated 

from a flame is often coupled with the visibility of the flame. 

Another practical issue surrounding the use of hydrogen is related to the detection of leaks and unburnt gas at 

the user end. While hydrogen detectors have been developed [10], these involve a significant financial cost and 

regular maintenance; therefore, alternatives will be required at the domestic scale if an economically feasible 

hydrogen pipeline is to be implemented. In the natural gas network, an important method of detecting leaks is 

through olfactory detection—that is, the sense of smell—via the addition of an odorant (often also referred to as a 

stenching agent). While the odorant can vary depending on the pipeline, a form of sulphur-based compound 

known as a mercaptan is typically used, as these compounds provide a characteristic smell that can be detected 

at very low concentrations—typically less than 1.0 ppb (parts per billion) in air [11]. If an odorant were to be 

added to an otherwise pure hydrogen network, it would not only need to be compatible with hydrogen, but it 

would also need to be compatible with hydrogen fuel cells, or alternatively, it would need to be easily removed 

upstream of the fuel cell or be added close to appliances. 

The current project is focussed on assessing the feasibility of improving the safety and performance of hydrogen 

as a fuel via the addition of a small amount of a hydrocarbon, herein referred to as a dopant. Specifically, the 

potential for such a dopant to act as both an odorant (for leak detection) and as a colourant (for flame 

observation) is examined, with practical considerations discussed where appropriate. An in-depth review of the 

literature is initially presented, covering the topics of hydrogen flame visibility and radiative properties, as well as 

the issues surrounding leak detection and odorisation within the context of the current natural gas standards and 

regulations. This literature review also identifies a range of potential dopants, and compares their viability in a 

pragmatic sense. Experimental results based on toluene as a dopant are then presented, including flame 

photography for various burners and lighting conditions, radiative heat flux measurements, and spectral imaging 

measurements. Finally, the recommendations to industry and end-users are provided, and the future directions of 

this research are discussed. 

Date here 
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2. Literature Review 

2.1 HYDROGEN FLAME VISIBILITY 

2.1.1 Importance of Flame Visibility 
Before discussing the visibility of hydrogen flames and methods for improvement, it is important to understand 

under what scenarios flame visibility is relevant from both a safety and operational perspective. In terms of 

safety, the lack of a visible flame can present a hazard both from the user not being aware of when the flame is 

lit, and equally, being unaware when the flame is extinguished. In the context of a kitchen cooktop burner, for 

example, an “invisible flame” would present an obvious burn hazard when lit, particularly for users who are 

accustomed to a conventional natural gas cooktop. Such a flame would also present an increased risk of a 

dangerous build-up of gas, since the user would be more likely to leave the gas turned on following the 

accidental extinguishing of the flame. This latter concern is partially addressed by the fact that modern cooktops 

typically feature some form of flame supervision device (e.g. via a thermoelectric valve), which is interlocked with 

the gas supply to shut-off the gas flow in the case of the flame being extinguished. However, it should be noted 

that these systems are intended to be used as a back-up feature, and tend to involve a significant delay prior to 

activation of the shut-off valve. A potential option to enable a cooktop burner to be safely operated without a 

visible flame is to provide an alternative method of flame supervision, which is coupled with a flame indicator (e.g. 

an LED light), such that the user can determine if the flame is extinguished without a significant delay. One option 

in this regard is the use of an ultra-violet (UV) sensor to detect the flame rather than a temperature sensor, as 

mentioned in a recent Hy4Heat report on colourants [12], although this would incur additional costs to be passed 

on to appliance manufacturers and hence consumers.  

In addition to safety, the lack of a visible flame also has implications from a user-friendliness and social 

acceptance perspective. For example, it is common for end-users to determine their required heat input or turn-

down settings based on the visual appearance of the flame(s) for both gas cooktops and gas fires [12]. Again, a 

potential work-around could be in the form of a separate visual indicator to gauge the input settings; however, to 

maximise the social acceptance of hydrogen in domestic settings, it would be desirable to maintain a similar 

behaviour to that of existing natural gas appliances. It is also worth mentioning that for some domestic 

applications, such as water heaters and ducted space heaters, flame visibility is less important since the flame is 

enclosed within the device itself and cannot be seen. It should be noted, however, that the lack of a visible flame 

would still have implications for some boilers in which flame checks are performed during maintenance and 

installation [13], although this could be addressed through appropriate training of technicians and/or the use of 

additional instrumentation. Since water heaters and ducted space heaters typically account for the majority of 

residential gas consumption in Australia [14], it would be economical to administer a colourant to hydrogen at the 

appliance (or just upstream of it) so that it is only used when required, such as when an open flame is present. 

This is of course only relevant under the assumption that the colourant is not distributed throughout the entire 

network, and would also likely depend on whether the colourant also provides other benefits, as explored in this 

project. 

2.1.2 Pure Hydrogen Flames 
It is widely known that flames resulting from pure hydrogen combustion in air typically produce low levels of 

visible radiation, compared with the conventional combustion of hydrocarbons [9, 15]. A common misconception, 

however, is that hydrogen flames are invisible. A faint blue colour has consistently been observed under low-light 

conditions [9, 16], as well as a red “tail” to the flame in some cases [9, 17], although the exact source of these 

visible emissions remains a subject of debate. Some early sources claim that the only source of visible emissions 

in pure hydrogen-air flames is that which stems from the hydroxyl (OH) bands, which are primarily in the UV but 

have slight overlap in the blue end of the visible spectrum [15, 18]. The presence of additional radiation has often 

been attributed to impurities, including sodium, calcium and sulphur [15]. To examine the impact of impurities, 

hydrogen at both 99% and 99.999% purity has been tested [9], and no discernible difference in the flame 

spectrum was observed. Additionally, pure oxygen mixed with argon was used as the “air” mixture, and once 

again there was no effect. With impurities ruled out, the reddish appearance of these flames is attributed to the 

vibrational excitation of water molecules within the flame. A relatively weak continuum at the blue end of the 

visible spectrum was also observed in the experiments with high-purity hydrogen [9], which is thought to be a 

result of reactions involving OH radicals and atomic hydrogen (H), although the exact mechanism behind this 

observation remains unclear.  
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It should be mentioned that in the experiments of Schefer et al. (i.e. Ref. [9]), the reddish colour which was 

observed was very faint, with the flames clearly visible only under reduced-light conditions. This behaviour is 

expected, since the excitation of water molecules results in relatively low emissions of light in the visible region, 

with peaks in the near infra-red [16]. Other experiments and trials, however, have reported a relatively strong red-

to-orange appearance of hydrogen flames, such that the flames are visible even under well-lit conditions. Most 

notably, a recent demonstration project by Northern Gas Networks in the UK displays a hydrogen cooktop burner 

with a distinct orange flame colour, as shown in Figure 1. While there are no specific details relating to the 

configuration of this burner, a media release [19] states that the flames correspond to 100% H2, without any 

mention of the intentional addition of a colourant. 

 

Figure 1: Hydrogen cookers from Northern Gas Network’s demonstration project. Image sourced from 
Hydrogen-Central.com [20] 

Since the presence of this relatively bright “orange” colour appears to vary depending on the laboratory or 

apparatus in which the experiments/trials are conducted, the logical conclusion is that these higher-intensity 

visible emissions are indeed related to the presence of impurities. It has been suggested that these impurities 

stem from hydrogen embrittlement during storage/transportation, which leads to the presence of metal or metal 

oxide particles within the fuel stream [16]. This was supported by experiments performed with and without a 

0.5-μm filter installed on the fuel line, which showed a statistically significant reduction in intensity based on 

digital photographs. Electron microscopy revealed the presence of iron, sodium and calcium in the fuel stream, 

leading to the authors to conclude that the impurities are related to particle deposition following embrittlement, 

since this is the likely source of the iron, which was present in a relatively high concentration. While these results 

show that the colour is at least partially related to the presence of filterable particles in the hydrogen, it does not 

confirm that the particles which produce this colour stem from embrittlement. This is because the filtering process 

also removes sodium, which is unlikely to stem from embrittlement, and the lack of spectral measurements 

makes it impossible to ascertain the source of the visible emissions. It is also worth mentioning that sodium 

impurities have been found to contribute to the emission spectra in previous flame spectroscopy studies [21, 22], 

with a strong peak at 589 nm which corresponds to a distinctive yellow/orange colour, similar to that seen in 

Figure 1. The effect of impurities in the context of the current investigation is further discussed in Section 4.1. 

It should be noted that, although visible emissions can be detected from hydrogen flames, the intensity of these 

emissions is in general much lower than comparable hydrocarbon flames. While some studies indicate that 

impurities could lead to a flame of similar visibility to natural gas, it is not clear if this can be relied upon to 

produce a consistently observable flame in all situations. Since domestic appliances involving an open hydrogen 

flame (i.e. excluding boilers and ducted space heaters) would typically be operated in a well-lit environment (e.g. 

a kitchen stovetop), the visibility of a hydrogen flame should also be assessed with this in consideration. 

Ultimately, for hydrogen to be safely used in appliances, the visibility achieved must be similar to or greater than 
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that of a natural gas flame, particularly when taking into account the increased flammability of hydrogen and 

therefore the elevated risks associated with leaks. 

2.1.3 Improving Visibility of Hydrogen Flames 
As noted in the previous subsection, the presence of certain impurities has been found to significantly increase 

the visibility of hydrogen flames. The addition of metal oxide nanoparticles to increase radiative heat transfer in 

flames has been investigated previously, in the context of improving the efficiency of gas-fired furnaces [23]. It 

was found that the addition of inert alumina particles to LPG fuel leads to a significant increase in flame 

luminosity and a larger visible flame area. For domestic applications, it would likely be more practical to introduce 

the metal oxides in a solution rather than as a powder, to reduce the emission of particulates (e.g. PM2.5) [12]. In 

saying this, the use of a solution (such as sodium chloride dissolved in water) would still produce solid particles 

following combustion which could form deposits on appliances and lead to corrosion, as well as negatively 

impacting the indoor air quality, particularly in the case of flueless heaters [12]. It should also be mentioned that 

the use of a metal oxide colourant would not be compatible with injection throughout the gas network, since it 

would either form deposits in the pipeline or be filtered out at various points throughout the network [24]. 

The addition of hydrocarbons in relatively low proportions—herein referred to as “doping”—is another method of 

increasing the visibility of hydrogen flames. In conventional hydrocarbon fuels, much of the radiative flux—and 

therefore much of the visible light—stems from soot particles, which produce high levels of broadband radiation 

in a flame [25]. Due to the importance of soot formation in applications such as furnaces, along with the need to 

supress it in other devices such as gas turbines, the physical and chemical processes relating to soot formation 

have been studied in depth over the years. The tendency to form soot varies greatly depending on the initial fuel 

composition, and a useful method of comparing and quantifying the sooting propensity of different fuels is 

through the Yield Sooting Index (YSI) [26]. This index is based on measurements of the soot volume fraction in 

methane flames doped with 400 ppm of the hydrocarbon of interest. In general, it is understood that aromatic 

hydrocarbons, such as toluene, tend to have relatively high YSIs due to the presence of a benzene ring and the 

associated high carbon-to-hydrogen ratio [27]. By selecting dopants with high YSIs, there is potential to 

significantly enhance the visibility of hydrogen flames, even at very low concentrations of dopant. 

Another attractive feature of using high YSI hydrocarbon fuels as a dopant for hydrogen flames is the fact that 

these fuels typically exist in the liquid state at standard conditions [26]. This offers a range of benefits over 

gaseous additives in terms of transportation and storage, since pressurisation is not necessary and leak 

prevention is less problematic. This makes it feasible to inject the dopant much closer to the end use side, or 

even within the plumbing configuration of individual appliances, allowing pure hydrogen to still be used for other 

applications, such as in fuel cells. Additionally, if the dopant were to be injected into the pipeline as a vapour 

upstream of a fuel cell, the relatively high boiling point would enable it to be separated from hydrogen via a 

condenser.  

2.2 HEAT RADIATION FROM HYDROGEN FLAMES 

2.2.1 Importance of Radiative Heat Transfer 
Along with convection and conduction, heat transfer via radiation is an important mechanism for the efficient 

performance of many combustion devices. The importance of radiation varies depending on the application, for 

example, stove top burners operate primarily through conduction and convection, whereas the performance of 

boilers and some gas heaters is largely dependent on radiant heat [28, 29].  

Radiative heat transfer can also impact safety, in both a positive and negative manner. For example, it is 

desirable to have a flame which emits enough thermal radiation such that the flame can be sensed from a safe 

distance, to prevent a user accidentally coming into contact with the flame itself. On the other hand, an excessive 

amount of radiated heat would pose additional hazards, such as causing ignition of surrounding objects, or 

potentially causing skin burns [30]. Therefore, it is important to have an understanding of the radiant heat 

generated by pure and doped hydrogen flames, and how this compares to the properties of comparable natural 

gas flames.  

2.2.2 Improving Heat Radiation of Hydrogen Flames 
In addition to visibility, heat radiation is another aspect of hydrogen flames which differs from conventional 

hydrocarbon flames. Although hydrogen flames are known to emit radiation in the infra-red [9] (due to excitation 
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of H2O as noted in Section 2.1.2), the total radiative heat flux is much lower than an equivalent natural gas flame 

[25]. The heat that is radiated from a pure hydrogen flame can be classed as being non-luminous, or banded, 

meaning that the spectrum is composed of narrow bands which are a result of energy released from vibrational 

and rotational transitions in the gaseous molecules [25]. The most effective way of improving the amount of heat 

radiated from a flame is by increasing the amount of luminous radiation produced—that is, broadband radiation 

due to the presence of solid particles in the flame, namely soot particles.  

Although it is well-known that the addition of hydrogen can suppress the formation of soot in predominantly 

hydrocarbon flames [31], there is comparatively little information relating to the reverse case; that is, when highly 

sooting fuels are added to hydrogen in low proportions. The addition of hydrocarbons to increase the luminous 

radiation in otherwise non-luminous flames has been proposed previously, in the context of both hydrogen- and 

natural gas-fired furnaces [25, 32]. For hydrogen flames, it was suggested that the addition of pulverised 

bituminous coal would be most effective [25], and a later study found that addition of carbon particles can lead to 

a noticeable increase in radiative flux [33]. In terms of liquid and gaseous hydrocarbon dopants, it has been 

stated that hydrogen-hydrocarbon flames are luminous even for very low levels of hydrocarbon [34], although this 

area has remained unexplored in the literature, at least in regards to measurements of radiative heat flux. 

As one might expect, the methods involved in improving the heat radiation in hydrogen flames are typically 

accompanied by an increase in flame visibility. Therefore, it is possible to address two concerns of hydrogen as a 

fuel with a single solution. In this study, a third challenge is also hoped to be addressed with this same solution, 

and this relates to the detection of leaks via an odorant. 

2.3 OLFACTORY DETECTION OF HYDROGEN GAS 

2.3.1 Odorant Addition in Conventional Fuels 
Fuels which are commonly used in domestic applications (predominately natural gas and LPG in Australia) 

require an odorant to be added to them to enable leaks to be detected, since they are otherwise odourless. While 

the exact requirements surrounding odorisation vary between states in Australia, the general stipulation for 

pipeline gas is that the gas must have an odour that is “distinctive and unpleasant” and be discernible at “one-fifth 

of the lower explosive limit (LEL) of the gas” [35, 36]. The LEL of methane (the main component of natural gas) in 

air is approximately 4.4% (by volume), which implies that the natural gas mixture following odorant addition must 

be able to be detected at volumetric concentrations below 0.9% in air.  

The Australian Energy Marker Operator (AEMO) states that the preferred odorant is a blend of 70% THT 

(tetrahydrothiophene) and 30% TBM (tertiary butyl mercaptan). This blend is typically injected into the pipeline in 

proportions between 7.0–14.0 mg/m3, although other chemicals and concentrations which comply with the 

legislation [35, 36] are accepted [37]. These chemicals are used in most gas networks throughout Australia, with 

additional blending with IPM (isopropyl mercaptan) in WA. Both THT and TBM are sulphur-based compounds 

which have characteristic odours which can be detected by humans at less than 1 ppb, and they have properties 

that are generally favourable for use in gas networks, including resistance to oxidation in the pipeline [38]. 

However, TBM has a relatively high freezing point of 1 °C, while THT has poor soil penetration, hence the 

preference for blending the two together [38]. It is also worth mentioning that these types of sulphur-based 

compounds were initially selected for odorisation not only due to the aforementioned properties, but because 

they produce an odour similar to that of the previously used town gas, which tended to naturally consist of a 

number of sulphur impurities which produced the typical “gassy” odour [38]. 

2.3.2 Issues for Implementation in Hydrogen Pipelines 
Like methane, hydrogen is also a colourless and odourless gas, so an odorant must be added for safe use. The 

obvious choice would be to use the same blend (or a similar one) to that which is currently used in gas networks, 

since end users are familiar with this odour and automatically associate it with a “gassy” smell. This is the 

suggested option for trials involving the blending of hydrogen with natural gas in low proportions, where the end 

use is solely for combustion devices [4].  

In the context of 100% hydrogen pipelines, odorants which are currently in use would likely not be suitable. This 

is because a key end-use application of hydrogen is in fuel cells, and many of the sulphur-based odorants— 

including THT and TBM—can lead to poisoning of PEM fuel cells, and more generally fuel cells involving reduced 

metal catalysts such as nickel and cobalt [39, 40]. While there are ongoing studies into the development of 

sulphur-resistant PEM fuel cells, these do not yet have commercial outcomes [41-43]. Therefore, if traditional 
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odorants such as THT and TBM are to be used in a 100% hydrogen network, these would have to be removed 

from the from the hydrogen upstream of the fuel cell. It should be mentioned that filtration systems to enable 

desulphurisation have been developed and are an active area of research [39, 44]. Although their implementation 

has been shown to be feasible—for example, in residential systems in Japan [45]—this presents an additional 

cost in the transition to a 100% hydrogen network. Due to this additional cost and the scale at which the 

desulphurisation systems would need to be implemented, it would be advantageous to use an odorant which is 

compatible with hydrogen fuel cells, or can be added to and/or removed from the pipeline relatively easily and 

economically. 

2.3.3 Alternative Odorants for Hydrogen 
Alternative odorants for use in hydrogen gas pipelines have been investigated, although there is currently no 

widely accepted option which is compatible with fuel cells [4, 46, 47]. In saying this, sulphur-free odorants which 

do not degrade fuel cells have been developed and are another active area of investigation. The recently 

published Hy4Heat odorant report compares the feasibility of five different odorants in the context of a 100% 

hydrogen network, including two sulphur-free compounds which are believed to be suitable for fuel cell 

applications [48]. One of these sulphur-free odorants was deemed inappropriate due to concerns regarding the 

nature of the odour (i.e. it did not have a characteristic “unpleasant” odour), while the other—namely “Gasodor S-

Free”—was found to be particularly promising. The economic assessment in this report found that this odorant 

would incur additional costs over existing options, although it also mentions that if the sulphur-free odorant can 

be used with fuel cells without any purification then the economics could shift in favour of this option, assuming 

that fuel cells make up a relatively large proportion of end-use applications. Ultimately, it is recommended that 

further studies should be performed on the long-term compatibility of this alternative odorant with use in fuel cells 

without any purification. Another complication is that odorants are expected to present additional challenges in 

terms of their storage. Specifically, many hydrogen storage options would result in the odorant being separated 

from hydrogen during storage, which could lead to a non-uniform distribution of odorant in the gas pipeline 

downstream [10]. 

As mentioned in Section 2.2.2, the focus of the current project is to address the challenges surrounding visibility, 

radiation and olfactory detection via a single solution. As mentioned previously, aromatic hydrocarbons (which 

are based on a cyclic benzene ring structure) typically lead to significant soot formation during combustion, which 

is of relevance for addressing the issues of visibility and radiation. Additionally, aromatic hydrocarbons—and 

indeed many other volatile organic compounds—tend to be very pungent, particularly those with long carbon 

chains [49, 50]. The name “aromatic” might suggest that these chemicals tend to produce a pleasant aroma, and 

while this is the case for certain aromatic hydrocarbons, it is not true in general [50].  

To gauge the feasibility of various sooting hydrocarbons (and other organic compounds such as alcohols) as 

potential odorants, it is worthwhile to compare the detection thresholds of some of these compounds against 

traditional odorants. Depending on the relevant legislation, the ability to simply detect a chemical based on odour 

is not the only requirement for an odorant; it must also have an “unpleasant” smell according to certain regulatory 

frameworks [36]. Table 1 displays the odour detection thresholds for a range of selected chemicals, using the 

results of an exhaustive study carried out at the Environmental Sanitation Center in Japan [11]. Also shown in 

Table 1 are descriptions of the odours based on various sources shown in the footnotes, although descriptions 

were not available for all chemicals. Additionally, the rows in the table are shaded to identify different compound 

groups. The chemicals included in Table 1 were selected based on either being used as existing odorants, 

having a relatively high sooting propensity, or being of practical relevance in other ways (for example, commonly 

occurring in liquid biofuels). 
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Table 1: Odour detection thresholds and descriptions for various chemicals, grouped by family (yellow: sulphur-
based odorants, orange: aromatic hydrocarbons, blue: alcohols). Threshold data sourced from Abraham et al. 
[11]. 

Name of Chemical 
Odour Detection 

Threshold (ppm) 
Description of Odour Chemical Family 

THT (Tetrahydrothiophene) 0.00062 Unpleasant, rotten eggs [51] 
Sulphur-based 

odorants 

TBM (Tertiary Butyl 

Mercaptan) 
0.000029 Skunk-like, offensive [52]   

Methyl Acrylate 0.0035 Acrid, pungent [52] Esters 

Ethyl Acrylate 0.00026 Acrid, pungent, sour [52]  

Toluene 0.33 Solvent, paint [53] 
Aromatic 

hydrocarbons 

Styrene 0.035 
Sweet/floral, unpleasant in 

high concentrations [52] 
 

p-Diethylbenzene 0.00039 Gasoline-like [54]  

n-Octanol 0.0027 Penetrating, orange [52] Alcohols 

n-Decanol 0.00077 Fat-like, waxy [52]  

Limonene 0.038 Citrus, lemon [53] Other 

Isoprene 0.048 Petroleum-like [52]  

Pyridine 0.063 Foul, unpleasant, fishy [52]  

Skatole 0.0000056 Putrid, faecal [52]  

1-Nonene 0.00054 Gasoline, rancid [52]  

 

From Table 1, it appears that some of the selected chemicals are able to be detected at comparable 

concentrations to traditional, sulphur-based odorants, particularly THT which has a higher threshold than TBM. It 

is worth noting that the two acrylates shown in Table 1 are the main constituents of the previously mentioned 

GasOdor-S-Free odorant, hence their inclusion in the table. It is also worth mentioning that the odour detection 

thresholds shown are indicative only, and their values are known to vary depending on the methods used for 

determination [11]. Additionally, while this threshold represents the concentration at which the odour can be 

detected, the change in odour intensity with increasing concentration above this threshold is known to vary 

between different chemicals, with highly nonlinear behaviour for some substances [47]. The odour descriptions 

are also indicative, and the perception of certain odours is known to change depending on concentration [47]. For 

example, many of the sources cited contained a number of different descriptions for the same chemical, which 

often appeared contradictory. This emphasises the importance of conducting screening tests with different 

human subjects prior to implementing an alternative odorant. The potential of these substances to be used as an 

odorant in practice, in addition to improving flame visibility and radiative properties, is further discussed in 

Section 4.5. 
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3. Methodology 

3.1 EXPERIMENTAL OVERVIEW 

For the experimental investigation in this project, the focus is on the feasibility of using toluene as a dopant. 

Toluene was selected primarily due to its very high sooting propensity which has been investigated in the context 

of turbulent hydrogen flames previously [55], in addition to its physical properties making it suitable for injection 

as a liquid. Therefore, if the experimental results indicate that toluene addition does not improve flame visibility 

and/or radiation at sufficiently low dopant concentrations, then other dopants are unlikely to be viable either. 

Toluene is also known to be formed as an intermediate species (along with other aromatic hydrocarbons) during 

the combustion of common biodiesel blends [56], so it can be considered a surrogate fuel to enable consistent 

experimental measurements in this sense. In a practical implementation, it is unlikely that the use of toluene 

would be widespread, particularly in domestic settings; this is also discussed further in Section 4.5. 

To investigate the effect of toluene addition on the visibility and radiative characteristics of hydrogen flames, a 

comprehensive experimental campaign was carried out. Pure and toluene-doped hydrogen flames, in addition to 

natural gas flames, were analysed using a combination of flame photography, spectral imaging and thermal 

radiation measurements. Toluene vapour was produced via a controlled evaporator and mixing (CEM) unit, 

allowing a homogeneous mixture of hydrogen and toluene to be generated. Very low liquid flowrates of toluene 

into the CEM unit were achieved using a low-flow metering valve in conjunction with a Coriolis flow-meter, while 

the bulk gas flowrate was controlled with a thermal mass flow controller. A schematic of the experimental setup is 

shown in Figure 2. 

 

Figure 2: Top-view schematic of experimental setup. 

Flame photography was performed using a DSLR camera, operated with an exposure time of 1/5th of a second 

for the photographs presented in this report. The photographs were all captured with an f-number of 1.8 and an 

ISO value of 100, except where otherwise stated, with manual focus and white balance. The camera was also 

fitted with a notch filter centred at a wavelength of 594 nm with a FWHM of 23 nm. This was necessary to remove 

the effect of emissions from sodium excitation in the flame, as further discussed in Section 4.1. Unless otherwise 

stated, the flame photographs presented herein were captured with the notch filter fitted to the camera. In order 
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to assess the visibility of the flames in different environments, photographs were captured with both an optically-

absorbing (black velvet) background and a glossy white background, in both a dark and a well-lit room. 

The thermal radiation from the flames was measured using a Medtherm 64-series heat flux sensor. This sensor 

is fitted with a sapphire window attachment for the elimination of convective heat transfer from the flames, 

ensuring that the radiative heat flux alone is measured. For each measurement, the reading was monitored to 

ensure that a steady value was being recorded, and the data were obtained over a period of 30 s to account for 

any unsteady effects, using a sampling rate of 5 kHz. For consistency, the sensor was oriented normal to the 

central axis of the flames, and held at a constant height and distance from the burner throughout the 

experiments.  

To further analyse the visible and infra-red emissions from the various flames, spectral imaging of the flames was 

performed using an Ocean Optics Red Tide USB650 spectrometer. This spectrometer was coupled to an optical 

fibre, which was in turn fitted to a collimating lens to increase the signal-to-noise ratio of the spectral data. These 

measurements provide a resolution to the nearest nm, with transmission ranging from the visible to near-IR 

region (approximately 400 – 850 nm). The flame spectra were collected under dark background conditions, and 

background noise corrections were also performed. A minimum of 30 spectral measurements were recorded for 

each flame case, which were then averaged to better identify the peaks in the signal. 

3.2 BURNER CONFIGURATIONS AND BOUNDARY CONDITIONS 

To study the effect of toluene addition under different scenarios, three different burner configurations were 

implemented in this investigation. A simple jet configuration was the initial focus, to simplify the analysis and 

enable future comparisons with numerical simulations. The burner was operated in non-premixed mode, with fuel 

issuing from an 8.0 mm I.D. jet into a coflow of room-temperature air. A single volumetric flowrate (�̇�) of hydrogen 

was used, along with a natural gas case with equivalent heat input (𝑄𝑖𝑛) for comparison. A range of toluene mass 

flowrates (�̇�𝑡𝑜𝑙) were also implemented, corresponding to a mole fraction (𝑋𝑡𝑜𝑙) of toluene in the fuel mixture 

which ranged from 0–1%. The various flame cases and corresponding boundary conditions for the simple jet 

configuration are shown in Table 2. 

Table 2: Flame cases for 8-mm-diameter simple jet, including toluene mole fraction (𝑋𝑡𝑜𝑙) as a percentage of the 
total fuel stream. 

Case �̇�𝑯𝟐
 [SLPM] �̇�𝑵𝑮 [SLPM] �̇�𝒕𝒐𝒍 [mg/s] 𝑿𝒕𝒐𝒍 [%] 𝑹𝒆𝒋𝒆𝒕 𝑸𝒊𝒏 [kW] 

JET-T0 10 0 0 0.0 280 1.80 

JET-T1 10 0 1.7 0.25 304 1.87 

JET-T2 10 0 3.4 0.5 327 1.94 

JET-T3 10 0 5.2 0.75 351 2.01 

JET-T4 10 0 6.9 1.0 374 2.08 

JET-NG 0 3.4 0 0 560 1.80 

 

In addition to the simple jet flames, two typical domestic appliance burners were studied; namely a portable 

barbeque burner (GasMate) and a traditional gas stove-top burner (Bellini). These burners are designed to 

operate in premixed mode, using a passive air entrainment mechanism involving a fuel injection nozzle and air 

inlet regions. Due to the much higher flame speed of hydrogen and its propensity for flashback, the burners 

designed for natural gas had to be modified to prevent premixing from occurring when using hydrogen. Since it is 

of interest to compare the pure and doped hydrogen flames to the premixed natural gas flames for which these 

appliances are designed, data were collected for the premixed natural gas case prior to modifying the burners. 

The toluene concentration was again varied from 0–1% for both burners, and the hydrogen flowrates were 

assigned based on the rated heat input for the appliances. The boundary conditions and case names for the 

barbeque (BBQ) and stove (STV) burners are shown in Table 3. 
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Table 3: Flame cases for BBQ and STV burners, including toluene mole fraction (𝑋𝑡𝑜𝑙) as a percentage of the 
total fuel stream. 

Case �̇�𝑯𝟐
 [SLPM] �̇�𝑵𝑮 [SLPM] �̇�𝒕𝒐𝒍 [mg/s] 𝑿𝒕𝒐𝒍 [%] 𝑸𝒊𝒏 [kW] 

BBQ-T0 8.5 0 0 0.0 1.53 

BBQ-T1 8.5 0 2.0 0.35 1.61 

BBQ-T2 8.5 0 2.9 0.5 1.65 

BBQ-T4 8.5 0 5.9 0.75 1.71 

BBQ-NG 0 2.9 0 0.0 1.53 

STV-T0 9.1 0 0 0.0 1.64 

STV-T1 9.1 0 1.6 0.25 1.70 

STV-T2 9.1 0 3.1 0.5 1.76 

STV-T4 9.1 0 6.3 0.75 1.83 

STV-NG 0 3.2 0 0.0 1.64 
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4. Results and Discussion 

4.1 VISIBLE EMISSIONS FROM PURE HYDROGEN FLAMES 

As mentioned in Section 2.1, it is often stated that pure hydrogen burns colourlessly and that the flames are 

“invisible”, although this is not strictly true. The primary source of visible emissions in pure hydrogen flames is 

from excited H2O molecules, which produce a weak reddish appearance under certain conditions, along with a 

relatively weak blue continuum from reactions 

involving the OH and H radicals. During the 

current experiments, however, a relatively 

bright yellow-to-orange colour was observed 

for the supposedly pure hydrogen flames, 

often appearing in distinct streaks. This has 

also been observed previously (see Section 

2.1), and is often attributed to excitation of 

sodium, whose emission spectrum is 

dominated by the D-lines at 589.0 and 589.6 

nm. To verify the source of the colour 

observed, spectral imaging of the “pure” 

hydrogen flames was performed. Figure 2 

displays the spectrum that was attained for 

the “BBQ-T0” flame, corresponding to the 1.5 

kW hydrogen flame (without toluene addition) 

stabilised on a BBQ ring burner.  

The spectrum shown in Figure 3 shows a dominant 

peak at approximately 589 nm, confirming that the 

characteristic orange colour is indeed from sodium 

excitation. Also evident in Figure 3 is an increase in intensity in the red/near-IR region with distinct peaks due to 

the excitation of H2O molecules, in line with previous observations [9, 15]. It should be mentioned that the visible 

portion of the spectrum extends to approximately 700 nm, such that the visible emissions due to the excitation of 

H2O contribute a relatively small amount to the observed colour. While this 

confirms that the colour observed is related to the presence of sodium in the 

flames, it is not immediately clear where this sodium originates from. The 

orange colour, in addition to the peak at 589 nm, was observed throughout the 

experiments with varying strength, including for the three different burner types. 

The plumbing system was also purged with ethanol to ensure that it was not 

related to impurities within the pipes, with no effect observed. It was initially 

thought that the sodium could stem from the impurities within the hydrogen 

itself; however, no obvious difference was observed between industrial grade 

and ultra-high purity (Grade 5.0) hydrogen. Additionally, the D-lines due to 

sodium excitation were also observed for the spectra of natural gas flames in 

some cases; this is further explored in Section 4.4, which also presents results 

for blends of natural gas and hydrogen. This suggests that the source of 

sodium is in the air rather than the fuel, although it is possible that there was 

sodium present in both the hydrogen and the natural gas streams.  

Since the presence of sodium is expected to change significantly depending on 

the surrounding environment, it cannot be consistently relied upon to produce a 

visible flame. As such, an optical filter was used for the flame photography to 

block out the light from sodium excitation, as described in Section 3.1. Figure 4 

compares photographs captured with and without the filter on the camera for 

the simple jet configuration, highlighting the profound impact of the sodium 

emissions on the appearance of the flame. It should be noted that—due to the 

narrow blocking range of the filter—the use of this filter does not block out any 

other wavelengths of light which contribute to the colour of the flames other 

than those from the sodium lines. The remainder of the photographs 

presented in this report were captured with the notch filter attached. 

True-colour Filtered 

Figure 4: Photographs captured 
with and without the notch filter 
for undoped jet flame (JET-T0). 

                              

               

 

  

  

  

  

   

 
 
  

 
   
 
 
  
  
 
 
  
  
  
 
 
  
 
  
 
 

Figure 3: Visible and near-IR spectrum for undoped H2 
barbeque burner flame (BBQ-T0). 
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4.2 FLAME PHOTOGRAPHY 

4.2.1 Simple Jet Configuration 
Photographs of the simple jet flames are shown in Figure 5, highlighting the change in appearance with addition 

of toluene. For both hydrogen flowrates, toluene was added to hydrogen in four different concentrations up to 1% 

(by mole), with the equivalent heat input natural gas flame also included in Figure 5 for comparison. The flame 

photography results show that addition of toluene does not significantly change the structure of the flames near 

the jet exit, although the effect further downstream is noticeable. 

 

Figure 5: Photographs of simple jet flames with toluene addition from 0 – 1%, and equivalent natural gas flame 
(refer Table 2). All photographs captured with 1/5 sec exposure time. 

For all of the flames with toluene, a luminous sooting region can be seen to form radially inwards from the main 

flame front. Interestingly, a similar study involving turbulent hydrogen-toluene flames diluted with nitrogen found 

that significant soot formation did not occur until the toluene concentration was increased to 3% per mole of H2 

[55]. This difference is likely a result of the lack of turbulent mixing and longer residence times for the laminar 

flames in the current study, which increases the tendency for soot inception since precursor species are less 

likely to follow the oxidation pathway [57]. The luminous sooting region is relatively narrow for the 0.25% toluene 

case (T1), and the soot can be seen to be consumed within the frame of the photograph. There is a significant 

increase in intensity as the toluene concentration is increased to 0.5%, after which the effect of increasing 

toluene becomes less noticeable. From 0.5% to 1%, a broadening of the sooting region can be seen to occur, as 

well as a slightly further-upstream onset of soot formation. The sooting region is more uniformly distributed in the 

case of natural gas, with a reduced intensity from approximately 300 to 600 mm downstream of the jet exit in 

comparison to the cases with ≥ 0.5% toluene concentration.  

4.2.2 BBQ Ring Burner Configuration 
Similar to the simple jet flames, a range of toluene concentrations up to 1% by mole were investigated for the 

BBQ burner configuration. Photographs were captured with three different lighting/background conditions, to 

highlight the importance of these parameters when studying flame visibility. The different conditions are labelled 

as L0, L1 and L2, corresponding to lights off with a dark background (L0), lights on with a dark background (L1), 

and lights on with a white, glossy background (L2). The photography results are shown in Figure 6, for toluene 

concentrations of 0 (i.e. pure hydrogen), 0.5% and 1%, all operated in nonpremixed mode, while the equivalent 

natural gas flame shown is premixed. In order to avoid saturation of the images under the L2 condition, the 

f-number of the camera was increased from 1.8 to 5 for these photographs.  
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Figure 6: Photographs of “BBQ” flames (refer Table 3) under different lighting and background conditions. Images 
were captured with 1/5 sec exposure time, with an f-number of 1.8 for L0 and L1 conditions (dark background 
with lights off and on, respectively) and f-number of 5 for the L2 condition (lights on with white background). 

In Figure 6, a significant change in the appearance of the flames can again be seen with addition of toluene due 

to soot formation. The pure hydrogen flame can be just made out under the “lights off” conditions (top-left frame, 

column “L0”), with a faint blue region near the burner and a reddish appearance further downstream. With the 

lights turned on the flame becomes much more difficult to observe; a very faint flame can be seen with the dark 

background (L1) while the flame appears invisible with the white, glossy background (L2), which simulates a 

kitchen environment. At 0.5% toluene (T2) there is a luminous sooting region enclosed within the outer structure, 

which can be clearly seen under the L0 and L1 conditions, while it is much less apparent under the L2 conditions. 

There is a significant increase in soot formation as the toluene concentration is increased from 0.5% to 1%, with 

the flame being clearly visible for all three conditions. The difference between the BBQ-T2 and BBQ-T4 flames is 

an interesting departure from the observations relating to the simple jet configuration, in which the increase from 

0.5% to 1% did not have a major impact on the luminosity. This difference is likely a result of the change in the 

flow-field and mixing processes between the two types of burners. In particular, the ring burner features a 

number of narrow ports from which the fuel issues, leading to a more complex mixing field and a potential change 

in soot formation mechanisms. The premixed natural gas flame can also be observed under all three lighting 

conditions shown in Figure 5. It is worth pointing out, however, that under the L2 conditions, the blue natural gas 

flame can only be seen against the dark backdrop of the burner body, and is very difficult to distinguish against 

the white background. These results emphasise the importance of considering the surroundings when evaluating 

the visibility and safety of flames for domestic applications. 
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The length of the flames also increases significantly with toluene addition, particularly from the BBQ-T2 to the 

BBQ-T4 case. It is interesting to note that the pure hydrogen flame displays a similar shape and flame length to 

the equivalent premixed natural gas flame, despite operating in nonpremixed mode. This suggests that it could 

be feasible to simply modify these types of burners to prevent premixing to allow them to run on 100% H2 in 

practice, although if toluene (or a similar sooting fuel) were to be added then it would need to be appropriately 

designed in order to prevent flame impingement on the surface being heated. 

4.2.3 Stove-top Burner Configuration 
Photographs of the flames under the three different lighting/background conditions are shown for the stove-top 

burner in Figure 7. Once again, the photographs corresponding to the L2 condition were captured with an 

f-number of 5 instead of 1.8 to prevent saturation of the images. For this burner, results are shown for toluene 

concentrations of 0, 0.25%, 0.5% and 1%, along with the equivalent heat input premixed natural gas flame. Once 

again, the pure hydrogen flame is visible under the L0 and L1 conditions, and virtually undetectable with the L2 

background. There is again a noticeable increase in soot formation and therefore luminosity as the toluene is 

added, with the STV-T1 flame displaying a faint sooting region which can be observed under all three conditions, 

although it is very faint under the L2 condition. Similar to the BBQ burner, the effect of increasing from 0.5 to 1% 

toluene is significant, with the incandescence from the soot dominating the appearance of the flame for the STV-

T4 flame. The natural gas flame can again be seen under all three conditions, although detection against the 

white background is difficult. These results indicate that addition of toluene at ≥0.25% can produce a flame that 

is of similar or improved visibility to that of natural gas. 

 

Figure 7: Photographs of “STV” flames (refer Table 3) under different lighting and background conditions. Images 
were captured with 1/5 sec exposure time, with an f-number of 1.8 for L0 and L1 conditions (dark background 
with lights off and on, respectively) and f-number of 5 for the L2 condition (lights on with white background). 
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Comparing the hydrogen/toluene flames with the equivalent natural gas flame in Figure 7, it is evident that the 

lack of premixing leads to a significant change in the shape and length of the flames. While the pure hydrogen 

flame showed a similar behaviour to the natural gas flame for the BBQ burner (Figure 6), this is not the case for 

the stove burner. While the premixed natural gas flame features distinct flamelets which branch outwards from 

the exit ports, the hydrogen case appears to be stabilised as a single flame with its base below the exit ports and 

a large “tail” which extends downstream. The flame length then increases significantly with addition of toluene, 

similar to the observations for the previous burners. This suggests that this type of burner would need to be 

operated in either premixed or partially-premixed mode, or modifications to the burner geometry would be 

necessary to enable efficient and safe use with hydrogen as the dominant fuel source if operated in nonpremixed 

mode. It is also worth noting that these changes would also lead to changes in visibility which would require 

further investigation. 

4.3 HEAT FLUX MEASUREMENTS 

Heat flux measurements were obtained to study the effect of toluene addition on the amount of heat radiated 

from the flames. Results for the simple jet configuration are shown in Figure 8. The data points plotted 

correspond to the five hydrogen/toluene flames shown in Figure 5, while the dashed horizontal line represents 

the measured heat flux from the equivalent natural gas flame, against which the results are normalised. 

 

The heat flux results displayed in Figure 8 show a clear trend in the radiative heat flux as toluene is added to 

hydrogen. For the pure hydrogen flame, the heat radiation measured by the sensor is approximately 35% of that 

of the equivalent heat input natural gas flame. There is a steady increase in thermal radiation with increasing 

toluene concentration, which appears to begin to level off from 0.75% to 1%. The approximately 75% increase in 

heat flux as the toluene is increased from 0.5% to 1% is interesting, since this effect is not immediately noticeable 

from the flame photographs. At 1% toluene concentration by mole, the measured heat flux is seen to be slightly 

above that of the natural gas flame. It should be noted that the heat sensor was positioned at a height of 250 mm 

above the jet exit plane, corresponding to the approximate location of maximum luminosity from soot in the 

H2/toluene flames (see Figure 5). While the heat flux sensor captures radiation from the entirety of the flames, 

radiation which stems from locations nearer to the sensor contributes a greater proportion to the overall 

measured heat flux, due to the inverse-square law. As a result, the heat flux measurements are somewhat 

biased toward the H2/toluene flames, since the luminous region—which is indicative of regions with significant 

thermal radiation—is more evenly distributed in the natural gas flame. 

The heat flux results for the two practical burners, that is, the BBQ and STV series of flames, are shown in Figure 

9. Again, the measured values are normalised against the equivalent natural gas flames for each of the burners. 

Figure 8: Thermal radiation with addition of toluene for simple jet flames (refer Table 2), normalised against 
the equivalent heat input natural gas case. 
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Figure 9: Thermal radiation for (a) BBQ burner flames and (b) stove-top (STV) flames (refer Table 3), normalised 
against equivalent premixed natural gas cases. 

For both of the plots shown in Figure 9, a consistent increase in thermal radiation can again be seen with toluene 

addition, as expected. A key difference between the results for the BBQ and STV flames is the relative 

magnitudes in comparison to the equivalent natural gas flames. It should be mentioned that the absolute values 

of heat flux for the H2/toluene flames are actually very similar for the two burners (for equivalent toluene 

concentrations), while the premixed natural gas cases are significantly different, despite having similar heat 

inputs. Specifically, the heat flux measured for the BBQ-NG case was approximately 1.7 times greater than that 

of the STV-NG case, such that the normalised values are higher for the STV series of flames shown in Figure 

9(b), since the results are normalised against the equivalent natural gas case for each burner.  

The difference in radiative heat flux between the BBQ-NG and STV-NG cases is likely a result of the difference in 

their flame structures, as shown in the photographs in Figures 6 and 7. For the BBQ burner, the fuel/air mixture 

issues directly upward from the burner body where flamelets are stabilised at the exit ports, and a relatively long 

flame which extends downstream from the flamelets can be seen. The stove-top burner, on the other hand, 

displays a much more “compact” structure, with small flamelets which remain close to the exit ports. This is likely 

a result of differences in air entrainment between the two configurations, as well as the fact that the fuel/air 

issues horizontally for the stove-top burner rather than vertically. The larger flame volume in the case of the 

BBQ-NG flame is therefore likely to lead to a larger radiative heat flux in comparison to the STV-NG flame. It is 

also possible that the convective heating of the burner body due to the flames stabilised at the exit ports leads to 

radiation from the BBQ burner itself, which could interfere with the flame radiation measurements.  

4.4 SPECTRAL MEASUREMENTS OF NATURAL GAS/HYDROGEN FLAMES 

As mentioned in Section 4.1, the emission of light due to the excitation of sodium within the hydrogen flames was 

found to be significant during these experiments. Since the presence of sodium did not appear to change 

noticeably when using both industrial grade and ultra-high purity hydrogen—nor after purging the piping 

system—it was hypothesised that the sodium instead stems from the surrounding air. While there is limited data 

available regarding the presence of sodium in ambient air, it is known to be one of several sources of particulate 

matter, occurring both naturally from suspended sea salt and due to anthropogenic sources [58]. It is worth 

mentioning that the current experiments were conducted in relatively close proximity to the ocean within the City 

of Adelaide, such that both sources of sodium are likely to be significant.  

Although the emission of light due to sodium excitation was noticeable for the hydrogen flames, it is interesting to 

note that this behaviour was not apparent for the natural gas flames, at least based upon qualitative observations 

by eye. Therefore, spectrometer measurements were performed to determine if this feature was unique to the 

hydrogen flames. These results are shown for the three different burners in Figure 10. 
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Figure 10: Flame spectra for natural gas flames for the three different burner configurations, for wavelengths 
ranging from near-UV to near-IR. Note that “JET” case is non-premixed, while “STV” and “BBQ” are premixed. 
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From Figure 10, it is apparent that the flame emission spectrum is sensitive to the burner configuration that is 

implemented. First of all, it is important to note that the “JET” spectrum shown corresponds to a non-premixed 

flame, such that soot formation is significant, as shown in the photograph of this flame in Figure 5. As a result, 

the spectrum is dominated by black-body radiation due to the high-temperature soot particles, and there is 

minimal radiation in the 350–450 nm range. The premixed burners, as expected, do not display this broadband 

radiation, instead showing peaks in the “near-UV/blue” region (i.e. approximately 350–500 nm), which are well-

characterised for hydrocarbon flames and correspond primarily to CH* radicals and the C2 Swan bands [15]. 

Importantly, it can be seen from the “BBQ” spectrum that there are indeed emissions from excited sodium for this 

case, with the characteristic peak at 589 nm, similar to the H2 spectrum shown in Figure 3. There is also a very 

slight peak in the spectrum of the “STV” flame at 589 nm, although it is much less intense in comparison to the 

BBQ case and difficult to distinguish in Figure 10. It is also interesting to observe that the BBQ flame displays 

peaks in the red/near-IR region which are characteristic of excitation of water molecules, similar to the spectrum 

of the equivalent H2 flame, while this behaviour is not apparent for the stove-top burner; this is consistent with the 

difference in the radiative heat flux between these cases as discussed in Section 4.3. 

To further explore the source of the sodium emissions, results from a separate set of spectrometer 

measurements involving blends of H2 and natural gas (NG) have been analysed. This series of experiments 

involved flame cases ranging from pure H2 to pure NG, with eight intermediate NG:H2 ratios. A stove-top burner 

configuration was used for these experiments similar to the STV burner discussed throughout this report, 

although the burner was operated in premixed mode without modification for all flame cases. As a result, the 

flames transitioned from a conventional stove-top behaviour for low-to-intermediate H2 concentrations, with 

flamelets stabilised at the exit ports between the burner crown and the cap, to a “light-back” condition in which 

the flame burns inside the mixing region, that is, between the fuel injector and the exit ports. Based on qualitative 

observations, this light-back situation occurred for H2 concentrations of 80% (by volume) and greater. The 

spectral imaging results are shown in Figure 11, for a selection of cases shown on a single set of axes, for two 

different wavelength ranges; specifically, from 350–550 nm and from 580–600 nm, to highlight specific features 

of the spectra.  

 

Figure 11: Measured spectra for selected H2:NG blends from 0% (pure NG) to 100% (pure H2). Results are 
shown for two different wavelength ranges to focus on the “blue” region (left) and the sodium emissions (right). 

Values shown in legend refer to the volume of H2 as a percentage of the total volume of fuel. Note also the 
different y-axes for the two plots. 

A noticeable change in the spectra of the various blends can be seen for both wavelength ranges shown in 

Figure 11. The 580–600 nm plots once again show peaks at 589 nm due to sodium excitation, consistent with the 

spectra shown previously. It is interesting to note the rapid reduction in the intensity of this “sodium peak” as the 

H2 concentration is decreased from 100%, even with just 5% NG by volume (that is, the 95% case). While the 

NG-dominated cases show a greatly diminished peak at this location, the peak still remains present for all cases, 

and there does not appear to be any noticeable change from 30% H2 case to the pure NG case. The change in 
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the intensity of this sodium excitation emission with varying H2 concentrations is plotted in Figure 11. This figure 

displays the “normalised peak intensity”, based on the ratio of the maximum intensity value in the 580–600 nm 

range (that is, at approximately 589 nm) to the mean intensity in the same range, excluding the 586–595 nm 

range where the peak begins and ends. Note that Figure 12 includes additional H2 concentrations not included in 

Figure 11. 

 
Figure 12: Variation in the peak intensity due to sodium excitation for H2 concentrations ranging from 0 to 100%. 

It is clear from Figure 12 that an increase in the concentration of H2 leads to more intense emissions from sodium 

excitation, with the exception of the 90% H2 case which appears to be an outlier in these measurements. The fact 

that there is still a slight peak for the NG-dominated flames—coupled with the strong peak observed for the 

BBQ-NG case (see Figure 10)—indicates that the primary source of the sodium is not from the hydrogen itself. 

The effect seen in Figures 10 and 11 must therefore be related to a change in flame behaviour as hydrogen is 

added to natural gas. One factor which likely contributes to this change is the transition from a conventional 

cooktop flame for the flames with 50% H2 and less, to a flame which is lit-back for H2 concentrations of 80% and 

greater; this would explain the relatively large increase from 50% to 80% H2. This is also consistent with the 

spectra from 350–550 nm shown in Figure 11, in which the ≤50% H2 cases can all be seen to have very similar 

spectra both in terms of the location of the peaks and their intensities. It should also be noted that these peaks 

which can be seen in the 350–550 nm range in Figure 11 correspond to the well-characterised emission bands 

for hydrocarbon flames which are also evident for the STV and BBQ burner spectra shown in Figure 10.  

While the light-back effect under sufficiently high H2 concentrations appears to have an effect on the flame 

spectrum, this does not completely explain the observations regarding the peak at approximately 589 nm. If the 

flame being lit-back were the sole cause, then one would not expect the increase in intensity which occurs from 

90% to 100% H2  as shown in Figure 12, nor would it explain the detection of sodium emissions for the simple jet 

configuration and the BBQ burner, for both nonpremixed hydrogen and premixed natural gas in the case of the 

BBQ burner. Based on these results, it is likely that there are multiple factors which affect the emission of light at 

589 nm due to sodium excitation. Since the behaviour is observed across different burner configurations and 

plumbing systems, it follows that the sodium either stems from the surrounding air, or it is present in both the 

natural gas (from the mains network) and the hydrogen (from a compressed cylinder, both industrial grade and 

UHP). In addition to the source, the actual mechanism which leads to the sodium excitation and emission of light 

is not clear. While temperature measurements were not performed in this study, an increase in the H2 

concentration is expected to lead to a slightly hotter flame, which could lead to an increased tendency for 

excitation to occur. In saying this, the temperature difference between the 99% and 100% H2 flames is unlikely to 

be significant, yet there is a relatively large increase in intensity. Additionally, the premixed BBQ-NG case was 

seen to have a strong emission at 589 nm, as well as peaks in the red/near-IR region of the spectrum which align 

to those observed for the equivalent H2 flame and are attributed to excitation of water molecules. This suggests a 

change in behaviour for the premixed BBQ burner in comparison to the stove-top burner, which is likely a result 

of a change in the entrainment of air and mixing processes. This could in turn lead to a change in temperature 

and/or oxidation pathways, such that excitation of sodium and water are favoured in the case of the BBQ burner, 

although this requires further investigation. 
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4.5 OLFACTORY DETECTION: TOLUENE AND OTHER POTENTIAL DOPANTS 

4.5.1 Toluene as an Odorant 
In addition to the impact on flame visibility and radiative properties, the potential of using a dopant as an odorant 

for leak detection is also of interest, as discussed in the Literature Review. While the experimental environment 

did not facilitate thorough olfactory detection tests in accordance with the relevant standard [AS/NZS 4323.3], 

some qualitative observations were made regarding the smell of toluene. Due to safety concerns relating to 

extended exposure to toluene, a face mask was worn when working closely with this substance, affecting 

observations in this sense. However, during the experiments, the toluene odour could typically still be detected 

upon removal of the face mask after handling the toluene, even after approximately five minutes in a well-

ventilated room. Additionally, the odour could also be detected when a vapourised mixture of toluene and air 

(0.5% by mole of toluene in the pipe) was allowed to leak at a rate of approximately 9 SLPM for 1 minute, 

although quantitative measurements of the concentration in the surrounding air at which the “leak” was detected 

were not possible. With regards to the nature of the odour, the observations were consistent with what was 

included in Table 1 (i.e. reminiscent of a solvent or paint-thinner), and the odour could also be described as 

“unpleasant” and “distinct”. While these observations are not intended to be concrete evidence of toluene (and 

similar chemicals) being suitable for use as an odorant at the concentrations used in the current study, they 

suggest that it could certainly be viable. 

To provide a further indication of toluene’s potential as an odorant, the odour detection threshold based on 

previous measurements [11] can be used, in conjunction with the requirement of detection of an odorised gas 

leak at 20% of the LEL in air. Based on the experimental observations, it appears that toluene addition to 

hydrogen at a concentration of 0.5% by mole can lead to a flame of comparable visibility to that of natural gas. 

Assuming that addition of toluene at this level does not significantly change the LEL of the mixture, the 

toluene/hydrogen mixture would need to be detectable at a concentration of 0.8% (by volume of fuel in air), 

based on an LEL for hydrogen of 4%. Using these details, an indication of the potential for toluene as an odorant 

can be estimated: 

𝐿𝐸𝐿𝐻2
= 4% 

∴ 𝐶𝑐𝑟𝑖𝑡 = 0.8% 

Where 𝐶𝑐𝑟𝑖𝑡 is the critical concentration at which the hydrogen/toluene mixture must be detectable. 

The concentration of toluene in the fuel mixture is assumed to be 0.5% by mole, which is equivalent to the 

volumetric percentage by the ideal gas law, therefore:: 

𝐶𝑡𝑜𝑙 = 0.005 × 0.8% 

= 0.004% 

= 40 ppm (vol/vol) 

 

That is, the concentration of toluene in the air at one-fifth (20%) of the LEL of hydrogen in air, based on a dopant 

concentration of 0.5%, is 40 ppm. Referring back to Table 1, this value is greater than the detection threshold for 

toluene of 0.33 ppm by a factor of approximately 120. While this certainly indicates that toluene at this 

concentration would be effective for leak detection, further investigation in the form of olfactory testing of 

hydrogen/toluene mixtures in air at this concentration would be required to verify this.  

4.5.2 Practical Considerations and Alternative Dopants 
Although the theoretical calculations suggest that toluene could be used for olfactory detection of leaks at a 

dopant concentration of 0.5% by mole, there are a number of important practical considerations. First of all, while 

a concentration of 0.5% by mole may seem like a relatively minor amount, this equates to 18.8% by mass and 

7.2% by energy content. This ultimately corresponds to a 92.5% reduction in CO2 emissions in comparison to 

natural gas (based on equivalent heat input), from 73.3 g/MJ for natural gas down to 5.53 g/MJ for the 

hydrogen/toluene mixture. While this is a significant reduction, it is still far from a non-negligible level of CO2 

emissions, particularly if the toluene were to be blended throughout the network. It is worth noting that currently, 

the major areas of natural gas consumption in domestic settings are for water heating and ducted space heating, 

and these uses do not, in general, require a visible or highly radiating flame. Therefore, if the use of the dopant 

were limited to instances in which a visible flame is desired, such as for cooking and heating, then the case for 
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using a carbon-emitting dopant becomes much more attractive from an emissions perspective. To provide a 

practical indication, calculations based on the operation of a high heat-input gas cooktop for one hour every day 

for an entire year, with 0.5% toluene addition to hydrogen, result in a consumption of just 8 L of liquid toluene per 

year. In terms of emissions, this corresponds to 20 kg of CO2 emitted annually; this is approximately the same 

amount of CO2 emitted from a single 80 km trip in a typical internal combustion engine passenger vehicle [59]. It 

should also be mentioned that if the use of a dopant was limited to applications such as cookers and visible fires, 

then it would clearly not address the issue of leak detection in the wider network.  

As mentioned earlier, a key reason for the focus on toluene for this investigation was as a surrogate for potential 

biofuels or biomass-derived substances. If a carbon-neutral dopant were to be implemented, then injection 

throughout the network could be feasible, at least from an emissions perspective, allowing olfactory detection 

throughout the wider network. While there is little information in the literature about the olfactory and sooting 

properties of biofuels themselves (likely due to their variability in terms of composition), there are many 

substances which can be obtained from the processing of biofuels and biooils, similar to the processing of crude 

oil. Many of the substances listed in Table 1 can be derived in such a way and are also known to be highly 

sooting, along with having odour detection thresholds below that of toluene. For example, while benzene and 

benzene-derivatives (including toluene itself) are typically obtained from crude oil and other industrial processes 

using fossil-fuel feedstocks, the situation in the future could potentially be very different [60]. It is worth noting that 

these benzene derivatives (which generally belong to the aromatic hydrocarbon family) often have similar sooting 

properties to toluene [61] and lower detection thresholds; for example, styrene and p-Diethylbenzene which are 

listed in Table 1.  
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5. Conclusions  
The use of 100% hydrogen as a fuel for domestic heating applications presents a number of challenges in terms 

of both safety and performance. Many of these challenges are related to the difference in combustion behaviour 

of hydrogen in comparison to natural gas. It is well-documented that hydrogen burns with a relatively faint flame 

due to a lack of soot and carbon-containing species, such that it is often described as being invisible under 

regular lighting conditions; this presents an obvious safety concern for applications such as cooktop burners. The 

lack of radiative heat transfer can also inhibit the performance of hydrogen flames in instances where this mode 

of heat transfer is important, both in domestic and industrial applications. An investigation has therefore been 

carried out to assess the feasibility of improving flame visibility and radiative heat transfer through the addition of 

a highly sooting fuel, with the focus on toluene as a surrogate fuel for this project. There is also a potential 

side-benefit of the addition of such a fuel, in terms of leak detection via olfactory sensation, particularly when 

considering the complications of using sulphur-based odorants in a pure hydrogen network. 

A review of the relevant literature revealed a number of interesting findings with regards to the visible emissions 

associated with hydrogen flames. An interesting observation was the apparent lack of consensus across different 

studies, particularly with regards to the “reddish” appearance of hydrogen flames and the effect of impurities. This 

literature review also encompassed the issues and challenges surrounding the olfactory detection of hydrogen, 

using the existing standards pertaining to natural gas as a reference. A number of potential dopants were 

identified, and the potential for these chemicals to act as both a colourant and an odorant was discussed.  

Following a comprehensive review of the literature, an experimental study was performed to examine the 

behaviour of toluene-doped hydrogen flames for three different burner configurations. The flames were analysed 

via photography under various lighting and background conditions, complemented by radiative heat flux 

measurements and spectral imaging. A particularly interesting finding was the dominance of the visible emissions 

from sodium impurities on the visual appearance of the pure hydrogen flames, which necessitated the use of a 

notch filter for the flame photography in order to capture the visible emissions from the underlying hydrogen 

flame. Spectral imaging revealed that emissions due to the presence of sodium also occurred for natural gas 

under certain configurations, although increasing the concentration of hydrogen in the fuel tends to promote 

sodium excitation. The addition of toluene up to 1% by mole was found to have a significant impact on the visual 

appearance of the flames, as well as the radiative heat flux. For the two practical burners, photographs were 

captured under a range of background/lighting conditions which were found to have a notable effect on the 

visibility, emphasising the importance of these parameters when analysing the safety of flames in domestic 

applications. 

6. Implications and Recommendations for Industry 
The experimental results presented in this report provide a number of interesting insights with regards to the 

implementation of a hydrogen gas network. With regards to the issue of visibility, the solution that is ultimately 

implemented will likely be determined by the priorities of appliance manufacturers and regulatory bodies. It 

should be stressed that although there are visible emissions from “pure” hydrogen flames, the results of this 

investigation indicate that the visibility is significantly reduced in comparison to equivalent natural gas flames. 

Additionally, when discussing visibility, it is important to understand the effect of impurities and variable 

environmental conditions on this behaviour. This is in reference to the photographs captured with the notch filter 

installed to block out the emissions from sodium impurities, which was shown to significantly impact the 

appearance. It could be argued that, due to the relatively high visibility of the hydrogen flames as a result of 

sodium excitation (see Figure 4), there is no need to improve flame visibility. Indeed, there have recently been 

trials and demonstrations overseas—specifically in the UK—where an “orange” hydrogen flame was produced 

without any additional colourant, which appears to solve the visibility issue. However, as discussed in the 

literature review, the source of these emissions appears to be related to adventitious impurities (particularly 

sodium), the reliability of which is likely very sensitive to local environmental conditions. As a result, there is 

expected to be variation in the appearance of the flames from city to city and even between different homes due 

to changes in ventilation systems, for example. Furthermore, the current experiments indicate that the light 

emission from sodium excitation is also dependent on the flame structure and burner configuration, so this must 

also be considered when assessing the need for a colourant. 

Based on the results presented, the addition of a highly sooting fuel (toluene) can be seen to improve both the 

flame visibility and the radiative heat transfer properties of hydrogen. The flame photography results indicate that 
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addition of toluene at concentrations of approximately 0.5% by mole can lead to a flame of similar visibility to that 

of natural gas, although it should be mentioned that modifications to practical burners will be necessary when 

shifting to predominately hydrogen, and this could in turn affect the visibility. The heat flux measurements 

suggest that doping with toluene at concentrations of 1% by mole produces a comparable level of radiation to an 

equivalent heat input natural gas flame, although once again these results were found to be dependent on the 

burner configuration. Therefore, if the potential to improve performance by doping hydrogen with a biofuel—for 

example—is to be assessed, then this should be evaluated based on the specific burner configuration that is to 

be implemented. 

The addition of a liquid dopant also offers the potential to resolve the issue of olfactory detection, brought-upon 

by the fact that common sulphur-based odorants are known to cause degradation of fuel cell electrodes, along 

with posing challenges in terms of removal from the gas stream. While chemicals such as toluene have higher 

detection thresholds compared with traditional odorants, they should not be ruled out, since the key factor to 

consider is whether the mixture with hydrogen is discernible at “one-fifth of the lower explosive limit (LEL) of the 

gas” [35, 36]. Based on a dopant concentration of 0.5% by volume and an LEL value of 4% by volume (based on 

pure hydrogen in air), initial calculations show that the concentration of toluene would be approximately 40 ppm 

at one-fifth of the LEL. This is 120 times the detection threshold of 0.33 ppm for toluene as reported in Table 1, 

suggesting that this could indeed be a viable option for olfactory detection. In saying this, calculations also 

indicated that addition of toluene at this concentration would lead to significant CO2 emissions, particularly if 

distributed throughout the network, as would be the case if it were to be used as an odorant. 

Based on these findings, the ultimate recommendation is against the addition of a fossil-fuel-based dopant 

throughout an otherwise-100% hydrogen network, for use as both a colourant and an odorant. While a carbon-

neutral dopant could be viable for network-wide distribution, this is likely to incur significant costs in the transition 

to a hydrogen pipeline, and would therefore need to be compared against the option of using existing odorants 

with desulphurization when necessary, or using an alternative sulphur-free odorant (e.g. GasOdor-S-Free). With 

regards to injection of a dopant within internal pipework or at specific appliances, it is recommended that this 

option be explored further. This will require comparison against alternative options such as advanced flame 

indicators which negate the need for a visible flame (at least from a safety perspective), as well as other 

colourant options such as metal oxides, or simply relying on the presence of impurities. If a network-wide 

colourant is not implemented, then the solution to be implemented will likely be appliance-specific and depend on 

the priorities of the appliance manufacturer.  

7. Future Work 
While this investigation has provided several key insights with regards to hydrogen flame visibility and the effect 

of dopants and impurities, it has also raised a number of questions which require further investigation. In addition 

to the recommendations already mentioned in Section 6, there are some specific research opportunities which 

will be investigated within the scope of current and commencing Future Fuels CRC projects. Although the source 

of the orange hydrogen flame colour was verified in this study to stem from sodium, further experiments are 

necessary to determine the exact source of this sodium and the factors which contribute to its excitation. This will 

involve spectrometer measurements with a wider range of fuels to assess the effects of chemistry, to be 

accompanied by temperature measurements. Experiments and numerical analyses will also be performed for 

more practical burner configurations, to enable partial premixing of hydrogen and air to occur, and the effect of 

these changes on flame visibility and burner performance will be investigated. Additional heat flux measurements 

will also be performed; this will include pure and doped hydrogen flames, as well as blends of hydrogen and 

natural gas, in the context of domestic, commercial, and industrial applications. 
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Chapter 9

Discussion

A major challenge in the development of new combustion devices is the
requirement of both high thermal efficiency and low emissions of soot, CO
and NOx, while also accommodating different fuel types across a range of
operating conditions. In this regard, the concepts of mild and sequential com-
bustion are particularly promising, as discussed in Chapter 2. To apply these
concepts to practical devices such as gas turbines—which typically operate at
pressures significantly above atmospheric levels and are increasingly required
to provide high operational flexibility—a more detailed understanding of
the fundamental combustion processes is necessary. There are also unique
challenges related to the use of hydrogen as a fuel in combustion devices,
which further motivates this work. The research presented in this thesis is an
important contribution towards developing a better understanding of com-
bustion for improved fuel-flexibility in practical devices. The key outcomes
of Chapters 4–8 are discussed and analysed in this chapter, as framed by
three underlying themes which constitute the following section headings.

9.1 Decoupling of boundary conditions for the study
of flame stabilisation

One of the key aspects which motivates this research is the importance
of improving the operational and fuel flexibility of combustion systems,
which is a potential advantage of mild combustion. Consequently, a range
of different boundary conditions were investigated within the scope of this
project, to assess the sensitivity to changes in these conditions. To facilitate
this, a key feature common to both of the novel experimental burners studied
as part of this thesis is the ability to isolate the individual effects of different
operating conditions. The CP-JHC apparatus, upon which Chapters 4 and 5
are based, enables the pressure to be increased while maintaining a constant
mass flowrate of both the fuel and oxidant stream, such that there is a
decoupling between the jet Reynolds number (Rejet) and the bulk velocity
of the jet and the hot coflow. This configuration also provides the ability
to vary the coflow O2 concentration independently of Rejet, and vice-versa.
Similarly, Chapters 6 and 7 relate to the dilute spray burner configuration,
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9.1 Decoupling of boundary conditions for the study of flame stabilisation

which is based on the same “jet-in-hot-coflow” (JHC) concept, such that
the surrounding O2 concentration and temperature can be controlled, with
additional key variables being the fuel composition and liquid fuel loading.

An important finding from the CP-JHC experiments is the tendency to-
wards increased flame stability as the pressure is increased, likely due to the
lower velocity at the jet exit such that the tendency of flame liftoff is reduced.
Similarly, an increase in Rejet from 10,000 to 15,000 was seen to promote liftoff
and lead to greater fluctuations in the location of the flame base, particularly
at lower pressure. Additionally, the comparisons of chemiluminescence inten-
sity for the CP-JHC flames against the numerical modelling results at a range
of coflow O2 concentrations—which are presented in Chapter 5—suggest
that the discrepancies between the results of the experiments, CFD modelling
and laminar flame simulations can be partially attributed to changes in flame
stabilisation and lift-off height.

In the context of the spray flames, the effects of both the jet and coflow
boundary conditions on flame stabilisation are examined in Chapters 6 and 7,
respectively. A particularly interesting finding from Chapter 6 is the detection
of isolated ignition kernels radially inward of the stabilised outer flame front
for the n-heptane and n-heptane/toluene cases, whereas the imaging of the
equivalent ethanol flame reveals a bifurcating double flame structure. The
simultaneous imaging of OH and CH2O in the near-field region also showed
that the formation of these ignition kernels is supported by the presence
of pre-ignition species in the inner, partially premixed region. The results
presented in Chapter 7 highlight the importance of the surrounding O2 level
on the near-field flame structure, again providing important insights into
the changes in stabilisation mechanisms for such flames. In particular, the
simultaneous imaging of fuel droplets and key flame radical species (such
as OH) revealed that flames with sufficiently high coflow O2 concentrations
(i.e. ≥ 7.5% O2) tend to be stabilised by an outer diffusion flame which
extends to the jet exit. In contrast, the flames in the 3% O2 coflow showed a
significant departure from this behaviour, with either a more dominant inner
flame structure in the case of ethanol, or a significantly weakened reaction
zone near the jet exit in the case of n-heptane which leads to a visibly lifted
flame. Interestingly, the coflow temperature was seen to have a relatively
minor impact on the overall structure of these flames, although an increased
stability of the inner flame in the near-field region was apparent for the 7.5%
O2 case at the higher coflow temperature.

These findings relating to both gaseous flames at elevated pressures and
liquid spray flames in an open burner are an important step towards un-
derstanding the fundamental stabilisation behaviour of flames under hot
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and low-oxygen combustion conditions. Not only does this research offer
important phenomenological insights, the range of boundary conditions
studied is of relevance for the development of numerical modelling capabil-
ities, since the flames studied address key gaps in the literature [1, 2]. It is
worth noting that, although the imaging of species and chemiluminescence
performed for the flames is qualitative in nature, the radial profiles obtained
under the various conditions—particularly in regard to the formation of the
double flame structure in the context of the spray flames—offers a useful
method assessing the validity of a model in terms of its ability to predict the
stabilisation features.

9.2 Imaging of flame structure and sooting behaviour
under variable operating conditions

In addition to flame stabilisation, the impact of variable operating conditions
was studied in terms of the changes in flame structure and appearance
more broadly. Once again, this includes the experiments performed in the
pressurised combustor and spray burner, as well as the investigation of the
characteristics of hydrogen flames with the addition of toluene to the fuel.
In these various phases of the project, the imaging of the flames via either
filtered or true-colour photography—as well as more detailed laser-based
imaging of reaction zone structures in some cases—was a particular focus.

In Chapter 6, the effect of the variation of a number of different jet
boundary conditions on the flame structure and sooting behaviour of spray
flames was investigated. In terms of flame structure, the laser-based imaging
revealed the presence of complex reaction zones in the near-field region
which were found to be sensitive to changes in boundary conditions, and
appeared to have a significant impact on the overall appearance of the flames.
It was also noted that the flame length appeared to be proportional to
the equivalence ratio in the jet (based on the total fuel and air flowrates),
highlighting the importance of the carrier air stream on the evolution of
the flames. Measurements of the soot volume fraction via the laser-induced
incandescence (LII) technique highlighted the high sooting propensity of
toluene in comparison to n-heptane under the conditions of interest, whilst
the underlying flame structure remained largely the same.

The high sooting propensity of toluene was also an important factor in
investigating the feasibility of using a hydrocarbon dopant to enhance the
properties of hydrogen flames. Using a similar experimental configuration
to the spray burner (upon which Chapters 6 and 7 are based)—although
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with the hot coflow replaced by an air stream—the sooting characteristics
and underlying flame structure of a series of toluene-doped hydrogen flames
were examined as part of an investigation related to this thesis (included in
Appendix A). This study was largely motivated by the practical challenges
presented by the low emissivity of hydrogen flames in the context of indus-
trial applications. Extending the scope of this investigation, an additional
series of experiments were performed with a focus on the use of hydrogen in
domestic combustion appliances. Imaging of these flames revealed notable
changes in flame appearance as prevaporised toluene was introduced to the
fuel stream, with 0.5% toluene (by mole) in the fuel producing a luminous,
sooting flame, in addition to significantly increasing the thermal radiation of
the flames in comparison to the pure hydrogen cases.

In addition to chemiluminescence imaging (discussed further in the
following section), unfiltered images of the jet flames in the CP-JHC were
also captured. These are shown in Figure 6 of Paper 1 (i.e. Chapter 4), and
highlight the effect of pressure on soot formation. In particular, there is
no indication of any soot formation within the viewing section for this
series of flames for P ≤ 3.5 bar, while the 5 and 7 bar cases show isolated
regions of high luminosity due to soot incandescence. The effect of O2

concentration on soot formation is discussed in Paper 2 (i.e. Chapter 5),
in which it is intimated that there is no presence of soot (in the region of
interest) at any of the operating pressures for the 3% and 6% O2 coflows.
This behaviour is consistent with the suppression of pyrolytic reactions at
low O2 concentrations, which has been observed in previous studies of mild
combustion [3–5].

9.3 Flame spectrometry and chemiluminescence

Many of the key insights presented in the five chapters that compose the
body of this thesis are based upon the detection and measurement of the
light emitted from a flame in the ultra-violet (UV), visible and infra-red (IR)
regions of the electromagnetic spectrum. The radiation emitted from a flame
can be very broadly described as being either luminous or non-luminous [6].
In this context, luminous radiation refers to that which is emitted by solid
particulates (typically soot in a hydrocarbon flame), producing a continu-
ous (or broadband) emission spectrum, with most of this radiation in the
visible and infra-red regions at typical flame temperatures. Non-luminous
radiation, conversely, is generally associated with gaseous species within a
flame [6]. This non-luminous radiation can be further classified according
to the type of spectra produced; specifically, into either a line spectrum or
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band spectrum. In general terms, the emission of lines is associated with
the electronic excitation of atoms, which release a photon of a particular
wavelength upon their transition to a lower energy level, while banded
radiation is produced by molecules which emit light via a more complex
combination of electronic, vibrational and rotational energy transitions [7].
Within a flame, these molecules can become excited due to the very high
temperatures, or alternatively, via chemical reactions—this latter process is
referred to as chemiluminescence. As discussed in Section 2 of this chapter,
luminous radiation from soot is particularly important from a heat transfer
perspective, with the sooting behaviour and resulting thermal radiation form-
ing a common theme between the different phases of this project. Similarly,
the investigation of the non-luminous radiation from flames was a central
focus of the experiments performed in the CP-JHC and the accompanying
numerical modelling, as well as the study of predominately hydrogen flames.

The investigation of the UV and and visible light produced via chemilu-
minescence was a particular focus of the pressurised combustion experiments
and numerical analyses. Not only does chemiluminescence imaging (via fil-
tered flame photography) enable the imaging of reaction zones and provide
an indication of heat release, an understanding of the sensitivity of this light
to surrounding conditions—such as pressure and O2 concentration—can be
particularly useful in the optimisation of practical combustion systems, as
discussed in Chapter 2. The comparison between the experimental imaging
results, and the trends predicted via laminar flame simulations and CFD mod-
elling, highlighted the importance of accurately modelling both the turbulent
flow field and the finite-rate chemistry in order to predict chemiluminescence
behaviour.

The chemiluminescence imaging performed for the CP-JHC flames was
focussed on the excited state OH* and CH* radicals, in particular on the
emission bands with notable peaks at 310 nm and 430 nm, respectively. It
is worth noting that the CH* emission centred at approximately 430 nm is
primarily responsible for the characteristic, intense blue colour of premixed
hydrocarbon flames, such as that produced by a natural-gas-fired cooktop
burner. Since there is no carbon present in a pure hydrogen flame to form CH*
(or CO, which also tends to produce a less intense blue emission), hydrogen
flames display quite a different appearance. As mentioned in Chapter 2,
hydrogen flames are often described as invisible or very nearly invisible, with
contradictory observations typically attributed to impurities in the fuel or air
stream. To address this and to provide additional insight, the flame spectra
were measured for pure and toluene-doped hydrogen flames, with these
spectra compared against those of natural gas and natural gas/hydrogen
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9.4 References

blends. An important outcome of these measurements is the confirmation
that the distinct “yellow-orange” appearance of nominally pure hydrogen
flames is due to the excitation and subsequent relaxation of sodium, which
produces a signature “doublet” emission centred at 589 nm. Interestingly,
this characteristic sodium emission was also observed for natural gas flames
for one of the practical burners studied, suggesting that the source of this
sodium was in the surrounding air rather than stemming from the fuel. The
analysis of the spectra of the flames based on H2/natural blends also showed
a very slight peak at 589 nm for natural gas, with hydrogen addition tending
to increase the intensity of the emission.
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Chapter 10

Summary

10.1 Conclusions

The combustion of fuels in a hot and low-oxygen environment is an attrac-
tive option in the development of practical combustion devices, enabling
improvements in both operational and fuel flexibility whilst maintaining
low emissions. Such flexibility will facilitate the use of alternative fuels in
combustion processes, which is becoming increasingly relevant as various
companies, industries and governments seek to reduce carbon emissions. In
order to successfully implement this technology and optimise performance, it
is necessary to have a deeper understanding of the fundamental behaviour of
flames under these conditions of increased temperature and reduced oxygen
concentration. The work presented within this thesis offers several important
insights in this regard.

One of the major gaps relating to the use of mild combustion in practical
devices (such as gas turbines) is the effect of pressure on the behaviour of
the flames. In particular, there is a lack of experimental data relating to the
structure and stability of elevated-pressure flames under varying boundary
conditions, placing a limitation on the development of generalised numerical
models which are valid at pressure. A significant portion of this work has
therefore been focussed on the imaging of jet flames in a novel experimen-
tal burner, which facilitates the independent variation of the surrounding
coflow conditions and the operating pressure. Specifically, chemilumines-
cence imaging—targeting the OH* and CH* radicals—was performed at
pressures of up to 7 bar for a range of coflow O2 concentrations, with the
results indicating a consistent reduction in chemiluminescence intensity with
increasing pressure across the various flame cases. This was complemented
by a series of numerical simulations—using both computational fluid dy-
namics (CFD) and 1-D modelling—which highlighted the importance of
accurately predicting both the fluid flow and the finite-rate chemistry for the
flames studied. Additionally, the experimental imaging revealed an increased
tendency for soot formation to occur as the pressure was increased, which
was effectively suppressed with sufficiently low oxygen concentrations.

The combustion of liquid sprays is another area in which there are gaps
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in existing knowledge, particularly in terms of mild combustion and similar
combustion regimes. To study the complex reaction zone structures and
stabilisation mechanisms of liquid sprays under conditions relevant to se-
quential combustors, a dilute spray burner based on the jet-in-hot-coflow
configuration was developed. A combination of laser diagnostic imaging
techniques were performed to simultaneously capture the location of key in-
termediate flame species, fuel droplets, and soot. A key feature of the burner
configuration that was implemented is the ability to decouple a range of
boundary conditions relating to both the jet and the hot coflow. By indepen-
dently varying the jet Reynolds number, fuel loading and fuel composition
whilst maintaining constant coflow conditions, a detailed understanding
of the sensitivity of the near-field flame structure and overall evolution of
the flames was obtained. In particular, it was observed that fuel droplets
in the near-field region are consistently transported through the preheat
region and into the reaction zone, which is accompanied by the formation
of distinct inner and outer flame fronts. A range of coflow conditions were
also investigated, to enable the exploration of the effects of the surrounding
O2 concentration and temperature on the stabilisation mechanisms of these
flames. A notable observation from these experiments was the change in
behaviour of the flame base as the O2 concentration in the coflow was re-
duced to 3%, whereby a significantly weakened outer flame front was found
to lead to a visually lifted flame. The range of boundary conditions studied
for these dilute sprays—in addition to the complex flame structures and the
detailed imaging that was performed—is particularly relevant in the context
of computational modelling, as it provides a useful set of results to test the
robustness of various models of spray combustion.

To extend the work based on the experimental JHC-style burners, an
additional set of experiments of a more practical nature were performed,
using hydrogen as the main fuel component. This was carried out to assess
the potential of enhancing the visible and thermal radiation characteristics of
hydrogen flames via the introduction of a highly sooting hydrocarbon fuel
in relatively low proportion. As part of this investigation, the visibility of
supposedly pure hydrogen flames was also examined via flame photography
and spectrometry. The addition of toluene to hydrogen at concentrations of
up to 1% by mole was observed to significantly increase thermal radiation via
soot formation, leading to comparable radiative heat transfer characteristics
to natural gas flames of equivalent heat input. The spectral imaging and
filtered flame photography also confirmed the presence of sodium impurities
from the surrounding air within the flames, the excitation of which leads to
the emission of distinct and relatively high-intensity light at 589 nm.
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Ultimately, this body of work is an important step towards the devel-
opment of techniques and technologies which will facilitate the transition
towards low-emissions and fuel-flexible combustion devices. The experimen-
tal work has largely been focussed on the imaging of flames under practically
relevant yet well-defined and controllable boundary conditions, specifically
under conditions which have not been studied extensively in the past. These
results, in addition to offering several key insights in their own right, will aid
in the development of numerical models and help to guide future research
directions.

10.2 Future work

While this thesis and the publications it comprises offer several valuable
insights and key findings to enable improvements in low-emissions and
fuel-flexible combustion technologies, there remains scope for the extension
of certain aspects of the work. In particular, the following research avenues
to complement the results presented in Chapters 4 to 8 have been identified:

• Imaging of key intermediate species in hot and low-oxygen, elevated pressure
flames.
While the experiments based on the pressurised combustor (that is, the
CP-JHC) and the spray burner configurations were similar in terms
of the ability to decouple several boundary conditions, there were key
differences in terms of the diagnostics performed. In particular, the
spray burner flames were investigated via a suite of laser diagnostic
techniques—specifically, planar laser-induced fluorescence (PLIF) tar-
geting the OH and CH2O flame radicals was performed, along with
the detection of soot via laser-induced incandescence (LII) and imaging
of droplets via Mie scattering. The techniques involved in the CP-JHC
experiments were comparatively less sophisticated, in terms of lacking
the ability to isolate specific non-excited species within the flames and
resolve their radial location. It would therefore be insightful to extend
the optical configuration that was implemented for the spray burner
experiments—or rather, the portion that was used for the PLIF imaging
(and potentially the LII)—to study the flames within the CP-JHC. An
additional diagnostic that is worth consideration in future experiments
is the imaging of the CH radical, due to its importance in the formation
of OH∗ and the uncertainty regarding the ability to accurately model
changes in this behaviour with pressure and coflow O2 concentration.
It should be noted that PLIF imaging in the CP-JHC is not a trivial task.

194



10.2 Future work

Reflection and absorption of both the light from the lasers and that
which is produced from the fluorescence/incandescence would need to
be minimised and/or accounted for, as well as careful consideration of
the effects of beam-steering and signal quenching at elevated pressures.
Despite these practical hurdles which would need to be overcome, the
measurement of these intermediate species would provide a more com-
prehensive picture regarding the effect of pressure on flame structure
and stabilisation mechanisms, as well as providing additional insights
into the chemiluminescence behaviour. It is therefore an activity worth
consideration in future endeavours.

• Investigation of additional fuels and fuel types at elevated pressure.
While a number of different fuels and fuel types were examined in the
various phases of this project, the experiments based on the pressurised
combustor apparatus relate to a single fuel composition in the jet;
namely, a 1:1 volumetric mixture of hydrogen and natural gas. This was
necessary in order to limit the scope of the investigation and to enable
the impacts of pressure and coflow properties to be isolated. It would,
however, be beneficial to study a range of different fuels in the future in
order to develop a more general understanding of the effect of pressure
under conditions relevant to practical combustors. A natural next step
would be to extend the atmospheric-pressure experiments performed
as part of this thesis to the elevated pressure conditions of the CP-JHC.
This includes both the dilute spray flames in a hot and low-oxygen
coflow, and the pure and toluene-doped hydrogen flames in a coflow
of air. It is worth noting that to perform the experiments with liquid
sprays, significant modifications would need to made to the apparatus.
While these are achievable, the initial testing could be performed with
prevaporised fuel in order to understand the effects of chemistry prior
to studying the sprays. Extending the tests to incorporate a range of
blending ratios between hydrogen and natural gas would also be of
significant practical benefit, particularly in terms of chemiluminescence
behaviour. Specifically, the operation of power-generation gas turbines
on variable blends of H2 and NG (up to 100% H2) would benefit from
a quantitative understanding of the changes in OH∗ and CH∗ intensity
with variations in H2 content of the fuel, by providing a method of
actively adjusting control parameters such as the air-fuel ratio.

• Continuing to develop modelling capabilities in conjunction with experimental
work.
The CFD and Chemkin modelling results presented in Chapter 7 in-
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dicate that improvements are necessary in order to accurately capture
certain changes in combustion behaviour—such as chemiluminescence—
as the pressure is increased. This is closely related to the first future
work suggestion; that is, the measurement and imaging of intermedi-
ate flame species such as the OH and CH radicals. Not only would
this imaging provide a useful method of validating the reaction zone
structures predicted via CFD modelling, the trends observed with in-
creasing pressure would also provide important insights regarding the
changes in chemical kinetics. This could in-turn help to explain the
differences in chemiluminescence intensity from the modelling and
experimental results, enabling improvements upon existing OH∗ and
CH∗ chemical kinetics mechanisms which has important implications
for practical combustion devices, as discussed in §2.3. The importance
of developing a robust and efficient CFD model—which is able to ac-
curately predict the structure and intermediate species of the flames
in the CP-JHC under conditions of variable pressure, O2 concentra-
tion and temperature—cannot be understated. With confidence in the
ability to capture the underlying physics and chemistry with these
variations in boundary conditions, the model can then be extended to
more realistic geometries and configurations, such as the downstream
combustor of a sequential gas turbine, thereby enabling the optimisa-
tion of practical combustion devices to achieve reductions in emissions
and improvements in fuel flexibility.
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