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Abstract

Hydrogen has gained recognition as a highly promising alternative fuel
to replace fossil fuels, offering the potential of a renewable energy carrier
and contributing to the mitigation of greenhouse gas emissions. One of the
challenges associated with using hydrogen in combustion-based industrial
processes is that such systems (e.g. furnaces and boilers) typically rely on
radiative heat transfer, whereas hydrogen flames feature low radiant intensity.
Adding soot-promoting additives such as biofuels, which can be renewably
produced, to hydrogen flames may offer a potential approach to enhance the
radiant intensity, making hydrogen more suitable for practical applications.
However, neither the effectiveness of various biofuels on thermal radiation
enhancement, nor the influence of biofuel addition on the combustion char-
acteristics of biofuel/hydrogen flames were previously well understood. This
research, therefore, fills this gap in the understanding of the combustion
characteristics of biofuel/hydrogen flames and the influencing factors.

To evaluate the relationship between the chemistry and the effectiveness
of blending hydrogen flames with biofuels on combustion characteristics,
toluene, anisole, and guaiacol are chosen as aromatic surrogates for bio-oils.
Eucalyptol and D-limonene are recognised as monoterpenes chosen as surro-
gates for essential oils. The sooting propensity of these biofuel surrogates is
evaluated by assessing laminar biofuel flames using the smoke point method,
showing a decreasing order of toluene > anisole > guaiacol > D-limonene
> eucalyptol. The results suggest that biofuels with an aromatic structure
generally exhibit higher sooting propensities than monoterpenes, which is
attributed to the higher degree of unsaturation in aromatic structures that
favours PAH formation. Biofuels with lower bond dissociation enthalpy tend
to be more effective in radiant intensity enhancement as a weaker C-H bond
promotes hydrogen abstraction through the HACA mechanism. The efficacy
of oxygenated fuels (i.e. anisole and eucalyptol) in enhancing radiant heat flux



is lower compared with non-oxygenated fuels (i.e. toluene and D-limonene),
as the oxygen content in oxygenated fuels aids in the oxidation of PAHs.

The is increased by 2–22% through the addition of 0.2–1 mol% prevapourised
and ultrasonically atomised biofuels. Toluene and anisole exhibit higher
effectiveness in radiation enhancement than D-limonene and eucalyptol.
These blended hydrogen flames illustrate enhanced blue colouration due
to the promoted formation of carbonaceous radicals, whilst limited soot is
observed. The corresponding flame luminosity exhibits an increase of 61–
293%. In comparison, adding 0.1–0.3 mol% biofuels via gas-assist atomisation
alters the dominant colouration of the hydrogen flame to yellow, indicating
that soot loading is significantly improved and sooting biofuel/hydrogen
flames are achieved. The enhancement of flame luminosity and radiant
fraction ranges from 30–500% and 2–15%, respectively. The results suggest
that the method of biofuel introduction is an important influencing factor for
soot formation in biofuel/hydrogen flames. The underlying mechanisms are
analysed through spray characterisation using microscopic shadowgraphy.
The results reveal that biofuel droplets create local fuel-rich conditions to
enhance soot formation and hence radiation characteristics. Droplet size is a
critical parameter in creating fuel-rich pockets as larger droplets generated
by gas-assist atomisation further advance this effect.

Blending hydrogen flames with biofuels for radiant intensity enhancement
leads to an increase in the emission of nitrogen oxides. The computational
investigation into the mechanisms of nitric oxide (NO) reveals that the
increase in global NOx emissions is primarily ascribed to the enhanced
subset of the thermal route: OH + N ⇌ H + NO, and the prompt route:
CH + N2 ⇌ H + NCN. Based on this understanding, blending sprayed biofu-
els to hydrogen reduces thermal NOx because the enthalpy of vapourisation
results in lower flame temperature. A larger temperature drop is observed in
gas-assist atomised biofuel/hydrogen flames due to the enhanced radiative
heat loss.

The findings from this research establish an understanding of the efficacy
and effectiveness of blending hydrogen flames with biofuels on radiant
intensity enhancement and the corresponding impact on combustion charac-
teristics. The analyses of influencing factors and their underlying mechanisms
contribute to the adaptation of hydrogen to practical applications as an alter-
native energy carrier to mitigate greenhouse gas emissions.
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Chapter 1

Introduction

1.1 Background

Reductions in greenhouse gas (GHG) emissions, which are a leading cause of
climate change, have become a priority for many governments and industries
around the world. At the Conference of Parties 27 (COP 27) in 2022, the
Australian Government targeted a reduction of GHG emissions by 43% by
the year 2030, compared with 2005 values [1, 2]. Greenhouse gases mainly
comprise carbon dioxide (CO2), methane (CH4), and nitrous oxide (N2O).
Carbon dioxide is the predominant component of GHG and is commonly
employed as the index for GHG emissions. The reports from the quarterly
update of Australia’s national greenhouse gas inventory, presented in Fig-
ure 1.1 reveal that even though the overall trend for GHG emissions has
decreased from 157 Mt CO2-e (million tonnes of carbon dioxide equivalent) to
123 Mt CO2-e. The emissions from stationary energy and industrial processes
sectors, where burning of fuels is directly used for energy, have increased by
30% between 2005–2022. Significant progress from the stationary sectors is
yet to be made towards achieving net-zero emissions.

The combustion of fossil fuels is projected to persist into the foreseeable
future as the predominant energy supply, with a concomitant increase in CO2

emissions. In Australia, the combustion of fossil fuels in the stationary energy
sector contributes 19% of the total CO2 emissions [3]. Fossil fuels, such as
coal, oil, and natural gas, provide a significant portion of the world’s energy
needs, owing to their high energy density, abundance, and low cost. Despite
efforts to reduce CO2 emissions through energy efficiency improvements,
carbon capture, and storage technologies, the growth of the global economy
and population is expected to sustain the demand for fossil fuels, leading to

1



Chapter 1 Introduction

a continued increase in CO2 emissions. Figure 1.2 shows the CO2 emissions
factor of various fossil fuels measured in kilograms of CO2 produced per
megawatt-hour (MWh) of energy produced. The persistence of fossil fuels
as the primary energy supply and the major source for CO2 emissions un-
derscores the urgency of addressing the environmental impacts of energy
production and consumption, as well as the need for a transition to a sus-
tainable and low-carbon energy system. The exploration of alternative fuels
has become an imperative aspect of contemporary research efforts, driven
by the desire to mitigate the adverse effects of conventional fuels on the
environment and human health. As the world is pledging to achieve net-zero
emissions, using potential renewable carbon-free fuels such as hydrogen
to replace fossil fuels in practical applications is emerging as a promising
approach to mitigate CO2 emissions.

Figure 1.1: Quarterly update of Australia’s national greenhouse gas inventory from all
sectors and the stationary sector between 2005–2022. Adapted from Australia’s National
GHG Inventory [3].

2
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1.2 Hydrogen as an alternative fuel

Figure 1.2: CO2 emissions factor measured in kilograms of CO2 produced per megawatt-
hour (MWh) of energy produced from various fossil fuel sources. Adapted from Australia’s
National GHG Inventory [3].

1.2 Hydrogen as an alternative fuel

Hydrogen has been widely regarded as a promising substitute for fossil fuels
as an energy carrier, owing to its carbon-free combustion products [4–7].
Despite the fact that steam-methane reforming or coal gasification currently
accounts for over 95% of global hydrogen production, the production of green
hydrogen can be achieved through water electrolysis employing renewable
electricity [8]. In contrast with intermittent and geographically constrained
renewable energy sources such as solar, wind, and ocean energy, hydrogen
can be stored and continuously supplied as a renewable energy carrier [9–11].
Its ability to be readily mixed with other fuels has been investigated, provid-
ing a promising avenue for its integration into existing fuel infrastructures.
A fraction of hydrogen can be incorporated into natural gas (NG) pipeline
networks to alleviate CO2 emissions by decreasing the carbon concentration
per unit of energy supplied [11, 12]. Furthermore, hydrogen has been ex-
tensively investigated as a carbon-free additive to mitigate soot formation
and particulate emissions from spray flames within internal combustion
engines. Owing to its unique chemical, physical, and combustion character-
istics, hydrogen has been the subject of intense research as an additive to
compensate for the disadvantages of various fuels. For example, hydrogen

3
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Chapter 1 Introduction

has been added to ammonia to improve the low flame speed of ammonia by
taking advantage of the high flame speed of hydrogen [13–15]. To attain a
more pronounced reduction in CO2 emissions, the feasibility and efficacy of
employing hydrogen as a primary fuel, as opposed to a mere additive, for
high-temperature industrial processes necessitate a thorough understanding
of hydrogen flames and innovative perspectives on their adaptation [4].

The use of hydrogen as an alternative fuel presents a range of challenges that
need to be addressed in order to fully realise its potential as a sustainable
energy source. Among the primary concerns are issues related to hydrogen
storage, transportation, distribution, safety, cost, and operating expenditures.
The low volumetric energy density of hydrogen necessitates the development
of advanced storage methods that are capable of storing hydrogen at high
pressures or low temperatures, in order to minimise the volume required
for storage. The cost of producing and distributing hydrogen remains rela-
tively high compared with traditional fossil fuels. Addressing this challenge
requires continued advancements in hydrogen production technologies. In
terms of safety concerns, the high flame speed of hydrogen, coupled with its
low ignition energy and wide flammability range, makes it more susceptible
to flashback than traditional hydrocarbon fuels. Therefore, the design and
operation of combustion systems that use hydrogen as a fuel must incorpo-
rate measures to prevent flashback, including the use of flashback arrestors,
modifications to fuel injection systems, and careful consideration of system
operating parameters. Hydrogen flames have considerably lower visibility
than hydrocarbon flames. Although they display a faint reddish colour due
to the presence of water vapour [16], the low visibility of hydrogen flames
may bring particular challenges to domestic applications. In addition to these
well-known challenges, one of the main challenges of using hydrogen as a
base fuel in combustion systems of industrial processes is that such com-
bustion systems typically rely on thermal radiation as one of their primary
means of heat transfer, while hydrogen flames have low radiation [17, 18].
Therefore, using hydrogen as a single-component carbon-free fuel may not
be able to meet the requirements for replacing conventional fuels without
other changes to the system.

The low radiant intensity of hydrogen flame is ascribed to the absence of soot
particulates within the flame [19]. Soot is a complex mixture of carbonaceous
particles and other organic compounds that can be formed from carbonaceous
fuels during combustion processes. The emission of soot and its precursors—
polycyclic aromatic hydrocarbons (PAHs)—from combustion processes can

4
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have significant negative impacts on both the environment and human health.
Inhalation of soot particles can cause respiratory and cardiovascular problems,
including bronchitis, asthma, and heart disease. The International Agency
for Research on Cancer (IARC) has classified many individual PAHs as
Group 1 carcinogens [20]. Within the flame, soot is the major source of
thermal radiation from a flame due to its high emissivity in the infrared
portion of the electromagnetic spectrum. Therefore, the low radiant intensity
of hydrogen flame can be enhanced by promoting the formation of soot
particulates without emission from the flame. One possible solution is to
blend two or more materials with complementary properties to compensate
for the disadvantages of a single component fuel [21–24]. Seeding particles
to the hydrogen flame as a source for improving blackbody radiation or
blending sooting fuels with hydrogen to enhance radiative heat transfer by
promoting soot formation in the flame are potential approaches suitable for
industrial applications [17, 25].

1.3 Biofuel as a potential additive

A highly sooting hydrocarbon fuel, derived from either fossil fuels or biomass
sources, can be considered a viable supplementary agent to enhance radia-
tion in a hydrogen flame [17, 25]. Biofuel, derived from renewable biomass
resources, is a preferable alternative to hydrocarbons obtained from fossil
fuels [26]. The production of biofuels can be effectively integrated into ex-
isting industries to utilise by-products and waste generated during these
processes, such as those from pulp and paper industries and food production
plants, making it an environmentally-friendly fuel additive [27]. Incorporat-
ing biofuel as an additive, in conjunction with green hydrogen as the base
fuel, has the potential to substantially reduce dependence on fossil fuels and
significantly decrease carbon emissions in industrial combustion processes.

Biofuels often contain a significant proportion of aromatics, which are ex-
pected to promote the formation of polycyclic aromatic hydrocarbons (PAHs)
and subsequent soot formation [28, 29]. However, other physical and chemi-
cal properties of biofuel, including oxygen and water content, boiling point,
and viscosity, also influence the impact and efficacy of soot formation and
oxidation [26]. The effectiveness and consequences of incorporating biofuel
additives into hydrogen flames within the context of industrial combustion
processes remain unclear when considering the combined effects of these
various factors.

5



Chapter 1 Introduction

1.4 Methods of liquid fuel introduction

The approach of liquid biofuel and gaseous hydrogen blending investigated
in this thesis involves two-phase flow combustion, which is directly affected
by the methods of liquid fuel introduction. The characteristics of liquid fuel
introduction methods can significantly influence the combustion process.
The way in which fuel is introduced into the combustion process can alter
the physical, chemical, and combustion properties of the system, ultimately
affecting the key combustion parameters such as vapourisation rate, residence
time, and flame stability.

There are various methods of liquid fuel introduction, such as direct injection,
prevaporisation, and premixing [30–32]. Direct injection is commonly em-
ployed in internal combustion engines, which involves supplying the liquid
fuel directly into the combustion chamber, often under high pressure [33]. In
internal combustion engines, sprays aid in the control of the timing and rate
of combustion, leading to precise control over engine performance [34]. The
resultant spray characteristics, including breakup length, penetration length,
and droplet size, were found to be critical to flame temperature, pollutant
emissions, and combustion efficiency of the system [35, 36]. Sprays also play
a vital role in regulating combustion processes. For instance, in gas turbines,
sprays are used to control the temperature of the combustion chamber, which
prevents hot spots and reduces the risk of damaging the turbine blades [37].

Prevaporisation involves preheating liquid fuels until they are vapourised
before introducing them to the combustion process, while premixing involves
blending the fuel with the oxidiser before entering the combustion chamber.
Prevapourisation enhances the homogeneous mixing of the fuels and oxidiser,
leading to lower soot and NOx emissions [35, 36]. In addition, it avoids the
energy loss in the flame from the enthalpy of vapourisation.

Previous studies have compared the effect of single- and two-phase flow
combustion on burning velocity, flame stability, vapourisation rate, residence
time, and pollutant emissions. At the same equivalence ratio and similar
conditions for iso-octane, the burning velocity of gaseous and aerosol flames
is similar [38]. Gaseous flames have a higher tendency to flame stability
compared with aerosol flames. A study of nanoparticle (i.e. aluminum, iron,
and boron) blended diesel in Compression Ignition (CI) engines revealed
that a higher vapourisation rate leads to complete combustion, resulting in
lower CO emissions, but on the other hand, the increased temperature leads
to higher NOx emissions [39]. Another study reported that adding sprayed
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toluene to hydrogen flames facilitates soot formation compared with vapour
toluene flames, indicating that fuel-rich regions created by liquid droplets
in spray flames favour soot formation, which is expected to enhance radiant
intensity [17]. However, challenges remain in evaluating the suitable methods
of liquid biofuel introduction to hydrogen flames for thermal radiation
enhancement and understanding their underlying mechanisms.

The effects of fuel introduction methods on combustion characteristics are
complex and depend on various factors, including specific fuel properties,
combustion system design, and operating conditions. Understanding the
underlying mechanisms of each fuel introduction method can inform the se-
lection of the most appropriate strategy for optimising combustion efficiency,
reducing emissions, and improving combustion performance.

1.5 Thesis outline

Presented in this thesis is a combined experimental and numerical study that
investigates the efficacy and effectiveness of adding biofuels with various
sooting propensities to turbulent nonpremixed hydrogen flames on radiant
intensity enhancement, in conjunction with the blending effect on combustion
characteristics.

An in-depth review of the current understanding and findings from previous
research has been carried out and presented in Chapter 2 to establish a
fundamental understanding associated with the merits and challenges of
using hydrogen as an alternative fuel and the soot evolution in hydrocarbon
and hydrogen-based flames. A comprehensive review of the investigation
of various biofuels and dominating factors of their sooting propensities has
been undertaken to identify the potential biofuels as soot-enhancing additives
and corresponding surrogates for analysis. The effect of the introduction
methods of liquid biofuels along with the influence of the physical properties
on spray characteristics has also been highlighted. Four major research gaps
are identified based on the review of previous studies and corresponding
scientific aims and objectives are determined.

The experimental and numerical approaches employed in this research are
summarised in Chapter 3 with detailed descriptions and corresponding diag-
nostics used in the methodology section of each journal paper. Three different
burners have been designed and used to establish various unblended and
biofuel-blended flame cases for the stepped evaluation of biofuel additives
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and their blending effect. Laminar flame calculations (Chemkin Pro) and a
detailed chemical kinetics mechanism (CRECK Modelling Group) are used
as the numerical approach in this research.

Chapters 4–7 compile the results, analyses, and findings generated in this
research. The sooting propensities of five biofuel surrogates were first tested
on a wick-fed burner using smoke point methods under laminar flame condi-
tions. The results are presented in the paper shown in Chapter 4 to provide
insights into the potential biofuel additives before adding to hydrogen-based
flames. These biofuels are added to turbulent nonpremixed hydrogen-based
flames to establish the fundamental understanding of the blending effect on
radiant intensity enhancement and flame characteristics.

Chapter 5 further investigates the blending effect of biofuels, with an empha-
sis on the methods of additive introduction—prevapourisation and ultrasonic
atomisation, additive concentration, global NOx emissions, and dominant
NOx reaction pathways.

To analyse the influence of spray characteristics generated by gas-assist atom-
isation on the effect of blending biofuel additives, the coaxial needle spray
burner has been first characterised by a method that utilises commercial pho-
tographic equipment. Chapter 6 presents the near-field spray characteristics
of air/water and helium/water non-reacting flows along with the analysis of
influencing physical properties and dominant non-dimensional parameters.

Chapter 7 exhibits the flame characteristics of radiating biofuel-blended
turbulent hydrogen flames achieved on the coaxial needle spray burner.

Chapter 8 links all the results and findings in the previous chapters with
stated objectives and summarises the main findings of the research.

Finally, Chapter 9 summarises the major discoveries and critical outcomes of
this research, with suggestions for possible future work.
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Chapter 2

Literature review

2.1 Hydrogen and hydrogen flames

Hydrogen has attracted significant attention due to the increasing demand for
environmentally friendly energy resources with high efficiency. The overall
challenges of hydrogen application regarding renewable production, cost,
combustion system adjustment, supply, and storage have been outlined in
§1.2. Hydrogen flames have been widely studied, including their flame visi-
bility, flame temperature, burning velocity, and flammability limits [1–3]. In
this section, the properties, flame characteristics, and potential applications of
hydrogen are presented and compared with methane—a primary component
of a widely used fossil fuel (natural gas) in industrial processes.

Table 2.1 shows the properties and flame characteristics of hydrogen and
methane. The density of hydrogen (0.08 kg/m3) is lower than methane
(0.66 kg/m3). The gross calorific value of hydrogen (142 MJ/kg) is higher
than that of methane (56 MJ/kg) [4], indicating that compared with the fuel
consumption of methane, it takes less mass of gaseous hydrogen to obtain
an equivalent amount of energy. It is seen in Table 2.1 that hydrogen flames
feature a higher laminar burning velocity at 2.9 m/s, compared with methane
at 0.37 m/s [1]. Increasing the flame speed improves the stability of the flame
[5]. This characteristic of hydrogen has been widely utilised to increase the
burning velocity of fuels with low flame speed and stabilise the flame by
adding hydrogen as a complementary fuel, such as natural gas and ammonia
[6–9]. The increase in flame speed can be ascribed to the facilitation of free
OH radicals from hydrogen addition [10]. The OH radical is an important
active oxidant that usually indicates the location of the flame front. The main
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reaction pathways of OH are:

H + O2 ⇌ OH + O (2.1)

O + H2 ⇌ OH + H (2.2)

A potential issue that arises from the high flame speed of hydrogen is the
risk of flashback. Flashback occurs when the flame travels at a higher speed
against the gas stream, moving upstream into the burner during combustion
and causing damage to the appliance. Flashback is particularly prevalent
under premixed conditions. However, the risk of flashback problems from
using hydrogen is of less concern as many industrial combustion systems
operate under nonpremixed conditions [11].

Hydrogen flames have a higher adiabatic flame temperature than methane
flames; for example, a stoichiometric mixture of fuel and air at Standard
Temperature Pressure (STP), the values are 2383 K and 2223 K, respectively
(refer to Table 2.1). This feature of hydrogen flames makes them advantageous
in applications that demand high temperatures; however, it causes a potential
issue of higher NOx emissions from the enhanced thermal NOx formation
[12]. Nevertheless, the utilisation of hydrogen as a fuel helps avoid the
production of fuel and prompt NOx [13, 14]. The NOx formation in hydrogen
flames will be further discussed in §2.4.

Table 2.1: Properties and combustion characteristics of hydrogen and methane [1, 15–19].

Fuel H2 CH4

Density (kg/m3) 0.08 0.66
Higher heating value (HHV) (MJ/kg) 142 56
Lower heating value (LHV) (MJ/kg) 120 50
Flammability limit (by vol% in air) 4–74 5–15
Laminar burning velocity (m/s) 2.91 0.37
Adiabatic flame temperature (K) 2380 2223

Aside from the aforementioned flame behaviour, a major barrier to hydrogen
application in industrial combustion systems compared with carbon-based
fuels is that hydrogen flames have low radiant intensity due to the absence
of soot, whereas such combustion systems rely on radiative heat transfer
[20]. Practical combustion systems (e.g. a furnace schematically shown in
Figure 2.1) are typically comprised of a radiant section as a primary con-
figuration to capture thermal heat radiated from the flames [21, 22]. The
radiant heat flux measured from turbulent nonpremixed natural gas and
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hydrogen flames (at a constant Reynolds number of 10,000) on a bluff-body
burner shows that the hydrogen flames exhibit 80% lower radiant heat flux
than natural gas flames [23]. The bulk mean Reynolds number is defined in
Equation 2.3:

Re =
ρUdjet

µ
(2.3)

where ρ is the density of the fluid, U is the bulk mean velocity, djet is the
jet diameter of the fluid, µ is the dynamic viscosity of the fluid. Other
hydrocarbon flames exhibit higher radiant heat flux than natural gas flames—
the radiant faction of ethylene and propane flames are 128% and 60% higher
than natural gas flame at large global flame residence time (τ ≈ 200 ms) [24].
The global residence time of a flame is calculated using Equation 2.4 [24]:

τ =
ρ f W2

f L f fs

3ρ0d2
jetU

(2.4)

where ρ f , W f , L f are the gas density within the flame, flame width and
length, fs is the stochiometric mixture fraction, ρ0 is the density of the fuel,
djet and U are jet diameter and bulk mean exit velocity of fuel, respectively.
Figure 2.2 shows photographs of natural and hydrogen flames on a jet burner
(reproduced from Gee et al. [23]). The appearance of natural gas flame
is dominated by bright yellow colouration as a result of high soot loading,
whereas the hydrogen flame exhibits light red colouration due to the presence
of water vapour. The low radiant intensity found in non-sooting hydrogen
flames is because the source of radiation is mainly from gaseous species
such as water vapour, which is lower than that from soot via blackbody
radiation in sooting hydrocarbon flames at equivalent flame temperature [25].
Therefore, the low radiant heat flux of hydrogen flames can be enhanced
by promoting soot formation within the flame or seeding particles into the
flame as the provided source for blackbody radiation.
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Figure 2.2: Photographs of natural gas and H2 flames. Reproduced from Gee et al. [23].
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2.2 Overview of soot

2.2 Overview of soot

As illustrated in §2.1, soot within a flame is particularly desirable in many
industrial combustion systems that rely on radiative heat transfer, such as
kilns and furnaces [20]. Soot primary particles are typically 15–60 nm in
diameter and have a graphite-like hexagonal structure in each stack of the
layers [26–29]. When emitted from a flame, soot particles cause environmen-
tal and health problems [26, 30]. To achieve a highly radiating flame for
increased heat transfer without emitting soot into the atmosphere requires a
comprehensive understanding of soot formation and oxidation.

The complex process of soot formation involves chemical reactions such as
fuel pyrolysis, along with physical interactions between the soot particles
and fluid dynamics [29]. Soot formation is triggered by the pyrolysis-induced
decomposition of the primary fuel, leading to the subsequent generation and
conversion of acetylene and benzene into phenyl species, as well as the for-
mation of polycyclic aromatic hydrocarbons (PAHs) [31]. These intermediate
compounds are recognised as precursors of soot and play a significant role in
the initiation of soot formation. Soot nuclei are then formed from the coales-
cence of PAHs, followed by surface growth. This process has been described
by the hydrogen-abstraction-C2H2-addition (HACA) mechanism [32], which
involves two steps of chemical reactions:

Ai + H ⇌ Ai− + H2 (2.5)

Ai− + C2H2 → products (2.6)

where Ai represents an aromatic molecule with i rings, and Ai− denotes its
radical. The evolution of soot particles in flames is depicted in Figure 2.3 and
can be generally summarised into the following five stages: (1) soot inception;
(2) nucleation; (3) surface growth and coagulation; (4) agglomeration; and (5)
soot oxidation [33]. The mature soot particles are typically oxidised by oxygen
and OH radicals. This fundamental knowledge underpins the investigation
of soot evolution in different flames and combustion regimes.
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Figure 2.3: Soot evolution in a flame reproduced from Thomson and Mitra [33].
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2.3 Soot evolution in hydrogen/hydrocarbon flames

Hydrogen has been widely used as a diluent to reduce carbon emissions
including CO, CO2, and soot from hydrocarbon flames, by taking advantage
of its carbon-free nature [34–38]. Previous research has demonstrated a signif-
icant effect of hydrogen addition on soot reduction in sooting hydrocarbon
flames. The peak soot volume fraction of an acetylene diffusion flame is
reduced by 25% (from 1.5 ppm to 1.125 ppm) by adding 2.9 wt.% hydrogen,
and is reduced by 51% from 1.5 ppm to 0.74 ppm by the addition of 6.2%
hydrogen by mass [34]. Furthermore, the peak soot volume fraction of an
ethylene flame is reduced by 13% from 7.5 ppm to 6.5 ppm by an addition of
14 vol.% hydrogen [39].

The impacts of hydrogen addition on soot production can be ascribed to
three underlying mechanisms: the dilution effect, thermal effect, and chemical
effect [40–42]. The dilution effect resulting from hydrogen addition reduces
soot production by reducing the carbon concentration per unit volume of
the fuel mixture [39, 40, 43]. As for the thermal effect, previous studies have
indicated that the introduction of hydrogen into hydrocarbon flames raises
the overall flame temperature, leading to reduced soot formation through the
promotion of soot oxidation [10, 34, 40, 44, 45]. Moreover, the incorporation
of hydrogen is associated with a tendency for smaller primary soot particle
diameters at higher flame temperatures due to enhanced soot oxidation [46].
An experimental investigation focused on soot formation in acetylene laminar
diffusion flames with hydrogen addition revealed a moderate increase in
flame temperature by approximately 50–100 K, accompanied by a decrease in
soot volume fraction with higher proportions of hydrogen [34]. The chemical
inhibiting effect of hydrogen addition is complex and still under investigation.
The increased concentration of hydrogen accelerates the inverse reaction of
HACA (Equation (2.5)) and hence leads to the lower H-abstraction rate
in PAH and particle surface growth processes [42]. Furthermore, adding
hydrogen to nonpremixed ethylene/air flames chemically suppresses soot
formation resulting from the lower production of C2H4, C3H8 and C4H10 [40,
41]. Apart from the chemical inhibiting effect, hydrogen addition promotes
the soot oxidation rate due to a higher yield of oxidising radicals [39, 43]. A
numerical study showed that a 20% hydrogen addition to a laminar ethylene
flame led to an increase in the OH mole fraction by 1.8% [43].

The effectiveness of the three mechanisms of hydrogen addition on soot
reduction has been evaluated and compared in previous research. A fictitious
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inert species i-H2 has been used in a numerical study to isolate the chemical
effects from the dilution effect, with the results showing that the dilution
effect of hydrogen addition is more effective than the chemical effect on soot
reduction [43]. A similar conclusion is drawn from the comparison between
helium and hydrogen additions, where helium alone has a dilution effect on
soot reduction [39]. Although these studies reached a consensus that adding
hydrogen to hydrocarbon flames can achieve a significant soot reduction, the
comparison of impact and effectiveness across these effects lacks conclusive
evidence.

In comparison to utilising hydrogen as a diluent for reducing soot [47], the
improvement of radiant intensity in hydrogen-based flames through hydro-
carbon blending remains inadequately understood. Hydrogen flames are
characterised by their inherently low radiant intensity resulting from their
carbon-free composition. To enhance the radiant intensity, hydrogen fuels
can be combined with hydrocarbons [48], reacting or non-reacting particles
[49, 50], and small quantities of solid fuels [21, 51]. An experimental investi-
gation [48] explored hydrogen/toluene blends with toluene concentrations
ranging from 1–5 mol% (mole fraction of H2) under turbulent nonpremixed
conditions. The study revealed that increasing the additive concentration
from 1–3 mol% has a significant impact on soot loading, whereas further
increases in concentration exhibit diminishing effectiveness. The reacting or
non-reacting particle seeding in hydrogen flames for radiation enhancement
will be discussed in §2.7. These approaches have gained increasing attention
in hydrogen research; however, the effect of adding a small amount of soot-
ing hydrocarbons on the radiant intensity and other flame characteristics of
hydrogen flames are insufficiently studied. Therefore, further investigating
the flame features and combustion characteristics of turbulent nonpremixed
hydrocarbon-blended hydrogen flames is needed to address this question.

2.4 Nitrogen oxides formation in hydrogen-based
flames

In pure H2/air combustion, one of the primary pollutant emissions is NOx,
generated due to the high flame temperature of hydrogen (refer to Table 2.1)
caused by the oxidation of N2 from the air. This contrasts with hydrocarbon
combustion, where both thermal and prompt NOx emissions are present. It
has been reported that the NOx emissions from hydrogen-enriched diesel
blends were slightly higher than neat diesel in compression ignition (CI)
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engine conditions, ascribed to the higher flame temperature from hydrogen
addition [52]. While the smoke measured from diesel/H2 combustion in CI
engines was reduced by 20% from the implementation of hydrogen, the cor-
responding NOx emissions were increased by 20% [53]. Similar conclusions
were drawn from a comparison of NOx emissions among H2/CH4 blends
with varying H2 concentrations that adding hydrogen to methane leads to
considerable reduction in temperature levels and hence NOx emissions. [54].
An experimental study reported that the NOx emissions increase with hydro-
gen concentration in H2/NH3/air flames because thermal NOx formation is
enhanced by higher flame temperature in higher concentration flames [10].
Higher level of NOx emissions is another major challenge to using hydrogen
as a primary energy carrier in practical applications.

Nitrogen oxides (NOx, comprising NO and NO2) are part of the combustion
products when hydrogen is burned under hydrogen/air conditions. Fuel
NOx, thermal NOx, and prompt NOx are the three types of NOx formation.
Fuel NOx indicates that nitrogen is present in the fuel structure and chemi-
cally connected with other atoms. Utilising hydrogen as an alternative fuel
avoids fuel and prompt NOx formation but promotes thermal NOx formation
in the combustion process due to high flame temperature [13, 14]. Thermal
NOx formation is described as the direct synthesis of NOx from oxygen
and nitrogen that happens under high-temperature conditions through the
decomposition of oxygen reacted with high-energy inert molecule (M) into
highly active atomic oxygen [12]. It then reacts with nitrogen under high
temperature, thereby NOx is formed [55]. The pathways of elementary reac-
tions for the thermal route, the N2O route, and the NNH route are shown in
Table 2.2.

Table 2.2: Chemical reaction equations of NOx formation [12, 14, 56].

Thermal NO route N2O route NNH route

O + N2 ⇌ NO + N N2 + O + M ⇌ N2O + M N2 + H ⇌ NNH
N + O2 ⇌ NO + O N2O + O ⇌ NO + NO NNH + O ⇌ NO + NH
N + OH ⇌ NO + H N2O + H ⇌ NO + NH NNH + O ⇌ N2O + H

The reaction O + N2 ⇌ NO + N initiates the NO formation and regulates
the reaction rate, which is reliant on the flame temperature due to the high
activation energy [12]. Figure 2.4 shows the temperature dependence of fuel,
prompt and thermal NOx formation pathways, reproduced from Gehrmann
et al. [57]. Thermal NOx formation increases with temperature and is more
sensitive to temperature increase compared with fuel and prompt NOx
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formation pathways. Considering that hydrogen flames exhibit higher tem-
peratures, the promotion of thermal NO formation is anticipated. Previous
research has observed higher NOx emissions from hydrogen flames com-
pared with methane flames, which becomes one of the major concerns of
hydrogen adaptation [58–60]. For example, an examination of various blends
of hydrogen-doped natural gas under consistent thermal loading revealed
that the amount of NO produced from pure hydrogen flames was approx-
imately 6.5 times greater than the percentage generated in pure methane
flames [59]. The NNH route, on the other hand, highlights the influence
of H and O radicals in flame front and fuel-rich regions. It has been re-
ported as an important reaction pathway, particularly in hydrogen flames [14,
61]. Experimental evidence supporting this pathway has been obtained in a
low-temperature and low-pressure premixed rich hydrogen flame [62].

Figure 2.4: Different formation pathways of NOx as a function of temperature. Reproduced
from Gehrmann et al. [57].

While NOx emissions and their underlying mechanisms in hydrogen flames
have been well-documented, the influence of blending hydrogen flames with
hydrocarbon/biofuel on NOx formation remains poorly understood. The
NOx emissions of hydrogen-biodiesel were compared with hydrogen-diesel
blends under compression ignition engine operation to evaluate the effec-
tiveness of biodiesel addition on NOx reduction [63, 64]. The results showed
that the NOx emission from these blends is dependent on hydrogen energy
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share ratios as the NOx emission from hydrogen-biodiesel was increased for
low-hydrogen energy share ratios, in contrast to a decrease for high-hydrogen
energy share ratios. Another study of NOx emission in duel-fuel engines
showed that replacing conventional diesel with rapeseed methyl ester (RME)
in hydrogen blends reduced the NOx emissions, ascribed to higher com-
bustion temperature of biodiesel fuel [65, 66]. However, blending turbulent
nonpremixed hydrogen flames with hydrocarbon/biofuel for radiation en-
hancement features distinct NOx formation compared with that in internal
combustion engines, as the elevated radiation loss reduces flame tempera-
ture and hence impacts the NOx emission. It is critical to understand and
document the complex interactions between biofuel addition for radiation
enhancement and the corresponding effect on NOx emission, as one of the
important combustion characteristics.

2.5 Liquid biofuels

2.5.1 Overview of liquid biofuels

Identifying suitable hydrocarbons with a high sooting propensity to be
used as additives is essential for radiation enhancement in hydrogen flames.
Biofuels present an appealing prospect as they can be derived from renewable
resources. Various forms of biofuels can be obtained, such as biochar, biogas,
and bio-oil [67]. Among these, liquid biofuels, including bio-oils, biodiesel,
and essential oils, are considered promising additives due to their ease of
blending compared with biochar, as well as their relatively higher energy
densities compared with biogas [67–69].

Biodiesel, essential oils, and bio-oils are all derived from renewable resources.
The properties of each type of fuel are complex, highly diverse, and largely
dependent on the feedstocks and production methods. To demonstrate these
characteristics of biofuels, the properties and composition are summarised
from the literature in Table 2.3 for biodiesel, Table 2.4 for essential oils,
Table 2.5 for wood-derived bio-oils, and Table 2.6 for other feedstock-derived
bio-oils. Since the majority of the feedstocks are plants or by-products from
industrial processes, the quality, quantity, and availability of these feedstocks
are highly dependent on regional natural conditions and local industries.
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2.5 Liquid biofuels

Biodiesel

Biodiesel, an oxygenated fuel, typically consists of alkyl esters derived from
non-edible feedstocks, such as jatropha, algae, and castor oil, which are
categorised as second-generation feedstocks [93–95]. The utilisation of such
feedstocks helps mitigate the impacts on land use, society, and the food
market associated with large-scale production. Esterification, known for its
high conversion efficiency, simplicity, and ability to produce high-quality fuel
products, is the most widely employed method for biodiesel production [95].

The properties of biodiesel from different feedstock are shown in Table 2.3.
The presence of oxygen in biodiesel not only results in a lower heating
value when compared with conventional fuels but also contributes to the
promotion of thermal NOx formation due to increased flame temperatures
[71]. In addition, oxygenated fuels have been widely used to reduce soot in
combustion systems such as internal combustion engines [96, 97]. Biodiesel
typically contains around 10 wt.% oxygen content (refer to Table 2.3), while
bio-oil contains higher oxygen content ranging from 20 to 70 wt.% (refer to
Table 2.5 and Table 2.6).

Essential oils

Essential oils primarily consist of terpene-related hydrocarbons (C5H8)n

comprising monoterpenes (C10), sesquiterpenes (C15), and diterpenes (C20),
which are biosynthesised through isoprene units with five carbon atoms
[75]. Table 2.4 presents the properties of different essential oils. Due to the
presence of oxygen content, their heating value is observed in the range of
39 MJ/kg to 46 MJ/kg [73, 75]. The kinematic viscosity of essential oils is
relatively lower than biodiesel, typically ranging from 1.4–2.7 mPa · s [75].
Similar to biodiesel, essential oils have been primarily considered as potential
alternative fuels for diesel engine combustion [74, 75].

Essential oils are obtained from various plant parts such as roots, bark, leaves,
and aromatic components through processes such as distillation or solvent
extraction [98]. The growing demand for “therapeutic grade” essential oils
has led to increased production, resulting in a significant fraction of essential
oils being generated as waste products [74].

Bio-oils

Bio-oil is produced through biomass refining, which involves specific treat-
ments to convert lignin, cellulose, and hemicellulose obtained from renewable
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plant resources into fuel. Biomass refining processes enable the extraction of
hemicellulose and lignin from waste and pre-treatment liquids generated by
the pulp and paper industry. Furthermore, these processes can facilitate the
production of high-value-added products such as carbon fibre and polymers
through conversion pathways [81, 99]. The integration of biomass refining
processes with the pulp and paper industry is feasible due to the substantial
consumption of biomass resources by this sector. Lignocellulosic biomasses
typically consist of 35–55 wt.% cellulose, 20–40 wt.% hemicellulose, 10–25
wt.% lignin, and additional extractives [100]. Although hemicellulose pos-
sesses a relatively low calorific value (14 MJ/kg) and is not well-suited for
direct combustion, it can be utilised as an additive to enhance soot radiation
heat transfer and enhance flame stability [101, 102]. Due to its soot-enhancing
feature, the proportion of hemicellulose in bio-oil may be an important
indicator for sooting propensity.

Bio-oils are commonly obtained from a thermal conversion process termed
pyrolysis. As the liquid product (bio-oil) yield is highly dependent on tem-
perature, fast pyrolysis, which is characterised by high heating rates in the
range of 450–600 ◦C/min, is desirable for bio-oil production [79]. The bio-oil
extraction rate of fast pyrolysis reaches a peak at about 75 wt.% of biomass
feed basis in comparison with 50 wt.% of slow pyrolysis [103].

The properties of bio-oils derived from wood and other feedstocks are shown
in Table 2.5 and Table 2.6, respectively. Bio-oils exhibit characteristics such
as high viscosity, elevated water content, low volatility, acidity, significant
presence of aromatics, diverse oxygenated compounds, as well as ash and
other solid impurities [104]. They are complex mixtures composed of multiple
components, including substantial quantities of water, organic acids, phenolic
compounds, sugars, guaiacol, and furan [81]. Lignin present in the feedstock
serves as an abundant source for the synthesis of phenolic chemicals [100].
The heating value of bio-oils ranges from 14 MJ/kg to 18 MJ/kg, which
can be attributed to their high water content (15–30 wt.%) and significant
oxygen content (35–40 wt.%) [78]. The low volatility of bio-oil is attributed
to the presence of non-volatile materials, such as sugars and phenolics, in
substantial amounts [67]. Furthermore, the viscosity of bio-oil surpasses that
of biodiesel, typically ranging from 35–1000 mPa · s at 40 °C, and is highly
dependent on the specific feedstock used [99].
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2.5 Liquid biofuels

2.5.2 Sooting propensities of liquid biofuels

The chart shown in Figure 2.5 illustrates the factors that affect the sooting
propensity of a fuel. The influencing factors will be discussed in the following
subsections.

Effect of C/H ratio

Soot is predominately carbon, indicating that fuels with a higher carbon
content should produce more soot for a given amount of fuel at the same
oxidation rate. Hydrogen content is involved in the reaction with O2 to form
OH, which will affect the soot oxidation rate (refer to §2.3). Therefore, the
carbon to hydrogen ratio (C/H ratio) is often used as one of the factors to
indicate the sooting propensity of a fuel [64, 105, 106]. The evidence, from
both experimental and modelling approaches, shows that fuels with a higher
C/H ratio produce more soot [107–109]. Biodiesel and essential oils have a
similar C/H ratio, typically around 6.5, while bio-oils show a large variation
in C/H ratio, ranging from 2.1 to 11. Fuel with a higher C/H ratio can be
used as a potential additive to hydrogen flames to increase soot (refer to
Table 2.3 and Table 2.4).

Further to the C/H ratio, the level of unsaturation — the presence of carbon
double-bonds and carbon triple-bonds — intensifies the propensity for soot
formation owing to the relatively lower bond energies. This characteristic
makes them more susceptible to the formation of polycyclic aromatic hydro-
carbons (PAHs) [70, 110]. It is also highlighted that the formation of acetylene
species, known to be essential intermediates to soot precursor formation, is
proportional to the number of carbon double bonds in methyl esters [70].
Therefore, the unsaturation degree should be combined with C/H to predict
which fuel is likely to have a higher sooting propensity in hydrogen flames.

Effect of oxygenated and non-oxygenated fuel

The inclusion of oxygen content in a fuel has a significant influence on its
propensity for soot formation [51, 70, 74, 111–113]. Fuels containing oxygen
are commonly known as oxygenated fuels, while fuels lacking oxygen, such
as conventional fossil fuels, are referred to as non-oxygenated fuels. As
discussed in §2.5.1, liquid biofuels are oxygenated fuels with large differences
in the amount of oxygen content, ranging from 0.1 wt.% (orange oil) to 72
wt.% (poplar oil). In a study into using biodiesel to replace diesel fuel in
conventional diesel engines, experimental and computational results showed
that the soot mass concentrations of jatropha methyl ester were reduced by
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2.5 Liquid biofuels

25% and 80% at different loads because the presence of oxygen content both
decreases soot formation and accelerates the soot oxidation rate [70]. The
numerical simulation of adding oxygenates to diesel fuels on soot shows
that oxygenated additives suppress sooting propensity by reducing the soot
precursor species in fuel-rich regions due to the additional oxygen atom [114].
Similar results are found when blending different types of essential oils in
diesel. The oxygen in fuel blends promotes soot oxidation, thus resulting
in lower particle mass emissions. This is because the fuel-bound oxygen
has a higher heat release rate and restricts the local fuel-rich zones where
soot is formed [113]. Additionally, the primary particle diameter in flames
with oxygenated fuel decreased by 2.8–14.3% compared with diesel fuel,
due to fewer soot precursors formed in oxygenated fuels, which slows the
surface growth and accelerates the oxidation process [113]. These oxygenated
biofuels have also been tested in nonpremixed laminar methane/air flames
to analyse their sooting propensities [51]. The results show that oxygenated
fuels may produce fewer soot particles because they are already partially
oxidised, which is one major difference from non-oxygenated hydrocarbons.
To include oxygen content into the consideration of sooting propensity, an
effective C/H ratio has been proposed, as follows [115]:

(C/H)e f f =
C − 1

4O− − 1
2O=

H
(2.7)

where C, O, and H denote the numbers of carbon, oxygen, and hydrogen
atoms, respectively. The O− and O= subscripts denote the numbers of single-
and double-bonded oxygen atoms, respectively. The effective C/H ratio
indicates the equilibrium between soot formation and oxidation rate. Previous
studies have focused on using oxygenated fuels to reduce soot emissions,
mostly in diesel engines. How oxygenated fuel and non-oxygenated fuels will
affect the soot evolution in turbulent hydrogen-based flames, where there are
abundant sources to form OH, needs further investigation in the context of
hydrogen blending.

Effect of water content

The presence of water content, which is higher in bio-oils than other biofuels
(refer to Table 2.5 and Table 2.6), affects soot production via three mechanisms:
the dilution, thermal and chemical effects [116]. Similar to hydrogen addition
(refer to §2.3), the dilution effect of water content reduces soot production
by decreasing the carbon flux of fuel mixtures [117]. The thermal effect of
water leads to a decrease in the flame temperature, which promotes the
formation of benzene and PAHs and slows the oxidation rate [118]. The
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chemical effect of the water, which increases the OH concentration from the
decomposition of water, accelerates the oxidation rate, and has been reported
to be more significant than the thermal effect [116, 118, 119]. The increase
of H2O enhances the OH radical formation and reduction of the H radical
from the reverse reaction OH + H2 ⇌ H + H2O. The subsequent decreased
H-abstraction reaction slows the soot surface growth [43]. Bio-oils possess
higher water content than biodiesel and essential oils due to their production
method of fast pyrolysis, which needs to be considered when analysing their
soot propensities [103].

Effect of chemical structure and functional group

Previous research has shown that the different chemical structures and
functional groups of fuels have a major influence on sooting propensity. Five
fuels with different chemical structures have been modelled to investigate
the effect of functional groups on PAH formation under spray combustion
conditions in diesel engines [120]. The sooting propensities of the five fuels
are in the ascending order of ethanol < n-butanol < methyl-decanoate <

n-heptane < 2,5-dimethylfuran. The phenol radicals are produced from
the cyclic structure of 2,5-dimethylfuran, resulting in its highest sooting
propensity.

It has been highlighted that fuels with a longer carbon chain have a higher
sooting propensity because they tend to form more intermediate hydrocar-
bons such as C3H6 and C2H4 [120, 121]. The hydroxyl group (-OH) inhibits
soot formation based on the observation that butane isomers produce more
soot than butanol isomers [122]. Due to the presence of the hydroxyl group,
butanol isomers tend to form more stable intermediates such as aldehydes
and ketones.

A study has compared the particulate matter (PM) emissions between the
functional group of ether in tea tree oil and the hydroxyl group in eucalyptus
oil by controlling the oxygen in both blends at 2.2 wt.% [123]. The lower PM
emission from tea tree oil implies that the functional group of ether has a
stronger effect on soot reduction. Furthermore, the results of reaction path
studies show that fuels that have ester groups in their molecular structure
form fewer soot precursors due to their different consumption pathways
when compared with n-alkanes [124].

The effect of the methylene group on soot formation reveals that the chemical
structure of carbon double bonds in the methylene group contributes to the
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highest soot production of rubber seed oil methyl esters [70]. However, there
is a lack of understanding and quantitative comparison of how different
functional groups in liquid biofuels, such as the methoxy, hydroxyl, and
methyl groups and their combinations, will have effects on soot evolution in
turbulent nonpremixed hydrogen/biofuel flames for radiation enhancement.

Efforts have been dedicated to the investigation of sooting propensities of
different types of renewable hydrocarbons. Different concentrations of orange,
eucalyptus and tea tree oil were blended with diesel to compare the particle
emissions between essential oils and diesel fuel [73]. The results show that
essential oil blends have higher particulate mass at all loadings.

The sooting propensities of C8 oxygenates were tested under high temper-
ature, higher pressure, and spray conditions [112]. The sooting propensity
of the oxygenates increases in the order of ester < aldehyde < alcohol <
ketone. A more extensive study of the sooting propensities of 275 different
renewable oxygenated hydrocarbons has been conducted in nonpremixed
laminar methane/air flames, which indicated that aldehydes and ketones
have a similar sooting propensity [51]. The sooting propensities of ester have
also been reported in increasing order: methyl and ethyl esters < carboxylic
acids, propyl esters < butyl and pentyl esters [51]. These studies are all moti-
vated by the demand for soot reduction in internal combustion engines under
spray conditions, which are different from industrial combustion systems. In
addition, the effectiveness of biofuels with different sooting propensities on
radiation enhancement in turbulent hydrogen flames is unknown.

Bond dissociation enthalpy (BDE) is closely related to the effect of functional
groups on sooting propensities, as it is the energy needed to break a chemical
bond, separating the bonded atoms into individual atoms with unpaired elec-
trons. It quantifies bond strength and is crucial for understanding chemical
reactions and molecule stability.

As mentioned in previous sections, it has been reported that the presence
of carbon double bonds in unsaturated mono-alkyl esters, methyl crotonate,
and methyl esters results in a greater sooting tendency, ascribed to the weak
BDE of carbon double bonds [125–127]. Chemical reactions tend to initiate
at the bond with the lowest BDE. In the methoxy group, chemical reactions
commonly initiate at the O-C bond with the lowest BDE (∼ 250 kJ/mol) [128,
129]. The BDE of the O-C bond in the methoxy group varies in different
chemicals (e.g. anisole and guaiacol) due to the influence of adjacent chemical
structures—the BDEs of the C-H bond in the aromatic ring in guaiacol (481–
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490 kJ/mol) are significantly higher than that in anisole (471–476 kJ/mol) due
to the additional hydroxyl group (-OH) in the ortho position of the methoxy
group [129, 130].

The BDE of the chemicals is a critical factor in analysing the sooting propen-
sities of the biofuel additives. Based on all the factors discussed above that
may affect sooting propensity, bio-oils derived from eucalyptus, Napier grass,
coconut shell, tobacco waste, together with essential oils including orange oil
and eucalyptus oil, are considered to be potential additives.

2.5.3 Surrogates for liquid biofuels

The direct analysis and study of biofuels with intricate compositions pose
significant challenges [78]. Instead, it is advantageous to identify suitable
surrogate compounds for biofuel analysis. A fuel surrogate refers to a simpli-
fied analogue that consists of one or more well-defined hydrocarbon species.
These surrogates possess known compositions and properties that allow them
to replicate the chemical, physical, and combustion characteristics of complex
practical fuels. This approach is commonly employed in both experimental
and computational investigations of combustion processes [131, 132]. For this
purpose, specific chemicals with well-established chemical mechanisms have
been selected as surrogates to emulate the physical and chemical properties
of corresponding biofuel additives. A summary of the surrogate properties is
provided in Table 2.7.

Toluene (C7H8)

Toluene is a non-oxygenated aromatic hydrocarbon consisting of a methyl
group attached to a phenyl group. It is known as one of the prominent
components of bio-oil, and has a highly sooting propensity. Toluene has
been studied as an additive for enhancing radiant intensity in turbulent
nonpremixed hydrogen flames, and achieved highly radiating hydrogen
flames by blending 1–5 mol% prevapourised and atomised toluene [48].
Toluene is chosen as a referencing additive in this experiment for comparison.

Eucalyptol (C10H18O)

Eucalyptol, a terpenoid oxide, has been selected as a surrogate for euca-
lyptus oil due to its high presence in the oil composition, accounting for
approximately 90 wt.%. Eucalyptol plays a dominant role in determining the
chemical and physical properties of eucalyptus oil [74]. Eucalyptus oil is an
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oxygenated fuel with a hydroxyl functional group, which can be presented by
eucalyptol. It allows the investigation of how oxygenates and non-oxygenates,
together with different functional groups, affect the soot production in hydro-
gen/biofuel flames. It is expected to have a highly sooting propensity due to
its relatively high C/H ratio.

Limonene (C10H16)

Limonene, a terpene compound, has been identified as the surrogate for
orange oil due to its predominant presence in the oil composition, accounting
for approximately 97 wt.%. It is derived from citrus fruit peels and does
not contain any oxygen. Therefore, it is expected to yield more soot than
eucalyptol as the oxygen content facilitates the oxidation of soot. It has been
reported that the particle number emissions of all essential oil blends, namely
eucalyptol, limonene, and tea tree oil, are higher than that of biodiesel [74].
Limonene consists of an allylic group with the lowest BED of the C-H bond
at 371 kJ/mol where chemical reactions tend to initiate [144].

Anisole (C7H8O)

Anisole is an organic compound characterised by a phenyl group bonded to
a methoxy group, which resembles a lignin structure [129]. It is commonly
employed as a simplified surrogate for bio-oil in studies concerning the
formation and oxidation of methoxy phenol, a primary precursor of poly-
cyclic aromatic hydrocarbons (PAHs) and soot in biomass combustion [145].
Reactions involving methyl radicals and anisole primarily occur through
H-abstraction at the methoxy group, which exhibits significantly higher
reactivity compared with attacks on the aromatic ring. Anisole features a
relatively weak bond of approximately 264 kJ/mol (BDE) between the oxygen
and methyl group, leading to the rapid formation of substantial quantities of
the phenoxy radical [139]. It is noticed the weakest bond O-C of the methoxy
group in anisole is higher than that in guaiacol at 243 kJ/mol, and is lower
than the BED of the C-H bond in the allylic group of limonene. Investigating
anisole can provide valuable insights into the behavior of the phenoxy radical,
serving as an important surrogate for intermediates in the oxidation of other
aromatic compounds.

Guaiacol (C7H8O2)

Guaiacol is characterised by a phenyl group attached to a hydroxyl group and
a methoxy group (-OCH3). It is a prominent aromatic oxygenate compound
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produced through lignin pyrolysis, demonstrating chemical structures and
functional groups akin to lignin patterns. Guaiacol plays a significant role in
the generation of polycyclic aromatic hydrocarbons (PAHs) and soot during
the combustion of biomass and bio-oil [129]. Similarly to anisole, the reaction
of guaiacol involves the O-C bond in the methoxy group, which exhibits a
lower BDE at 243 kJ/mol than anisole and contributes to the formation of
methyl radicals [146]. However, the presence of the hydroxyl group in the
ortho position of guaiacol promotes a chain radical mechanism and higher
BDE of C-H bonds from 481–490 kJ/mol, resulting in lower yields of aromatic
products when compared with anisole [129].

2.6 Methods of additive introduction

2.6.1 Overview of introduction methods

Liquid fuels can be introduced either by direct spraying or by entrainment
with a carrier gas. When liquid fuel droplets are introduced, they undergo
a phase change from liquid to vapour before initiating decomposition. The
method of introducing additives into the flame, either through prevapourisa-
tion or atomisation, can have a significant impact on the production of soot,
NOx, and CO emissions [48, 147, 148].

Promoting the prevapourisation of palm methyl ester fuel droplets has been
observed to result in reduced soot production and lower NOx emissions [147].
Under turbulent nonpremixed conditions, fuel droplet atomisation generates
local fuel-rich mixtures, promoting the formation of soot [51]. A comparison
between introducing toluene additives into turbulent nonpremixed hydrogen
flames through the ultrasonic spray and prevapourisation methods has been
conducted to investigate their influence on soot evolution [48]. It was found
that ultrasonic spray flames produce significantly higher levels of polycyclic
aromatic hydrocarbons, with a greater concentration of soot near the nozzle
exit plane, compared with prevapourised flames.

2.6.2 Atomisation

Atomisation of liquids in the form of a spray is vital in numerous practical
applications across the fields of engineering, medicine, and agriculture. Fuel
spray technology is widely employed in combustion systems such as internal
combustion engines, boilers, and gas turbines, as it assists in the efficient
and effective combustion of liquid fuels, without introducing the complexity
of prevapourisation [149–151]. Fine sprays generated from liquid fuel atom-
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isation promote uniform fuel-air mixing, which is essential for stable and
efficient combustion, as they break up the fuel into small droplets, increasing
surface area and facilitating better mixing with the oxidiser. This contributes
to the complete combustion of liquid fuels, minimising the production of
harmful pollutants and improving overall combustion efficiency [149, 152,
153]. In addition, atomisation of liquid fuels affects flame characteristics such
as radiant heat flux and NOx emissions. It has been reported that spray flames
generated by ultrasonic atomisation tend to have higher radiant heat flux
compared with prevapourised flames, due to the enhanced soot formation
from promoted fuel-rich regions [48].

In spray flames, the liquid fuel is atomised into small droplets to promote
the evaporation rate by increasing the contact area between the fuel liquid
droplets and air [154]. Atomisation is the essential process that determines the
spray characteristics including mean droplet size, droplet size distribution,
and velocity [155]. These spray characteristics are closely associated with fuel
density, viscosity, and surface tension and have a marked effect on flame
structure, NOx, and soot formation. It is found that the decrease in surface
tension of liquid fuel results in smaller droplet size [156]. The correlation
between droplet diameter and soot formation has been reported, showing
that the increase in droplet diameter suppresses local soot formation but
expands the soot formation region [157]. In addition, the viscosity of these
fuels has a different sensitivity to temperature, which will in turn affect the
fluid dynamics within the flame.

There are various atomisers for generating sprays in practical applications
using different fundamental mechanisms to atomise the liquid. Figure 2.6
schematically illustrates six types of common atomisers, namely pressure,
pressure-swirl, rotary, ultrasonic, external mixing and internal mixing atom-
isers. They utilise different mechanisms to atomise the liquid into droplets.

Pressure and pressure swirl atomisers inject liquid at high pressure through
an orifice, which are commonly employed in diesel engines. They have the
advantages of simplicity in design and ease of operation, but are not suitable
for producing fine droplets with viscous liquids. Considerable advancement
in understanding has been made, especially in the context of internal com-
bustion engines, aiming to achieve more homogeneous air-fuel mixing by
generating fine droplets since homogeneous mixing contributes to a better
charge, fewer NOx and particulate emissions. For a certain amount of liquid
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Figure 2.6: Various atomisers: (a) Pressure (b) Pressure-swirl (c) Rotary (d) Ultrasonic (e)
External mixing (f) Internal mixing. Adapted from Lee et al. [158].

fuel injected into the combustion chamber, smaller droplet size (micrometre
range) increases the fuel surface area for superior air-fuel interaction and
mixing, leading to more complete combustion [159, 160].

Amongst the contributing factors and parameters, spray characteristics from
pressure jets are subjected to fuel injection pressure, nozzle geometry, and
ambient conditions [160, 161]. Diesel engines usually favour high-Weber
jets with a high injection pressure and a small diameter orifice as they
induce higher momentum of the droplets [162, 163]. The injection pressure
was reported to have a greater influence on velocity distribution, spray tip
penetration (STP), and Sauter mean diameter (SMD) than nozzle length to
diameter ratio [164]. The SMD is reduced by 15% as the injection pressure is
increased from 100 to 200 MPa, compared with an 8% reduction in SMD when
the nozzle length to diameter ratio is changed from 4 to 8 (nozzle diameter
remained constant). The Sauter mean diameter is defined in Equation 2.8 as
the diameter of a sphere with the same volume-to-surface area ratio as the
actual droplets in the spray [165].

SMD =
d3

v
d2

s
(2.8)
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where dv is the volume diameter and ds is the surface diameter, defined as:

dv = (
6Vp

π
)1/3 (2.9)

ds = (
Ap

π
)1/2 (2.10)

where Vp and Ap are the volume and surface area of the particle, respectively.

Ultrasonic atomisation involves the use of vibrations to create alternating
high-pressure and low-pressure regions, causing the liquid to form small
droplets that detach from the surface, thereby a fine mist is generated. It
typically utilises a piezoelectric transducer that converts electrical energy
into high-frequency mechanical vibrations. The size of the droplets generated
is governed by the specific details of an ultrasonic nebuliser, such as its
operating frequency. Ultrasonic atomisation may bring complexity to the
configuration when designing a spray burner for establishing flames.

External mixing atomiser using the airblast effect is emphasised in this project
as it is capable of atomising highly viscous liquid. Moreover, it demonstrates
the potential for using gaseous fuels to atomise liquid fuel, which is desirable
for the approach of biofuel/hydrogen blending. The mechanisms of gas-assist
atomisation will be discussed in the following section.

2.6.3 Gas-assist atomisation

2.6.3.1 Process and mechanism of gas-assist atomisation

Gas-assist atomisation is an important method of atomisation that has been
extensively employed and studied for its advantageous application in prac-
tical combustion systems. Gas-assist atomisation involves the injection of a
liquid stream within a surrounding gaseous medium with velocity difference,
facilitated by shear and turbulent interactions induced instabilities occurring
on the interface of the two-phase flows. The dynamic motion of the interface
between the liquid and gas phases induces shear effects, promoting the rapid
breakup and fragmentation of the liquid flow into smaller objects.

Upon injection of the liquid flow into the gaseous medium, Kelvin-Helmholtz
instabilities manifest at the interface between the two flows characterised by
distinct velocities or densities [166, 167]. This, in turn, leads to an amplifica-
tion of Rayleigh-Taylor instabilities. Deformations promptly emerge on the
liquid interface and progressively intensify in magnitude as distance and
time elapse from the nozzle exit. This phenomenon is commonly referred to
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as the primary atomisation mechanism in which the dispersed phase volume
fraction is typically above 10−3 [153].

The secondary atomisation mechanism takes place at a more distant location
downstream, where the fragmented liquid undergoes interaction with aero-
dynamic forces. These forces contribute to the additional disintegration of
the liquid fragments into smaller elements. During this phase, interactions
between individual droplets become minimal. The secondary atomisation
corresponds to a dilute spray regime where the dispersed phase volume
fraction ranges from 10−6 to 10−3. Secondary atomisation is quantitatively
classified into different regimes based on the Weber number, namely vibra-
tional breakup (We ∼ 6), bag breakup (We < 10), bag/streamer breakup
(We < 25), stripping breakup (We < 50), and catastrophic breakup (We >

50) [168–170]. The exit Weber number characterises the relationship between
inertial forces and the surface tension forces to study fluid dynamics, which
is defined in Equation 2.11:

We =
ρg(Ug − Ul)

2Dl

σ
(2.11)

where ρg is the density of the gas, Ug and Ul are the bulk mean velocity of
the gas and liquid, respectively, Dl is the initial liquid jet diameter, σ is the
surface tension of the liquid.

The smaller elements and droplets generated from secondary atomisation are
further subjected to the interactions with gas which enhances the dispersion
of the droplets. The aerodynamic transport of droplets is less significant and
the dispersed phase volume fraction is less than 10−6 such that the droplets
behave almost as a gas [153]. As the finer and dispersed droplets are exposed
to the gas, the increased surface area facilitates faster evaporation. Compared
with dilute sprays, the dense spray behaviour is less understood due to the
challenges in applying experimental diagnostics [171, 172].

2.6.3.2 Influencing factors of spray characteristics

The physical properties of the gas and liquid greatly impact the atomisation
performance [168, 173]. At constant injection and ambient conditions, higher
viscosity inhibits the instabilities induced by deformation and disturbance at
the interface, hence delaying the atomisation. An increase in liquid density
and surface tension has been found to have negative influences on the spray
flow breakup. In studies of replacing conventional fuels with alternative
biofuels (e.g. biodiesel) in spray regime, it was concluded that biofuels
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tend to form droplets with larger SMD because biofuels usually possess
higher density, surface tension, and viscosity [95, 174]. For example, rapeseed
biodiesel produces a larger SMD value (29 µm) than that of coconut biodiesel
(20 µm) due to its higher magnitudes of density, viscosity, and surface tension
[165].

Apart from the intrinsic properties of the gas and liquid, non-dimensional
parameters play an important role in the spray characteristics of gas-assist
atomisation, including gas/liquid momentum flux ratio, Reynolds number
ratio, Weber number, and Ohnesorge number. The gas/liquid momentum
flux ratio (ψp) is defined in Equation 2.12 as [175]:

ψp =
ρgU2

g

ρlU2
l

(2.12)

where the subscripts g and l denote gas and liquid, respectively, ρ is the
density of the fluid, U is the bulk mean initial velocity.

The exit Weber number and bulk mean Reynolds number are defined in
Equation 2.11 and Equation 2.3, respectively.

The Ohnesorge number (Oh) is commonly used in fluid dynamics to compare
the relation between viscosity and surface tension among various types of
fluids. It is defined in Equation 2.13 as:

Oh =
µ√

ρσdjet
(2.13)

where µ, ρ, and σ are the dynamic viscosity, density, and surface tension of
the fluid respectively, and djet is the jet diameter of the fluid. The Oh of water
tested in this work is calculated at 0.006, indicating that the fluid behaviour is
dominated by viscosity rather than surface tension. This parameter is useful
for comparison amongst liquid fuels with different physical properties.

Although there is consensus on the influence of the liquid physical properties
on the spray characteristics, the dominant parameter remains inconclusive. It
has been identified that the relevant parameter for liquid disintegration is the
Weber number. The impact of turbulence level and the fuel/air mass ratio on
primary breakup length has been highlighted in addition to the turbulent
Weber number [176]. The liquid jet-Reynolds number (i.e. liquid velocity)
has been reported to play an important role in predicting the initiation of
jet instabilities and governing the liquid flow structure [177]. Some studies
emphasised that the atomisation process is mainly dependent on gas-to-liquid
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velocity ratio [178–182], whereas other work has highlighted the atomisation
process is primarily affected by gas-to-liquid momentum ratio [183–186].
The understanding of the dominant non-dimensional influencing parameters
not only benefits the spray characterisation, but also is particularly crucial
when employing hydrogen for atomising biofuel to attain stable flames with
enhanced soot formation. Thus, there is a need to conduct purpose-designed
experiments for parametric studies to better understand spray formation.

2.7 Particle seeding and thermal radiation

As mentioned in §2.3, aside from adding sooting liquid biofuels to hydrogen
flames, another potential approach is seeding solid particles into the hydrogen
flame for radiant heat flux enhancement. The seeded particles absorb heat
from the flame and elevate the temperature of the particles. The seeded
particles subsequently act as the source of blackbody radiation for radiant
heat flux enhancement since the flame’s radiated heat is proportional to the
fourth power of temperature—Qr ∝ T4.

Both inert and reactive particles have been seeded into flames for the purpose
of radiative heat flux enhancement. It has been reported in previous research
that adding 70–80 g/m3 inert silicon carbide particles to methane/air flames
by dust suspension generator leads up to a 33% increase in radiated flux,
however, adding alumina and aluminum was found to reduce the radiative
flux of methane/air flames. This phenomenon suggests that the alumina and
aluminum particles act as heat sinks to absorb the heat of the flame. Given
that the characteristic heating time of alumina and aluminum is longer than
silicon carbide, the coefficient emissivity of silicon carbide is high, and the di-
ameter of silicon carbide particles is small, hence the alumina and aluminum
particles are more difficult to heat [187]. Seeding aluminum oxide (Al2O3) as
nonreactive particles to hydrogen/air diffusion flames was found to decrease
the radiative heat flux because the flame temperature is reduced via the
convective heat loss to the Al2O3 particles, and the radiative heat blockage
effects imposed by Al2O3 particle seeding [49, 50]. Adding magnesium oxide
(MgO) has seen similar effects [50]. However, adding reactive particles to non-
luminous flames displays different effects on radiant heat flux enhancement
[21]. Adding reactive carbon particles at feed rates of 150 g/h and 250 g/h
enhances the radiative heat flux of the hydrogen/air flame by 13% and 19%,
respectively. This is due to the rise in flame temperature as well as the in-
crease in CO2 and soot generation from carbon particle addition [49]. The
increase of 43% in average radiation flux was observed in premixed natural
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gas flames by the injection of pulverised anthracite coal, in accordance with a
29 °C increase in flame temperature and the 7% improvement in flame emis-
sivity coefficient [188]. It is also argued that the increase in flame emissivity
coefficient plays a more important role in radiant heat flux enhancement than
flame temperature, accounting for 17% and 83%, respectively [188].

Compared with using renewable liquid biofuels for radiation enhancement
of poorly radiative flames, seeding solid particles may cause complexities
and increase costs in the feeding configurations. In addition, the nonreactive
particles may induce additional pollution to the environment. Therefore, this
thesis focuses on using renewable liquid biofuels as soot-enhancing additives
for hydrogen flames.

2.8 Research gaps

Despite the considerable research devoted to the various influencing factors
for the evolution of polycyclic aromatic hydrocarbons and soot in hydro-
gen/hydrocarbon flames, there is a paucity of understanding regarding
the efficacy and effectiveness of blending hydrogen flames with biofuels in
enhancing PAH/soot formation for radiation improvement, and the corre-
sponding impact on the combustion characteristics of turbulent non-premixed
hydrogen-based flames. Based on the detailed literature review in the pre-
ceding sections, the critical research gaps in the knowledge are identified as
follows:

1. Previous studies have tested and compared the sooting propensities
of various hydrocarbon fuels, but essential oils are not included. In
addition, it is unclear how effective these different types of prevap-
ourised non-oxygenated additives will be on radiant intensity enhance-
ment, global characteristics, and pollutant emissions in turbulent non-
premixed hydrogen flames by promoting soot formation.

2. Oxygenated fuel has been reported to reduce soot by both inhibit-
ing soot formation and promoting soot oxidation. There is a lack of
understanding of how different prevapourised non-oxygenated and
oxygenated biofuel additives affect radiation enhancement, PAH/soot
evolution, and flame temperature in turbulent nonpremixed hydrogen
flames.

3. Fuels with different functional groups have a marked impact on
PAH/soot evolution and combustion characteristics. However, there is a
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lack of qualitative and quantitative comparison between different types
of liquid biofuels within the methoxy, hydroxyl, and methyl groups and
their combinations on the effectiveness of radiation enhancement, soot
evolution, and flame temperature in turbulent nonpremixed hydrogen
flames.

4. It has previously been reported that introducing a non-oxygenated hy-
drocarbon additive by ultrasonic atomisation produces more polycyclic
aromatic hydrocarbons than by prevapourisation. Furthermore, liquid
fuels with various physical properties and atomisation mechanisms
impact the spray characteristics, which in turn affects spray combustion
performance. However, there is a lack of knowledge of how the biofuel
additive morphology and their influencing parameters impact flame
characteristics, soot formation, and the resultant radiant intensity in
turbulent biofuel-blended hydrogen flames.

2.9 Aims and objectives

The overarching aim of this thesis is to establish and deepen the understand-
ing of blending hydrogen flames with biofuels for promoting PAH/soot
formation, radiation enhancement, and the corresponding impact on the
combustion characteristics of turbulent nonpremixed hydrogen-based flames.
To address the research gaps identified in §2.8, and achieve the thesis aims,
the following objectives have been developed:

1. To establish the fundamental understanding and knowledge regarding
the effect of blending turbulent nonpremixed hydrogen-based flames
with prevapourised biofuels on flame characteristics, including flame
appearance, flame luminosity, radiant intensity, and flame temperature.

2. To understand the influence of varying the concentration and the in-
troduction methods of biofuel additives between prevapourisation and
ultrasonic spray on global flame characteristics, with emphasis on the
effectiveness of radiation enhancement and pollutant emissions in tur-
bulent nonpremixed hydrogen-based flames.

3. To analyse the effect of adding oxygenated and non-oxygenated liquid
biofuels with various functional groups (e.g. methyl, methoxy, hy-
droxyl and methylene groups) as additives to turbulent nonpremixed
hydrogen-based flames on the effectiveness of flame appearance, flame
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luminosity, radiation enhancement, pollutant emissions, and NOx for-
mation pathways.

4. To understand the effect of underlying mechanisms of blending hy-
drogen flames with biofuel additives via gas-assist atomisation on the
effectiveness of radiant heat flux enhancement and the combustion
characteristics of turbulent nonpremixed biofuel-blended hydrogen
flames.

46



2.10 References

2.10 References

[1] H. Kobayashi, A. Hayakawa, K. K. A. Somarathne, and E. C. Okafor.
“Science and technology of ammonia combustion”. Proc. Combust. Inst.
37 (2019), pp. 109–133.

[2] G. Kakoulaki, I. Kougias, N. Taylor, F. Dolci, J. Moya, and A. Jäger-
Waldau. “Green hydrogen in Europe-A regional assessment: Substi-
tuting existing production with electrolysis powered by renewables”.
Energy Convers. Manag. 228 (2021), p. 113649.

[3] S. Nag, P. Sharma, A. Gupta, and A. Dhar. “Experimental study of
engine performance and emissions for hydrogen diesel dual fuel
engine with exhaust gas recirculation”. Int. J. Hydrog. Energy 44 (2019),
pp. 12163–12175.

[4] R. W. Francisco Jr and A. A. M. Oliveira. “Measurement of the adia-
batic flame speed and overall activation energy of a methane enriched
H2/CO/CO2/N2 low heating value mixture”. Int. J. Hydrog. Energy
45 (2020), pp. 29533–29545.

[5] F. Verkamp, M. Hardin, and J. Williams. “Ammonia combustion prop-
erties and performance in gas-turbine burners”. Symp. (Int.) Combust.
11 (1967), pp. 985–992.

[6] J. Armjtage and P. Gray. “Flame speeds and flammability limits in
the combustion of ammonia: ternary mixtures with hydrogen, nitric
oxide, nitrous oxide or oxygen”. Combust. Flame 9 (1965), pp. 173–184.

[7] A. Ichikawa, A. Hayakawa, Y. Kitagawa, K. K. A. Somarathne, T. Kudo,
and H. Kobayashi. “Laminar burning velocity and Markstein length
of ammonia/hydrogen/air premixed flames at elevated pressures”.
Int. J. Hydrog. Energy 40 (2015), pp. 9570–9578.

[8] A. A. Khateeb, T. F. Guiberti, X. Zhu, M. Younes, A. Jamal, and W. L.
Roberts. “Stability limits and NO emissions of technically-premixed
ammonia-hydrogen-nitrogen-air swirl flames”. Int. J. Hydrog. Energy
45 (2020), pp. 22008–22018.

[9] L. Vandebroek, F. Verplaetsen, J. Berghmans, A. Van den Aarssen,
H. Winter, G. Vliegen, and E. Van’t Oost. “Auto-ignition hazard of
mixtures of ammonia, hydrogen, methane and air in a urea plant”. J.
Hazard. Mater. 93 (2002), pp. 123–136.

47



Chapter 2 Literature review

[10] J. Li, H. Huang, N. Kobayashi, Z. He, and Y. Nagai. “Study on using
hydrogen and ammonia as fuels: combustion characteristics and NOx

formation”. Int. J. Energy Res. 38 (2014), pp. 1214–1223.

[11] T. Kitagawa, T. Nakahara, K. Maruyama, K. Kado, A. Hayakawa, and
S. Kobayashi. “Turbulent burning velocity of hydrogen-air premixed
propagating flames at elevated pressures”. Int. J. Hydrog. Energy 33
(2008), pp. 5842–5849.

[12] Y. Zeldvich. “The oxidation of nitrogen in combustion and explosions”.
J. Acta Physicochimica 21 (1946), p. 577.

[13] A. Frassoldati, T. Faravelli, and E. Ranzi. “A wide range modeling
study of NOx formation and nitrogen chemistry in hydrogen combus-
tion”. Int. J. Hydrog. Energy 31 (2006), pp. 2310–2328.

[14] M. Skottene and K. E. Rian. “A study of NOx formation in hydrogen
flames”. Int. J. Hydrog. Energy 32 (2007), pp. 3572–3585.

[15] A. J. Reiter and S.-C. Kong. “Combustion and emissions characteristics
of compression-ignition engine using dual ammonia-diesel fuel”. Fuel
90 (2011), pp. 87–97.

[16] M. Gieras, R. Klemens, G. Rarata, and P. Wolański. “Determination of
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transport sector by numerically simulating fuel spray and pollutant
formation in diesel engines”. J. Clean. Prod. 88 (2015), pp. 272–279.

[150] P. Singh, R. Kumar, S. Sharma, and S. Kumar. “Effect of engine pa-
rameters on the performance of dual-fuel CI engines with producer
gas—A review”. Energy & Fuels 35 (2021), pp. 16377–16402.

[151] A. K. Agarwal. “Biofuels (alcohols and biodiesel) applications as fuels
for internal combustion engines”. Prog. Energy. Combust. Sci. 33 (2007),
pp. 233–271.

[152] S. P. Lin and R. D. Reitz. “Drop and spray formation from a liquid
jet”. Annual review of fluid mechanics 30 (1998), pp. 85–105.

[153] P. Jenny, D. Roekaerts, and N. Beishuizen. “Modeling of turbulent
dilute spray combustion”. Prog. Energy Combust. Sci. 38 (2012), pp. 846–
887.

[154] J.-S. Wu, Y.-J. Liu, and H.-J. Sheen. “Effects of ambient turbulence and
fuel properties on the evaporation rate of single droplets”. Int. J. Heat
Mass Transf. 44 (2001), pp. 4593–4603.

60



2.10 References

[155] J. Hayashi, J. Fukui, and F. Akamatsu. “Effects of fuel droplet size
distribution on soot formation in spray flames formed in a laminar
counterflow”. Proc. Combust. Inst. 34 (2013), pp. 1561–1568.

[156] S. H. Park, I. M. Youn, Y. Lim, and C. S. Lee. “Influence of the mixture
of gasoline and diesel fuels on droplet atomization, combustion, and
exhaust emission characteristics in a compression ignition engine”.
Fuel Process. Technol. 106 (2013), pp. 392–401.

[157] J. Hayashi, H. Watanabe, R. Kurose, and F. Akamatsu. “Effects of fuel
droplet size on soot formation in spray flames formed in a laminar
counterflow”. Combust. Flame 158 (2011), pp. 2559–2568.

[158] W. Lee Seang, P. Simsoo, and D. Yasuhiro. “An experimental study
of the effects of combustion systems and fuel properties on the per-
formance of a diesel engine”. J. Automobile Eng. 218 (2004), pp. 1317–
1323.

[159] M. U. Haq, A. T. Jafry, S. Ahmad, T. A. Cheema, M. Q. Ansari, and
N. Abbas. “Recent advances in fuel additives and their spray charac-
teristics for diesel-based blends”. Energies 15 (2022), p. 7281.

[160] A. K. Agarwal, S. Som, P. C. Shukla, H. Goyal, and D. Longman.
“In-nozzle flow and spray characteristics for mineral diesel, Karanja,
and Jatropha biodiesels”. Appl. Energy 156 (2015), pp. 138–148.

[161] A. J. Hewitt. “The importance of nozzle selection and droplet size
control in spray application”. Proc. of the North American Conf. on Pest.
Spray Drift Manag. Citeseer. 1998, pp. 75–85.

[162] G. J. Smallwood and O. L. Gulder. “Views on the structure of transient
diesel sprays”. At. Sprays 10 (2000).

[163] A. K. Agarwal, S. Park, A. Dhar, C. S. Lee, S. Park, T. Gupta, and N. K.
Gupta. “Review of experimental and computational studies on spray,
combustion, performance, and emission characteristics of biodiesel
fueled engines”. J. Energy Resour. Technol. 140 (2018).

[164] L. Geng, Y. Wang, J. Wang, Y. Wei, and C.-f. F. Lee. “Numerical simula-
tion of the influence of fuel temperature and injection parameters on
biodiesel spray characteristics”. Energy Sci. Eng. 8 (2020), pp. 312–326.

[165] C. Ejim, B. Fleck, and A. Amirfazli. “Analytical study for atomization
of biodiesels and their blends in a typical injector: surface tension and
viscosity effects”. Fuel 86 (2007), pp. 1534–1544.

61



Chapter 2 Literature review

[166] G. Singh, A. Kourmatzis, and A. Masri. “Volume measurement of
atomizing fragments using image slicing”. Exp. Therm. Fluid Sci. 115
(2020), p. 110102.

[167] A. Lowe, A. Kourmatzis, and A. R. Masri. “Turbulent spray flames
of intermediate density: Stability and near-field structure”. Combust.
Flame 176 (2017), pp. 511–520.

[168] A. H. Lefebvre and V. G. McDonell. At. Sprays. CRC press, 2017.

[169] A. Wierzba. “Deformation and breakup of liquid drops in a gas stream
at nearly critical Weber numbers”. Exp. Fluids 9 (1990), pp. 59–64.

[170] F. Duronio, A. De Vita, L. Allocca, and M. Anatone. “Gasoline direct
injection engines–A review of latest technologies and trends. Part 1:
Spray breakup process”. Fuel 265 (2020), p. 116948.

[171] M. Linne. “Imaging in the optically dense regions of a spray: A
review of developing techniques”. Prog. Energy Combust. Sci. 39 (2013),
pp. 403–440.

[172] M. Sommerfeld and H.-H. Qiu. “Experimental studies of spray evap-
oration in turbulent flow”. Int. J. Heat Fluid Flow 19 (1998), pp. 10–
22.

[173] A. Kourmatzis, O. J. Jaber, G. Singh, and A. R. Masri. “Review of flow
blurring atomization: advances and perspectives”. Energy & Fuels 36
(2022), pp. 4224–4233.

[174] B. M. Simmons and A. K. Agrawal. “Drop size and velocity measure-
ments in bio-oil sprays produced by the flow-blurring injector”. Turbo
Expo: Power for Land, Sea, and Air. Vol. 54617. 2011, pp. 701–710.

[175] A. Kourmatzis, P. X. Pham, and A. R. Masri. “Air assisted atomiza-
tion and spray density characterization of ethanol and a range of
biodiesels”. Fuel 108 (2013), pp. 758–770.

[176] A. Kourmatzis and A. Masri. “Air-assisted atomization of liquid jets
in varying levels of turbulence”. J. Fluid Mech. 764 (2015), pp. 95–132.

[177] G. Singh, A. Kourmatzis, A. Gutteridge, and A. R. Masri. “Instability
growth and fragment formation in air assisted atomization”. J. Fluid
Mech. 892 (2020), A29.

[178] A. Mansour and N. Chigier. “Dynamic behavior of liquid sheets”.
Phys. Fluids A: Fluid Dynamics 3 (1991), pp. 2971–2980.

[179] A. Lozano, F. Barreras, C. Siegler, and D. Löw. “The effects of sheet
thickness on the oscillation of an air-blasted liquid sheet”. Exp. Fluids
39 (2005), pp. 127–139.

62



2.10 References

[180] J. Park, K. Y. Huh, X. Li, and M. Renksizbulut. “Experimental investi-
gation on cellular breakup of a planar liquid sheet from an air-blast
nozzle”. Phys. Fluids 16 (2004), pp. 625–632.

[181] E. Rostami and H. Mahdavy Moghaddam. “The velocity and viscosity
impact on the annular spray atomisation of different fuels”. Combust.
Theory Model. 25 (2021), pp. 158–192.

[182] O. J. Jaber, A. Kourmatzis, and A. R. Masri. “Characterization of flow-
focusing and flow-blurring modes of atomization”. Energy & Fuels 35
(2020), pp. 7144–7155.

[183] C. Engelbert, Y. Hardalupas, and J. H. Whitelaw. “Breakup phenom-
ena in coaxial airblast atomizers”. Proc. Math. Phys. Eng. Sci. 451 (1995),
pp. 189–229.

[184] Y. Hardalupas, R. Tsai, and J. Whitelaw. “Primary breakup of coaxial
airblast atomizers”. Proc. Int. Conf. on Liquid Atomization and Spray
Systems, Manchester, UK. 1998, pp. 6–8.

[185] M. Chinnaraj and R. Sadanandan. “The effect of swirling air-to-liquid
momentum ratio on the spray and droplet characteristics”. J. Appl.
Fluid Mech. 13 (2020), pp. 827–837.

[186] A. Sinha, R. S. Prakash, A. M. Mohan, and R. Ravikrishna. “Airblast
spray in crossflow–structure, trajectory and droplet sizing”. Int. J.
Multiph. Flow 72 (2015), pp. 97–111.

[187] P. Christophe, B. M. Rim, G. Mohamed, S. Khashayar, and F. Jérôme.
“Thermal radiation in dust flame propagation”. J. Loss Prev. Process Ind.
49 (2017), pp. 896–904.

[188] S. Pourhoseini and M. Moghiman. “Effect of pulverized anthracite
coal particles injection on thermal and radiative characteristics of
natural gas flame: An experimental study”. Fuel 140 (2015), pp. 44–49.

63





Chapter 3

Methods

3.1 Approach

This chapter summarises the methods and approaches employed in different
stages of this research to achieve the aims and objectives presented in §2.9.
The interconnections and underlying logic of the methodology are illustrated.
A combined experimental and numerical approach was employed to investi-
gate the effect of adding prevapourised/spray biofuel additive to turbulent
nonpremixed hydrogen-based flames on combustion characteristics, includ-
ing flame appearance, flame luminosity, flame temperature, radiant intensity,
spray characteristics, and pollutant emissions.

Five liquid biofuel surrogates were selected based on the in-depth literature
review of potential biofuels with high sooting propensities for the radiant heat
flux enhancement of hydrogen-based flames. Toluene, anisole, and guaiacol
are chosen as the surrogates for bio-oils, while eucalyptol and D-limonene
are chosen as the surrogates for essential oils. The sooting propensities of the
selected liquid biofuel surrogates were tested on a wick-fed burner under
laminar flame conditions using the smoke point method to understand the
chemistry of the biofuel surrogates before adding them to hydrogen-based
flames. The results are presented in Chapter 4. These tests also contribute
to establishing the understanding of the effect of their different functional
groups on sooting propensity independent from hydrogen combustion. The
sooting propensities of the tested biofuel surrogates were broadly compared
with hydrocarbon fuels in the existing literature to provide insights into the
potential replacement of conventional fuels with these renewable biofuels in
applications that rely on radiant heat flux.
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Based on the initial sooting propensities investigation, the biofuel surrogates
were added to turbulent nonpremixed hydrogen-based flames at various
concentrations via prevapourisation or ultrasonic spray, to allow comparisons
between these two methods of additive introduction and mechanisms on
radiant heat flux enhancement and flame characteristics. These experimental
studies were performed on an integrated vapourised/ultrasonic spray burner.
The results are presented in Chapter 5.

The results from Chapters 4 and 5 suggested the necessity for further analysis
of desirable introduction methods in achieving radiating flames with greater
effectiveness of radiant heat flux enhancement. Therefore, a needle spray
burner that employs gas-assist atomisation for adding liquid biofuel surro-
gates to hydrogen-based flames was developed in Chapter 6. The working
range of the spray burner was identified using both non-reacting (Chap-
ter 6) and reacting flows (Chapter 7). The near-field spray characteristics of
the burner and the corresponding non-dimensional influencing parameters
were investigated using microscopic shadowgraphy imaging. The gas-assist
atomised biofuel surrogates were added to turbulent nonpremixed hydrogen
flames and the flame characteristics were compared with the prevapourised
and ultrasonically atomised biofuel/hydrogen flames.

A series of diagnostics used to measure the aforementioned combustion
characteristics and flame features are introduced with details in §3.4 and the
methodology section in the papers. Numerical modelling of opposed-flow
non-premixed (OPPDIF) flames was undertaken in Chemkin Pro v19.2 to
estimate soot formation in the biofuel-blended hydrogen-based flames by
simulating PAH formation. The numerical simulation of NOx formation
was also performed to analyse the dominant NOx formation pathways and
mechanisms in these blended flames.

3.2 Burner design and experimental setup

3.2.1 Wick burner

Three burners with complementary functions have been developed and
used to investigate various flame cases at different stages of this research. A
wick-fed burner was employed to evaluate the sooting propensities of the
potential biofuel additives using the smoke point method before adding them
to hydrogen-based flames. Pure liquid biofuel surrogate was supplied to the
laminar flame via a wick. As the laminar flame’s luminous length is elongated
by the extension of the wick length, the smoke point is determined by the
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maximum flame’s luminous length before emitting smoke. The smoke point
is inversely proportional to the sooting propensity of the fuel. The detailed
descriptions of the burner and measurement are illustrated in Chapter 4.

3.2.2 Vapourised/spray burner

To investigate the effect of prevapourisation and ultrasonic spray as introduc-
tion methods on the combustion performance of biofuel-blended hydrogen-
based flames, an integrated vapourised/ultrasonic spray burner was designed
and manufactured to supply biofuel additives in droplets or vapour form. The
schematic of the vapourised/ultrasonic spray burner and the experimental
setup is shown in Figure 3.1.

In the ultrasonic spray flame configuration, the H2/N2 mixture is supplied
through the carrier gas inlet and then transports the biofuel droplets gener-
ated by the ultrasonic nebuliser to the flame. The ultrasonic nebuliser consists
of a piezoelectric transducer that vibrates at high frequencies, typically in
the ultrasonic range (above 20 kHz). When an electric current is applied
to the transducer, it undergoes rapid mechanical oscillations, creating ul-
trasonic waves. As the ultrasonic waves propagate, they create alternating
high-pressure and low-pressure regions within the liquid. The interactions
between the high-pressure and low-pressure phases of the ultrasonic cause
rapid collapse of the liquid into fine droplets. The inner curve of the cover
case, together with the relative position between the nebuliser droplet outlet
and the central jet, ensure stable transportation of the two-phase fuel mixture.

Within the prevapourisation arrangement, the liquid biofuel undergoes pre-
vapourisation via a controlling evaporating mixing (CEM) unit positioned
prior to the burner. The CEM was heated and maintained above the boiling
point of the selected biofuel surrogates. The biofuel vapour was entrained by
the carrier gas into the H2/N2 mixture. The liquid fuel stream is blocked in
this operational state. The parameters of the burner and test conditions are
presented in the methodology section of Chapter 5.
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3.2.3 Needle spray burner

The complex physical properties of biofuel play an important role in spray
characteristics (e.g. droplet morphology and level of dispersion), which in
turn influence the combustion characteristics. To investigate the impact of
various biofuel physical properties and the non-dimensional parameters on
the spray characteristics and the flame characteristics of the biofuel-blended
hydrogen flames, a coaxial needle spray burner was designed to introduce
the biofuel additives into the fuel mixture by gas-assist atomisation. The
parameters of the needle spray burner can be found in Chapters 6 and 7. The
schematic of the needle spray burner and the experimental setup is shown in
Figure 3.2. This burner design is similar to the University of Sydney Needle
Spray Burner (SYNSBURNTM) [1, 2] that has been used in the Turbulent
Combustion of Sprays (TCS) Workshop series.

Since the droplet size and morphology vary depending on the gas-assisted
atomisation conditions, there is a risk of unburned liquid fuel droplets falling
out of the flame envelope and causing fire. To reduce this risk, the needle
spray burner is horizontally oriented and configured with a drip tray to
control the potential unburned liquid fuel. Furthermore, the working range of
the needle spray burner has been identified under non-reacting and reacting
flow conditions to determine the safe flow cases of interest. The results of
the working range identification and the spray burner characterisation are
presented in §3.3 and Chapter 6, respectively.
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3.3 Needle spray burner characterisation

3.3.1 Working range identification—non-reacting flow

As discussed in §2.6.3, the performance of the gas-assist atomisation is
controlled by various non-dimensional parameters, which in turn affects the
combustion of the multi-phase fuels. A thorough and detailed identification
of the working range of the spray burner is important for determining the
flow cases of interest and the gas-assist spray flame analysis. Therefore, it is
essential to characterise the spray burner under non-reacting conditions and
understand the spray structures prior to the reacting flow tests.

In this section, the broad working range of the spray burner is identified by
the observation of the spray breakup length and presented in Table 3.1 and
Table 3.2, using air and helium, respectively, as the carrier gases and water
as the liquid. The breakup length is defined as the axial distance before any
ligament shredding or jet breakup is observed from the long-exposure pho-
tographs. The uncertainty of the measurement is ± 8%. The Weber number
and gas/liquid momentum ratio are presented for each flow case in italic
and bold text, respectively, using the equations presented in §2.6.3.2. The
results reveal that using air or helium as the carrier gas at constant bulk
mean velocity leads to distinct spray performance. This broad identification
of the working range of the spray burner provides important information
and evidence for further detailed investigation of spray structures and for
reducing the risk of fire hazards. A detailed study of the spray characteristics
of the interested flow cases along with the diagnostic—microscopic shadowg-
raphy imaging technology using commercial photographic equipment are
presented in Chapter 6.
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Table 3.1: Working range identification of spray burner using air/water. “U" denotes the
bulk mean velocity (m/s); bold text in the cell (top) denotes the gas/liquid momentum flux
ratio range; italic text in the cell (bottom) is the Weber number; “l" is the breakup length of
the spray (mm); grey cell—no spray (l = N/A); orange cell—very coarse spray (l = 8–∞);
blue cell—coarse spray (l = 3–8); yellow—fine spray (l = 1–3); and green cell—very fine
spray (l < 1).

Sprays

A
ir

U
(m

/
s)

120
108.3
144

27.1
143

12.0
142

6.8
141

110
91.0
121

22.8
120

10.1
119

5.7
118

100
75.2
100

18.8
99

8.4
98

4.7
97

90
60.9
80

15.2
80

6.8
80

3.8
79

80
48.1
64

12.0
63

5.3
62

3.0
62

70
36.9
48

9.2
48

4.1
48

2.3
47

60
27.1
35

6.8
35

3.0
35

1.7
34

50
18.8
25

4.7
25

2.1
25

1.2
24

40
12.0
15

3.0
15

1.3
15

0.8
15

30
6.8
9

1.7
9

0.8
9

0.4
8

20
3.0
4

0.8
4

0.3
4

0.2
3

10
0.8
1

0.2
1

0.1
1

0
0.7

Water U (m/s) 0.4 0.8 1.2 1.6
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Table 3.2: Working range identification of spray burner using helium/water. “U" denotes the
bulk mean velocity in m/s; bold text in the cell (top) denotes the gas/liquid momentum flux
ratio range; italic text in the cell (bottom) is the Weber number; “l" is the breakup length of
the spray in mm; grey cell—no spray (l = N/A); orange cell—very coarse spray (l = 8–∞);
blue cell—coarse spray (l = 3–8); yellow—fine spray (l = 1–3); and green cell—very fine
spray (l < 1).

Sprays

H
el

iu
m

U
(m

/
s)

120
15.0
20

3.7
20

1.7
20

0.9
20

110
12.6
17

3.1
17

1.4
17

0.8
16

100
10.4
14

2.6
14

1.2
14

0.7
14

90
8.4
11

2.1
11

0.9
11

0.5
11

80
6.7
9

1.7
9

0.7
9

0.4
9

70
5.1
7

1.3
7

0.6
7

0.3
7

60
3.7
5

0.9
5

0.4
5

0.2
5

50
2.6
3

0.7
3

0.3
3

0.2
3

40
1.7
2

0.4
2

0.2
2

0.1
2

30
0.9
1

0.2
1

0.1
1

0.1
1

20
0.4
0.5

0.1
0.5

0
0.5

0
0.5

10
0.1
0.1

0
0.1

0
0.1

0
0.1

Water U (m/s) 0.4 0.8 1.2 1.6
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3.3.2 Working range identification—reacting flow

The working range identification of the spray burner under non-reacting
flow conditions was presented in §3.3.1, providing initial information and
evidence to establishing flames on the needle spray burner. However, whether
the atomised liquid fuel droplets can be fully consumed in the flame is
uncertain, which requires further investigation of the broad working range
under reacting flow conditions.

In this section, the broad working range of the spray burner under reacting
flow conditions is identified to provide insights into the potential flame cases
for H2/N2/biofuel flame study while controlling the risks of fire hazards
(refer to §3.2). Hydrogen was chosen as the base fuel and the carrier gas for
the atomisation of liquid fuel. Ethanol was chosen as the liquid fuel due to
its higher volatility and lower hazardous level compared with other biofuel
surrogates. The higher volatility of ethanol makes it more likely to fully
react within the hydrogen flame, while the low hazardous level of ethanol
minimises the impact if spillage of unburned liquid fuel occurs. Nitrogen was
added to hydrogen to adjust the momentum flux of the carrier gas because
it is an inert gas of high density. The flow rate of ethanol was tested at 3,
6, 9 mL/min, equivalent to 1–3 mol% blending ratio of the gas/liquid fuel
mixture. The criterion for the identification of the working range is all liquid
fuel droplets can be consumed in the flame. In general, the results shown in
Table 3.3 suggest that the atomised liquid droplets are fully consumed when
the Weber number is greater than 80 and it is relatively insensitive to the
momentum flux ratio.
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Table 3.3: Working range identification of spray burner using H2/N2/ethanol. “V" denotes the
bulk mean volumetric flow rate in L/min; bold text in the cell (top) denotes the momentum
flux ratio range; italic text in the cell (bottom) is the Weber number; orange cell—liquid
droplets not fully consumed; and green cell—no unconsumed liquid droplets observed.

Flames

H
2

V
(L

/
m

in
)

261
15–143

95
33–302

200
40–368

244
52–469

310
70–631

417

144
5–43

29
15–135

89
19–176

116
26–239

158
38–346

228

136
4–39

25
14–126

83
18–165

109
25–226

149
36–328

217

109
2–25

16
10–96

63
14–129

85
20–181

120
30–271

178

68
1–9
6

6–58
38

9–82
54

13–121
80

21–191
126

N2 V (L/min) 0 18 25 35 50
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3.4 Experimental diagnostics

The blending effect of biofuel additives on the combustion characteristics
of hydrogen-based flames, including flame appearance, flame luminosity,
radiant intensity, flame temperature, pollutant emissions, and spray character-
istics, has been experimentally investigated. The combustion characteristics
and corresponding diagnostics are introduced in this section. The detailed
settings and parameters of the diagnostics are adjusted accordingly to the
requirements of different experiments in the methodology section of publica-
tions.

3.4.1 Flame appearance measurement

Digital single-lens-reflex (DSLR) cameras were used to capture the variations
in flame appearance between unblended and biofuel-blended hydrogen
flames. DSLR cameras operate by capturing light through a lens, reflecting it
with a mirror and prism to the optical viewfinder, and redirecting it to the
image sensor when the shutter is released. They offer superior image quality
due to larger sensors, interchangeable lenses for versatility, manual controls
for precise adjustments, faster performance for capturing action, and a wide
range of accessories for expanded functionality. These features make DSLR
cameras preferred when seeking quick assessment, high-quality images, and
flexibility in measurement pursuits.

Yellow streaks were observed in hydrogen flames, showing a strong signal
in spectral measurements at ∼589 nm. This phenomenon was attributed to
the interference from sodium in the ambient air, which has been previously
reported [3, 4]. A 594 nm notch filter (FWHM = 23 nm) was added in front
of the camera to remove this interference from all photographs reported.

The coloured images taken by the DLSR cameras provide information on the
variation in colouration between flame cases. The change in flame coloura-
tion and distribution is an indication of the dominant species such as soot
particulates, water vapour, and CH∗ in the flame. In addition to the direct
observation provided by the images, the signal intensity of the pixels ex-
tracted from the images can be used as an indication of flame luminosity for
quantitative comparison across various flame cases. The coloured images are
converted to greyscale during image post-processing to acquire the signal
intensity of each pixel. The signal intensity can be further processed adapting
to different analyse purposes.
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3.4.2 Thermocouple for temperature measurement

Temperature data of a flame is critical to the evaluation of soot evolution and
NOx emissions. Thermocouples have been extensively employed as a physi-
cal probe for time-averaged flame temperature measurements due to their
reliability and low cost [5–7]. When the junction of two dissimilar metallic
wires of a thermocouple is exposed to different temperatures, a proportional
electrical voltage potential is generated based on the thermoelectric effect,
also known as the Seebeck effect [8]. The electrical signal is then recorded
and converted to temperature [7]. The insertion of a thermocouple probe into
a flame can cause local and global disturbances of both an aerodynamic and
chemical nature [5]. To minimise the probe-induced aerodynamic perturba-
tions in a turbulent diffusion flame, while achieving a faster response time
and higher spatial resolution, a Type-R thermocouple with 0.2 mm diameter
wire size and a 0.7 mm diameter bare-bead was employed. The mean flame
temperature at each measuring location was collected for 1 min at 10 Hz after
a steady state was achieved. The error calculated from the obtained flame
temperature data was ±1%.

The utilisation of a thermocouple entails the measurement of temperature
at the junction of the thermocouple probe, which may not inherently align
with the actual temperature of the surrounding gas. As a consequence, the
acquired temperature data could be notably underestimated ascribing to
the inertia and energy loss. Correction for heat transfer effects is required
for accurate thermocouple temperature measurements [5, 6, 9]. Radiative
heat transfer of the thermocouple with its surroundings is a major concern,
for example, the error can reach up to 250◦ C in a 1400◦ C flame [5]. The
radiation correction equations and processes [9] for thermocouples are shown
in Appendix B. The uncertainty of the mean flame temperature measurement
was primarily due to the radiation correction and was estimated to be ±6%.

3.4.3 Heat Flux Sensor for Radiant Intensity Measurement

To measure the radiant intensity emitted by the flames, a Schmidt-Boelter
gauge (Medtherm Corporation) was utilised as the transducer. This heat flux
sensor incorporates a thermopile as the sensing component, which is shielded
by a sapphire window. The sapphire window allows the transmission of
approximately 85% of the nominal thermal radiation within the range of
5–200 kW/m2. The heat flux sensor provides a full-field angle view of 150◦.
Since the heat flux sensor has different angular sensitivity, a view restrictor
was mounted on the heat flux sensor to reduce the view angle to 20◦.
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Figure 3.3: Angular sensitivity of the heat flux sensor with/without a 20◦ view restrictor

The angular sensitivity of the heat flux sensor with or without the view
restrictor was assessed. A non-premixed laminar ethylene flame on a Bunsen
burner was employed as the radiative heat source to investigate the angular
sensitivity of the heat flux sensor (serial number 92242) from −70◦ to 70◦

(sensor to the measuring object). The Bunsen burner was placed at 380 mm
radial distance from the sensor. In total, 150,000 samples were collected for
30 s at 5000 Hz, and averaged to obtain the mean radiative heat flux at each
angle after the background correction. As shown in Figure 3.3, the angular
sensitivity of the sensor without a view restrictor peaks at 0◦ and decreases
as the angle increases. In comparison, the radiant heat flux signal was cut
off outside of the angle range from −10◦ to 10◦ when the view restrictor was
installed. This experiment provides evidence to support the multi-location
measurement to locate peak radiant intensity in flames with a view restrictor.
By incorporating a view restrictor, the uncertainty of the radiant heat flux
measurement was reduced to ±3%.

Radiant fraction, which is the ratio of total radiated power and the flame’s out-
put power, was employed to compare the efficiency of radiation enhancement
of different biofuel dopants. The radiant fraction is defined as [10]:

χr =
Q̇r

Q̇F
=

2 · π · R ·
∫ ∞

0 q′′(ẋ)dx
ṁ × LHV

(3.1)

where Q̇r is the total radiated power (kW), Q̇F the output power of the flame
(kW), R the radial distance from the centre of the jet to the heat flux sensor,
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3.4 Experimental diagnostics

∫ ∞
0 q′′(ẋ)dx the total axial radiative flux (kW/m2), ṁ the fuel mass flow rate,

and LHV the lower heating value of the fuel [10].

3.4.4 Global Emissions Measurement

Pollutant emissions including CO, CO2, and nitrogen oxides (NOx, com-
prising NO and NO2) between different flames have been quantified and
compared. Thermal NOx is promoted due to the high flame temperature of
hydrogen flames. It is essential to quantify NOx emissions between different
biofuel-doped hydrogen flames. To account for the various heat input, molec-
ular weight, and ambient air entrainment, an emission index for NOx (EINOx )
is employed and calculated using Equation 3.2 [10, 11]:

EINOx =
XNOx

(XCO + (XCO2 − XCO2amb))
× nc × MWNOx

MW f × LHVf
(3.2)

where X is the mole concentration of NOx, CO, CO2 in the exhaust gases,
CO2amb is the concentration of CO2 in ambient air in mole, nc denotes the
carbon concentration of fuel, MWNOx is the molecular weight of NOx, MW f

and LHVf denote the molecular weight and the lower heating value of
the fuel mixture, respectively. Note that Equation 3.2 is not applicable to
carbon-free fuel mixtures [11].

To quantify the comprehensive emissions encompassing carbon monoxide
(CO), carbon dioxide (CO2), and nitrogen oxides (NOx), a Testo 350 XL
flue gas analyser was utilised. The analyser incorporates sensors with a
resolution of one parts per million (ppm) for NO, NO2, and CO, while
for CO2 measurements, the resolution is 0.01 volume percent (vol.%). The
probe was placed at the centre of the fume hood to collect samples of flue
gas emitted from different biofuel-blended hydrogen flames. The flue gas
samples then passed through a particle filter to the chemical cells for analysis.
The flue gas analyser was calibrated by a CO, CO2, and NO gas mixture with
known concentration before use. The results from the calibration suggest a
±2% uncertainty in the measurement.

3.4.5 Microscopic shadowgraphy

3.4.5.1 Optical setup

A schematic of the microscopic shadowgraphy setup is shown in Figure 3.4.
Three key components for shadowgraph imaging technology are the detector,
lens, and light source. A digital single-lens reflex camera (Canon EOS 50D)
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Figure 3.4: Schematic of microscopic shadowgraphy setup.

was used as the detector to capture the spray characteristics. The ISO sen-
sitivity was adjusted to 1000 to achieve contrast between the spray and the
background. A K2 DistaMax long-distance microscope (Infinity) and a CF-2
objective were used with the DSLR camera to magnify regions of interest. An
electronic flash unit (Canon EL-1) was placed opposite the microscope as the
light source to back-illuminate the spray flow. The parameters of the camera,
long-distance microscope, objective, and flash are reported in Table 3.4.

Table 3.4: The parameters of the camera, long-distance microscope, CF-2 objective, and
electronic flash unit. The “A" refers to the adjustable aperture diaphragm. DOF is the depth
of field of the image.

Parameter Unit Value
Canon EOS 50D
Image resolution pixels 4752 × 3168
Pixel size µm 4.69
Sensor size mm 22.3 × 14.9
ISO sensitivity - 1000
Shutter speed s 1/8000
Bit depth bit 14
K2 DistaMax with CF-2 objective
Working distance mm 120
Imaging area mm 10 × 7
DOF (A = closed) mm 2.95
Canon EL-1 flash
Power output setting - 1/8192
Flash duration (nominal) µs 10
Flash duration (measured) µs 15 ± 2

One of the advantages of this diagnostic configuration is the easy alignment of
the camera, long-distance microscope, region of interest, and electronic flash.
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Since the region of interest for shadowgraph imaging is typically the near-
field spray area where PDPA is not applicable, the camera is focused on the
centre of the needle jet exit. The position of the flash was adjusted to ensure
the region of interest is homogeneously illuminated by the light. The use of a
flash diffuser was found critical to achieve homogeneous illumination.

A key challenge for spray characterisation is the method to “freeze” the flow
motion, either by the short duration time of the light source or the short
exposure time of the camera. In the previously reported diagnostics, lasers
functioned as the light source to achieve duration time in nanoseconds, and
a scientific ICCD camera can also achieve an exposure time in nanoseconds.
The shortest exposure time for Canon EOS 50D is 125 µs, several magnitudes
longer than that of lasers. Therefore, the Canon EL-1 flash with the nominal
duration time of 10 µs (specified by the manufacturer) was chosen to “freeze”
the flow motion with a trade-off in performance that motion blur may occur
when measuring small objects moving at high speed. In this case, the short
duration of the flash at 10 µs ensures the caption of the flow details and
the shutter speed of the camera is insignificant. The detection limit of the
minimum size of a moving object without motion blur is restricted by the
duration time of the flash. The power output of the camera flash is inverse
to the flash duration time. To achieve the shortest flash duration, the flash
power output was set to the lowest power setting (1/8192). The flash duration
(FWHM) was measured to be 15 µs with inter-shot variability of ±2 µs using
an oscilloscope and a photodiode.

An advantage of using a commercial photographic camera is the higher
spatial resolution can be achieved at a significantly lower cost compared
with scientific cameras. The spatial detection limit of the optical setup is
restricted by the diffraction-limited resolution and the in-plane spatial res-
olution calculated by the field of view (FOV) and the total pixels of the
camera. The diffraction-limited resolution was measured at 8.8 µm using a
resolution test target (Thorlabs high-frequency NBS 1963A). The field of view
(FOV) of the optical setup is 10.4 mm (L) × 7.3 mm (W). The distance from
the liquid jet exit is normalised by the liquid jet ID as x/D. The in-plane
spatial resolution was identified from the field of view (FOV) and the total
pixels of the camera as 2.3 µm. Therefore, the spatial detection limit of the
optical setup is determined to be 8.8 µm. The depth of field (DOF) of the
long-distance microscope-equipped camera was measured at 2.95 mm with
an uncertainty of ±0.03 mm.
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3.4.5.2 Image processing and uncertainties

The flow chart shown in Figure 3.5 illustrates the steps followed in this
work for image processing. All the images were corrected for dark charge.
To account for vignetting, a uniformity image was taken when the light
source was on and the spray flow was off. This uniformity image was used
for attenuation correction. The images were subtracted by the background
image, which was also corrected for dark charge and attenuation. The images
were then binarised in MATLAB by applying a maximum normalised pixel
threshold to distinguish the spray features and the background.

It has been systematically studied in previous research that the determination
of the threshold is critical since the measurement of small objects is more
sensitive to the threshold level and results in a larger discrepancy, compared
with larger objects [12, 13]. For example, a 18 µm object is underestimated
by 40% for a normalised threshold of 74%, whereas 5% error is found for a
145 µm object [14]. As the optical setup introduced in this chapter focused
on resolving relatively larger objects than 100 µm diameter, the obtained
results are less sensitive to the threshold level. In addition, the shadowgraphs
were taken at the initial break-up region where few defocussed droplets
were observed to interfere with the results. This is because the spray has
not undergone dispersion in this region and the droplets can be captured
by the relatively large DOF of 2.95 mm. In previous studies, 40–60% of the
peak pixel intensity has been used as the threshold to attain an error of 10%
in object size [15, 16]. A sensitivity analysis has been conducted to evaluate
the threshold from 40–70% using a non-dimensional parameter area fraction
(AS/AT), defined as the ratio of the area occupied by the spray objects (AS)
to the total area (AT) in the FOV. The sensitivity analysis shows that for the
threshold range of 40–57% and 63–70%, the uncertainty of area fraction is
large from -18% to 74%. It is noted that the uncertainty is reduced within
58–62% threshold range compared with larger thresholds between 63–70%.
In this study, the threshold was chosen to be 60% of the peak intensity.

Fifty (50) microscopic shadowgraphs were taken for each flow case. The
non-dimensional parameter area fraction (AS/AT) was used to analyse the
statistical significance of the data set. The area occupied by the spray objects
is calculated by the total black pixels (pixel intensity = 0) in the binarised
shadowgraphs, whereas the total area is indicated by the total pixels in
the shadowgraphs. The results show that the accumulative average of area
fraction from the data set converged to ±5%. To capture the evolution of
the liquid core in different flow cases, in addition to the short-exposure
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Figure 3.5: Flow chart of image processing.

shadowgraphs, five shadowgraphs with a longer exposure time of 2 s were
taken for each flow case.

The extraction of spray information from the shadowgraphs for characterisa-
tion and classification could be achieved using automated algorithms [2, 13,
16] and machine learning [17], consisting of detecting dark objects on a white
background and their geometric properties. The classification criterion (see
§6.3.1) and uncertainties are applied in the automated algorithms for object
matching [12, 14]. They could be developed in Matlab and are particularly
useful for massive image post-processing. However, because the focus of this
work is on introducing the optical setup and spray characterisation, applying
automated algorithms or machine learning is not essential. In this work, the
characteristic lengths of droplet size, wavelength, and ligaments are manually
calculated based on the pixels from the microscopic shadowgraphs.

3.5 Numerical approach

Numerical simulation was employed in this research to analyse the effect
of chemical structures and functional groups of biofuel surrogates on the
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soot formation and pollutant emissions in biofuel-blended hydrogen flames.
The chemical analysis was conducted with the opposed-flow diffusion (OP-
PDIF) module of Chemkin Pro v19.2 with comprehensive chemical kinetic
mechanisms to model NOx and PAHs formation.

Opposed-flow diffusion (OPPDIF) flames in Chemkin Pro are simulated
using computational modelling to analyse combustion phenomena. The
simulation involves defining the system geometry, specifying the fuel and
oxidiser streams’ characteristics, and setting the initial conditions. Conser-
vation equations for mass, momentum, energy, and species are numerically
solved to account for transport and reaction processes within the flame. The
convective and diffusive transport mechanisms are considered, driven by
flow velocities and molecular diffusion, respectively.

Chemical kinetic mechanisms define the reaction rates and pathways of
various species, enabling the calculation of species formation and consump-
tion rates based on local conditions. The chemical kinetics employed in this
research were developed and presented by the CRECK Modelling Group
for the purpose of simulating PAH formation to predict soot and dominant
NOx formation pathways in biofuel/hydrogen flames [18]. It encompasses
a comprehensive network of 24501 individual reactions involving 497 dis-
tinct chemical species, spanning the combustion of hydrocarbons within the
C1 to C16 range. To the best of the authors’ knowledge, detailed chemical
kinetics mechanisms that contain toluene, anisole, and guaiacol are available;
however, they are unavailable for the essential oil surrogates eucalyptol and
D-limonene. With the growing interest in the potential of using bio-oils as a
renewable energy carrier for combustion, more comprehensive mechanisms
may become available in the future.

To predict and understand the soot evolution in biofuel-blended/H2 flames,
naphthalene (C10H8, henceforth denoted as A2) was chosen as the represen-
tative PAH for the Chemkin simulation. Naphthalene has been widely used
in computational investigations because it is a critical intermediate in the
generation of large soot precursors [19–21]. Formaldehyde (CH2O), recog-
nised as an abundant species in the initial oxidation reactions that is strongly
linked to the biofuel concentration. It also serves as a precursor to both fuel
oxidation and PAH oxidation, and a primary intermediary species in the
conversion of toluene to CO2 [19]. Therefore, formaldehyde was selected as
the indicator of the PAH oxidation rate.
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The NOx formation in biofuel/hydrogen flames was conducted through
numerical modelling to understand the observations of global NOx emissions
collected from the experiment. The focal point resides in the evaluation of
the rate of production (ROP) of NOx, PAHs, and the principal pathways
governing their formation. The numerical results from the chemical kinetic
analysis not only demonstrate the observation from experimental results, but
more importantly provide understanding from a chemical perspective into
the effect of biofuel addition on dominant reaction pathways for PAHs and
NOx formation which are unavailable through experiments.

85



Chapter 3 Methods

3.6 References

[1] A. Lowe, A. Kourmatzis, and A. R. Masri. “Turbulent spray flames
of intermediate density: Stability and near-field structure”. Combust.
Flame 176 (2017), pp. 511–520.

[2] G. Singh, A. Kourmatzis, and A. Masri. “Dense sprays with a focus
on atomization and turbulent combustion”. Flow Turbul. Combust. 106
(2021), pp. 405–417.

[3] J. Robinson and V. Smith. “Emission spectra of organic liquids in
oxy-hydrogen flames”. Analytica Chimica Acta 36 (1966), pp. 489–498.

[4] E. E. Arens, R. C. Youngquist, and S. O. Starr. “Intensity calibrated
hydrogen flame spectrum”. Int. J. Hydrog. Energy 39 (2014), pp. 9545–
9551.

[5] M. Heitor and A. Moreira. “Thermocouples and sample probes for
combustion studies”. Prog. Energy. Combust. Sci. 19 (1993), pp. 259–278.

[6] N. Yilmaz, W. Gill, A. B. Donaldson, and R. E. Lucero. “Problems
encountered in fluctuating flame temperature measurements by ther-
mocouple”. Sensors 8 (2008), pp. 7882–7893.

[7] K. Shannon and B. Butler. “A review of error associated with thermo-
couple temperature measurement in fire environments”. Proceedings of
the 2nd International Wildland Fire Ecology and Fire Management Congress.
Citeseer. 2003, pp. 16–20.

[8] A. Van Herwaarden and P. Sarro. “Thermal sensors based on the
Seebeck effect”. Sens. Actuators 10 (1986), pp. 321–346.

[9] C. R. Shaddix. “A new method to compute the proper radiant heat
transfer correction of bare-wire thermocouple measurements.” Sandia
National Lab.(SNL-CA), Livermore, CA (United States) (2017).

[10] X. Dong, G. J. Nathan, S. Mahmoud, P. J. Ashman, D. Gu, and B. B.
Dally. “Global characteristics of non-premixed jet flames of hydrogen–
hydrocarbon blended fuels”. Combust. Flame 162 (2015), pp. 1326–
1335.

[11] S. R. Turns and F. H. Myhr. “Oxides of nitrogen emissions from
turbulent jet flames: Part I-Fuel effects and flame radiation”. Combust.
Flame 87 (1991), pp. 319–335.

86



3.6 References

[12] J. T. Kashdan, J. S. Shrimpton, and A. Whybrew. “Two-Phase Flow
Characterization by Automated Digital Image Analysis. Part 2: Appli-
cation of PDIA for Sizing Sprays”. Particle & Particle Systems Character-
ization: Measurement and Description of Particle Properties and Behavior in
Powders and Other Disperse Systems 21 (2004), pp. 15–23.

[13] A. Kourmatzis, P. X. Pham, and A. R. Masri. “Characterization of
atomization and combustion in moderately dense turbulent spray
flames”. Combust. Flame 162 (2015), pp. 978–996.

[14] J. T. Kashdan, J. S. Shrimpton, and A. Whybrew. “Two-phase flow char-
acterization by automated digital image analysis. Part 1: fundamental
principles and calibration of the technique”. Particle & Particle Systems
Characterization: Measurement and Description of Particle Properties and
Behavior in Powders and Other Disperse Systems 20 (2003), pp. 387–397.

[15] A. Kourmatzis, P. X. Pham, and A. R. Masri. “A two-angle far-field
microscope imaging technique for spray flows”. Meas. Sci. Technol. 28
(2017), p. 035302.

[16] G. Singh, A. Kourmatzis, and A. Masri. “Volume measurement of
atomizing fragments using image slicing”. Exp. Therm. Fluid Sci. 115
(2020), p. 110102.

[17] P. Toth, A. B. Palotas, T. A. Ring, and E. G. Eddings. “A robust method
for the quantitative shadow imaging of dense reacting particulate
flows”. The 8th US National Combustion Meeting, Park City, Utah. 2013.

[18] T. Faravelli, A. Frassoldati, and E. Ranzi. “Kinetic modeling of the
interactions between NO and hydrocarbons in the oxidation of hy-
drocarbons at low temperatures”. Combust. Flame 132 (2003), pp. 188–
207.

[19] M. J. Evans, D. B. Proud, P. R. Medwell, H. Pitsch, and B. B. Dally.
“Highly radiating hydrogen flames: effect of toluene concentration
and phase”. Proc. Combust. Inst. 38 (2021), pp. 1099–1106.

[20] F. Bisetti, G. Blanquart, M. E. Mueller, and H. Pitsch. “On the forma-
tion and early evolution of soot in turbulent nonpremixed flames”.
Combust. Flame 159 (2012), pp. 317–335.

[21] A. Violi, A. D’Anna, and A. D’Alessio. “Modeling of particulate
formation in combustion and pyrolysis”. Chem. Eng. Sci. 54 (1999),
pp. 3433–3442.

87





Chapter 4

Fundamental insights into the
effect of blending hydrogen
flames with sooting biofuels

89



 

 

Statement of Authorship
Title of Paper Fundamental insights into the effect of blending hydrogen flames with sooting biofuels 

Publication Status 
 

 

Publication Details Y. Yin, P.R. Medwell, A.J. Gee, K.K. Foo, B.B. Dally 

Fundamental insights into the effect of blending hydrogen flames with sooting biofuels 

Fuel, 331 (2023), Article 125618. 

Principal Author 

Name of Principal Author (Candidate) Yilong Yin 

Contribution to the Paper 

 

 

1. Developed the research concept of evaluating the sooting propensities of renewable biofuels 

and their blending effect on the radiation enhancement of turbulent hydrogen flames. 

Determined the combustion characteristics of interest and their corresponding diagnostics, 

namely still photograph and lux meter for flame appearance and luminosity measurement, 

heat flux sensor for radiant heat flux, and thermocouple for flame temperature measurement. 

2. Designed, organised, and conducted experimental campaigns. Selected biofuels and their 

surrogates for testing. Designed and built the burners for sooting propensity test of pure 

biofuels and for blending hydrogen with biofuels. Designed and determined the details of 

flame cases and test conditions. Developed required safety measures and documentation 

for the experiments. Prepared, tested and calibrated the equipment used in the experiments. 

Designed and assembled appropriate plumbing systems. 

3. Designed and performed numerical modelling in Chemkin Pro for soot precursors formation 

and oxidation analysis to verify, interpret, and understand the observations from the 

experiments. Searched and revised chemical mechanisms that include soot precursors 

formation for the tested biofuel surrogates. 

4. Collected, processed, and analysed data from the experiments and numerical simulation. 

Evaluated the uncertainties and reliability of the data. Initiated idea of evaluating flame 

luminosity using intensities extracted from the photographs. Generated and determined 

critical experimental and numerical results for a paper. Deepened the understanding of 

sooting propensities of biofuel tested in this study and the effect of prevapourised biofuel 

addition on combustion characteristics of hydrogen flames with the references from previous 

research. Identified the interactions and connections among the measured flame 

characteristics. Generated and determined novel findings of the study. 

5. Developed and edited the manuscript. Selected the target journal of the manuscript. 

corresponding author. 

Overall percentage (%) 75% 

Certification: This paper reports on original research I conducted during the period of my Higher Degree by 

Research candidature and is not subject to any obligations or contractual agreements with a 

third party that would constrain its inclusion in this thesis. I am the primary author of this paper. 

Signature Date 31/10/2023 

 

 



Co-Author Contributions

By signing the Statement of Authorship, each author certifies that:

i.

ii. permission is granted for the candidate in include the publication in the thesis; and

iii. the sum of all co-

Name of Co-Author Paul R. Medwell

Contribution to the Paper 1. Supervised the development of the research. Helped to evaluate the potential outcome and 

significance of the research.

2. Provided assistance with the training of experimental skills.

3. Advised on the experimental and numerical modelling details of the study. Supervised and 

approved the safety operation of the experiment. Advised on the calibration and setup of the 

experiment.

4. Advised on data processing and analysis. Evaluated the results and findings of this research.

5. Edited the manuscript. P

Signature Date

Name of Co-Author Adam J. Gee

Contribution to the Paper 1. Provided assistance with the experimental setup and data collection.

2. Provided suggestions for the experimental design.

3. Helped to proofread the manuscript.

Signature Date

Name of Co-Author Kae Ken Foo

Contribution to the Paper 1. Co-supervised the design of the experimental work, including flame cases, test conditions, 

and equipment calibration.

2. Provided assistance with the experimental setup and data collection. Provided suggestions 

for the data processing and coding.

3. Helped to proofread the manuscript.

Signature Date

Name of Co-Author Bassam B. Dally

Contribution to the Paper 1. Supervised the development of the research. Guided the direction of the research.

2. Provided assistance with the training of experimental skills.

3. Advised on the experimental and numerical approach of the study.

4. Advised on data processing and analysis. Evaluated the results and findings of this research.

5. Edited the manuscript



 

 

Signature Date  

 



Fuel 331 (2023) 125618

Available online 26 August 2022
0016-2361/© 2022 Elsevier Ltd. All rights reserved.

Contents lists available at ScienceDirect

Fuel

journal homepage: www.elsevier.com/locate/fuel

Full length article

Fundamental insights into the effect of blending hydrogen flames with
sooting biofuels
Yilong Yin a,∗, Paul R. Medwell a, Adam J. Gee a, Kae Ken Foo a, Bassam B. Dally b

a School of Mechanical Engineering, University of Adelaide, Adelaide, South Australia 5005, Australia
b Clean Combustion Research Centre, King Abdullah University of Science and Technology, Thuwal 23955-6900, Kingdom of Saudi Arabia

A R T I C L E I N F O

Keywords:
Hydrogen
Biofuels
Sooting propensity
Combustion characteristics
Radiant heat flux
Oxygen content

A B S T R A C T

A major challenge to using hydrogen as a carbon-free energy carrier to replace fossil fuels in high-temperature
practical processes is the reduced thermal radiative transfer of hydrogen flames due to the absence of soot.
To address the potential issue of low radiative heat transfer from hydrogen flames, the effect of blending
highly sooting biofuels to turbulent nonpremixed hydrogen-based flames on flame luminosity and radiant heat
flux enhancement is investigated in this paper. The sooting propensities of aromatic bio-oil surrogates (toluene,
anisole and guaiacol) and monoterpene essential oil surrogates (eucalyptol and D-limonene) are evaluated. The
Threshold Sooting Index (TSI) and Oxygen Extended Sooting Index (OESI) are calculated and compared with
the data sets in the literature. The sooting propensities of the reported fuels are found to follow a decreasing
order: aromatics > monoterpenes > alkenes > alkanes > aldehydes. The effect of chemical structure and
functional group on sooting propensity tends to be more significant than the oxygen content and effective C/H
ratio. Turbulent nonpremixed hydrogen–nitrogen (9:1 mol) jet flames are blended with 0.2 and 1 mol% (based
on the molar concentration of hydrogen) vapourised biofuels. The results show that adding 0.2 and 1 mol%
vapourised biofuels to the hydrogen-based flame non-linearly improves the flame luminosity and radiant
fraction by 61%–253% and 2%–19%, respectively. Toluene is the most effective additive in luminosity and
radiant fraction enhancement among all tested biofuels. Adding biofuels with an aromatic structure increases
the radiant fraction by 10%–19%, which is more effective than cyclic monoterpenes (2%–9%). Adding non-
oxygenated biofuels generally have larger increases in radiant fraction (9%–19%) than oxygenated biofuels
(2%–10%).

1. Introduction

Hydrogen has long been seen as a potential alternative to fos-
sil fuels due to its carbon-free nature [1–4]. Although over 95% of
global hydrogen production still relies on steam-methane reforming or
coal gasification, the production of green hydrogen is rapidly grow-
ing [5]. Unlike direct use of other renewable energy sources such as
solar, wind and tidal energy, which have intermittent and geographical
limitations, hydrogen can be stored and transported as a renewable
energy carrier [6–8]. As a transitional step, a portion of hydrogen can
be blended with natural gas (NG) in existing appliances to mitigate
the CO2 emissions by reducing the concentration of carbon per unit
of energy delivered [9]. However, entire replacement of fossil fuels
with pure hydrogen still requires significant advancement, not only
because the current capacity of hydrogen production cannot meet
the natural gas demand, but also because of the requirements of re-
designing and replacing the end-use appliances. The feasibility and

∗ Corresponding author.
E-mail address: yilong.yin@adelaide.edu.au (Y. Yin).

efficacy of using hydrogen as a base fuel for high-temperature practical
processes requires a comprehensive understanding of hydrogen flames
and innovative insights into their adaptation [1].

A key challenge for the direct replacement of natural gas with
hydrogen is the reduced thermal radiative transfer of hydrogen flames
due to their carbon-free nature, hence the absence of soot. Thermal
radiation is typically one of the primary means of heat transfer in
stationary energy systems, such as kilns and boilers, which is typically
enhanced by the efficient blackbody radiation from soot particulates.
Whilst gaseous species, such as CO2 and H2O also contribute to thermal
radiation, these tend to be minor in comparison with the radiative
heat transfer from soot [10–12]. To enhance the thermal radiation
from hydrogen flames, which have considerably lower luminosity than
hydrocarbon flames, one approach is to introduce additional material
with complementary properties to the flames [13]. This can be in the
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form of non-reacting particles, or by doping the hydrogen with a small
quantity of a highly sooting fuel [10,14].

To enhance the radiative heat transfer from hydrogen flames, a
highly sooting hydrocarbon fuel can be chosen as a suitable addi-
tional agent [10,14,15]. Biofuels are preferable to hydrocarbons ex-
tracted from fossil fuels as they are derived from renewable biomass
resources [16]. The production of biofuels can be widely combined
with existing industries to utilise by-products and waste products of
these production processes, such as from pulp and paper industries
and food production plants, which makes it less harmful to the envi-
ronment [17]. Liquid biofuels can be divided into subcategories based
on their feedstocks and production methods, including bio-oils and
essential oils. Bio-oils are derived from biomass refining, which mainly
converts lignin, cellulose, and hemicellulose from renewable plant re-
sources into liquid fuels through pyrolysis [18]. They often consist of a
large proportion of aromatics, which is expected to promote the forma-
tion of polycyclic aromatic hydrocarbons (PAHs) and subsequently soot
formation [19,20]. Essential oils are one of the renewable resources
obtained from roots, bark, leaves, and aromatic parts by distillation or
solvent extraction [21]. They are mainly composed of terpene-related
(C5H8)𝑛 hydrocarbons [22]. Bio-oils and essential oils are the main
focus of this study.

The sooting propensity of biofuels is indicated by various factors.
Fuels with a higher carbon-to-hydrogen (C/H) ratio tend to have higher
sooting propensity [23,24]. Related to this, the unsaturation degree,
which is indicated by the number of carbon double-bonds and triple-
bonds, increases the sooting tendency by forming polycyclic aromatic
hydrocarbons (PAHs) [25,26]. In addition to the unsaturation degree
and the C/H ratio, the presence of oxygen content in oxygenated
fuels has been reported to reduce soot formation by promoting soot
oxidation [25,27–31]. Biofuels are typically oxygenated, therefore, it is
important to include the effect of oxygen content when assessing the
sooting propensity of biofuels as potential add-on agents for hydrogen
flames. Compared with using hydrogen as a diluent for soot reduction,
improving the radiant intensity and identifying the combustion char-
acteristics of a hydrogen-based flame by blending with hydrocarbons
is poorly studied. However, a recent experimental study on hydro-
gen/toluene blends with 1%–5% toluene concentration (by mole of
H2) under turbulent nonpremixed conditions revealed that increasing
the additive concentration from 1% to 3% has a marked effect on
soot loading, but further increases in toluene concentration are less
effective [10].

The smoke point (SP) has been widely employed to investigate
and compare the sooting propensity of oxygenated and non-oxygenated
hydrocarbons [32–34]. The smoke point is determined by the maximum
luminous length of a flame without emitting soot [35]. The sooting
propensity of fuels is inversely proportional to the SP. The threshold
sooting index (TSI) is calculated based on the smoke point to enable
correlation among different sooting propensity data sets measured in
different experiments by scaling the constants of each data set [36].
The effect of molecular weight on sooting propensity is also taken into
account in TSI since a higher molecular weight requires more oxygen
transport into the flame and react with a unit volume of a fuel, which
results in an increase in flame length [36]. To emphasise the effect
of oxygen content in oxygenated hydrocarbons, the oxygen-extended
sooting index (OESI) enables comparison of the sooting propensity
between non-oxygenated and oxygenated hydrocarbons [37]. It has
been reported in previous studies that the sooting propensities of
non-oxygenated hydrocarbons follow this increasing order: alkanes <
alkenes < 1-alkynes < aromatics [24]. The sooting propensities of
oxygenated hydrocarbons (e.g., esters) have been reported in the in-
creasing order: methyl and ethyl esters < carboxylic acids, propyl esters
< butyl and pentyl esters [27]. However, there is a relative paucity of
comparison available for the sooting propensity between oxygenated
and non-oxygenated biofuels, monoterpenes and aromatics in particular
— especially in the context of being additives in hydrogen flames.

The direct use of biofuels with complex compositions for data anal-
ysis and chemical mechanisms studies is challenging for fundamental-
level studies [16]. Instead, it is preferable to find appropriate surrogates
for biofuels. A fuel surrogate is a simple analogue created from one
or more well-defined hydrocarbon species, with known compositions
and properties that can emulate the chemical, physical, and combustion
properties of a complex practical fuel. This approach is commonly used
in both experimental and computational combustion studies [38,39].
In this study, five different biofuel surrogates are selected as potential
additives. The chemical structures of the selected biofuel surrogates
are shown in Fig. 1. Toluene (C7H8) is a non-oxygenated component
of bio-oil, consisting of an aromatic structure with a methyl group
attached. Anisole (C7H8O) is an organic compound consisting of a
phenyl group attached to a methoxy group which is characteristic of
a lignin structure. Anisole is one of the simplest surrogates for bio-
oil for the formation and oxidation of methoxy phenol, which is the
main precursor of PAH and soot in biomass combustion [40]. Guaiacol
consists of a phenyl group attached to a hydroxy group and a methoxy
group (-OCH3). It is the primary aromatic oxygenate produced from
lignin pyrolysis, which is more representative of a lignin pattern due to
the similar chemical structures and functional groups, and is the main
contribution to PAH and soot formation during biomass and bio-oil
combustion [41]. Eucalyptol (C10H18O), also known as 1,8-cineole, is
a cyclic monoterpenoid and surrogate for eucalyptus oil, as eucalyptus
oil contains 90 wt% of eucalyptol, thus dominating the chemical and
physical properties of eucalyptus oil [28]. D-limonene (C10H16) is a
cyclic monoterpene compound and surrogate for orange oil, as orange
oil contains 97 wt% of D-limonene. It is obtained from citrus fruit peels
and has no oxygen content.

In this paper, the smoke point, luminosity and radiant heat flux of
biofuels are tested on a wick-fed burner to establish the fundamental
understanding of their flame characteristics and sooting propensity. In
subsequent experiments, the biofuels are prevapourised and blended
into turbulent nonpremixed 9:1 hydrogen/nitrogen jet flames to inves-
tigate their effects on flame appearance, flame luminosity and radiant
heat flux. The addition of a small quantity of nitrogen increases the
Reynolds number, so that operation in the fully turbulent regime was
achieved. Qualitative and quantitative comparison amongst oxygenated
and non-oxygenated biofuel additives with various chemical struc-
tures provides insights into the chemical effects on the efficacy of
hydrogen/biofuel mixture thermal radiation properties and potential
adaptation in practical processes.

2. Methodology

2.1. Sooting propensity measurements on a wick-fed burner

The smoke point (SP), luminosity and radiant heat flux of liquid
bio-oil surrogates (toluene, anisole and guaiacol) and essential oil
surrogates (eucalyptol and D-limonene) were tested under laminar non-
premixed flame conditions on a wick-fed burner. Kerosene and ethanol
were also tested as reference fuels. The flame length was controlled by
adjusting the extended wick length above the exit plane. To measure
the flame length at SP, the flame appearance was captured with a
Canon 6D digital camera and a 50 mm f/1.8 lens [33,34]. The colour
photos were first converted to greyscale for image post-processing. The
flame contour was defined as the region in which the pixel intensity
is above 75% of the peak intensity of each image [33]. The images
were then binarised to determine the SP based on the flame contour.
The value of SP was obtained from the pixel count between the exit
plane and the flame tip. The measurement uncertainty in the SP test
depends on the method for visual observation and calculation of the
flame length at the SP. Obtaining the SP by pixel count from still
photographs with long exposure time captured the flame length to
±3%. In addition, the measurement uncertainty of kerosene SP was also
subjected to variations in its composition.
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Fig. 1. Chemical structure of selected biofuel surrogates.

The TSI and OESI are both calculated to compare the sooting
propensities of the biofuels tested in this work with fuels in the litera-
ture. The TSI is calculated from the SP as [36]:

𝑇𝑆𝐼 = 𝑎
(𝑀𝑊𝑓

𝑆𝑃

)
+ 𝑏 (1)

where 𝑎 and 𝑏 are constants for any given experimental setup, 𝑀𝑊𝑓 the
molecular weight of the fuel. By adjusting the constants 𝑎 and 𝑏 follow-
ing the procedure proposed by Calcote and Manos [36], comparison
of the SP data acquired from different experiments can be achieved.
The constants 𝑎 and 𝑏 for this test are calculated and presented in
Section 3.1.1.

Among the studies that used TSI to quantify the sooting propensity,
most were focussed on non-oxygenated hydrocarbons [42–44]. How-
ever, TSI is not appropriate for a comparison between oxygenated and
non-oxygenated fuel as it does not account for the effect of oxygen
content. Another sooting index, OESI, includes the effect of fuel-borne
oxygen by including stoichiometric air requirements as a relevant
parameter. The OESI is defined as [29]:

𝑂𝐸𝑆𝐼 = 𝑎′
(
𝑛 + 𝑚∕4 − 𝑝∕2

𝑆𝑃

)
+ 𝑏′ (2)

where 𝑎′ and 𝑏′ are constants for a given experimental setup, and 𝑛, 𝑚
and 𝑝 are the number of carbon, hydrogen and oxygen, respectively.
The experimental constants 𝑎′ and 𝑏′ of OESI can be adjusted following
a similar procedure to the TSI to allow comparison of data sets obtained
in different experimental setups.

In addition to the reduced radiant heat flux, hydrogen flames have
considerably lower visibility than hydrocarbon flames. The approach
of blending hydrogen with biofuels has potential to both enhance the
luminosity and the radiant heat flux of hydrogen-based flames. In this
study, the flame illuminance and radiant heat flux of laminar non-
premixed biofuel flames are reported and correlated with the sooting
propensities of the fuels.

The extended wick length was further adjusted to 1, 3 and 5mm
and kept consistent for all biofuels to attain stable laminar flames
for luminosity and radiant heat flux measurements. In addition to
the luminosity information from the photographs, flame illuminance
(lumen∕m2) was measured by a Lux meter (Protech QM1584) to further
investigate and quantify the visibility of the biofuel flames. The Lux
meter was placed at the radial distance of 72mm from the flame cen-
tre. A Schmidt-Boelter heat flux sensor (Medtherm Corporation model
92 241) was employed as the transducer, with a view angle restricted
to 20°, to measure the radiant intensity between flames. The heat flux
sensor was placed at a radial distance of 140mm perpendicular to the
vertical axis of the flame. With a 20° view angle placed at 140mm, the
heat flux sensor measured 50mm flame length.

2.2. Experimental setup for biofuel-blended H2/N2 flames

Turbulent nonpremixed jet flames were stabilised on a 5.5mm inner
diameter, 300mm length pipe, surrounded by a square (150mm ×
150mm) uniform coflow of room-temperature air at 1m∕s. The relative
distance between the flame tip and exhaust hood was kept constant at
700mm. A 9:1 H2/N2 mixture (by mole) was selected as the base fuel

Table 1
Flame codes and cases of biofuel-blended H2/N2 flames. The total heat input is 24.6 kW
± 0.2 for 0.2 mol% case, and 28.2 kW ± 0.6 for 1 mol% case. The exit strain rate 𝑈∕𝑑
(s−1) is 20, 400 ± 90. The Reynolds number is 10, 400 ± 90 for a 0.2 mol% case, and
11, 800 ± 450 for a 1 mol% case.

Flame code Flame case

HTV𝑥 H2/N2/Toluene (C7H8)
HEV𝑥 H2/N2/Eucalyptol (C10H18O)
HLV𝑥 H2/N2/D-limonene (C10H16)
HAV𝑥 H2/N2/Anisole (C7H8O)

for all flame cases with a fixed bulk mean Reynolds number 10,000
(based on the jet diameter). Vapourised biofuels at concentrations of
0.2 and 1%, based on the mole concentration of hydrogen, were added
to the H2/N2 mixture. The H2/N2 flow rate and the carbon flow rates
were kept constant to ensure an equivalent carbon flux in the fuel
mixture. All liquid biofuels were prevapourised by heating to 190 ◦C
and were mixed with a 9:1 mixture of H2/N2 gases with a controlled
evaporating mixing (CEM) unit upstream of the burner. The burner
was indirectly pre-heated by a hot nitrogen carrier gas flowing through
the CEM (heated to 190 ◦C) prior to all flame case tests. To reduce
heat losses between the CEM and the burner, the plumbing system
was wrapped in heating coils and with thermal insulation. The jet
exit temperature was measured to be 110 ± 6 ◦C in a non-reacting
flow prior to lighting the flame. The partial pressure of the additives
are below their vapour pressure at such temperatures. Condensation
was not observed at the biofuel concentration used in the experiment.
The vapourised biofuel/H2/N2 mixture flowed through symmetrically
distributed holes on the base of the burner.

The exit strain rate is defined as the jet exit mean velocity (𝑈)
normalised by the jet diameter (𝑑), i.e., 𝑈∕𝑑 (s−1) [45,46]. The flame
conditions and corresponding flame codes are shown in Table 1 and are
hereafter represented by flame codes. For example, in ‘‘HTV𝑥’’, ‘‘HT’’
represents H2/N2 blended with toluene, ‘‘V’’ indicates the biofuels are
prevapourised, and ‘‘𝑥’’ represents the mole concentration of biofuel.
The H2/N2 flame without any biofuel is hereafter referred to as ‘‘HB0’’.

The visual appearance of the flames was captured by a Canon 6D
digital camera with a 50 mm f/1.8 lens. It was noted in preliminary
experiments that yellow streaks were observed in hydrogen flames,
which showed a strong signal in spectral measurements at ∼589 nm.
This phenomenon was attributed to the interference from sodium in
the ambient air, as has been previously reported [47,48]. The use of a
594 nm notch filter (FWHM = 23 nm) in front of the camera removed
this interference from all photographs reported herein.

The heat flux sensor described in Section 2.1 was placed at a radial
distance of 284mm perpendicular to the vertical axis of the flame. With
a 20° view angle placed at 284mm, the heat flux sensor measured the
100mm flame length. The radiant heat flux data was collected at eight
equi-spaced heights to measure the radiant intensity of different flames,
starting from the height above burner (HAB) at 40mm and ending
at HAB 390mm. The data points were chosen to focus on the region
near the jet exit (𝑥∕𝐿𝑓 = 0–0.4) where the flame is mainly driven by
momentum.
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Fig. 2. Photographs of laminar nonpremixed flames on a wick-fed burner at SP. Photographs with 0.125 s exposures were taken at f/22, ISO 100. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

The radiant fraction (𝜒𝑟), which is the ratio of total radiated power
to the flame’s thermal power, is employed to compare the effectiveness
of radiation enhancement of different biofuels. The total radiated power
(�̇�𝑟) is the summation of the numerically integrated axial (𝑧) and radial
(𝑟) radiant heat flux (�̇�′′) measured in the experiment. The radiant
fraction is defined as [49]:

𝜒𝑟 =
�̇�𝑟

�̇�𝐹
=

2 ⋅ 𝜋 ⋅
(∫ 𝑅

𝑅0
𝑟 ⋅ �̇�′′(𝑟) ⋅ 𝑑𝑟 + 𝑅 ⋅ ∫ ∞

0 �̇�′′(𝑧) ⋅ 𝑑𝑧
)

�̇� × 𝐿𝐻𝑉
(3)

where �̇�𝐹 the output power of the flame (kW), �̇� the fuel mass flow
rate, and 𝐿𝐻𝑉 the lower heating value of the fuel, 𝑅 the radial distance
from the centre of the jet to the heat flux sensor, 𝑅0 the radial distance
from the centre of the jet to the flame front.

The centreline flame temperature, as an indicator of flame temper-
ature, was measured by a Type-R thermocouple with 0.2 mm diameter
wire size and a 0.7 mm diameter exposed bead. The flame temperature
data points were obtained at the same locations as the radiant heat
flux data. The thermocouple measurements were corrected for radiative
heat losses.

2.3. Chemical kinetics modelling

To achieve a deeper understanding of the chemistry and dominating
reaction pathways of PAH formation in biofuel-blended H2/N2 flames,
numerical simulations of opposed-flow nonpremixed (OPPDIF) flames
in Chemkin Pro v19.2 were employed. The OPPDIF model simulates a
nonpremixed flamelet and has been widely used in conjunction with
experimental approaches to investigate flame behaviours and chemical
kinetics in jet flames [50,51].

The chemical kinetic mechanism used in this study was developed
by the CRECK Modelling Group for soot formation modelling, with
24 501 reactions and 497 species for C1–C16 hydrocarbon combus-
tion [52]. However, the chemical kinetics modelling undertaken in this
study only includes toluene and anisole. To the best of the authors’
knowledge, a detailed chemical kinetics mechanism that also includes
soot precursors is unavailable for the other fuels, namely guaiacol,
eucalyptol and D-limonene. The concentrations of toluene and anisole
were varied with a fixed H2/N2 concentration to simulate the experi-
mental cases accordingly. The velocities at the fuel and oxidant inlets
were adjusted to maintain a similar momentum.

To predict the soot formation and corresponding thermal radiation
from the biofuel-blended H2/N2 flames, naphthalene (C10H8, hereafter
referred to as A2), was chosen for analysis in the Chemkin simulation
because it is widely used in numerical studies as a key intermediate
in forming large PAHs to analyse soot formation [10,53,54]. Formalde-
hyde (CH2O) is a precursor to the oxidation of the fuel and the PAH,
known to be (1) abundant in the initial oxidation reactions; (2) strongly
correlated to the biofuel concentration; and (3) a primary intermediate
species in toluene oxidation to CO2 [10,55,56].

3. Results and discussion

3.1. Sooting propensity of biofuels

3.1.1. Flame appearance and smoke point
To compare the sooting propensities of the bio-oil surrogates with

aromatic structures (toluene, anisole and guaiacol) and monoterpenes
(eucalyptol and D-limonene) with non-oxygenated and oxygenated hy-
drocarbons, the TSI and OESI obtained in this work are correlated to
the data sets from previous studies, following the procedure described
in Section 2.1. Based on this comparison, the data sets of the fuels’
sooting propensities are extended. It also extends knowledge of select-
ing suitable additives for luminosity and radiant heat flux enhancement
in hydrogen-based flames.

Toluene (C7H8) and D-limonene (C10H16) are chosen as reference
fuels to calculate the constants 𝑎, 𝑏 for TSI in Eq. (1), and 𝑎′, 𝑏′

for OESI in Eq. (2), respectively, following the procedure described
by Calcote and Manos [36]. The constants 𝑎 and 𝑏 are calculated to
correspond to the TSI values of 44 and 24 for toluene and D-limonene,
respectively [44]. The OESI values from Barrient et al. [29] (46.1 for
toluene and 25 for D-limonene) are used to calculate 𝑎′ and 𝑏′. The
constants obtained from Eq. (1) and (2) are, 𝑎 = 5.3 and 𝑏 = −26.86 for
TSI, 𝑎′ = 62.61 and 𝑏′ = −36.73 for OESI.

To include oxygen content into the consideration of sooting propen-
sity, an effective C/H ratio has been proposed, as follows [57]:

(C/H)𝑒𝑓𝑓 =
C − 1

4O− − 1
2O=

H (4)

where C, O and H are the numbers of carbon, oxygen and hydrogen
atoms, respectively. O− and O= are the number of single- and double-
bonded oxygen atoms, respectively. The effective C/H ratio represents
the balance between soot formation and oxidation.

The photographs of flame appearance at SP are presented in Fig. 2.
The SP for ethanol is not presented because the flame became unstable
before reaching its SP. All flames except for ethanol display yellow
colouration due to the presence of soot, whereas the ethanol flame is
dominated by blue colouration.

The TSI and OESI of the fuels tested in this study, along with the
data from the literature, are presented in Table 2. The SP, TSI and
OESI of different types of hydrocarbons as a function of effective C/H
ratio are plotted in Fig. 3. It is summarised from the results that the
sooting propensities of the reported fuels generally follow a decreasing
order of: aromatics > monoterpenes > alkenes > alkanes > aldehydes.
The sooting propensity of kerosene (which is a mixture of paraffins,
naphthenes and aromatic hydrocarbons) lies between non-oxygenated
aromatics and alkanes. Fuels with an aromatic structure generally have
a smaller value of SP and higher TSI and OESI amongst the reported
fuels. This further demonstrates that aromatic fuels usually have higher
sooting propensity and might be the most suitable add-on agent to be
blended into hydrogen-based flames for radiation enhancement. It is
noted that although the PAHs typically contain benzene rings, toluene
has a higher sooting propensity than benzene. This is because the chem-
ical bond between benzene ring and the methyl functional group in
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Table 2
The Threshold Sooting Index (TSI) and Oxygen Extended Sooting Index (OESI) of
oxygenated and non-oxygenated fuels. Values from previous work are from [29] unless
otherwise indicated.

Compound C/H𝑒𝑓𝑓 TSI OESI
Present Ref [29] Present Ref [29]

Solvents
Kerosene 0.46 17.9 – 16.2 –
Aromatics
Toluene 0.88 44.0 44.0 [44] 46.1 46.1
Benzene 1.00 – 29.0 – 34.8
Anisole 0.84 27.2 – 13.5 –
Guaiacol 0.81 32.4 – 8.4 –
Monoterpenes
Eucalyptol 0.54 10.8 – 3.7 –
D-limonene 0.63 24.0 24.0 [44] 25.0 25.0
Alkanes
n-Hexane 0.43 – 2.6 – 3.3
n-Heptane 0.44 – 2.6 – 2.6
Alkenes
1-Pentene 0.50 – 4.6 – 3.2
2-Heptene 0.50 – 4.7 – 4.2
Aldehydes
1-Pentanal 0.45 – 2.9 – 0.5
Hexanal 0.46 – 5.2 – 2.2

toluene is easier to dissociate and actively participate in the hydrogen-
abstraction-C2H2-addition (HACA) reaction. The sooting propensity of
monoterpenes ranks second in the reported fuels, implying that the ring
structure in eucalyptol and D-limonene might play an important role in
PAH formation as their chemical structures are similar. This chemical
structure in monoterpenes seems more favourable for soot formation
than the chain structure in alkenes and alkanes, as the TSI and OESI of
a monoterpenes are higher than that of alkenes and alkanes.

The results from the tested biofuels show that, for the same type of
fuel, fuels with oxygen content (oxygenated fuels) usually have lower
sooting propensities than non-oxygenated fuels, which agrees with
previous studies [27,29,58]. It is seen from the comparison between
OESI and TSI in Fig. 3(b) that values of OESI are similar to TSI for non-
oxygenated hydrocarbons and are lower for oxygenated fuels to include
the effect of fuel-borne oxygen. For example, the TSI for guaiacol
(32.4) is higher than that of anisole (27.2), but the additional hydroxy
group in guaiacol is known to reduce the soot formation and hence
sooting propensity. This indicates that using OESI instead of TSI is
more suitable for quantifying the sooting propensity of oxygenated
fuels. The results also suggest that the effect of fuel-borne oxygen
on sooting propensity is not as significant as chemical structures and
related functional groups of the fuel. For example, although eucalyptol
contains oxygen content, its OESI (3.66) is still higher than some of
the non-oxygenated alkanes and alkenes with a similar effective C/H
ratio. It is also noted that fuels with higher effective C/H ratio, such as
aromatics (C/H𝑒𝑓𝑓 from 0.8–1), usually correlate with a higher sooting
propensity. However, the sooting propensity does not always linearly
increase with the C/H𝑒𝑓𝑓 ratio, implying that the chemical structure
can have an effect that overwhelms the C/H𝑒𝑓𝑓 ratio.

The findings in the sooting propensity results have demonstrated
the potential for lignin-derived bio-oils and waste food derived es-
sential oils to be blended into hydrogen-based flames for radiation
enhancement.

3.1.2. Flame illuminance and radiant heat flux
Figs. 4(a) and 4(b) show the liquid fuel flame illuminance and

radiant heat flux, respectively, at different extended wick length. The
results show that both the flame illuminance and radiant heat flux
increases with the extended wick length; however, the increasing rate
for different fuels is dissimilar. Anisole flames are the most sensitive
to extended wick length, as their flame illuminance and radiant heat
flux are increased by 70% and 26% from extended wick length 1 mm
to 3 mm, respectively. Non-sooting ethanol flames display minimum
increase to the change of extended wick length. They also have much
lower illuminance and radiant heat flux than other tested fuels. In-
corporating the observation from Section 3.1.1, the ethanol flame

displays a blue colouration, indicating that its radiative heat transfer
is mostly from gaseous species. Soot is known to have much stronger
radiative emission than gaseous species [59]. This explains the lowest
illuminance and radiant heat flux found in ethanol flames in Figs. 4(a)
and 4(b).

The radiant heat flux of toluene and anisole are proportional to
the TSI and OESI determined in this study. Toluene has the highest
sooting propensity, which correlates with the highest flame radiant heat
flux in Fig. 4(b). However, D-limonene has a higher SP (lower sooting
propensity) than guaiacol, while it shows a higher radiant heat flux
than guaiacol at all extended wick lengths. This observation suggests
that fuels with high sooting propensities do not always directly result
in high radiant heat flux from their flames. Other contributing factors,
such as flame temperature, may play important roles in affecting the
radiant heat flux.

Fig. 4(a) shows that eucalyptol has the highest illuminance among
all tested fuels, while the flame illuminance of toluene is similar to
that of anisole and D-limonene. The trend found in flame illuminance
is distinct from the radiant heat flux, implying that blending eucalyptol
into hydrogen-based flames may be most effective for improving flame
visibility, whilst blending toluene may be the most beneficial for the
hydrogen-based flame to be used in applications with high radiative
heat transfer demand.

3.2. Blending H2/N2 with biofuels (≤ 1 𝑚𝑜𝑙%)

3.2.1. Flame appearance
Photographs of the turbulent nonpremixed biofuel-blended H2/N2

flames are presented in Fig. 5. For all cases, a long exposure time (20 s)
is chosen to capture the mean characteristics of the flame. It should be
noted that, although the still photographs cannot provide quantitative
information about soot, they can show luminosity resulting from a
soot volume fraction below the lower detection limit of laser induced
incandescence (LII) [60].

The photographs show that adding biofuels at 0.2 and 1 mol%
(based on the mole fraction of H2) has moderate effects on the flame
length, flame width and global flame luminosity compared with the
flame without additives (HB0). All blended flames are dominated by
red colouration near the flame tip, which is attributed to the presence
of H2O∗ [61]. The appearance of blue colouration in the blended flames
results from the presence of CH∗, C∗

2, CO∗
2 and HCO∗ [62], which

dominate the region near the exit plane. The increase in carbon flux
with the addition of biofuel promotes the formation of the aforemen-
tioned carbonaceous species and hence enhances the blue colouration.
However, the increase in biofuel concentration from 0.2 to 1 mol%
does not introduce a remarkable enhancement in luminosity, which
may indicate that the luminosity enhancement is not linearly related to
the biofuel concentration. This trend is further explored in the signal
intensity analysis from the photographs.

The global signal intensity of the flames is extracted from the
photographs to provide quantitative analysis for flame luminosity and
is presented in Fig. 6(a). It is concluded that blending various types
of biofuel at 0.2 mol% has a similar effect in luminosity enhance-
ment. When the biofuel concentration increases to 1 mol%, vapourised
toluene and anisole increase the H2/N2 flame luminosity by 253%
and 133%, respectively. Adding 1 mol% vapourised D-limonene and
eucalyptol increases the H2/N2 flame luminosity by 69% and 61%,
respectively. The results indicate that blending biofuels with aromatic
structures (toluene and anisole), is more effective in luminosity en-
hancement than cyclic monoterpene (D-limonene and eucalyptol). It is
also concluded that non-oxygenated biofuel (toluene and D-limonene)
is more effective than oxygenated biofuel (anisole and eucalyptol) in
luminosity enhancement of an H2/N2 flame. This difference is due
to the oxygen content in anisole and eucalyptol. In other words, the
oxygen content creates favourable combustion conditions, which would
hamper the PAH formation.
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Fig. 3. (a) The SP of different types of hydrocarbons as a function of effective C/H ratio. (b) The TSI and OESI of different types of hydrocarbons as a function of effective C/H
ratio.

Fig. 4. Illuminance and radiant heat flux of laminar nonpremixed flames on a wick-fed burner at extended wick length 1, 3 and 5mm. (a) Flame illuminance. (b) Flame radiant
heat flux. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 5. Photographs of vapourised biofuel-blended H2/N2 flames — refer Table 1. Photographs with 20 s exposures were taken at f/22, ISO 100. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)

The peak intensity near the exit plane in vapourised toluene/anisole
flames is ascribed to the presence of CH∗, C∗

2, CO∗
2 and HCO∗. The

prevapourised biofuels dissociate and react with OH and O radicals,
hence, the aforementioned species that dominate the luminosity in the
momentum driven part of the flame are enhanced.

3.2.2. Radiant heat flux
Figs. 7 and 8 present the axial distribution of the radiant fraction

from the biofuel-blended H2/N2 flames. The results show that adding

0.2 mol% and 1 mol% biofuels has a limited effect on the radiant
intensity enhancement of H2/N2 flames. Thermal radiation in flames
can result from both soot and gaseous/vapourised species, such as H2O
and CO2. Radiative emissions from soot are generally much stronger
than gaseous species [59]. It is observed from the photographs (Fig. 5)
that none of the 0.2 mol% and 1 mol% biofuel-blended flames are
dominated by soot, hence the radiative emissions from these flames
are mainly from gaseous species. The soot oxidation rate overwhelms
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Fig. 6. Normalised signal intensity from photographs of vapourised biofuel-blended H2/N2 flames described in Table 1. The signal intensity is normalised to the peak signal
intensity of a 1 mol% toluene vapourised flame. (a) Global signal intensity. (b) Normalised signal intensity of vapourised biofuel-blended flames as a function of flame height.

the formation rate and results in low soot loading in these turbulent
biofuel-blended H2/N2 flames. This is ascribed to the following factors:

1. The concentration of carbon atoms (𝑛𝑐) in 0.2 mol% and 1 mol%
biofuel blended cases are about 0.02 and 0.07, respectively,
which are still much lower than those hydrocarbon flames.

2. Abundant OH radicals available in hydrogen-based flames pro-
mote soot oxidation.

3. All flame cases possess a high exit strain rate (𝑈∕𝑑 > 20,000 s−1)
and low residence time. A high strain rate and low residence
time are known to have significant inhibition effects on the
formation of soot and its precursors, since soot inception, nucle-
ation, surface growth and agglomeration as the soot formation
steps require sufficient time to develop [63,64].

4. The high flame temperature of a hydrogen-based flame promotes
soot oxidation [65,66].

The numerical results in Fig. 9(a) show that the rate of production
(ROP) of naphthalene is low at 0.2–1 mol% in toluene and anisole
blended flames. This suggests that blending low concentration biofu-
els is unlikely to promote A2 formation in turbulent hydrogen-based
flames. In addition, the abundant availability of OH and H radicals
in the flame facilitates the oxidation of toluene and anisole to CO2
via CH2O. The CH2O ROP is an order of magnitude greater than the
A2 ROP, which further inhibits the PAH formation in these flames.
The computational analysis also reveals that the reaction pathways of
naphthalene formation in the vapourised toluene and anisole blended
H2/N2 flames are dominated by the HACA mechanism, including
H + C10H10 ⇌ H2 + C10H8 and H + C10H8 ⇌ H2 + C10H7.

The radiant fraction from 𝑥∕𝐿𝑓 = 0–0.4 in Fig. 7 shows that toluene
appears to be the most effective biofuel additive in the radiant heat
flux enhancement of an H2/N2 flame. The largest radiant heat flux
enhancement is found in 1 mol% vapourised toluene-blended flames,
increasing the radiant fraction of the non-blended flame by 19%.
Although the effect of blending different biofuels on radiant heat flux
enhancement varies at different biofuel concentrations, overall, the
effectiveness of biofuels in increasing radiant heat flux follows the
decreasing order of: toluene > anisole > D-limonene > eucalyptol. It
is also highlighted in Fig. 7 that biofuels with an aromatic structure
– toluene and anisole – are more effective in enhancing radiant heat
flux than biofuels with a cyclic monoterpene structure, viz. eucalyptol
and D-limonene. For example, blending 0.2 mol% vapourised toluene
and anisole increases the radiant heat flux of the H2/N2 flame by 12%
and 10%, respectively, compared with 9% and 2% for D-limonene and
eucalyptol. This indicates that although eucalyptol and D-limonene
consist of a cyclic six-carbon structure, the existing aromatic ring in
toluene and anisole, containing a higher degree of unsaturation, favours

Fig. 7. Radiant fraction from 𝑥∕𝐿𝑓 = 0–0.4.

PAH formation. One possible factor that may contribute to the higher
radiant heat flux enhancement of D-limonene than eucalyptol is the
weak C–H bond in the allylic group in D-limonene. The C–H bond
dissociation energy in the allylic group is only 371 kJ∕mol, which is
lower than 438 kJ∕mol for the primary C–H bond [67]. Therefore,
hydrogen abstraction is more likely to take place at the allylic carbon
atom level in D-limonene, which subsequently promotes the growth of
PAH via the HACA mechanism.

The experimental results from Figs. 7 and 8 also reveal that blending
H2/N2 flames with non-oxygenated biofuels (toluene and D-limonene)
is more effective in radiant heat flux enhancement than oxygenated
biofuels (anisole and eucalyptol). This observation agrees with the
previous studies that oxygenated fuels reduce soot loading by promot-
ing PAH and soot oxidation [25,31,68]. The fuel-bound oxygen has a
higher heat release rate and restricts the local fuel-rich zones where
PAH is formed. The numerical results from Fig. 9(b) show that even at
low concentrations (0.2–1 mol%), the CH2O ROP in anisole blends is
more than doubled compared with the CH2O ROP in toluene blends,
implying that PAH oxidation via CH2O is greatly enhanced in anisole
blends. Another interesting point noted in Fig. 9(a) is that A2 ROP is
much higher in anisole blends than toluene blends. This is because
the reaction between the methyl radicals and anisole are mainly via
H-abstraction on the methoxy group, which is much faster than the
attack on the aromatic ring. A particularly weak bond, approximately
264 kJ∕mol, is present in anisole between the oxygen and methyl group
which leads to the rapid formation of the phenoxy radical and pro-
motes PAH growth [69]. However, the effect of oxygen content on
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Fig. 8. Radiant fraction as a function of height of vapourised biofuel-blended H2/N2 flames described in Table 1: (a) Toluene blends, (b) Eucalyptol blends, (c) D-limonene blends,
and (d) Anisole blends.

soot oxidation enhancement overwhelms the effect of the methoxy
group on promoting soot formation — the CH2O ROP is an order of
magnitude greater than A2 ROP. Consequently, toluene blends appear
to have higher PAH loading from the numerical results and hence
higher radiant heat flux from the experimental results.

Fig. 8 shows that the radiant fraction increases with flame height
from 𝑥∕𝐿𝑓 = 0–0.35 and peaks at 𝑥∕𝐿𝑓 = 0.35 for most biofuel-blended
flames. This observation agrees with the luminosity results from Fig. 6
that in most 0.2 and 1 mol% biofuel-blended flames where soot is
absent, the luminosity and radiant fraction tend to peak near the jet
exit. This finding further demonstrates the correlation between soot,
luminosity and radiant fraction in low concentration biofuel-blended
flames.

While the radiant fraction increases non-linearly with toluene and
anisole concentrations from 0.2 to 1 mol%, it is interesting to note
that the radiant fraction does not always increase with the biofuel
concentration. For example, adding 0.2 mol% vapourised D-limonene
increases the radiant fraction of the H2/N2 flame by 9%, but further
increasing the concentration to 1 mol% only increases the radiant
fraction by 7% from the H2/N2 flame. According to the contributing
factors discussed above, soot formation is significantly inhibited in
these biofuel-blended flames due to the low number of carbon atoms,
the abundance of OH radicals and the high exit strain rate of the jet.
It is most likely that flame temperature becomes the most sensitive
contributing factor under these conditions, since radiation has a quartic
relationship with temperature (𝑄𝑟 ∝ 𝑇 4). The variation of the centreline
flame temperature, together with its impact on radiant heat flux, will
be further discussed in Section 3.2.3.

3.2.3. Flame temperature
Fig. 10 presents the centreline flame temperature as a function of

height for the vapourised biofuel-blended H2/N2 flames. The maximum
centreline flame temperature among all flame cases is 2137K, recorded
at 𝑥∕𝐿𝑓 = 0.35 in the non-blended H2/N2 flame. The results show that
blending prevapourised biofuels to the H2/N2 flame generally increases
the centreline flame temperature near the jet exit plane. The largest
increase in centreline flame temperature is up to 183K in 0.2 mol%
vapourised toluene blends at 𝑥∕𝐿𝑓 = 0.05. As the height approaches
from 𝑥∕𝐿𝑓 = 0.05–0.2, the increasing trend of centreline flame tem-
perature tends to be smaller for all vapourised biofuel blends. From
𝑥∕𝐿𝑓 = 0.2–0.4, adding prevapourised biofuels slightly decreases the
centreline flame temperature of the H2/N2 flames. The largest reduction
is found to be 60K in 1 mol% vapourised D-limonene blends at 𝑥∕𝐿𝑓 =
0.3. Apart from these two peak points, the rest of the centreline flame
temperature measurements with the biofuels at various flame heights
are typically within 85K of each other.

Temperature reduction may be one of the reasons that radiant heat
flux does not always increase with biofuel concentration — 1 mol%
D-limonene blends has a lower radiant fraction than 0.2 mol% D-
limonene blends (mentioned in Section 3.2.2). It is noted in Fig. 10(c)
that 1 mol% vapourised D-limonene blends show 20–90 K temperature
drops from 𝑥∕𝐿𝑓 = 0.05–0.4 compared with 0.2 mol% case, which can
be correlated with the reduced radiant heat flux in Fig. 8(c).

4. Conclusions

The SP, TSI and OESI are obtained and compared with the data sets
in the literature to quantify the sooting propensities of aromatic bio-oil
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Fig. 9. Numerical results of naphthalene and CH2O ROP from toluene and anisole blended H2/N2 flames. (a) Naphthalene (A2) ROP, and (b) Formaldehyde (CH2O) ROP.

0

Fig. 10. Centreline flame temperature (corrected for radiative heat loss from the thermocouple) as a function of height for vapourised biofuel-blended H2/N2 flames described in
Table 1: (a) Toluene blends. (b) Eucalyptol blends. (c) D-limonene blends. (d) Anisole blends.

surrogates (toluene, anisole and guaiacol) and monoterpene essential
oil surrogates (eucalyptol and D-limonene). The flame illuminance and
radiant heat flux of laminar nonpremixed biofuel flames on a wick-fed
burner are investigated in conjunction with sooting propensity tests to
demonstrate the potential for adding these biofuels to hydrogen-based
flames for flame luminosity and radiant heat flux enhancement. The
effects of adding vapourised biofuels to turbulent nonpremixed H2/N2
flames on flame appearance, radiant heat flux and centreline flame
temperature are recorded and analysed. Laminar flame calculations are

also employed to better understand the effect of blending on flame
structure and soot propensity. The key findings from this study are as
follows:

1. The sooting propensities of biofuels tested in this study follow
the decreasing order: aromatics > monoterpenes > alkenes >
alkanes > aldehydes.

2. The effect of the fuel type — chemical structure and functional
group tends to be more significant than the oxygen content and
effective C/H ratio on sooting propensities.
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3. Adding 0.2 and 1 mol% vapourised biofuels to turbulent non-
premixed H2/N2 flames improves the flame luminosity by 61%–
253%, while the blended flames are still dominated by enhanced
blue colouration due to the increase of gaseous species — CH∗,
C∗
2, CO∗

2 and HCO∗.
4. Adding 0.2 and 1 mol% vapourised biofuels to turbulent non-

premixed H2/N2 flames increases the radiant fraction by 2%–
19%. Limited soot formation is observed in these flames. Soot
and naphthalene formation have a non-linear positive relation-
ship with the biofuel concentration, which indicates that a
threshold of ≈2 mol% might exist.

5. Biofuels with an aromatic structure (toluene and anisole) ap-
pear to form more PAH and hence are more effective than
cyclic monoterpenes (D-limonene and eucalyptol) at increasing
luminosity and radiation of the blended H2/N2 flame. Aromatic
biofuels increase the radiant fraction of H2/N2 flames by 10%–
19%, whereas monoterpenes increase the radiant fraction by
2%–9%.

6. The oxygenated fuels (anisole and eucalyptol) are less effec-
tive for radiant heat flux enhancement than non-oxygenated
fuels (toluene and D-limonene). The radiant fraction of H2/N2
flames increases by 9%–19% and 2%–10% from blending non-
oxygenated and oxygenated biofuels, respectively This is due to
the presence of oxygen in oxygenated fuels, which contributes
to the oxidation of PAH. The effect of promoting the PAH
oxidation rate from the oxygenated fuel appears to be less signif-
icant than the effect of chemical structure on radiant heat flux
enhancement.

7. The centreline flame temperature of H2/N2 flames increases with
the 0.2 and 1 mol% biofuel addition near the jet exit plane, but
it shows a decrease up to 60K from 𝑥∕𝐿𝑓 = 0.2–0.4.
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Introduction

As the world is shifting away from carbon-emitting processes,

using hydrogen as a renewable energy carrier to replace con-

ventional fuels, both in domestic and industrial sectors, is

emerging as a promising approach [1e4]. Hydrogen has been

widely studied as a diluent to reduce soot production in

combustion systems such as gas turbines and internal com-

bustion engines, by taking advantage of its carbon-free nature

[5e10]. The effects of hydrogen addition on soot production

can be attributed to three mechanisms: thermal effect, dilu-

tion effect, and chemical effect [11e13]. It has been reported

that adding hydrogen to hydrocarbon flames increases the

global flame temperature, and hence reduces soot by pro-

moting soot oxidation via thermal effect [14,15]. The dilution

effect of hydrogen addition reduces soot production by

decreasing the carbon concentration per unit volume of the

fuel mixture [11,16]. Previous studies have indicated that a

portion of hydrogen can be blended into natural gas supply

networks as a diluent to mitigate CO2 emissions [17]. There is

an increasing demand for achieving a more complete

replacement of fossil fuels in a broader range of applications,

as countries and companies are pledging to attain net zero

emissions. Therefore, the work in this study is dedicated to

identifying the challenges of using hydrogen as a primary

energy source in practical applications and evaluating po-

tential solutions.

A major challenge for replacing conventional fuels with

hydrogen in high-temperature practical applications is the

low thermal radiation from hydrogen flames due to the

absence of soot. Thermal radiation is the transfer of heat en-

ergy through electromagnetic radiation and is a significant

mode of heat transfer in many practical combustion systems

(e.g., furnaces and boilers). The low radiant heat flux of

hydrogen flames makes it difficult to effectively transfer heat

from the flame to surrounding materials, reducing the effi-

ciency of these systems [18e21]. One possible approach to

compensate for this disadvantage of hydrogen flames in

practical applications is to blend hydrogenwith highly sooting

additives to promote soot formation in the flame. Hence, the

radiant intensity of the flame can be enhanced via efficient

blackbody radiation from soot particulates [19,22,23].

Biofuels with high sooting propensities can be chosen as

suitable additives since they are generally comprised of

abundant aromatics, which favour the formation of soot

precursors d polycyclic aromatic hydrocarbons (PAHs). In

addition, the raw materials for their production can be har-

vested from the by-products and waste products from the

existing industries, such as pulp industries and food produc-

tion plants [24,25]. Bio-oils and essential oils are the two types

of biofuels focused in this paper for their abundant aromatics,

sooting propensity, and accessibility. Bio-oils are obtained

from fast pyrolysis of lignin and cellulose multicomponent

mixtures chemically comprised of substantial amounts of

phenolic compounds, toluene, anisole and furan [26]. Lignin in

their feedstock is the source for the synthesis of phenolic

chemicals [27]. Essential oils aremainly comprised of terpenes

(C5H8)n, including monoterpenes (C10), sesquiterpenes (C15)

and diterpenes (C20), which are biosynthesised via five-carbon

isoprene units [28].

Efforts have been dedicated to evaluating the efficacy of

adding sooting hydrocarbons to hydrogen-based flames on

radiative heat transfer enhancement. Adding pulverised

bituminous coal could improve the radiative properties of a

hydrogen-coal flame because the heavy hydrocarbons (tar)

produced from coal pyrolysis promote soot formation [22].

Highly radiating hydrogen-based flames were previously

achieved by adding 1e5 mol% toluene [19]. Adding toluene as

a soot-generating additive has significantly increased soot

volume fraction in a hydrogen-nitrogen (1:1 vol) jet flamewith

a bulk mean Reynolds number of 5000. Gee et al. [23] further

investigated the effect of toluene addition to pure hydrogen

flames at 10,000 Reynolds number on a bluff-body burner. By

comparing the thermal radiation of natural gas flame estab-

lished on the same burner, approximately 4% vapourised

toluene is required for H2 flames to attain an equivalent

radiant heat flux of a natural gas flame. These studies pro-

vided a preliminary assessment of the efficacy of this

approach. However, the additives tested in these studies are

Nomenclature

cr Radiant fraction
_m Mass flow rate, kg/s
_QF Total thermal power, kW
_Qr Radiated heat, kW
_q
00

Radiant heat flux, kW/m2

r Density, kg/m3

s Surface tension, N/m

c Empirical constant dependent on the nebuliser

type

d Inner diameter of the jet, m

EI Emission index

F Ultrasound frequency of the nebuliser, Hz

Lf Flame length, mm

MW Molecular weight, g/mol

nc Carbon concentration of fuel

T Temperature, K

U/d Exit strain rate, s�1

U Mean velocity, m/s

CEM Controlling evaporating mixing

CO Carbon monoxide

CO2 Carbon dioxide

CO2amb Mole fraction of CO2 in ambient air

DAQ Data acquisition systems

H2 Hydrogen

H2O Water

HAB Height above burner, mm

LHV Lower heating value, MJ/kg

N2 Nitrogen

NO Nitric oxide

NO2 Nitrogen dioxide

OPPDIF Opposed-flow diffusion flame

PAHs Polycyclic aromatic hydrocarbons

ROP Rate of production

SMD Sauter mean diameter
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limited by heavy hydrocarbons and toluene. As discussed in

the previous paragraph, biofuels, including bio-oils and

essential oils, can be used as suitable additives to enhance the

radiant heat flux of hydrogen flames. Yin et al. [29] investi-

gated the sooting propensity of biofuel surrogates (eucalyptol,

limonene, and anisole) on a wick-fed burner and demon-

strated their potential to be used as soot-enhancing additives

for hydrogen-based flames through combined experimental

and numerical methods. The findings indicated that, although

these biofuel surrogates have less sooting propensity than

toluene, they enhance the radiant fraction of the H2/N2 flame

by 2e19%. However, there is still a lack of quantitative mea-

surements of the radiant heat flux enhancement. In addition,

the influencing factors of the radiation enhancement, such as

the chemical structure of additives, concentration, Reynolds

number and exit strain rate are largely unavailable.

In addition to the issues around low radiation from the

absence of soot, another challenge associated with hydrogen

adaptation into practical applications is the increased NOx

emissions. The higher flame temperature of hydrogen pro-

motes the formation of thermal NOx by providing the required

high activation energy of the NO route: O þ N2# NO þ N,

which initiates the NO formation [30]. However, fuel and

prompt NOx are avoided when using hydrogen as the fuel

[31,32]. Although hydrogen flames are often associated with

higher NOx emissions, the impact of biofuel blending (e.g.,

through the lower flame temperature due to increased heat

radiation) is not well understood. None of the studies reported

the efficacy of blending additives to hydrogen flames on

radiant intensity enhancement along with the potential

challenge of NOx emissions.

To introduce additives to hydrogen flames in practical ap-

plications, liquid fuels could be sprayed directly into the flame

or entrained by the gaseous fuel. Whether the additives are

introduced in the gaseous or liquid phase d by prevapourisa-

tion or atomisation, respectively d may have a significant

impact on soot production, NOx and CO emissions [19,33].

Reduced soot production and NOx emissions were observed in

nonpremixed flames established on a burner that promotes

prevapourisation of palmmethyl ester fuel droplets [33]. Under

turbulent nonpremixed conditions, the local fuel-rich mixture

generated by fuel droplets from atomisation promotes the

formation of aromatics and ultimately soot [34]. A more

detailed comparison between spray and prevapourisation for

introducing toluene into turbulent nonpremixed hydrogen

flames was conducted to study their influence on soot evolu-

tion [19]. Substantially more polycyclic aromatic hydrocarbons

and soot are formed near the nozzle exit plane in spray flames

than prevapourised flames [19]. Investigation of these two

methods using liquid biofuels with different properties can

provide valuable knowledge for future applications.

Since biofuels are usually comprised of complex compo-

sitions and various properties ascribed to the different feed-

stocks and production methods, directly using biofuels

inevitably introduces challenges for fundamental-level

studies of the chemical effects [24]. Therefore, surrogates

that can emulate the various properties of complex fuels are

widely employed in experimental and numerical research

[35,36]. Four different surrogates (see chemical structures in

Fig. 1) are chosen in this study to emulate the combustion

properties of bio-oils and essential oils. Toluene (C7H8),

together with other aromatics, are the main components in

bio-oils [19]. Anisole (C7H8O) is the characteristic of lignin

structures and is recognised as the main source in forming

aromatics during the production of bio-oils [37]. In addition,

anisole is usually used to emulate the evolution of methoxy

phenol, a key precursor of PAH and soot in biomass combus-

tion [37]. Cyclic monoterpenes d eucalyptol (C10H18O) and D-

limonene (C10H16) d are the primary components in euca-

lyptus oil and orange oil, accounting for 90 wt% and 97 wt%,

respectively [38].

The efficacy of adding sooting hydrocarbons to enhance

the low radiant heat flux of hydrogen flames for practical

systems has been established. However, previous studies that

focussed on this approach either only achieved a Reynolds

number of 5000 [19], tested only a limited variety of additives

[19,23], or did not consider the potential challenge of NOx

emissions [29]. Furthermore, the influencing factors such as

hydrogen concentration, bulk mean exit strain rate, and their

correlation to the flame characteristics are not well under-

stood. In this paper, the combustion characteristics, including

flame appearance, radiant heat flux, flame temperature, and

NOx emissions of turbulent nonpremixed hydrogen-nitrogen

flames, blended with four different prevapourised or sprayed

biofuel surrogates, are investigated. Qualitative and quanti-

tative evaluation of introduction methods, biofuel surrogates’

concentrations, and hydrogen concentrations deepen the

understanding of dominating factors in achieving radiating

hydrogen flames, along with the aforementioned flame

characteristics. In particular, the experimental and numerical

investigations of NOx formation in these blended hydrogen

flames provide insights into the potential challenge of this

approach. Future experimental work using laser-based diag-

nostic techniques to measure the instantaneous flame tem-

perature, OH*, distribution of liquid droplets, soot volume

fraction, and soot sizing can yield a better understanding of

soot evolution in these blended flames.

Methodology

Burner configuration

An integrated vapourised/spray jet flame burner, shown in

Fig. 2a, supplied biofuels as either droplets or vapour. An

ultrasonic nebuliser was installed in a holder with an exte-

rior smooth contraction, which was in turn inserted in a

housing with an internal smooth contraction. A 5.5-mm-in-

ternal-diameter jet was located at the top of the housing and

axially aligned with the nebuliser exit. In the prevapourisa-

tion configuration, liquid biofuel surrogate was pre-

vapourised by a controlling evaporating mixing (CEM) unit

heated to 190 �C upstream of the burner andmixed with a 9:1

mixture of H2/N2 gases. The liquid fuel inlet was blocked in

this configuration.

In the spray flame configuration, the H2/N2 mixture was

supplied as a carrier gas through the gas inlet of the burner

and transported the biofuel-surrogate droplets generated by

the ultrasonic nebuliser with minimal initial momentum to

the flame. The gas and liquid flow rates were controlled by
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Fig. 1 e Chemical structure of biofuel surrogates.

Fig. 2 e Schematic of the vapourised/spray burner (2a) and the experimental setup (2b).
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mass flow controllers (Alicat) with themanufacturer-specified

uncertainty of ±0.5% of reading and ±0.2% of full scale. The

Sauter mean diameter (SMD) of the biofuel droplets is esti-

mated to be 30 mmat the ultrasonic nebuliser exit based on the

data provided by the manufacturer (Sonotek). The SMD of the

droplets is calculated from the commonly used equation for

ultrasound-induced atomisation [39]:

dSMD ¼ c

�
8ps
rF2

�1
3

(1)

where c is an empirical constant dependent on the nebuliser

type, s is the surface tension, r is the density of the liquid, and

F is the ultrasound frequency of the nebuliser.

The burner was pre-heated in both vapourised and spray

configurations before lighting the flame. A nitrogen carrier gas

was heated to 190 �C by the CEM and supplied to the jet. The

temperature at the jet exit was measured and maintained at

110±6 �C. At the biofuel surrogate concentrations tested in this

work, the partial pressure of the prevapourised biofuel sur-

rogates is lower than their vapour pressure at such

temperatures.

Experimental setup

Turbulent nonpremixed flames were stabilised on the

vapourised/spray burner. A uniform coflow at 1.0 m/s of

room-temperature flowed through a 150 mm � 150 mm

square contractor. An exhaust hood was placed at a constant

vertical distance (700 mm) above the flame tip. A H2/N2

mixture (9:1 by mole) was selected as the non-blended flame

case, with a fixed bulk mean Reynolds number of 10,000. Ni-

trogen was blended with hydrogen to increase the bulk mean

Reynolds number of the flames to 10,000. As highly radiating

H2/N2 (1:1 vol) flames with a Reynolds number of 5000 were

achieved previously by blending 1e5% toluene [19], there is a

need to investigate the effect of blending biofuels at lower

concentrations and compared with higher concentrations.

Therefore, the H2/N2 mixture was blended with 0.2 and 1%

biofuel surrogate (based on the mole concentration of H2) by

prevapourisation and spray. Prevapourised toluene was

further tested at 3.5 and 4% as higher concentration cases for

comparison. The carbon flow rates between different biofuel/

H2/N2 mixtures were kept constant for each biofuel surrogate

concentration to ensure an equivalent carbon flux. To inves-

tigate the effect of lower hydrogen concentration on flame

characteristics, a 7:3 H2/N2 mixture (by mole) blended by

3.5 mol% vapourised toluene with bulk mean Reynolds

number above 10,000 and reduced bulkmean exit velocitywas

also tested on the same jet. From the 9:1 H2/N2 to 7:3 H2/N2

mixture, the H2 flow rate was reduced by half and the N2 flow

rate was increased to maintain a constant bulk mean Rey-

nolds number of 10,000.

The detailed flame cases are presented along with flame

codes in Table 1. The test conditions are shown in Table 2. Due

to various chemical and physical properties of biofuel surro-

gates, the total heat input and Reynolds number of flame

cases at the same blending ratio change less than 1%. The

non-blended flame is hereafter referred to as “HB0”. The

blended flame cases, for example, in “HEV/Sx”, “HE” indicates

that the H2/N2 mixture is blended with eucalyptol, “V/S00 rep-
resents the introductionmethodd prevapourisation or spray,

“x” is the biofuel surrogate concentration used in the case in

mol%. In “LHTV”, “L” indicates the lower hydrogen concen-

tration. The exit strain rate (U/d) is the ratio between themean

velocity at the jet exit and the inner diameter of the jet [40,41].

The flame length of the non-blended H2/N2 flame (HB0) is

denoted as Lf in this paper.

Experimental diagnostics

Fig. 2b shows the schematic of the experimental setup. To

analyse the effect of biofuel surrogate addition on the

appearance of the flames, a digital commercial single-lens

reflex camera d Canon 6D with a 50 mm focal length and f/

1.8 lens was used. The colour still photographs were con-

verted to grayscale in image post-processing to analyse the

luminosity of the flames.

To measure the radiative heat transfer from the flames,

two heat flux sensors (Medtherm Corporation model 92241/2)

were placed at a radial distance of 284 mm from the centre of

the jet. The angular sensitivity of the heat flux sensor was

measured prior to the experiment. To minimise the effect of

Table 1 e Flame details and codes of the turbulent nonpremixed non-blended and biofuel surrogate/H2/N2 flames. The
flame cases and corresponding flames codes are as follows: H2/N2/Toluene - HTV/Sx; H2/N2/Eucalyptol - HEV/Sx; H2/N2/D-
limonene - HLV/Sx; H2/N2/Anisole - HAV/Sx.

mol% Heat input Exit strain rate Rejet Flame code

x (kW) U/d (s-1) (�) x ¼ mol%

0.2 24.6 20,300 10,400 HTV/Sx, HEV/Sx, HLV/Sx, HAV/Sx

1.0 28.2 20,500 11,800 HTV/Sx, HEV/Sx, HLV/Sx, HAV/Sx

3.5 37.2 20,900 17,500 HTV

3.5 18.6 12,800 13,200 LHTV

4.0 39.2 21,000 18,600 HTV

Table 2 e Test conditions.

Test parameter Unit Result

Ambient temperature �C 25

Ambient pressure atm 1

Temperature at the jet exit �C 110±6
Air coflow m/s 1

H2 flow rate L/min 144

N2 flow rate L/min 15

H2 flow rate (LHTV) L/min 72

N2 flow rate (LHTV) L/min 26
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angular sensitivity, a 20� view restrictor was used. The un-

certainty of the radiant heat flux measurement was reduced

to ±3%. The heat flux sensor equipped with a 20� view

restrictor measured heat flux from a portion of the flame

100 mm tall at a radial distance of 284 mm. In comparison to

measuring the global heat flux of the flame, heat flux data

measured at different flame heights can be correlated to the

flame temperature data collected at the same flame height to

evaluate the potential interferences between these parame-

ters. To compare the effect of different introduction methods

d sprayed or prevapourised d on the combustion character-

istics between blended flames, the measuring points are

designed to focus on the momentum-driven region near the

jet exit between height above burner (HAB) 40 mm e 390 mm

(i.e., x/Lf ¼ 0 e 0.4), with eight equi-spaced measuring points.

The heat flux data at each measuring location was recorded

for 1 min at 2500 Hz. The error calculated from the data was

within ±2%.

To correlate the mean centreline flame temperature to the

radiant heat flux and flame appearance, a Type-R thermo-

couple with a 0.2 mm diameter wire size and a 0.7 mm

diameter bare-bead was employed to measure the mean

centreline flame temperature between flame cases at the

same measuring points as radiant intensity data. The ther-

mocouple flame temperature measurements were corrected

for radiation losses. Soot deposition on the thermocouple

beadwas not observed in the experiment; however, emissivity

temperature dependence was considered. The mean centre-

line flame temperature was recorded after a steady state was

achieved. The uncertainty of the mean centreline flame tem-

perature measurement was mainly ascribed to the radiation

correction and was estimated to be ±6%. The mean centreline

flame temperature at each measuring location was collected

for 1 min at 10 Hz after a steady state was achieved. The error

calculated from the obtained flame temperature data was

±1%.

A Testo 350 XL flue gas analyser was used to measure and

compare the global emissions including CO, CO2 and NOx (NO,

NO2) across various flame cases. The resolution of NO, NO2,

CO sensors is 1 ppm, and that of CO2 measurement is 0.01 vol

%. To achieve consistency with sampling across different

flame cases, a probe was placed at the centreline of flames

with a constant relative distance of 100 mm to collect flue gas

samples emitted from the flames. The emission index of NOx

is independent of ambient air dilution because of the nor-

malisation based on carbonaceous species using equation (3).

The flue gas analyser was calibrated daily using a gas mixture

with a known percentage. In accordance with the manufac-

turer’ specification, the uncertainty of the global emission

measurement was within ±2%.

Chemical analysis

To analyse the chemistry (i.e., reaction pathways and chem-

ical mechanisms) contributing to NOx emissions in the

blended H2/N2 flames, opposed-flow diffusion (OPPDIF) flames

in Chemkin Pro v19.2 was used along with a comprehensive

chemical kinetic mechanism for NOx formation modelling.

The chemical kinetic mechanism was developed by CRECK

Modelling Group for C1 e C16 hydrocarbon combustion, which

comprised 24,501 reactions and 497 species [42]. The results

from OPPDIF modelling have been widely coupled with

experimental measurements to evaluate the chemistry in jet

flames [43,44]. To the best of the authors’ knowledge, a

chemical kinetics mechanism for comprehensive NOx for-

mation is not available for all biofuels tested in this work d

eucalyptol and D-limonene excluded. Therefore, only toluene

and anisole blends were analysed for NOx formation. The

numerical simulations of NOx formation were undertaken to

analyse the global NOx emissions collected from the flue gas.

The strain rate was set to 100 s�1 in the Chemkin simulations.

Although Chemkin simulation is under laminar conditions,

this work focuses on the kinetic impact of the additives. It is

noteworthy that the bulk flow field is consistent amongst the

flame cases since the additive in the fuel mixture accounts for

a small portion. The rate of production (ROP) of NOx and its

primary reaction pathways are the focus. The computational

analysis provides qualitative information and insights from a

chemistry aspect into the interpretation and understanding of

the experimental observations.

Results and discussion

The effect of blending lower concentration biofuel surrogates
ð� 1 mol%Þ

Flame luminosity
The appearance and the luminosity of the turbulent non-

premixed biofuel surrogate/H2/N2 flames are shown in Fig. 3.

The mean characteristics of the flames are captured with a

long exposure time of 20 s. For the 1% vapourised and sprayed

toluene flames, a shorter exposure time (250 ms) is also shown

to illustrate the fluctuating nature of the turbulent flames.

Fig. 3a and b shows the flame appearance of vapourised

and sprayed biofuel surrogates blended H2/N2 flames,

respectively. In Fig. 3a, a moderate effect was found on the

flame volume and flame appearance of the H2/N2 flame from

blending vapourised biofuel surrogates at 0.2 and 1 mol%.

However, a clear enhancement of blue colouration was

observed in the vicinity of x/Lf ¼ 0 e 0.5, due to the promoted

formation of CH*, C*
2, CO

*
2 and HCO* from blending biofuel

surrogates [45,46]. In comparison to the vapourised biofuel

surrogate blended flames, it is seen in Fig. 3b that changing the

additives’ introduction method from prevapourisation to

spray solely does not achieve a highly sooting blended flame.

Similar to the vapourised flames, introducing 0.2 and 1 mol%

biofuel surrogates by spray has slight impacts on the flame

length, width, and luminosity in comparison to the non-

blended flame. It is highlighted that blending 1 mol%

toluene and anisole by dilute spray (Fig. 3b) exhibits a distinct

flame appearance compared with the vapourised flames

(Fig. 3a). A transition of flame appearance from blue to yellow

starts to take place in the 1 mol% toluene and anisole spray

cases due to the soot formation. Liquid droplets in the spray

flame generate local fuel-rich regions which promote soot

formation, and the energy loss from the phase change in turn

reduces soot oxidation. It is seen from the photographs with

20 s exposures and 1/4000 s that the soot clusters in the
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vicinity of the fuel-rich region from x/Lf ¼ 0.4 e 0.8. The other

flame cases do not feature such a transition. Another note-

worthy observation is that the spray flames display less

enhancement in blue colouration near the jet exit plane be-

tween x/Lf ¼ 0 and 0.4, compared with vapourised flames. This

observation will be further discussed in conjunction with the

signal intensity in the following paragraph.

The global signal intensity extracted from the still photo-

graphs is used to compare the luminosity of various biofuel

surrogate blended flames. Fig. 4a reports the global flame lu-

minosity extracted from the photographs, for the various

fuels and introduction methods, at blending ratios of 0.2 and

1 mol%. For the 0.2 mol% blending case, it is seen that the

vapourised flames display higher luminosity than the spray

flames and that this is consistent for all the biofuel surrogates

reported. Fig. 4b exhibits the luminosity of toluene and ani-

sole blends as a function of flame height. It is observed in

Fig. 4b that spray flames tend to have higher peak signal in-

tensity (18% and 8% for toluene and anisole blends, respec-

tively) than vapourised flames. The peak signal intensity

appears closer to the flame tip in spray flames compared with

the vapourised flames. The enhanced formation of carbon-

based gaseous species accounts for the peak signal intensity

observed near the jet exit in vapourised toluene and anisole

flames, whereas the peak intensity in spray flames is resulting

from the presence of soot. Figs. 4c and 4d show the mean

flame luminosity of the vapourised/spray biofuel surrogate

blended flames at x/Lf ¼ 0.2 and 0.6, respectively. Vapourised

biofuel surrogate blended flames show higher luminosity

than spray flames at the blending ratios of 0.2 and 1 mol%,

which further underpins the observation from the photo-

graphs that introducing biofuel surrogate by prevapourisation

tends to have higher luminosity near the jet exit than spray.

On the other hand, it is seen in Figs. 3 and 4d that as the

biofuel surrogate concentration increases to 1 mol%, the lu-

minosity of spray flames overwhelms vapourised flames at x/

Lf ¼ 0.6 due to the enhanced soot radiation. This luminosity

difference between vapourised flames and spray flames tends

to be more significant at x/Lf ¼ 0.2 and less evident down-

stream (x/Lf ¼ 0.6). The reason for the aforementioned phe-

nomenons is that, compared with spray flames, introducing

biofuel surrogates by prevapourisation facilitates the mixing

between hydrogen and biofuels as phase change is avoided in

such regime and the reactants actively participate in chemical

reactions. Consequently, the species that contribute to the

luminosity in the blue region of the flame are enhanced

than in sprayed biofuel cases, as enthalpy of vapourisation is

prevented.

It has been reported that prevapourised aromatic fuels are

more effective than monoterpenes, and prevapourised non-

oxygenated fuels are more effective than oxygenated fuels

in enhancing global flame luminosity [29]. It is seen in Fig. 3a

that altering the introduction method from prevapourisation

to spray follows a similar trend. Sprayed aromatic biofuel

surrogates (toluene and anisole) are more effective than

terpene-related hydrocarbons (eucalyptol and D-limonene) in

improving flame luminosity, which is consistent with the

trend in vapourised flames. It is seen in Fig. 4a that blending

1 mol% toluene/anisole by spray increases the flame lumi-

nosity of the non-blended flame by 293% and 126%,

Fig. 3 e Flame appearance of lower concentration (0.2 and 1 mol%) vapourised (3a) and spray (3b) biofuel surrogate/H2/N2

flames.
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respectively. Introducing 1 mol% prevapourised D-limonene

and eucalyptol increases the non-blended flame by 101% and

28%, respectively. Similarly, sprayed non-oxygenated biofuel

surrogates are more effective than sprayed oxygenated bio-

fuel surrogates due to the improved soot oxidation rate from

the presence of oxygen content [29]. This is also the reason for

less soot being observed in the 1 mol% spray anisole flame

compared with the 1 mol% toluene spray flame.

Radiant heat flux
To compare the radiant heat flux enhancement of different

biofuels, the radiant fraction (cr) defined in Equation (2) is

employed [47].

cr ¼
_Qr

_QF

¼
2$p$

�Z R

R0

r$ _q
00 ðrÞ$drþ R$

Z ∞

0

_q
00 ðzÞ$dz

�

_m� LHV
(2)

where cr is the radiant fraction, _Qr is the radiated heat (kW),

and _QF is the total thermal power (kW) of the flame. The

radiated heat ð _QrÞ in Eq. (2) is the summation of the axial (z)

and radial (r) radiant heat flux ð _q00 Þ obtained by the heat flux

transducer, R and R0 denote the radial distance from the heat

flux transducer to the centre of the nozzle exit and the flame

front, respectively, _m is themass flow rate of the fuel, and LHV

is the lower heating value of the fuel.

Figs. 5 and 6 show the global and axial radiant fraction,

respectively, measured from non-blended and prevapourised

or spray biofuel surrogate/H2/N2 flames. It is concluded from

the results that introducing 0.2 and 1 mol% biofuel surrogate

by spray is more effective than by prevapourisation in radiant

intensity enhancement of H2/N2 flames, but the difference is

not evident at lower concentration blended flames. For

example, adding 1 mol% toluene by prevapourisation and

Fig. 4 e Flame luminosity of the vapourised/spray biofuel surrogate blended H2/N2 flames indicated by the signal intensity

extracted from photographs. The signal intensity is normalised to the peak signal intensity of 1 mol% toluene spray flame.

(4a) Global mean flame luminosity. (4b) Flame luminosity of toluene/anisole blends as a function of flame height. (4c) Mean

flame luminosity at x/Lf ¼ 0.2. (4d) Mean flame luminosity at x/Lf ¼ 0.6.
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spray increases the radiant fraction (cr) of the HB0 flame by

18% and 22%, respectively. Adding 1 mol% anisole by pre-

vapourisation increases the radiant fraction of the HB0 flame

by 13%, comparedwith a 16% increase from the spray. It is also

found that introducing the additives by spray instead of pre-

vapourisation has a larger impact on the radiant fraction

enhancement of the 1 mol% toluene and anisole blends than

other biofuel surrogate blended flames. This phenomenon can

be correlated to the observation in Section Flame luminosity

that soot formation is promoted in these two flame cases

directly as a result of changing the introduction method.

The results from Figs. 5 and 6 indicate that blending lower

concentration biofuel surrogates to a H2/N2 flame by spray has

a limited impact on radiant heat flux enhancement. It was

concluded in Section Flame luminosity that changing the

introduction method from prevapourisation to spray does not

attain a highly sooting flame at 0.2 and 1 mol% additive con-

centration, therefore, the source of radiative heat transfer

from these lower concentration biofuel blended flames is still

from gaseous species (e.g., CO, CO2, and H2O). It is known that

gaseous species have much less radiant heat flux than soot at

Fig. 5 e Global radiant fraction of lower concentration (0.2

and 1 mol%) vapourised/spray biofuel surrogate/H2/N2

flames from x/Lf ¼ 0 e 0.4.

Fig. 6 e Axial radiant fraction of lower concentration (0.2 and 1 mol%) vapourised/spray biofuel surrogate/H2/N2 flames

described in Table 1.
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equivalent temperature [48]. Another factor that contributes

to the limited radiant intensity enhancement observed in the

9:1 mol H2/N2 flame is that such flame with high hydrogen

concentration has abundant OH radicals and high flame

temperature, leading to a high oxidation rate that hampers

sooting formation from the relatively low carbon flux (note

that the concentration of carbon atoms in lower concentration

biofuel blended flames are about 0.02 e 0.07, much lower than

conventional hydrocarbon fuels). Therefore, an additional

flame case with lower hydrogen concentration was tested to

evaluate the effect of hydrogen concentration on the flame

characteristics of biofuel surrogate blended H2/N2 flames. The

results will be further discussed in Section The effect of

blending higher concentration vapourised toluene (� 3.5mol

%).

It is observed in Fig. 6 that the radiant fraction of spray

toluene and anisole blended flames reach the peak value at x/

Lf ¼ 0.4 between x/Lf ¼ 0 e 0.4, which is dissimilar to the trend

in other vapourised/spray biofuel-blended cases d reaches

the peak radiant fraction at x/Lf ¼ 0.35. In the flames without

soot (i.e., all flame cases except for 1 mol% spray toluene/

anisole flames), the flame luminosity and radiant fraction

reach their peaks closer to the jet exit as a result of enhanced

formation of gaseous species. On the other hand, in the 1mol

% spray toluene and anisole blended flames where soot for-

mation becomes evident from x/Lf ¼ 0.4, soot loading is the

major contributing factor to the radiant intensity enhance-

ment. This finding is consistent with the observations in

Fig. 4.

Another noteworthy finding in Fig. 5 is that the global

radiant fraction from x/Lf ¼ 0 e 0.4 of the spray D-limonene

blended flame case shows a decreasing trend with the in-

crease in additive concentration, indicating that other factors

may play important roles in radiant intensity enhancement in

addition to carbon flux. Introducing 0.2 mol% D-limonene as a

spray enhances the radiant fraction of the HB0 flame by 10%,

but adding 1 mol% spray D-limonene enhances the radiant

fraction by 8%. It was reported that flame temperature is one

of the contributing factors to the radiant heat flux as the

flame's radiated heat is proportional to the fourth power of

temperature d Qr f T4 [29]. The impact is more evident in

spray flames The spray flame temperature results presented

in Section 3.1.3 further support this finding.

Flame temperature
Fig. 7 reports the mean axial flame temperature along the

centreline for both the vapourised and spray biofuel surro-

gate blended H2/N2 flames. The results show that intro-

ducing prevapourised biofuel surrogates increases the mean

centreline flame temperature of the non-blended H2/N2

flame near the jet exit plane while decreasing the flame

temperature at the region further into the momentum-

driven part. Compared with vapourised flames, adding bio-

fuel surrogates to HB0 flames by spray evidently decreases

centreline flame temperature. The most significant reduc-

tion is recorded to be 213 K in 1 mol% spray D-limonene

blends at x/Lf ¼ 0.05. Dissimilar to the trend of all vapourised

flame cases, reductions in mean centreline flame tempera-

ture are observed throughout the flame from x/Lf ¼ 0.05 e 0.4

in spray flames.

It is seen in Fig. 7 that spray flames generally have lower

mean centreline flame temperature than vapourised or non-

blended flame, particularly near the exit plane. The enthalpy

of vapourisation leads to a reduction in the temperature of the

spray flames. The temperature difference tends to be less

downstream, where the rate of vapourisation decreases. The

prevapourised biofuel surrogates and hydrogen mixture

actively participate in the reactions mixed with oxidant when

they leave the jet exit, while sprayed biofuel surrogates first

require energy for phase change. Therefore, a faster and more

homogeneous mixing is achieved in vapourised flames and

subsequently results in higher flame temperature. It was dis-

cussed in Sections Flame luminosity and Radiant heat flux that

in these lower concentration biofuel surrogate blended flames,

where thermal radiation is primarily from gaseous species,

higher flame temperature and higher heat release rate lead to

higher flame luminosity and radiant intensity. Themean flame

temperature results further provide evidence to explainwhy all

vapourised flames display higher flame luminosity at x/Lf ¼ 0.2

in Fig. 4b and reach their peak luminosity closer to the jet exit

plane in Fig. 4d, compared with spray flames. Temperature

reduction is the reason that radiant fraction decreases with the

increase in biofuel concentration (i.e., carbon flux). The largest

temperature reduction (ie., 213 K in 1 mol% spray D-limonene)

is correlated to the lower radiant fraction in 1 mol% spray D-

limonene blends, compared with 0.2 mol% spray D-limonene

blends (discussed in section Radiant heat flux).

Large mean centreline flame temperature drops are also

observed in 1 mol% spray toluene and anisole blends (Figs. 7a

and d), however, exhibiting an opposite trend to D-limonene

blends regarding radiant heat flux. Soot formation becomes

evident in the 1 mol% spray toluene and anisole blended

flame, hence the source of the radiative heat transfer in these

flames gradually shifts from gaseous species to a stronger

source d soot. It is known that lower temperature favours

soot formation since the soot oxidation rate is reduced [15,49].

Therefore, the reducedmean flame temperature in the 1mol%

spray toluene blends and anisole blends contributes to soot

formation and subsequently results in laser radiant fraction

increases. It is also observed in Fig. 7a that 1 mol% spray

toluene blends and anisole blends see larger mean tempera-

ture drops in the vicinity of x/Lf ¼ 0.3 compared with D-

limonene and eucalyptol. In addition to the enthalpy of

vapourisation of liquid droplets in spray flames, it is also

ascribed to the elevated radiative heat loss from the soot,

which is consistent with the observation in spray flame pho-

tographs (Fig. 3b) that soot loading becomes evident in 1mol%

spray anisole and toluene-blended flames. This phenomenon

will be further demonstrated in Section The effect of blending

higher concentration vapourised toluene (� 3.5mol%).

NOx emissions
The emission index for NOx ðEINOx Þ is calculated using Eq. (3)

[50,51]:

EINOx ¼
XNOx

ðXCO þ ðXCO2
� XCO2amb

ÞÞ �
nc �MWNOx

MWf � LHVf
(3)

where X denotes the mole concentration of NOx, CO, CO2 in

the flue gases, CO2amb is the mole fraction of CO2 in ambient

air, nc is the carbon concentration of fuel, MWNOx is the
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Fig. 7 e Mean axial flame temperature along the centreline of lower concentration (0.2 and 1 mol%) vapourised/spray biofuel

surrogate/H2/N2 flames described in Table 1. The results are corrected for radiative heat loss from the thermocouple.

Fig. 8 e Global NOx emissions measured in the experiment and numerical simulation of NO of lower concentration (0.2 and

1 mol%) vapourised/spray biofuel surrogate/H2/N2 flames described in Table 1. (8a) Emission index for NOx measured in the

experiment. (8b) ROP of NO in toluene and anisole blends from numerical simulation.
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molecular weight of NOx, MWf and LHVf denote the molecular

weight and the lower heating value of the fuel mixture,

respectively. Note that Eq. (3) is not applicable to carbon-free

fuel mixtures [51].

The EINOx (g/MJ) from measurements in both the spray and

vapourised biofuel surrogate blended H2/N2 flames is plotted

as a function of biofuel concentration in Fig. 8a. Fig. 8b pre-

sents the total ROP of NOx in toluene and anisole blends as a

function of concentration from numerical modelling. The re-

sults show that introducing 1 mol% additives into the H2/N2

flames by spray results in lower EINOx than introducing pre-

vapourised biofuel surrogates. Introducing 0.2 and 1 mol%

anisole by spray decreases the EINOx by 60% and 67%, respec-

tively, compared with introducing 0.2 and 1 mol% anisole by

prevapourisation. This is mainly because the lower centreline

flame temperature (Fig. 7) measured in spray flames reduces

NOx formation via the thermal route. Thermal NOx was pre-

viously reported as the dominant NOx formation route in

hydrogen-based flames [52,53].

It is highlighted in Fig. 8 that as the biofuel surrogate con-

centration increases from 0.2 mol% to 1 mol%, the EINOx in-

creases. However, the centreline flame temperature shown in

Fig. 7 does not exhibit a positive correlation with biofuel sur-

rogate concentration in vapourised flames. Furthermore, the

numerical results from the OPPDIF simulation in Fig. 9 show

that as the biofuel surrogate concentration increases, the peak

adiabatic flame temperature of vapourised toluene and anisole

blended flames decreases from 2302 K to 2238 K,while the total

NOx ROP in Fig. 8b displays an increasing trend. These obser-

vations imply that other NOx formation pathways in addition

to the thermal route may enhance NOx formation in biofuel

surrogate blended flames. Therefore, a detailed modelling of

NOx formation reaction pathways was conducted.

Nitrogen oxides (NOx) is predominantly comprised of nitric

oxide (NO) with a minor proportion of nitrogen dioxide (NO2).

It is found in the simulation that the ROP of NO2 is two orders

of magnitude smaller than that of NO. Thus, the computa-

tional analysis is focused on the reaction pathways of NO.

Fig. 10 presents the ROP for four primary reaction pathways of

NO d three NO formation pathways and one consumption

pathway. It is seen from Fig. 10a that the ROP of NO via the

OH þ N # H þ NO reaction increases with the vapourised

toluene and anisole addition. This reaction pathway is known

as one of the subsets in the thermal NO formation route [30];

however, it does not mean this reaction is driven by the flame

temperature. It is the first reaction in the thermal route:

O þ N2# NO þ N that requires high energy from the flame

temperature and initiates the NO formation. This reaction

also controls the reaction rate via the thermal route [30]. Based

on this understanding, the acceleration of NO formation via

the OH þ N # H þ NO reaction in these biofuel surrogate

blended H2/N2 flames likely results from the OH and N radical

increase. The OH radicals are expected to be abundant in

hydrogen-based flames. The N radicals, on the other hand, are

usually created from CHi radicals attacking the triple bond in

N2 [54]. Therefore, as the concentration of CHi radicals in-

creases with the biofuel surrogate addition, the production of

N radicals is subsequently promoted and hence leads to the

increase in NO formation. The CHi radicals are also involved

with the reaction pathways associated with prompt NO for-

mation, which will be discussed in the following paragraph.

The prompt route is another reaction pathway that is ex-

pected to have a major effect on the NO formation. The

prompt route is initiated by CH þ N2# H þ NCN and then the

NCN radical forms HCN via the NCN þH#HCN þN reaction.

The HCN radical subsequently reacts with O to eventually

form NO. It is noted in Fig. 10b that the prompt NOx formation

route is of less importance in lower concentration (0.2 and

1mol%) vapourised biofuel surrogate blended flames, which is

an order of magnitude smaller than the OH þ N # H þ NO

route.

Fig. 10c indicates that HNO plays an important role in NO

formation via the H þ HNO # H2 þ NO reaction, which is

known as the HNO-intermediate route [55]. The ROP of NO

via this route tends to decrease with the increase in biofuel

surrogate concentration. To investigate the reason behind

this trend, the reaction chain of HNO needs to be understood.

HNO is generally formed from NH through NH þ OH #

HNO þ H reaction, and the formation of NH is related to the

subset of NNH route: NNH þ O # NO þ NH. The NNH route

emphasises the influence of H and O radicals at flame fronts

and rich regions, especially in hydrogen flames [52]. The

oxygen content in anisole actively participates in the

NNH þ O # NO þ NH reaction and hence results in a slower

decrease in NO formation via the HNO-intermediate route

than toluene.

The process of NO consumption to a relatively steady state

N2 is another important consideration. Fig. 10d shows the ROP

of NO consumed to N2 via the NO þN#N2 þ O. Higher ROP is

observed in the H2/N2 flame without biofuel surrogate, which

in turn results in more NO formation in biofuel-blended

flames. Combined with the ROP of other major reaction

pathways, the overall ROP of NO tends to increase with the

biofuel surrogate addition, which agrees with the experi-

mental results in Fig. 8a.

Another noteworthy observation from both experimental

and numerical results is that vapourised anisole tends to

produce more NOx than vapourised toluene at low concen-

trations. It is seen from Figs. 8 and 10 that the differences of

NO ROP along with the NO consumption rate between anisole

Fig. 9 e Peak adiabatic flame temperature of toluene and

anisole blends from numerical simulation.

i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 8 ( 2 0 2 3 ) 2 5 5 6 3e2 5 5 8 025574



and toluene via the OH þ N # H þ NO, NO þ N # N2 þ O, and

HCN þ O # CH þ NO routes are minor compared with the

most distinct difference via the HNO-intermediate route:

H þ HNO# H2 þ NO. This is because the weak chemical bond

in anisole chemical structure, which connects the oxygen

atom and aromatic ring, is easily broken to form free oxygen

atoms which then actively participate in the NNH route

through NNH þ O # NO þ NH reaction to form NH and hence

HNO [56].

It is seen in Fig. 8a that cyclic monoterpene biofuels

(eucalyptol and D-limonene) generally have higher EINOx

compared with toluene and anisole. Furthermore, the EINOx of

0.2 and 1 mol% D-limonene blends is higher than that of

eucalyptol-blended flames, either by spray or prevapourisa-

tion. D-limonene is a non-oxygenated fuel that is comprised

of a C¼C double bond, while eucalyptol is an oxygenated fuel

without C¼C double bonds. Previous studies show that the

presence of C¼C double bond and oxygen content in the

chemical structure of a fuel increase the flame temperature

and lead to higher NOx emissions [57,58]. The EINOx compari-

son between D-limonene and eucalyptol may imply that the

effect of unsaturation degree on NOx emissions is more sig-

nificant than the oxygen content in these biofuel surrogate

blended H2/N2 flames.

The effect of blending higher concentration vapourised
toluene ð� 3:5 mol%Þ

Higher concentrations (3.5 and 4 mol%) of vapourised

toluene are blended in H2/N2 flames to investigate the

combustion characteristics and compare them with the

lower concentration cases. As discussed in Section The

effect of blending lower concentration biofuel surrogates

(� 1 mol%), high hydrogen concentration can be a major

factor that hampers soot formation. Therefore, an addi-

tional 3.5 mol% vapourised toluene-blended H2/N2 (7:3 by

mole) flame case (LHTV3.5) with U/d ¼ 12,800 s�1 was tested.

In this section, the flame appearance, radiant fraction,

centreline flame temperature, and NOx emission of the

LHTV3.5 flame are presented to evaluate the effect of lower

exit strain rate, H2 and N2 concentration on flame

characteristics.

Fig. 10 e Reaction pathways of NO in toluene and anisole blends from numerical modelling.
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Fig. 11 presents photographs of the flame appearance with

longer (0.5 s) and shorter exposure times (250 ms). There is a

clear transition from blue to yellow colouration as the

vapourised toluene concentration increases from 0.2 to

3.5 mol%, which indicates that soot is markedly promoted.

The blue colouration, which represents the gaseous species as

discussed in Section Flame luminosity, is distributed near the

exit plane (x/Lf � 0.2), but the length of this region becomes

shorter as the toluene concentration further increases. The

photographs with shorter exposure times (250 ms) capture the

instantaneous distribution of soot in flames. Soot is predom-

inantly distributed between x/Lf ¼ 0.2 e 0.8 and its chaotic

state is because of flame turbulence. The photograph of the

4 mol% spray toluene blended flame is presented to show the

visual observation of toluene droplets burning in the flame.

The local fuel-rich condition created by toluene droplets

significantly enhances soot formation near that region. This

characteristic of spray flame is distinct from the vapourised

flame and it is the major contributing factor to the difference

between 1 mol% vapourised/spray toluene and anisole flames

in Fig. 3. Fig. 12a provides signal intensity extracted from the

photograph to demonstrate the luminosity enhancement of

3.5 mol% toluene. The signal intensity of the 3.5 mol% toluene

flame is 34 times greater than the 1 mol% toluene flame, and

this value is more than doubled at 4 mol% (70 times).

Fig. 12b shows the radiant fraction measured from the 0,

3.5, and 4 mol% vapourised toluene blends. Unlike lower

concentration biofuel-blended flames, blending high concen-

tration toluene to H2/N2 flame tends to have a larger non-

linear increase in radiant fraction starting from x/Lf ¼ 0.35.

At x/Lf ¼ 0.4, increasing the vapourised toluene concentration

to 4 mol% leads to a 33% increase in the radiant fraction of the

HB0 flame, compared with 21% increase by blending 1 mol%

vapourised toluene. The radiant fraction of the 4 mol

vapourised toluene is increased by 52% compared with the

non-blended H2/N2 flame. The previously reported numerical

results of naphthalene ROP have further underpinned the

experimental observation [29]. The formation of naphthalene

in lower concentration (0 e 2 mol%) toluene and anisole

blends is moderate, followed by a large non-linear increase as

the biofuel concentration rises from 2 to 4 mol%. This further

supports the finding that blending lower concentrations of

biofuels has limited impact on the flame appearance and

radiant fraction of a H2/N2 flame, but a clear transition in

flame appearance and the radiant fraction is observed when

blending higher concentration biofuels.

Fig. 12c shows themean axial flame temperature along the

centreline of higher concentration toluene blended H2/N2

flames. It is seen from Fig. 12c that the overall trend of mean

centreline flame temperature variation in higher concentra-

tion vapourised toluene blends is dissimilar to the lower

concentration vapourised cases d the mean centreline flame

temperature displays a decreasing trend starting from

x/Lf ¼ 0.25, which is not seen in the lower concentration

vapourised biofuel surrogate blended flames, but only in spray

flames. It was discussed in Section Flame temperature that

the reduced mean centreline flame temperature in spray

flames is due to the enthalpy of vapourisation of liquid drop-

lets, which does not occur in the prevapourised flames. In

conjunction with the radiant fraction results in Fig. 12b, the

reduced mean centreline flame temperature found in the

higher concentration vapourised toluene blended flame

(HTV3.5 and 4) is due to the increased radiative heat loss from

the soot enhancement. The reduced mean flame temperature

in these flames leads to a lower soot oxidation rate, which

further promotes the soot production in the flame.

Fig. 11 e Photographs of 3.5 and 4 mol% vapourised toluene-blended H2/N2 flames (HTV3.5 and HTV4) and the 3.5 mol%

vapourised toluene-blended H2/N2 flame with lower hydrogen concentration (LHTV3.5) described in Table 1.
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Fig. 12d reports the global EINOx of higher concentration

vapourised toluene-blended H2/N2 flames. The emission index

for NOx increases by 40% from 1 to 3.5 mol% vapourised

toluene blends, and further increases by 6% from 3.5 to 4mol%.

The increasing trend of EINOx in higher concentration vapour-

ised toluene blends is consistent with the lower concentration

cases discussed in Section NOx emissions. As is shown in

Fig. 8, the kinetic mechanism and dominating reaction path-

ways of NO formation in 3.5 and 4 mol% vapourised toluene

blends are not dissimilar to the lower concentration cases,

with one distinct exception that the ROP of NO formation

through prompt route: HCNþO# CHþNO reaction in 4mol%

toluene blends is 7 times greater than that in 0.2 mol% toluene

blends. This implies that as the toluene concentration in-

creases to 4 mol%, HCN radicals formed from CH and NCN

routes are enhanced. Hence, NO formation through theprompt

route has gradually become one of the primary reaction

pathways in higher concentration toluene-blended H2/N2

flames.

As discussed in Section Introduction, adding hydrogen to

hydrocarbon fuels reduces soot loading of the flame via three

mechanisms: thermal effect, dilution effect, and chemical

effect [11e13,16,59]. Therefore, an additional 7:3 H2/N2 flame

casewith lower hydrogen concentration, blendedwith 3.5mol

% vapourised toluene (LHTV3.5) was tested (see flame details

in Table 1). It is also noted that the exit strain rate of the higher

hydrogen concentration flame cases is above 20,000 s�1,

whereas the lower hydrogen flame case is only 12,800 s�1. A

high exit strain rate (low residence time) is known to inhibit

soot formation as the key soot formation processesd surface

growth and agglomeration require time [60]. The flame lumi-

nosity, radiant fraction, centreline flame temperature, and

NOx emission of the lower H2 concentration flame (LHTV3.5)

are presented in the figures along with the higher H2

Fig. 12 e Flame characteristics of vapourised toluene-blended H2/N2 flames (HTV1, HTV3.5 and HTV4) and the 3.5 mol%

vapourised toluene-blended H2/N2 flame with lower hydrogen concentration (LHTV3.5) described in Table 1. (12a)

Normalised signal intensity from photographs. The signal intensity is normalised to the peak signal intensity among the

vapourised toluene flames. (12b) Radiant fraction from x/Lf ¼ 0.05 e 0.4. (12c) Mean axial flame temperature along the

centreline of the flames. The results are corrected for radiative heat loss from the thermocouple. (12d) Global NOx emissions.

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 8 ( 2 0 2 3 ) 2 5 5 6 3e2 5 5 8 0 25577



concentration flame (HTV3.5) for comparison. The signal in-

tensity which indicated the flame luminosity in Fig. 11 shows

that the 3.5% vapourised toluene-blended flame with low

hydrogen concentration (LHTV3.5) is 15 times greater than the

3.5 mol% vapourised toluene blends with higher hydrogen

concentration (HTV3.5). For radiant fraction enhancement, it

is seen in Fig. 12b that the radiant fraction of the 3.5 mol%

vapourised toluene blends with lower hydrogen concentra-

tion (LHTV3.5) increases the radiant fraction of the HB0 flame

by 135% at x/Lf ¼ 0.35. The results demonstrate the significant

enhancement of flame luminosity and radiant intensity of the

non-blended H2/N2 flame from reducing the hydrogen con-

centration with constant bulk mean Reynolds number and

toluene concentration. Additionally, the global NOx emissions

(Fig. 12d) decrease by 68% compared with the high hydrogen

concentration 3.5% toluene blends. The reduced temperature

inhibits the NO formation via the thermal route and the

reduced H2 concentration results in lesser H and OH radicals,

which in turn inhibits the reaction pathways via theOHþN#

H þ NO and H þ HNO # H2 þ NO routes.

Conclusions

The effect of biofuel blending with H2/N2 turbulent non-

premixed jet flames was investigated in this study. Both

vapourised and sprayed biofuel surrogates are used and the

flames’ appearance, flame luminosity, radiant intensity, cen-

treline flame temperature, and NOx emissions are investi-

gated through combined experimental and numerical

methods. Based on experimental observations and numerical

results, the following conclusions are made:

1. Soot starts to form in the 1 mol% spray toluene and anisole

blends between x/Lf ¼ 0.4 e 0.8. Blending higher concen-

trations (3.5 and 4 mol%) vapourised toluene to H2/N2

flames results in a clear transition into a sooting flame. The

flame luminosity of the 3.5 mol% toluene flame is 34 times

greater than the 1mol% toluene flame. The radiant fraction

of the 4 mol% vapourised toluene flame at x/Lf ¼ 0.4 is

increased by 33% comparedwith the 1mol% toluene flame.

2. Introducing biofuel surrogates in liquid droplets to H2/N2

flames has demonstrated its advantages in promoting soot

formation by creating a local fuel-rich condition. Vapour-

ised flames aremore luminous and display a higher radiant

fraction near the jet exit as the vapourised biofuels facili-

tate the mixing with H2 and actively participate in the

oxidation reactions, while sprayed biofuel surrogates first

require energy for phase change. The centreline flame

temperature in spray flames is lower due to the enthalpy of

vapourisation, which in turn favours the formation of soot

precursors. The NOx emission from 1 mol% spray biofuel

surrogate blended flames is lower than vapourised flames

since the lower temperature in spray flames reduces

thermal NOx formation.

3. Both experimental and numerical results show that the

global NOx emissions from the turbulent nonpremixed H2/

N2 flame increase with biofuel surrogate addition. The

numerical simulation shows that the primary NO forma-

tion reaction pathways are the subset of the thermal route:

OH þ N # H þ NO and prompt route: CH þ N2# H þ NCN,

with HNO-intermediate route: H þ HNO # H2 þ NO also

contributing. The addition of biofuel surrogates mainly

enhances NOx formation via thermal and prompt routes,

leading to the increase in global NOx emission.

4. High hydrogen concentration of the turbulent non-

premixed hydrogen-based flames has a major inhibition

effect on soot formation and corresponding radiative heat

flux. As the hydrogen concentration decreases from 90% to

70% in the H2/N2 mixture, while Reynolds number (10,000)

and toluene concentration (3.5 mol%) are kept constant,

the radiant fraction of the LHTV3.5 flame is increased by

115% at x/Lf ¼ 0.35, compared with the HTV3.5 flame. The

global NOx emissions of the LHTV3.5 flame case decrease

by 68% compared with the HTV3.5 flame case. The global

NOx emissions from both the LHTV3.5 and HTV3.5 flame

cases are lower than the non-blended H2/N2 (HB0) flame

case. The elevated radiative heat loss reduces the flame

temperature in the LHTV3.5 flame case, which in turn in-

hibits the NO formation via the thermal route.

The key findings in this paper further contribute to the

understanding of biofuel-blended hydrogen flames, revealing

that hydrogen concentration in the fuel mixture and exit

strain rate may be dominating in enhancing flame luminosity

and radiant heat flux, compared with other factors (e.g., the

chemical structure of additive). It is also highlighted that the

NOx emissions increase with biofuel addition via the subset of

the thermal route and prompt route, which is another po-

tential challenge in evaluating the feasibility of biofuel-

blended hydrogen flames.
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Chapter 6

Needle spray burner imaging
and characterisation using
commercial photographic
equipment

6.1 Introduction

6.1.1 Motivation of spray burner characterisation

As presented in Chapters 4 and 5, introducing 0.2–1 mol% liquid biofuels
to hydrogen-based flames by prevapourisation and ultrasonic spray has a
moderate impact on the radiant heat flux and luminosity enhancement of
hydrogen flames. Therefore, a needle spray burner has been developed to
analyse the effect of adding gas-assist atomised biofuels to hydrogen flames
on combustion characteristics.

It is essential to characterise the spray burner under non-reacting flow condi-
tions as it not only contributes to the understanding of the breakup mech-
anisms and resultant spray morphology, but also to the analysis of their
impact on the combustion characteristics (e.g. flame appearance and radiant
intensity) of biofuel/hydrogen flames. In addition, spray burner character-
isation under non-reacting flow conditions also benefits the safe operation
of establishing biofuel/hydrogen flames on the burner. The working range
of the spray burner has been identified and presented in §3.3.1 and the
non-reacting flow cases of interest are chosen for further evaluation using
microscopic shadowgraphy imaging in this chapter.
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6.1.2 Overview of spray characteristics and influencing factors

The macroscopic and microscopic characteristics of spray flows have been
widely studied, including the breakup length of the liquid core, dispersed
phase area fraction, droplet size, and spray pattern. These spray characteris-
tics are affected by a series of contributing factors and influencing parameters,
namely the velocity differential between the fluid medium and the ambient
gas, the physical properties of the liquid (e.g. surface tension, viscosity, and
density), physical properties of the surrounding gas [1–4].

Various non-dimensional parameters such as Weber number, gas-to-liquid
(GLR) momentum flux ratio, Reynolds number, and velocity ratio have been
employed to describe and predict the spray characteristics. The liquid jet
velocity (i.e. liquid jet-Reynolds number) impact on the spray structures of
acetone and ethanol has been conducted in a coaxial needle spray burner. The
results show that the initiation of surface instabilities and their wavelength are
greately influenced by the liquid jet velocity [5]. The dependence of droplet
size on Weber number has been investigated in a pressurised chamber (4 bar)
with a preheated air coflow, showing that droplet diameter decreases from
100–200 µm to 15–30 µm as the Weber number increases [4].

Previous studies have highlighted that an increase in gas-to-liquid mass flow
ratio leads to a decrease in droplet size. The results from air-assist atomised
water spray on twin-fluid atomisers suggest that the Sauter mean diameter
(SMD) of droplets decreases from 130 µm to 50 µm as the GLR mass flow
ratio increases from 2.5% to 5% [1]. Similarly, the decrease of SMD (from
100 µm to 20 µm) with the increase of GLR mass flow ratio (from 0.25 to 1)
was observed in air-assist water atomisation on a counterflow nozzle [6]. A
comprehensive review of the influencing parameters on spray structures from
both experimental and numerical studies presented an inverse correlation
between the gas/liquid momentum flux ratio and the liquid core length, and a
higher Weber number and Reynolds number led to finner sprays [7]. Though
these studies have reported the impact of non-dimensional parameters on
spray performance, the dominant non-dimensional parameters of specific
spray characteristics are not well understood due to the lack of comprehensive
comparisons among the effect of various non-dimensional parameters on
spray characteristics.

The properties of the carrier gas play an important role in gas-assist atom-
isation. A comparison of using air, nitrogen, argon, and carbon dioxide as
the carrier gas for gas-assist atomisation on a swirl burner at constant mass
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and momentum flux control reveals that gases with smaller density (i.e. air
and nitrogen) generate smaller droplets and higher number density than
denser gases (i.e. argon and carbon dioxide) [8, 9]. However, most studies
focused on using air as the carrier gas for various liquid atomisation. There
is a lack of understanding regarding the influence of using different gases,
particularly very light gases such as helium and hydrogen, as carrier gases
with varying parameters on spray characteristics.

6.1.3 Spray diagnostics

To investigate the spray characteristics with minimum disturbance of the
multi-phase flow, various types of non-intrusive optical diagnostics with high
temporal and spatial resolutions are demanded. Benefiting from the develop-
ment of laser technology, laser Doppler velocimetry (LDV) and phase Doppler
particle anemometry (PDPA) have been prevalent in the measurement of
droplet velocities and sizes. However, a known limitation of LDV/PDPA is
the measurement of non-spherical droplets—large ligaments and irregular
objects in low Weber number (We < 20) spray regions where the liquid jet
core is still largely intact [10, 11]. This limitation can be compensated by using
the shadowgraph imaging technique, which has been widely employed to vi-
sualise spray features (e.g. shock waves, flow patterns, and density gradients)
at different regions due to the relative simplicity [11–14].

In the shadowgraph setup, a light source illuminates the flow from one side.
The light interacts with the spray, such that an image of the flow structure
is captured on the opposite side of the source by a detector. Lasers and
high-speed cameras are commonly used as the incident light source and the
detector, respectively. Microscopes can be equipped to magnify the micro-
scopic characteristics of near-field spray structures. The early shadowgraph
setup employed an electronic circuit with a short duration to “freeze” the
motion of the flow and a camera to capture the interacted light with limited
reports on the details regarding the resolution and limitations [15]. The light
source was then replaced by lasers and the detector was replaced by high-
speed scientific-grade cameras to achieve shorter exposure time for motion
blur reduction and time-resolved images [16].

The optical setup involving the use of lasers may increase the cost, the safety
risks (e.g. eye and skin injuries), and the complexity of experimental setup
and alignment. With the development of digital single-lens-reflex (DSLR)
cameras and electronic flash technologies, a digital photographic camera
available commercially is usually cost-effective and has better resolution than
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similarly priced scientific-grade cameras. An electronic flash is used to set
up and align with the DSLR camera to “freeze” the motion of the flow. This
optical setup has advantages in cost, spatial resolution, simplicity, and lower
safety risks, while minimising the trade-off in performance.

6.1.4 Chapter outline

In this chapter, a microscopic shadowgraph imaging technology using a com-
mercial camera and electronic flash is explored to characterise multi-phase
non-reacting spray flows on a concentric needle spray burner. Helium is
chosen as a low-density carrier gas to compare with air for the gas-assist
atomisation of water in order to evaluate the impact of different carrier gases
on spray characteristics. The macroscopic and microscopic characteristics
of the air/water and helium/water spray flows are presented, including
the breakup lengths of the liquid core, the characteristic major length of
droplets and ligaments, the area fraction, and the wavelength of the wave
structure. The non-dimensional parameters, namely the liquid-to-gas ve-
locity ratio, momentum flux ratio, mass flow ratio, volumetric flow ratio,
Reynolds number ratio, and Weber number are correlated with the measured
spray characteristics to analyse the dominant influencing non-dimensional
parameters of specific spray characteristics. The advantages, limitations, and
uncertainties of this diagnostic configuration are evaluated and reported.
The findings in this chapter contribute to the understanding of the effect of
using different carrier gases for gas-assist atomisation and the appropriate
influencing non-dimensional parameters for the prediction and description
of gas-assist spray performance.

6.2 Methodology

6.2.1 Burner configuration

A concentric needle spray burner, shown schematically in Figure 6.1, utilises
the airblast effect to atomise liquid flow. There are three streams designed for
this burner—a liquid fuel stream, a gaseous fuel stream, and a coflow stream.
The liquid flow is issued from a central dispensing needle (L = 300 mm, ID =
603 µm, OD = 908 µm), which is concentrically inserted in a jet with a 6.1 mm
internal diameter to supply gaseous fuel. The outermost stainless tube with
30 mm ID serves as a coflow. The dispensing needle is connected to the liquid
stream inlet via a Luer lock connection.
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6.2.2 Flow cases

Turbulent non-reacting spray flows were established on the needle spray
burner. In the gas-assist atomisation process, air and helium were used sepa-
rately to atomise water ejected from the needle. The carrier gas bulk mean
velocities for air and helium were investigated across the range from 30 m/s
to 110 m/s, in 10 m/s increments. The air velocity was chosen to start from
30 m/s as a reference gas case to attain a Reynolds number of 10,000, hence
the gas flow was in turbulent conditions. The bulk mean velocity was kept
constant for helium for comparison. The flow cases with 10 m/s increments
in bulk mean velocity are presented because clearer changes in spray charac-
teristics were observed. The water bulk mean velocities were tested at 0.4 m/s,
0.8 m/s, and 1.2 m/s. In total, the microscopic shadowgraphs of 60 different
flow cases were collected. The water flow rate was controlled by a rotameter
(ABB), with the manufacturer-specified total error within 8% for the flow
rates tested in this work. Mass flow controllers (Alicat) were employed to con-
trol the air and helium flow rate, with a manufacturer-specified uncertainty
of ±0.5% of reading and ±0.2% of full scale. The mass flow controllers and
the rotameter were calibrated prior to the experiment. The test conditions
of 60 reported cases are shown in Table 6.1. The velocity, Reynolds number,
Weber number, momentum flux, mass flow, and volumetric flow reported in
this chapter are all bulk mean values. The calculation of these parameters is
described in §6.3.3.
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Table 6.1: Test conditions for the cases studied, including air or helium bulk mean velocity
(Ug m/s), water bulk mean velocity (Ul m/s), bulk mean Reynolds number for carrier gas—
air (ReA), carrier gas—helium (ReH), gas/liquid velocity ratio (ψU), air/liquid momentum
flux ratio (ψpA ), helium/liquid momentum flux ratio (ψpH ), exit Weber number (We) for
air/water and helium/water flows.

Cases Ug Ul ReA ReH ψU ψpA ψpH WeA WeH

W0.4(A/H)030 30 0.4 10000 1300 75 6.8 0.9 9 1
W0.4(A/H)040 40 0.4 13400 1800 100 12.0 1.7 15 2
W0.4(A/H)050 50 0.4 16700 2200 125 18.8 2.6 25 3
W0.4(A/H)060 60 0.4 20100 2600 150 27.1 3.7 35 5
W0.4(A/H)070 70 0.4 23400 3100 175 36.9 5.1 48 7
W0.4(A/H)090 90 0.4 30100 4000 225 60.9 8.4 80 11
W0.4(A/H)110 110 0.4 36800 4800 275 91.0 12.6 120 17
W0.8(A/H)030 30 0.8 10000 1300 38 1.7 0.2 9 1
W0.8(A/H)040 40 0.8 13400 1800 50 3.0 0.4 15 2
W0.8(A/H)050 50 0.8 16700 2200 63 4.7 0.7 25 3
W0.8(A/H)060 60 0.8 20100 2600 75 6.8 0.9 35 5
W0.8(A/H)070 70 0.8 23400 3100 88 9.2 1.3 48 7
W0.8(A/H)090 90 0.8 30100 4000 113 15.2 2.1 80 11
W0.8(A/H)110 110 0.8 36800 4800 138 22.8 3.1 120 17
W1.2(A/H)030 30 1.2 10000 1300 25 0.8 0.1 9 1
W1.2(A/H)040 40 1.2 16700 1800 33 1.3 0.2 15 2
W1.2(A/H)050 50 1.2 16700 2200 42 2.1 0.3 25 3
W1.2(A/H)060 60 1.2 20100 2600 50 3.0 0.4 35 5
W1.2(A/H)070 70 1.2 23400 3100 58 4.1 0.6 48 7
W1.2(A/H)090 90 1.2 30100 4000 75 6.8 0.9 80 11
W1.2(A/H)110 110 1.2 36800 4800 92 10.1 1.4 120 17

6.2.3 Diagnostics

Microscopic shadowgraphy using commercial equipment was employed to
investigate the spray characteristics of the coaxial needle spray burner. The
optical setup is illustrated in §3.4.5.1.

6.2.4 Spatial detection limit of moving objects

In addition to the uncertainties described in the image processing section
in §3.4.5.2, there is a minimum exposure time required to measure moving
objects with a certain size without motion blur. Since the minimum exposure
time of the current optical setup is limited by the electronic flash at 15 ± 2 µs
and can not be further reduced, the spatial detection limit of this optical setup
varies when measuring moving objects at various velocities without motion
blur. The velocity-dependent spatial detection limit for the worst-case scenario
is calculated and presented in Table 6.2. The objects are assumed to move at
the same velocity as the bulk mean carrier gas velocity. The percentage of
motion blur in the flow cases was calculated based on the measured droplet
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Figure 6.2: Motion blur percentage as a function of bulk mean velocity of measured flow
cases described in Table 6.1.

characteristic length (ℓmax) and corresponding spatial detection limit, and
presented in Figure 6.2. The motion blur percentage increases as smaller
objects move at higher Ug. The influence of motion blur on larger objects of
interest is moderate in the current optical setup.

Table 6.2: The spatial detection limit of the optical setup at tested gas bulk mean velocities
(Ug).

Ug Spatial detection limit
m/s mm
30 0.15
40 0.20
50 0.25
60 0.30
70 0.35
90 0.45
110 0.55

6.3 Results and discussion

6.3.1 Near-field spray structure classification

Microscopic backlit shadowgraphy is used to identify five typical character-
istics, namely: (A) liquid core, (B) wave structure, (C) irregular object, (D)
ligament, and (E) droplet. Features A and B describe the liquid stream as it
is issued from the jet exit. Subsequently, fragments are formed (C–E), which
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may be classified based on their aspect ratio (AR), characteristic major length
(ℓmax), and the initial liquid jet diameter (Dl) [10, 11, 17–20], as follows:

• Droplets (ℓmax < Dl and AR < 3).

• Ligaments (AR > 3).

• Irregular objects (AR > 3, ℓmax > Dl).

The representative binarised shadowgraphs of flow cases W1.2H110 and
W0.8A090 are shown in Figure 6.3 to present the five typical spray structures
captured by microscopic shadowgraphy imaging. The W1.2H100 was chosen
for its clear presentation of a liquid core and a wave-like structure, while
other spray structures—irregular objects, ligaments, and droplets can be
found in W0.8A090 which are typical representatives of the result of primary
and secondary breakups. The liquid core (A) appears at the ejection of liquid
flow and is attached to the jet exit (x/D = 0). The spray flow is subjected to
Kelvin-Helmholtz instabilities and Rayleigh-Taylor instabilities as soon as
it is injected into the gas flow with bulk mean velocity difference Ug ≫ Ul ;
however, the liquid jet remains intact for a certain amount of time and
distance due to liquid surface tension. The length of the intact liquid stream,
i.e., liquid core (A) and wave structure (B), is usually termed breakup length
as a major indicator of spray performance [21–23]. The wave structure (B)
appears after the liquid core and before the primary breakup region as a
result of deformation and disturbance developing on the liquid jet surface.
The resultant oscillations form wave structures. The amplitude and frequency
of the waves acquired from the shadowgraphs can be used for quantitative
analysis of the liquid jet atomisation. As soon as the surface tension can no
longer ensure the cohesion of the liquid jet, primary breakups occur and the
liquid jet is disintegrated to form irregular objects (C), ligaments (D), and
droplets (E). These elements are continuously subjected to aerodynamic forces
and consequently break into self-stabilised small droplets—where the surface
tension maintains the cohesion of the droplets. This process is referred to as
the secondary breakup. The presence of a long-length liquid core and wave
structure with the absence of ligaments and droplets generally indicates that
the atomisation process is at an early stage or a pre-primary breakup stage. It
may become coarse sprays or remain as liquid streams further downstream
in the far-field region. The presence of a short-length liquid core, ligaments,
and droplets in the near-field region, on the other hand, is an indication
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Figure 6.3: Representative binarised shadowgraphs of gas-assist water spray structure
classification. A: Liquid core. B: Wave structure. C: Irregular object. D: Ligament. E:
Droplet.

of primary and secondary breakup occurrence, generally leading to a finer
spray in the far-field region.

It is observed in Figure 6.3 that not all five spray structures appear in the two
different flow cases W1.2H110 and W0.8A090. For example, only the liquid
core and wave structure are observed in the W1.2H110 case without any of
the subsequent secondary breakup appearing within the field of view. One
of the reasons is that the disintegration region of the liquid jet falls out of the
FOV detected by the current microscopic shadowgraphy. Similarly, although
the wave structure (B) of W0.8A090 is shorter than that of W1.2H110 and
only has one complete cycle, the occurrence of the wave structure is ascribed
to the same mechanism—oscillation.

6.3.2 Characterisation of near-field spray

The microscopic shadowgraphs of air/water and helium/water flow cases
are presented in Figure 6.4 and Figure 6.5, respectively. One image that is the
most representative of the typical spray characteristics for each flow case has
been selected. The direct visualisation of the spray structures from Figure 6.4
indicates that, as the bulk mean air velocity increases while the liquid velocity
remains constant, the liquid flow tends to break up into smaller fragments,
thus a finer spray. In the low air velocity cases (i.e. W0.8A030 and W1.2A030),
the liquid jet remains intact and a mild wave structure appears as a result
of instabilities on the interface. As the air/water velocity ratio increases, the
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breakup length is reduced and the liquid jet is elongated to form ligaments
of large AR and large droplets (e.g. W0.4A030, W0.4A040, and W0.8A050).
With the further increase in air/water velocity ratio, the AR of the ligaments
and the droplet diameter are decreased but the number of smaller droplets is
increased.

Helium was also tested as the carrier gas at the same gas/liquid bulk mean
velocity ratio as the air/water flow cases. The microscopic shadowgraphs
of helium/water flow cases shown in Figure 6.5 exhibit distinct near-field
spray characteristics compared with air/water at the same velocity ratio.
Unlike for air, there are no fragments observed in the flow cases where water
velocities equal to 0.8 and 1.2 m/s with helium velocities varying from 30 to
110 m/s. The liquid jet in most of these flow cases remains in the shape of an
undisturbed continuous liquid stream, except for W10.8H090, W0.8H110, and
W1.2H110 where mild wave-like structures are observed, which implies that
the velocity difference-induced influences on the interface are minimum. In
addition, it is inferred from the oversized droplets (ℓmax ≫ Dl) in W0.4H030,
W0.4H040, and W0.4H050 that the liquid may be dripping from the needle
exit because of the relatively low flow rate between the liquid and the ambient
gas environment. According to Table 6.1, the bulk mean gas/liquid velocity
ratio (ψU) is the same for air/water and helium/water flow cases, ranging
from 25 to 138. However, the spray structures observed in helium/water flow
cases indicate that the performance of gas-assist atomisation is weaker than
that in air/water flow cases, even though the bulk mean gas/liquid velocity
ratio is identical. This finding reveals that considering velocity ratio as the
controlling parameter in gas-assist atomisation, which has been reported in
some previous research, is not in itself appropriate without considering other
parameters.
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Figure 6.4: Representative microscopic shadowgraphs for the near-field (x/D = 0–17) spray
characteristics of air/water flow cases described in Table 6.1.

Figure 6.5: Representative microscopic shadowgraphs for the near-field (x/D = 0–17) spray
characteristics of helium/water flow cases described in Table 6.1.
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6.3.3 Influencing parameters for spray atomisation

The major non-dimensional influencing parameters for spray atomisation
that have been studied in this research include gas/liquid bulk mean velocity
ratio (ψU), gas/liquid momentum flux ratio (ψp), exit Weber number (We),
gas/liquid bulk mean Reynolds number ratio (ψRe), gas/liquid mass flow ra-
tio (ṁg/ṁl), gas/liquid volumetric flow ratio (V̇g/V̇l), and Ohnesorge number
(Oh). The definitions and equations for these non-dimensional parameters
are shown in §2.6.3.2.

To evaluate the influencing parameters for gas-assist liquid atomisation,
key features of the spray characteristics are extracted from the microscopic
shadowgraphs, including breakup length, the characteristic major length
(ℓmax) of droplets and ligaments, and the area fraction (AS/AT) of the spray
objects occupied area to the total area (FOV).

6.3.3.1 Evolution of liquid core

The evolution of the liquid core morphology in various flow cases is captured
in Figure 6.4 and Figure 6.5. From direct visualisation, the breakup length
shortens with the increase in slip velocity for the same type of gas/liquid
flows. The liquid jet is subjected to oscillation from the high-speed gas stream,
hence the liquid core is turned into a wave-like structure. In some flow cases,
e.g., W0.4A040, W0.4A060, and W0.4A090, the liquid core is further elongated
and forms a tapered shape. The occurrence of the tapered shape is a transition
from the liquid core to the formation of ligaments with larger AR.

The breakup length is commonly used as an indicator of the performance
of liquid atomisation—a shorter breakup length usually indicates a finer
spray, whereas a longer breakup length indicates a coarse spray [24]. The
breakup length of different flow cases is extracted from long-exposure (2 s)
shadowgraphs. The breakup length of various flow cases as a function of
non-dimensional parameters is presented in Figure 6.6, including bulk mean
gas/liquid velocity ratio, gas/liquid momentum flux ratio, exit Weber num-
ber, Reynolds number ratio, gas/liquid mass flow ratio, and volumetric flow
ratio. The results show that the breakup lengths of air/water sprays increase
from 0.42 mm to larger than the longitudinal field of view (>10.4 mm) as the
gas/liquid momentum flux ratio decreases from 91 to 3. The breakup lengths
of helium/water sprays exceed the detection limit of the setup (>10.4 mm)
when the gas/liquid momentum flux ratio is below 3. The flow cases that
show intact liquid core within the field of view visually seem to maintain
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a liquid stream into the far-field region and unsuccessful gas-assist liquid
atomisation. The decrease in the breakup lengths becomes insensitive to the
gas/liquid momentum flux ratio as the gas/liquid momentum flux ratio
reaches 27, given that the breakup length only decreases from 0.54 mm to
0.42 mm as the gas/liquid momentum flux ratio increases from 27 to 91.

The results shown in Figure 6.6 further underpin the observation concluded
from the direct visualisation of the shadowgraphs that the gas/liquid bulk
mean velocity ratio (ψU) may not be an appropriate non-dimensional pa-
rameter for the prediction and characterisation of atomisation performance,
particularly among different types of carrier gas. For example, at the same
ψU value of 50, the breakup length of W1.2A060 (2.3 mm) is distinct from
W0.8A040 (4.5 mm) where the air is used as the carrier gas in both flow
cases. Furthermore, replacing air with helium for gas-assist atomisation at
a constant ψU value of 50, the breakup length of W0.8H040 exceeds the
measurement limit, indicating poor atomisation performance compared with
the air-assist flow cases. Among the reported non-dimensional parameters,
it is evident that the gas/liquid momentum flux ratio (ψp) is the dictating
factor to describe the breakup length of the spray, as for a constant value of
ψp, the gas-assist atomisation tends to form similar breakup length across
different flow conditions and gas types. One of the major differences between
using helium or air as the carrier gas is the large density difference—the
density of air (1.2 kg/m3) is approximately seven times greater than helium
(0.17 kg/m3) at normal temperature and pressure (NTP). As the air is re-
placed by helium, the resultant increase in the liquid-to-gas density ratio
leads to a lower level of turbulence persisting within the liquid core in the
near-field region [25]. The momentum flux ratio includes this difference in its
calculation and hence reflects its influence on the breakup length. There are
eleven flow cases that displayed breakup lengths exceeding the measurement
limit, namely W1.2A030, W0.8H030–W0.8H070, and W1.2H030–W1.2H070.
Their ψU values are within the lowest range of tested flow cases, typically
below 1.0 according to Table 6.1. It is also noted that the breakup length
for the different flow cases follows a more consistent trend when plotted as
a function of exit Weber number (We) and the bulk mean Reynolds num-
ber ratio (ψRe). In contrast, the mass and volumetric flow ratio show more
variability.

A consistent trend is observed in Figure 6.6 that at a constant liquid mo-
mentum flux, the breakup length decreases with the increase in gas/liquid
momentum flux ratio. For example, in W0.4A040 and W0.4A050, the breakup
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length decreases by 30% (from 1 mm to 0.7 mm) as the air/water momentum
flux ratio increases by 58% (from 12 to 19). The decreasing rate of the breakup
length becomes lower as the air/water momentum flux ratio approaches a
higher level—as the air/water momentum flux ratio increases from 61 to 91
(i.e. by 50%), the breakup length decreases from 0.44 mm to 0.42 mm (5% de-
crease). The asymptotic relationship is attributed to the liquid jet immediately
breaking up when injected into the gas flow, such that the breakup length in
high ψp multi-phase flows converges to a value at a certain momentum flux
ratio.
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Figure 6.6: Breakup length as a function of non-dimensional parameters extracted from the
long-exposure microscopic shadowgraphs of various flow cases described in Table 6.1. The
non-dimensional parameters include bulk mean gas/liquid velocity ratio (ψU), gas/liquid
momentum flux ratio (ψp), exit Weber number (We), gas/liquid Reynolds number ratio
(ψRe), gas/liquid mass flow ratio (ṁg/ṁl), and gas/liquid volumetric flow ratio (V̇g/V̇l).
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Chapter 6 Needle spray burner characterisation

6.3.3.2 Droplet evolution

The characteristic major length (ℓmax) is used to indicate the size of the
droplets identified in the microscopic shadowgraphs of various flow cases,
following the criterion described in §6.3.1. The obtained mean ℓmax of droplets
as a function of ψU , ψp, We, ψRe, ṁg/ṁl , and V̇g/V̇l is presented in Figure 6.7.
It is concluded both from the qualitative visualisation in Figure 6.4 and
Figure 6.5, and quantitative analysis in Figure 6.7 that the ℓmax of droplets
is decreased with the increase in the value of ψU , ψp, We, ψRe, ṁg/ṁl , and
V̇g/V̇l . The ℓmax of droplets ranges from 60 µm to 590 µm (less than the ini-
tial liquid jet diameter Dl). There are no droplets generated in W0.8A030,
W0.8A040, W1.2A030, W1.2A040, and most of the helium/water flow cases.
Although a large droplet with ℓmax = 2.94 mm ≫ Dl is observed in Figure 6.5
flow case W0.4H030, the large droplet is formed by liquid dripping from the
needle exit and not via atomisation. When emerging in a still/low-velocity
gas stream, capillary Plateau-Rayleigh instability occurs on the liquid jet
which eventually breaks the liquid jet into droplets [26]. As the velocity of
the gas stream increases, axisymmetric instability is induced and eventually
overcomes the Plateau-Rayleigh instability. This physical phenomenon has
been previously reported [26] and further supports the criterion for classi-
fying spray structures that the droplets with ℓmax > Dl should be filtered
out.

It is interesting to note that the momentum flux ratio is not the most appro-
priate non-dimensional parameter for droplet diameter prediction, although
it still appears to achieve more consistent droplet size across different flow
cases than the velocity ratio. The results show that the exit Weber number
(We) is the dominant influencing parameter for determining and estimat-
ing droplet generation in gas-assist atomisation, as similar ℓmax values of
droplets are obtained at similar We, in comparison to other parameters. For
example, flow cases W0.4A090, W0.8A090, and W1.2A090 have the We value
of 80, the droplet ℓmax obtained in these flow cases are 120 µm, 160 µm, and
140 µm, respectively. However, at the same gas/liquid ψRe value of 54, flow
cases W0.4A030, W0.8A060, and W1.2A090 form droplets with dispersed
ℓmax value of 1310 µm, 290 µm, and 140 µm, respectively. This observation
is consistent with previously reported findings that the Weber number is
the appropriate parameter to describe the droplets formed according to the
secondary breakup mechanism [27].

Stokes number is used to estimate the behaviour of droplets whose size is
below the spatial detection limit of the introduced optical setup—8.8 µm. The
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Stokes number is widely used in scenarios that involve multi-phase flows
(e.g. particle image velocimetry) to indicate the level of responsiveness of
droplets to the turbulent fluctuation in the ambient gas environment [11].
The Stokes number is the ratio of droplet relaxation time (τd) to the turbulent
time scale (τt) calculated by a series of Equations 6.1, 6.2, 6.3, and 6.4 as
follows [11, 28–30]:
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(
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)
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τt =
0.65R1/2
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where Cd denotes the drag coefficient, Red is the droplet Reynolds number,
R1/2 is the half radius of the gas phase velocity profile, u′ is the fluctuating
gas phase velocity, taken on the jet centerline, |Us| is the absolute value
of the mean slip velocity of a particular droplet size, and d is the droplet
diameter. Since the local velocity is not measured in this experiment, a series
of assumptions are made. The droplet is assumed to be located at x/D
= 17 with an approximate local velocity equivalent to the bulk mean exit
velocity. The actual local velocity of the droplet is well below the bulk mean
exit velocity. Based on these assumptions, the Stokes number of droplets
whose size is below the detection limit of 8.8 µm is less than unity, indicating
that these very fine droplets fluctuate with the gas flow and are of minor
importance in spray characterisation and will follow the gas flow.

It should be noted that the microscopic shadowgraphy introduced in this
chapter is a two-dimensional line-of-sight measurement of the droplets,
sufficient for the order of magnitude estimation of droplet size; however, the
volume-to-surface area ratio is not available to estimate Sauter mean diameter
(SMD). The microscopic shadowgraphy setup introduced in this chapter is
more suitable for estimating droplets with relatively large diameters or
moving in a low-velocity flow field. The evaluation of Stokes number of flow
cases further demonstrates the potential for the optical setup to resolve the
key spray characteristics of importance.
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Figure 6.7: Characteristic major length (ℓmax) of droplets as a function of non-dimensional
parameters extracted from the short-exposure microscopic shadowgraphs of various flow cases
described in Table 6.1. The non-dimensional parameters include bulk mean gas/liquid velocity
ratio (ψU), gas/liquid momentum flux ratio (ψp), exit Weber number (We), gas/liquid
Reynolds number ratio (ψRe), gas/liquid mass flow ratio (ṁg/ṁl), and gas/liquid volumetric
flow ratio (V̇g/V̇l).
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6.3 Results and discussion

6.3.3.3 Evolution of area fraction

The area fraction of spray is a critical parameter to denote the level of atomi-
sation by describing the dispersed spray objects, which has been area fraction
(AS/AT %) is commonly used in two-dimensional line-of-sight shadowg-
raphy. The definition of area fraction was presented in §3.4.5.2. Figure 6.8
shows the area fraction extracted from the 50 binarised shadowgraphs for
each flow case as a function of the non-dimensional parameters described
in §6.3.3. The FOV-based AS/AT ranges from 1.7% to 6.5% across the tested
flow cases. In general, the AS/AT decreases with the increase in gas/liquid
non-dimensional parameters reported, in agreement with the trend revealed
in previous research [31]. It has been reported that the area fraction decreases
from 14% to 9% as the fuel/air mass flow ratio is increased given that a
two-dimensional estimate of volume fraction is measured [32]. The area
fraction decreases as ligaments and irregular shapes break up into droplets
and disperse radially [11].

It is seen in Figure 6.8 that the gas/liquid momentum ratio
(
ψp

)
is more

consistent across flow cases, particularly in those that use different gases
(air/helium) as the carrier gas, indicating it may be a controlling parameter.
The flow cases W0.8A110 and W0.8H110 show distinct AS/AT at 2.6% and
5.5%, respectively, even though they have the same ṁg/ṁl value of 13.8. The
exit Weber number, although the most appropriate to characterise droplet ℓmax

(refer to §6.3.3.2), is not suitable for the estimate of the area fraction of sprays.
The flow cases W0.4A090, W0.8A090, and W1.2A090 have a ṁg/ṁl value of 80
yet exhibit AS/AT at 1.8%, 3%, 3.9%, respectively. It is noticed that the AS/AT

of flow cases W0.4H(030–110) seem not to follow the same decreasing trend
with the increase in ψp, due to the liquid dripping phenomenon observed
in the experiment as a result of low ψp at a low liquid flow rate. The liquid
dripping creates large droplets with ℓmax > Dl , which decreases in size with
the increase in ψp and results in a lower AS/AT.
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Figure 6.8: Area fraction (AS/AT %) as a function of non-dimensional parameters extracted
from the short-exposure microscopic shadowgraphs of various flow cases described in Table 6.1.
The non-dimensional parameters include bulk mean gas/liquid velocity ratio (ψU), gas/liquid
momentum flux ratio (ψp), exit Weber number (We), gas/liquid Reynolds number ratio
(ψRe), gas/liquid mass flow ratio (ṁg/ṁl), and gas/liquid volumetric flow ratio (V̇g/V̇l).
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6.3.3.4 Evolution of ligament and wave structure

Ligaments are formed either in the transition of wave-like liquid jets breaking
up into droplets, or large droplets becoming elongated ellipsoids. Ligaments
eventually break up into smaller droplets. Similar to the droplet character-
isation employed in this work, the characteristic major length ℓmax is used
to describe the ligament measured in the microscopic shadowgraphs of flow
cases, following the classification criterion mentioned in §6.3.1. The mean
ℓmax of ligaments is plotted in Figure 6.9 for the non-dimensional parameters
considered (refer to §6.3.3). It is concluded both from the qualitative visu-
alisation in Figure 6.4, Figure 6.5, and quantitative data in Figure 6.9 that
the ligaments are less likely formed in the low ψp and We flow cases and
the ligament ℓmax decreases with the increase in ψp and We. Similar to the
droplet ℓmax, the exit Weber number may be the appropriate non-dimensional
parameter to describe the evolution of ligament, but the varying trend in
ligament ℓmax is less consistent compared with the droplets.

The wave structure is another important characteristic in the transition from
an intact liquid core to ligaments, irregular objects, and droplets. The lig-
ament size is found to be dictated by the primary wavelength [32]. The
formation of the wave structure is mainly subjected to oscillation on the
interface and an accelerated mechanism of destabilisation based on the am-
plified Rayleigh-Taylor instabilities. The resultant shear instability imposes
significant accelerations perpendicular to the surfaces of the liquid flow [33].

The wavelength of the wave structure acquired from the shadowgraphs for
the tested cases is plotted as a function of ψU , ψp, We, ψRe, ṁg/ṁl , and V̇g/V̇l ,
in Figure 6.10. In the flow cases that have an undisturbed liquid jet, e.g.
W0.8H(030–070) and W1.2H(030–070), the wavelength is considered infinite.
In the high ψp and We flow cases where the liquid jet immediately breaks
up into smaller objects, the wavelength is considered zero. Apart from those
cases, the wavelength of the wave structure varies from 0.7 mm to 3.8 mm
as the We ranges within 15–80. In general, with a constant water mass flow
rate, the wavelength shows a decreasing trend as the exit Weber number is
increased. The results are consistent with the findings reported previously
[33]. Amongst all the non-dimensional parameters presented, the exit Weber
number appears to be the most appropriate to describe the wavelength of
the wave structure. The change in wavelength follows a similar decreasing
trend with the increase in We for W0.4H(070–110) flow cases.
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Figure 6.9: Characteristic major length (ℓmax) of ligaments as a function of non-dimensional
parameters extracted from the short-exposure microscopic shadowgraphs of various flow cases
described in Table 6.1. The non-dimensional parameters include bulk mean gas/liquid velocity
ratio (ψU), gas/liquid momentum flux ratio (ψp), exit Weber number (We), gas/liquid
Reynolds number ratio (ψRe), gas/liquid mass flow ratio (ṁg/ṁl), and gas/liquid volumetric
flow ratio (V̇g/V̇l).
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6.3 Results and discussion

Figure 6.10: Wavelength of the wave structures as a function of non-dimensional parameters
extracted from the short-exposure microscopic shadowgraphs of various flow cases described
in Table 6.1. The non-dimensional parameters include bulk mean gas/liquid velocity ratio
(ψU), gas/liquid momentum flux ratio (ψp), exit Weber number (We), gas/liquid Reynolds
number ratio (ψRe), gas/liquid mass flow ratio (ṁg/ṁl), and gas/liquid volumetric flow ratio
(V̇g/V̇l).
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Chapter 6 Needle spray burner characterisation

6.3.4 non-dimensional parameters and spray characterisation

The analysis of influencing parameters for near-field dense spray charac-
terisation concludes that the momentum flux ratio and Weber number are
more appropriate in describing and predicting spray characteristics, whereas
the gas/liquid bulk mean velocity ratio is not appropriate to predict and
describe the gas-assist atomisation performance across the tested flow cases.
This is because as the type of carrier gas changes, the physical properties
of the carrier gas play an important role in gas-assist atomisation, which
has not been reflected in previous studies that focus on the airblast effect.
In this work, the comparison between air-assist and helium-assist atomisa-
tion at constant gas/liquid bulk mean velocity ratio clearly demonstrated
their distinct performance. For a similar reason, the gas/liquid mass and
volumetric flow ratio which have not taken the physical properties of carrier
gas into consideration, although widely employed in previous studies as key
parameters for gas-assist atomisation analysis, are demonstrated as not being
the most appropriate either.

The comparison between momentum flux ratio and Weber number for the
appropriate non-dimensional parameter in atomisation has been recently
reported [34]. The individual assessment of these two parameters confirms
the effect of momentum flux ratio—high momentum flux ratio cases tend to
have early completion of atomisation and more dispersed flow in the near
field. It also has been highlighted that at a constant momentum ratio, the
atomisation rate reduces with the Weber number due to increased liquid
loading. Also, the atomisation completes at a similar axial location, which
indicates that the variation in Weber number has a minor effect compared
with the momentum flux ratio [34]. The consistent findings in this work may
indicate that the Weber number is more suitable to describe the microscopic
characteristics of the spray (e.g. droplet size), as it reflects the relationship
between inertial forces and the surface tension forces in fluid dynamics. The
surface tension is a key force to resist the instabilities on the interface of
liquid and gas flows, therefore preventing the liquid stream from breaking
up. In contrast, the momentum flux ratio is more suitable to describe the
macroscopic characteristics of the spray since it emphasises the effect of
density and velocity difference between the liquid and carrier gas.

It is highlighted that the wavelength and amplitude of the liquid jet are
subjected to instabilities induced by different physical mechanisms. At high
Weber numbers where the surface tension has mild influences on atomisa-
tion, the instability growth on the liquid jet is governed by slip velocity. At
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low Weber numbers, as mentioned in §6.3.3.2, the surface tension becomes
dominant, and capillary Plateau-Rayleigh instability grows on the liquid jet
[26].

The bulk mean Reynolds number of carrier gases in Table 6.1 shows that the
ReA ranges from 10,000 to 36,800, indicating that the air-assist atomisation
cases all attain turbulent gas flow condition, whereas the ReH of helium-assist
cases is lower (1,300–4,800). The lower level of turbulence in the ambient gas
condition explains the lower atomisation performance observed in the he-
lium/water flow cases due to less intense instabilities induced by turbulence.
The presence of eddies in turbulent conditions facilitates the interactions
between liquid and gas streams and thus contributes to the breakup process.
The effect of turbulence on primary breakup length, wavelength, and liga-
ments has been previously reported [5, 26, 32]. It has been highlighted that
using a single exit Weber number to predict spray characteristics is insuffi-
cient. This is because the addition of local turbulence leads to instantaneous
Weber numbers which affect the breakup regimes of flows [32].

Table 6.3 summarises the previous discussion and findings, and lists the most
appropriate influencing parameters for partly predicting spray characteristic.

Table 6.3: Appropriate influencing parameters for partly predicting spray characteristics.

Spray characteristics Appropriate parameter
Breakup length Momentum flux ratio (ψp)
Droplet ℓmax Exit Weber number (We)
Area fraction Momentum flux ratio (ψp)
Ligament ℓmax Exit Weber number (We)
Wavelength of the wave structure Exit Weber number (We)

6.4 Conclusions

The gas-assist atomisation performance of coaxial multi-phase air/water and
helium/water flows from a needle spray burner was investigated by backlit
microscopic shadowgraphy using commercial equipment. The key findings
of this chapter are summarised as follows:

1. The introduced experimental method is suitable for identifying the
main features and objects in sprays where LDV and PDPA are not
applicable (e.g. large ligaments and irregular objects), while reducing
the hazards and complexity of a setup using lasers.
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2. Five key structures that represent the performance of gas-assist atomi-
sation in the near-field region were identified and analysed. The results
reveal that different types of carrier gas with various physical properties
greatly influence the performance of atomisation. Using helium as the
carrier gas leads to longer breakup lengths of the liquid core, larger
droplet size, and longer ligament lengths, compared with air under
the same liquid flow conditions. The coarser water spray generated by
helium is ascribed to its low density.

3. The evaluation of influencing non-dimensional parameters on spray
characterisations demonstrates that the momentum flux ratio is appro-
priate to describe and predict the macroscopic characteristics of spray—
breakup length and area fraction. The exit Weber number (We) is more
suitable for the characterisation of microscopic features—characteristic
major length ℓmax of droplet and ligaments and the wavelength of
the wave structure, whereas the bulk mean velocity ratio is not an
appropriate parameter to predict and determine spray characteristics.

4. The breakup lengths of the air/water sprays decrease from 9.7 mm to
0.4 mm as the gas/liquid momentum flux ratio increases from 1.3 to
37. As the gas/liquid momentum flux ratio exceeds 27, the decrease
in the breakup lengths is insensitive to the gas/liquid momentum flux
ratio. The liquid core of the helium/water sprays stays intact at the
gas/liquid momentum flux ratio < 3.

5. The exit Weber number of the air/helium water sprays tested in this
study (11–120) generates characteristic major length ℓmax of droplets
from 60 µm to 590 µm. Liquid dripping or intact liquid core was ob-
served at the exit Weber number less than 9.
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Abstract

The low radiant intensity and luminosity of hydrogen flames can be enhanced by the ad-

dition of a small portion of sooting biofuels. To achieve higher effectiveness, the impact

of blending turbulent nonpremixed hydrogen flames with liquid biofuels, by gas-assist

atomisation, is investigated and compared with the introduction methods of prevapourisa-

tion and ultrasonic spray. The flame appearance, luminosity, radiant fraction, centreline

temperature, and the near-field spray characteristics of four biofuel surrogates (eucalyptol,

D-limonene, guaiacol, and anisole) blended into hydrogen flames are measured experi-

mentally. Radiating biofuel/hydrogen flames are achieved on a coaxial needle spray burner

by the addition of 0.1–0.3 mol% biofuel surrogates. Compared with the unblended hy-

drogen flame, the luminosity and radiant fraction are enhanced by 30–500% and 2–15%,

respectively, with the addition of biofuel surrogates. The results show that adding the

biofuel surrogates by gas-assist atomisation is more effective than prevapourisation and
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ultrasonic atomisation in luminosity and radiant fraction enhancement. It is found that the

local fuel-rich conditions, which are beneficial for soot formation, are further facilitated by

the larger droplets and spray objects generated by gas-assist atomisation. Of the additives

tested, anisole is the most effective for luminosity and radiant fraction enhancement of a

hydrogen flame while exhibiting the largest flame temperature drop due to the enthalpy

of vapourisation and the radiative loss from the promoted soot formation. The viscosity

and surface tension greatly influence the spray characteristics which in turn impacts the

flame characteristics. Guaiacol, the representative of lignin, appears to have the lowest

effectiveness in radiant fraction enhancement due to the presence of a hydroxy group, a

higher bond dissociation enthalpy, and a coarser spray ascribed to higher viscosity and

surface tension.
Keywords: Hydrogen flame, Biofuel surrogate, Needle spray burner, Radiative heat flux,

Gas-assist atomisation

1. Introduction

In recent years, hydrogen has been increasingly recognised as a promising energy carrier

capable of replacing fossil fuels in industrial processes, driven by the urgent need to

mitigate greenhouse gas emissions. This burgeoning interest in hydrogen arises from its

potential to offer a clean and sustainable energy alternative, owing to its ability to produce

only water vapour when consumed. However, this carbon-free nature of hydrogen flames

gives rise to a noteworthy challenge for practical applications—their diminished radiant

intensity renders hydrogen flames inadequate for many industrial combustion systems,

which typically depend on radiative heat transfer as a primary means of heat transfer. To

address the diminished radiant intensity exhibited by hydrogen flames, a viable strategy

involves incorporating a small fraction of sooting biofuels into the hydrogen blend [1, 2].
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This intentional blending serves to augment the radiative heat flux by facilitating the

formation of soot particles [3–7].

The effectiveness of promoting soot formation and the consequent radiant intensity is

subject to the influence of numerous factors. These factors encompass a wide range

of parameters that can impact the process, including but not limited to residence time,

flame temperature, and the properties of additives [8–17]. It has been reported that

blending turbulent hydrogen flames with various biofuels at less than 1 mol% (based on

the mole concentration of H2) by prevapourisation and ultrasonic atomisation does not

achieve sooting flames and the largest radiant fraction enhancement was found at 19%

in toluene/hydrogen blends [6, 7]. Further increasing the concentration of toluene in the

hydrogen blends to 4 mol% greatly promotes soot formation and alters the flame appearance

from blue to yellow colouration [7]. The radiant fraction increases by 33% compared with

the non-blended hydrogen flame. Amongst the various biofuels studied, non-oxygenated

biofuels with aromatic structures tend to favour soot formation compared with oxygenated

fuels and monoterpenes [4–7, 18].

Apart from influencing factors of additives’ chemical properties and concentrations, the

method of introducing additives to the hydrogen flame affects the phase and morphology

of the additive, therefore impacting soot formation and radiant intensity enhancement

due to altered mixing mechanisms. Spray additives produce more soot compared with

prevapourised additives because fuel-rich regions created by a spray favour soot formation

[4]. However, changing the introduction method from prevapourisation to ultrasonic spray

has a moderate effect on the radiant intensity enhancement of biofuel-blended hydrogen

flames [7]. The liquid droplets generated by ultrasonic atomisation are fine, at about

30 µm diameter [4, 7, 19]. It is hypothesised that larger liquid fuel droplets may be
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needed to further enhance the local fuel-rich conditions for promoting soot formation. In

addition, the use of ultrasonic nebuliser for atomisation induces complexity to application

and limits the liquid fuel additives since it is sensitive to purity and physical properties of

the fuel. Therefore, investigating an introduction method of the additive with the potential

for further enhancing soot formation while maintaining the spray flame stability becomes

the motivation of this investigation.

Amongst various methods of liquid fuel atomisation, gas-assist atomisation driven by the

airblast effect has the most potential as the liquid droplet size can be controlled by atomi-

sation conditions, hence capable of forming larger droplets. In addition, the simplicity of

the gas-assist atomisation configuration and the insensitivity to liquid with various phys-

ical properties benefit its application in liquid fuel combustion. Gas-assist atomisation

can be described as the process of dispersing individual liquid droplets within a gaseous

medium, wherein these droplets undergo progressive evolution facilitated by the interac-

tions of turbulent dispersed two-phase flow phenomena [20, 21]. When a liquid flow is

introduced into a gaseous medium, the interface between the two flows, characterised by

varying velocities or densities, gives rise to Kelvin-Helmholtz instabilities. These instabil-

ities promote the amplification of Rayleigh-Taylor instabilities. Immediately upon exiting

the nozzle, deformations emerge on the liquid interface, which subsequently evolve in size

and magnitude over both distance and time. The presence of deformations and distur-

bances on the liquid flow surface initiates oscillations characterized by dilation and wave

structures. These oscillations lead to the fragmentation of the liquid flow into ligaments,

large droplets, and irregular objects, constituting the primary breakup mechanism. This

primary breakup predominantly occurs in the vicinity of the nozzle exit, representing a

region of dense spray regime, wherein the dynamics are primarily governed by fragment

coalescence and collision. Subsequently, as the liquid fragments progress downstream,
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they encounter aerodynamic forces that trigger a secondary breakup mechanism. In this

mechanism, the fragments experience further disintegration into smaller elements, with

minimal droplet-to-droplet interactions occurring [22, 23].

Dual concentric jets burners are commonly employed to perform gas-assist atomisation

and establishing gas/liquid blended flames. The spray characterisation involves using

techniques such as laser Doppler velocimetry (LDV), phase Doppler particle anemometry

(PDPA), and microscopic shadowgraph imaging to investigate the break-up morphology

of liquid streams under various gas/liquid conditions, including breakup length, ligaments,

and droplets. In comparison to spray characterisation, multi-phase reacting flows are rel-

atively poorly understood due to the challenge of stabilising the flame. There is a risk of

unconsumed atomised liquid fuel droplets escaping from the flame when excessively large

droplets are formed in coarse sprays as a result of the inappropriate design of atomisation

conditions (e.g. nondimensional parameters such as gas/liquid momentum flux ratio).

The physical properties of the liquid fuel play an important role in gas-assist atomisation,

including viscosity, surface tension, and density, which in turn affect flame stability. In

addition, the combustion properties of the liquid fuel are also the critical factors con-

tributing to flame stability, namely flammability and volatility. The blow-off limit and

the corresponding flame stability have been investigated on dual concentric jet burners

using highly flammable gaseous fuels and liquid fuels (e.g. acetone and ethanol) with a

piloted flame [23]. There is a lack of research that has reported on utilising the gas-assist

atomisation of liquid biofuels for enhancing the radiant intensity of hydrogen flames. As

mentioned, soot formation favours larger liquid droplets for creating fuel-rich conditions,

which raises challenges of balancing the form of larger liquid droplets in a coarse spray for

the effectiveness of radiant intensity enhancement, and the impact of larger liquid droplets

on flame stability.

5



CH3

O

CH3H3C
(a) Eucalyptol

CH3

CH2H3C
(b) D-limonene

O
CH3

(c) Anisole

OH

OCH3

(d) Guaiacol

Figure 1: Chemical structure of biofuel surrogates

Liquid biofuels are suitable soot-enhancing additives as they are biomass-derived renewable

fuels with high sooting propensities. Bio-oil and essential oil are two major categories

of biofuels which commonly comprise aromatics and terpene, respectively. Since bio-

oil and essential oil contain complex compounds, surrogates are needed to emulate the

chemical, physical, and combustion properties of the biofuels for chemical analysis [24–

26]. Four biofuel surrogates are selected in this paper, with their chemical structures shown

in Figure 1. Anisole (C7H8O) and guaiacol (C7H8O2) are chosen as the surrogates for

bio-oil since their chemical structures and functional groups are representative of the lignin

patterns [27]. They both are oxygenated fuels containing a methoxy group (-OCH3) which

is a typical functional group of bio-oil derived by fast pyrolysis. The additional hydroxyl

group in guaiacol compared with anisole allows the investigation of its effect on soot

formation. Eucalyptol (C10H18O) and D-limonene (C10H16) are selected as the surrogates

for essential oils as they are the primary component of eucalyptus oil and orange oil,

respectively [28, 29]. The effectiveness of blending these monoterpenes on soot formation

can be compared with aromatics to deepen the understanding of the potential application

of biofuels.

The fundamental understanding of the sooting propensities of the potential biofuel additives

and their effect of phase and concentration on the biofuel-blended hydrogen flames have
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been established. However, the influence on flame characteristics and radiant intensity

enhancement is limited. The gaps in understanding various biofuel surrogates, and how

the introduction method and mixing mechanism will have impacts on the blending effect

still remain. In this paper, the efficacy and effectiveness of blending turbulent pure hydrogen

flames with four biofuel surrogates are tested on a coaxial needle spray burner. The flame

appearance, flame luminosity, radiant heat flux, flame temperature, and spray characteristics

of these biofuel/hydrogen flames are investigated by an experimental approach. The results

and findings in this research further expand the understanding of critical influencing factors

in soot formation and the radiant intensity enhancement of hydrogen flames.

2. Methodology

2.1. Burner configuration

A coaxial needle spray burner was used to utilise the gas-assist atomisation for biofuel

surrogates addition to the hydrogen-based flame. A dispensing needle with L = 300 mm,

ID = 603 µm, OD = 908 µm is located in the central to supply the liquid biofuel surrogates.

Hydrogen is issued from a concentrically mounted gas jet with ID = 6.1 mm as the carrier

gas for gas-assist atomisation. The liquid and gaseous fuel jets are inserted in a stainless

steel jet which supplies an air coflow. The schematic of the needle spray burner is shown

in Figure 2.

2.2. Flame cases

One of the major challenges for the gas-assist atomisation of biofuel additives is ensuring

the ambient gas condition is able to generate sprays that can be completely consumed within
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Figure 2: Schematic of coaxial needle spray burner

the flame, while maximising the fuel-rich condition for soot formation. The hydrogen flow

rate was chosen to attain a bulk mean Reynolds number of 10,000, ensuring a turbulent

flow regime in all flow cases. The details of the flame cases and the corresponding flame

codes are shown in Table 1. Turbulent nonpremixed hydrogen-based flames were blended

with liquid biofuel surrogates by gas-assist atomisation with different concentrations. The

flow rates of the four biofuel surrogates were kept constant across the flame cases with a

concentration equivalent to 0%, 0.1%, 0.2%, and 0.3% based on the mole concentration of

H2, respectively. In addition, the carbon flow rate across different biofuel surrogates at the

same concentration was kept constant to achieve an equivalent carbon flux.

8



Table 1: Details of flame cases and flame codes of the turbulent nonpremixed biofuel surrogates blended
hydrogen flames, including mole fraction of additives based on the mole fraction of hydrogen (mol%), total
heat input (Q), gas/liquid momentum flux ratio (ψpA ), bulk mean Weber number (We), bulk mean Reynolds
number (Re), and Ohnesorge number (Oh). The flame codes and corresponding flame cases are as follows:
“HU0” - unblended pure hydrogen flame; “HE” - H2/Eucalyptol; “HL” - H2/D-limonene; “HA” - H2/Anisole;
and “HG” - H2/Guaiacol.

Flame code mol% Q (kW) ψpA We Re Oh

HU0 0.0 43.0 N/A N/A 10,000 N/A

HL0.1 0.1 44.1 439 81 10,300 0.0073
HL0.2 0.2 45.1 110 81 10,700 0.0073
HL0.3 0.3 46.1 49 81 11,000 0.0073

HE0.1 0.1 44.2 375 34 10,400 0.0138
HE0.2 0.2 45.3 94 34 10,900 0.0138
HE0.3 0.3 46.5 42 34 11,000 0.0138

HG0.1 0.1 44.0 342 56 10,400 0.0385
HG0.2 0.2 44.9 85 56 11,000 0.0385
HG0.3 0.3 45.9 38 56 11,500 0.0385

HA0.1 0.1 43.9 404 60 10,300 0.0068
HA0.2 0.2 44.8 101 60 10,800 0.0068
HA0.3 0.3 45.7 45 60 11,000 0.0068

2.3. Experimental setup

As mentioned in Section 1, the risk of fire hazard may increase if the liquid droplets cannot

react completely within the flame. Therefore, the coaxial needle spray burner was oriented

horizontally in conjunction with a metal drip tray to control the potential escaped liquid

droplets. For the selected flames, no escaped liquid droplet from the flame was observed

in the experiment.

To capture the flame appearance and the resultant changes in the appearance due to the

biofuel surrogate addition, a digital single-lens-reflex (DSLR) camera (Canon 6D) with

a 50 mm focal length was used. The in-plane spatial resolution is 0.6 mm. The field of
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view (FOV) of the cropped image is 1411 mm × 644 mm (length × width). In the image

post-processing, the photographs were transformed into greyscale to extract signal intensity

from each pixel for quantitative flame luminosity analysis. The greyscale images were then

binarised to obtain the flame area by counting the white pixels in the FOV of the cropped

image.

To measure the global radiant heat flux of various biofuel surrogate-blended hydrogen

flames, a heat flux sensor (Schmidt-Boelter gauge, Medtherm Corporation) was employed.

The heat flux sensor is able to measure nominal radiation over the range of 5–200 kW/m2,

with a full-field angle view of 150◦. The heat flux sensor was located at the radial distance

of 284 mm perpendicular to the centreline of the jet. The uncertainty calculated from the

mean radiative heat flux data was within ±2%.

Soot formation and corresponding radiant heat flux have a close relationship with flame

temperature [7]. In addition, the enthalpy of vapourisation in spray flames decreases the

flame temperature, which in turn has an impact on the soot formation process. A Type

R thermocouple with 0.2 mm diameter wire size and a 0.7 mm diameter bare-bead was

employed to collect the mean flame temperature at the distance of 150 mm from the jet exit,

focusing on the momentum-driven part of the flame and near-field of gas-assist atomisation.

While a full axial profile of the temperature would have been useful, it was not practicable

due to the horizontal nature of the flames. Nonetheless, the temperature data at x = 150mm

serves the purpose of relating the drop in gaseous temperature with the increase in thermal

radiation from the flames and the enthalpy of vaporisation. The conclusions drawn from

these measurements are carefully made to account for the fact that the measurements are

made at one point in all flames. The flame temperature measurements were corrected for

radiative heat loss from the thermocouple. The uncertainty of the mean flame temperature
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measurement was estimated to be ±6%.

To investigate the influence of spray characteristics of various biofuel surrogates generated

by gas-assist atomisation, back-lit microscopic shadowgraph imaging was employed. This

technique uses a light source to back-illuminate the objects from one side, and a detector to

capture the light on the opposite side to the source. In this study, a DSLR camera (Canon

50D) was used as the detector to capture the light from the objects. A long-distance

microscope (K2 DistaMax Infinity) and a CF-2 objective were equipped with the DSLR

camera for the magnification of the near-field spray structure. An electronic flash (Canon

EL-1) was used as the illumination light source with a nominal flash duration of 10 µs to

“freeze” the motion of the spray objects. The FOV and the depth of field (DOF) of the

optical setup were 10 mm × 9 mm (length × width) and 3 mm, respectively. The in-plane

spatial resolution was determined from the FOV divided by the image resolution (i.e. total

pixels of the camera) as 3 µm.

The major nondimensional influencing parameters for spray atomisation are calculated

to investigate the spray characteristics of the biofuel surrogate/hydrogen flames. The

gas/liquid (g/l) momentum flux ratio (ψp), exit Weber number (We), gas/liquid bulk mean

Reynolds number ratio (ψRe), and Ohnesorge number (Oh) are defined in Equations 1, 2,

3, and 4, respectively [30].

ψp =
ρgU2

g

ρlU2
l

(1)

We =
ρg(Ug −Ul)

2Dl

σ
(2)
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Re =
ρUL

µ
(3)

Oh =
µ√
ρσL

(4)

where ρ denotes the density of the fluid, U is the bulk mean velocity, σ is the surface

tension of the liquid, µ is the dynamic viscosity of the fluid, Dl is the initial liquid jet

diameter, and L is the jet diameter of the fluid.

2.4. Chemical analysis

In this study, numerical simulations were utilised to gain a deeper comprehension of the

chemistry involved and the dominant reaction pathways responsible for polycyclic aromatic

hydrocarbon (PAH) formation in biofuel-blended hydrogen flames. The simulations were

conducted using the opposed-flow non-premixed (OPPDIF) flame model in Chemkin Pro

v19.2. The OPPDIF model, commonly combined with experimental methods, allows for

an investigation of flame behaviour and chemical kinetics in jet flames [31, 32].

The chemical kinetic mechanism employed in this research was developed by the CRECK

Modelling Group specifically for modeling soot formation [33, 34]. It consists of 24,501

reactions and 497 species related to the combustion of hydrocarbons ranging from C1 to

C16. However, the current study only considered the presence of anisole and guaiacol in

the chemical kinetics modeling. To the best of the authors’ knowledge, a comprehensive

chemical kinetics mechanism that includes soot precursors is not available for essential

oil surrogates—eucalyptol and D-limonene. The concentrations of guaiacol and anisole

were varied while keeping the H2 concentration fixed to simulate different experimental
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cases. The fuel and oxidant inlet velocities were adjusted to maintain similar momen-

tum conditions. To predict soot formation and the corresponding thermal radiation in the

biofuel-blended hydrogen flames, the Chemkin simulation focused on analysing naphtha-

lene (C10H8, hereafter referred to as A2). Naphthalene is commonly employed in numerical

studies as a key intermediate in the formation of large PAHs to investigate soot formation

[4, 35, 36].

3. Results and discussion

3.1. Flame appearance

The flame appearance of the spray biofuel surrogate blended hydrogen flames is compared

with the unblended hydrogen flame, shown in Figure 3. The spray essential oil surrogates

(i.e. D-limonene and eucalyptol) and bio-oil surrogates (i.e. guaiacol and anisole) blended

hydrogen flames are presented in Figure 3a and Figure 3b, respectively. The long-exposure

(10 s) photographs illustrate the mean characteristics of the biofuel surrogate blended

hydrogen flames. Additional short-exposure photographs (2 ms) of eucalyptol and anisole

blended hydrogen flames capture the instantaneous soot distribution in the flame envelope.

The unblended hydrogen flame (HU0) is dominated by red colouration due to the presence

of water vapour as the major combustion product of hydrogen. It is the least luminous flame

presented in Figure 3. With the addition of 0.1–0.3% biofuel surrogates, the visibility of

the unblended hydrogen flame is improved. As the biofuel surrogates are added to the

flame, enhanced blue colouration appears near the jet exit (axial distance x = 0–180 mm

from the jet exit) in contrast to the nearly invisible region in the unblended hydrogen flame.

The enhanced blue colouration is ascribed to the formation of carbonaceous radicals—
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HCO∗, C∗
2, CH∗, and CO∗

2 by the biofuel blending [4]. The red colouration from the

middle to the tip of the unblended hydrogen flame is transformed to yellow, which is a

typical indication of soot formation, as the 0.1, 0.2, and 0.3 mol% biofuel surrogates are

added. A clear shift to yellow colouration is achieved by the gas-assist atomisation of

the biofuel additives. In contrast, it has been reported that adding 0.2–1 mol% biofuel

surrogates by prevapourisation or ultrasonic atomisation enhances the blue colouration due

to promoted formation of carbonaceous radicals, but the transition to yellow colouration

was not observed [7]. The dominant source of flame luminosity is shifted from gaseous

species to soot particulates in these sooting gas-assist atomised biofuel surrogate/hydrogen

flames. The promoted soot loading in the gas-assist atomised biofuel surrogate/hydrogen

flames indicates that the alternation of the introduction method benefits the soot formation.

From the direct observation of the photographs, the yellow colouration transformation is

the most intensive in anisole/hydrogen flames. The region near the jet exit is occupied by

yellow colouration, indicating an early formation of soot particulates in anisole/hydrogen

flames. The eucalyptol/hydrogen flame illustrates the least enhancement in luminosity and

soot formation among all biofuel surrogates.

The short-exposure photograph of anisole/hydrogen shows that soot particulates evidently

cluster from the jet exit to the flame tip, whereas the soot can be barely seen in eucalyp-

tol/hydrogen flames at the same camera settings. The soot clusters in anisole/hydrogen

flames are ascribed to the local fuel-rich region created by large liquid fuel droplets from

gas-assist atomisation, which will be further demonstrated by microscopic shadowgraphs

in Section 3.4. The larger droplets generated from gas-assist atomisation benefit soot

formation and corresponding luminosity enhancement by creating more intensive local

fuel-rich conditions.
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(a) Flame appearance of spray essential oil surrogates blended hydrogen flames

(b) Flame appearance of spray bio-oil surrogates blended hydrogen flames

Figure 3: Flame appearance of spray essential oil surrogates blended (3a) and bio-oil surrogates blended (3b)
hydrogen flames. The flames were established on the horizontally oriented needle spray burner described
in Section 2.1. “g” indicates the direction of gravity relative to the flame. The long-exposure (10 s) and
short-exposure (2 ms) photographs were taken at ISO-100.
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The average signal intensity extracted from the photographs shown in Figure 4 can present

quantitative information on the luminosity of the flames. The average signal intensity

is calculated by the summation of each pixel signal intensity in the FOV of the cropped

image and the flame area obtained from the binarised image. The average signal intensity

is normalised to the average signal intensity of 0.3 mol% anisole/hydrogen flame. The

average signal intensity increases with the addition of gas-assist atomised biofuel surro-

gates, indicating that the flame luminosity of the hydrogen-based flame is enhanced by

the addition of biofuel surrogates. The highest luminosity is found in the 0.3 mol% spray

anisole/hydrogen flame, which is five times more luminous than the unblended hydrogen

flame. The smallest luminosity increase of the unblended hydrogen flame is also 30% from

blending 0.1 mol% spray eucalyptol/hydrogen flame. The luminosity enhancement of the

unblended hydrogen flame is enhanced by 400% by the addition of 0.2 mol% gas-assist

atomised anisole, whereas the 0.2 mol% prevapourised and ultrasonically atomised anisole

only increases the luminosity by 200% [7]. The effectiveness of biofuel surrogates in hydro-

gen flame luminosity enhancement follows the trend as anisole > D-limonene > guaiacol

> eucalyptol. The luminosity of these sooting gas-assist atomised biofuel/hydrogen flames

is primarily contributed by the incandescence from soot particulates formed in the flame.

Anisole produces the most soot among the biofuel surrogates, thus it has the most lumi-

nosity enhancement. The effect of functional groups will be discussed together with the

radiant fraction results in Section 3.3. The average signal intensity extracted from the pho-

tographs further provides quantitative evidence to support the effectiveness of luminosity

enhancement of biofuel blending, in addition to the direct observation of the photographs.
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Figure 4: Flame luminosity indicated by the average signal intensity from photographs of spray biofuel
surrogate blended H2 flames described in Table 1. The average signal intensity is calculated by the summation
of each pixel signal intensity and the flame area obtained from the binarised image. The average signal
intensity is normalised to the peak signal intensity of 0.3 mol% anisole-blended H2 flame.

3.2. Flame temperature

The flame temperature measured at x = 150 mm (axial distance from the jet exit on centre-

line) of the gas-assist atomised biofuel surrogate/hydrogen flame as a function of additive’s

concentration is presented in Figure 5. The flame temperature shows a decreasing trend

with the addition of biofuel additives. The unblended hydrogen flame has a flame tempera-

ture of 945◦C. The 0.3 mol% anisole/hydrogen flame exhibits the lowest flame temperature

at 850◦C. The flame temperature drop as a result of spray biofuel addition is up to 95◦C.

The flame temperature of biofuel surrogate blended hydrogen flames follows the trend from

high to low as eucalyptol > guaiacol > limonene > anisole. The phenomenon of flame

temperature drop with the spray biofuel addition is ascribed to the following factors: 1) the

lower flame temperature of the biofuel surrogates; 2) the enthalpy of vapourisation; and 3)

the radiative heat loss from the promoted soot loading in the blended flames. The larger

droplets formed by the gas-assist atomisation lead to a greater enthalpy of vapourisation.
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It is observed from Figures 3, 4 and 5 that the luminosity enhancement of the biofuel

surrogates shows a reverse trend to the flame temperature drop. Anisole blends exhibit the

largest luminosity enhancement while displaying the most significant flame temperature

drop. This phenomenon implies that the radiative heat loss becomes a major factor of

the flame temperature drop in these sooting blended hydrogen flames. As discussed

in Section 3.1, sooting biofuel surrogate/hydrogen flames are achieved by the gas-assist

atomisation such that the presence of the soot particulates is the major contribution to flame

luminosity enhancement. As the soot formation is promoted with the biofuel surrogate

addition, the fraction of radiative heat transfer is increased in the total heat output of the fuel

mixture correspondingly, leading to the flame temperature decreases. Therefore, the biofuel

surrogate that produces more soot particulates tends to have a larger flame temperature

drop. It is also observed that the centreline temperature drop in these sooting gas-assist

atomised biofuel surrogate/hydrogen flames is more significant than that in non-sooting

ultrasonically atomised biofuel surrogate/hydrogen flames [6, 7]. Despite the factor of the

enthalpy of vapourisation in both flames, the additional radiative heat loss from sooting gas-

assist atomised biofuel/hydrogen flames may cause the larger flame temperature drop. The

radiant fraction presented in the following Section 3.3 will further support this hypothesis.
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Figure 5: Flame temperature of spray biofuel surrogate blended H2 flames measured at axial distance x =
150 mm from the jet exit on centreline. The flame temperature is corrected for radiative heat loss from the
thermocouple.
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3.3. Radiant heat flux

To investigate the radiant heat flux enhancement by the addition of gas-assist atomised

biofuel surrogates, a radiant fraction is calculated based on the global radiant heat flux data

measured by the heat flux sensor. The radiant fraction is calculated using Equation 5 [37]:

χr =
Q̇r

Q̇F
=

2 ·π ·
(∫ R

R0
r · q̇′′(r) ·dr+R · ∫ ∞

0 q̇′′(z) ·dz
)

ṁ×LHV
(5)

where χr denotes the radiant fraction as the fraction of radiated heat Q̇r (kW) normalised

by the total heat input Q̇F (kW) of the flame. The radiated heat (Q̇r) is acquired by the

heat flux transducer, which is the summation of the axial (z) and radial (r) radiant heat flux

(q̇′′). The radial distance between the heat flux sensor and the centre of the jet exit R and

the flame front R0 are considered in this equation. LHV and ṁ denote the lower heating

value and the mass flow rate of the fuel, respectively.

Figure 6a presents the global radiant fraction of the unblended and gas-assist atomised

biofuel surrogate/hydrogen flames as a function of the biofuel surrogates’ concentration.

All global radiant fractions of the blended hydrogen flame increase with the addition of

the biofuel surrogates. The effectiveness of the biofuel surrogates in radiant fraction

enhancement ranks from significant to mild as: anisole > limonene > eucalyptol >

guaiacol. The largest radiant fraction enhancement of an unblended hydrogen flame is

from the addition of 0.3 mol% anisole by 15%. The smallest increase in the radiant

fraction of an unblended hydrogen flame is 2%, from the addition of 0.1% guaiacol. Both

anisole and guaiacol have a methoxy group (-OCH3) while guaiacol possesses an additional

hydroxyl group (-OH) in the ortho position of the methoxy function. The decomposition

of anisole and guaiacol initiates at the weakest O-C chemical bond in the methoxy group
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with bond dissociation enthalpy (BDE) of 243 kJ/mol (guaiacol) and 264 kJ/mol (anisole),

respectively [27, 38]. The loss of methyl group followed by ipso-additions on guaiacol

forms pyrocatechol as the primary product of the guaiacol reaction. Pyrocatechol is

comprised of two hydroxyl groups which are more readily accessible to react with soot

and PAHs to promote soot oxidation [39]. In addition, the BDEs of the C-H bond in

the aromatic ring of guaiacol (481–490 kJ/mol) are higher than that in anisole (471–

476 kJ/mol), making the aromatic ring in guaiacol less reactive [27, 40]. The formation of

naphthalene—a critical intermediate in soot formation, has been detected in both pyrolysis

and oxidation of anisole but only detected in the oxidation of guaiacol [27]. Compared with

bio-oil surrogates, D-limonene, and eucalyptol are less effective than anisole on radiant

fraction enhancement due to the higher unsaturation degree of aromatic structures, and

the lowest BDE of the C-H bond in the allylic group of D-limonene (371 kJ/mol) is still

much higher than that in anisole [41]. The minor effectiveness of guaiacol on radiant

fraction enhancement compared with the essential oil surrogates may imply that the effect

of the additional hydroxyl group in guaiacol on promoting PAH oxidation overwhelms the

advantages of aromatic structures in PAH formation, resulting in a lower global radiant

fraction.

The rate of production (ROP) of naphthalene (A2) from the numerical simulation of

guaiacol and anisole blended hydrogen flames, shown in Figure 6b, further supports the

observation from the experimental results that anisole tends to have higher A2 ROP than

guaiacol hence larger radiant fraction enhancement. The A2 ROP in the 0.3 mol% anisole-

blended hydrogen flame is up to seven times greater than that in 0.3 mol% guaiacol-blended

hydrogen flame. Figures 7a and 7b illustrate six dominant chemical reaction pathways of

A2 formation in anisole/hydrogen and guaiacol/hydrogen flames, respectively. The results

show that H2 + C10H7 ⇌ H + A2 is the most dominant chemical reaction in forming A2
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in both anisole/hydrogen and guaiacol/hydrogen flames, followed by the reverse reactions

of H2 + A2 ⇌ H + C10H7, and H + A2 ⇌ 0.5·C10H7 + 0.5·Tetralin. The similar dominant

chemical reaction pathways of A2 formation found in anisole and guaiacol suggest similar

pyrolysis and reaction processes. The reaction initiates at the weakest O-C bond of the

methoxy group in both anisole and guaiacol. The PAH formation in these two aromatic

fuels is mainly attributed to H-abstractions, which is consistent with the kinetic studies in

the literature [27, 42]. Since guaiacol has a more stable aromatic structure with higher

BDEs due to the presence of the additional hydroxyl group compared with anisole, although

the dominant reactions are similar, the ROP of A2 formation is significantly lower.

It has been reported that adding prevapourised and ultrasonically atomised 0.2 mol% anisole

enhanced the radiant fraction of unblended hydrogen flame by 9% and 10%, respectively,

less effective than 13% enhancement of radiant fraction from adding 0.2 mol% anisole by

gas-assist atomisation [6, 7]. This is because in these sooting biofuel surrogate blended

hydrogen flames, the radiant heat flux is primarily due to the blackbody radiation from soot

particulates in the flame with minor contributions from the gaseous species such as CO2

and water vapour. In contrast, the primary source of the radiant heat flux in prevapourised

biofuel blended hydrogen flames is dominated by gaseous species. Given that radiant

heat flux from soot particulates is much stronger than gaseous species, adding biofuel

surrogates by gas-assist atomisation is more effective than the methods of prevapourisation

and ultrasonic atomisation [43]. This trend agrees with the luminosity enhancement

discussed in Section 3.1.

Soot formation, flame temperature, and radiant heat flux have complex interactions with

each other. For a constant soot loading, higher flame temperature results in higher radiant

heat flux because blackbody radiation has a quartic relationship with the temperature
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(Qr ∝ T 4). Hence, mild variation in flame temperature has a significant influence on the

radiant heat flux. However, the higher temperature provides energy for soot oxidation and

facilitates the soot oxidation rate, leading to a reduction in soot particulate which is the

essential source of the blackbody radiation.

(a) (b)

Figure 6: (6a) Global radiant fraction measured from spray biofuel surrogate blended H2 flames described
in Table 1. (6b) The rate of production (ROP) of naphthalene (A2) from numerical simulation of guaiacol
and anisole blended H2 flames.

(a) Anisole/hydrogen (b) Guaiacol/hydrogen

Figure 7: Dominant chemical reaction pathways of naphthalene (A2) formation in anisole/hydrogen (7a) and
guaiacol/hydrogen (7b) flames described in Table 1.
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3.4. Microscopic shadowgraphy

The near-field spray characteristics are identified by the microscopic shadowgraph imaging

as five major structures: (A) liquid core, (B) wave structure, (C) irregular object, (D)

ligament, and (E) droplet. The liquid core (A) and wave structure (B) characterise the

intact liquid stream as it is ejected from the jet. The subsequent formation of fragments C,

D, and E may be classified by their aspect ratio (AR), characteristic major length (ℓmax),

and initial liquid jet diameter (Dl) as follows [23, 44–48]:

• Droplets (ℓmax < Dl and AR < 3).

• Ligaments (AR > 3).

• Irregular objects (AR > 3, ℓmax > Dl).

where AR is the aspect ratio, ℓmax is the characteristic major length, and Dl is the initial

liquid jet diameter.

The representative microscopic shadowgraphs of the near-field spray characteristics of the

biofuel surrogate/hydrogen flames are shown in Figure 8. From the direct observation from

the shadowgraphs, guaiacol, and eucalyptol sprays appear to display different overall spray

characteristics compared with D-limonene and anisole sprays. Guaiacol and eucalyptol

sprays exhibit more dispersed spray than D-limonene and anisole sprays, indicating a finer

spray. A relatively larger number of droplets are present in the near-field region of the

spray in D-limonene and anisole flames in contrast to very limited droplets generated

in eucalyptol and guaiacol sprays. The liquid core of the eucalyptol spray is evidently

more elongated than the D-limonene and anisole sprays. The extent of the liquid core

elongation is even more significant in guaiacol sprays. These observations are ascribed to
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the different physical properties of eucalyptol and guaiacol that they have higher viscosity

and surface tension than D-limonene and anisole, which in turn have a significant impact

on the spray characteristics. The dynamic viscosity of eucalyptol is 2.6 mPa·s whereas the

dynamic viscosity of D-limonene and anisole is less than 1 mPa ·s [18, 49, 50]. Guaiacol,

the representative pattern of lignin, has a dynamic viscosity of 6.1 mPa ·s, more than six

times greater than D-limonene and anisole [51, 52]. Similar to the viscosity difference,

the surface tensions of guaiacol 37 mN/m and eucalyptol 62 mN/m are higher than D-

limonene (26 mN/m) and anisole (35 mN/m) [53–55].

The distinct physical properties of the liquid fuel lead to a large difference in exit Weber

number and Ohnesorge number, which are critical nondimensional influencing parameters

for spray characteristics. The Weber number indicates the relationship between the disrup-

tive hydrodynamic force—inertia force and the stablising force—surface tension in fluid

dynamics. The Ohnesorge number reflects the effect of viscosity on the tendency of the

droplet breakup. A larger Ohnesorge number requires a larger critical Weber number for

liquid stream breakup which is defined as the value at which droplet breakup occurs. It is

seen in Table 1 that the exit Weber number and Ohnesorge number of the biofuel surrogate

blended flames are insensitive to the liquid fuel concentration because the liquid flow rate

is very low compared with the gas flow rate. Since the density of the liquid fuel is similar

(840–1100 kg/m3), the difference in these two parameters is mainly from their viscosity

and surface tension. The exit Weber number of D-limonene and anisole are larger than

guaiacol and eucalyptol, indicating that the inertia force tends to overcome the cohesion

force more easily in these fluids hence resulting in more intensive liquid stream breakup.

The Oh of guaiacol (0.0385) is the largest followed by eucalyptol (0.0138), whereas D-

limonene and anisole have similar smaller values of Oh ≈ 0.007. A larger value of Oh

implies that the effect of viscosity has a greater impact on the dispersion of droplets that

25



they tend to cluster together. These analyses of the physical properties and influencing

parameters explain the direct observations from the microscopic shadowgraphs.

Figure 8: Representative microscopic shadowgraphs for the near-field (x = 0–10 mm) spray characteristics
of biofuel surrogate blended H2 flames described in Table 1. “g” indicates the direction of gravity relative to
the flame.

26



The key spray characteristics including breakup length, the characteristic major length

(ℓmax) of droplets, and the area fraction (AS/AT ) of the spray objects occupied area to the

total area (FOV) are extracted from the microscopic shadowgraphs to study the sprays of

different biofuel surrogates. The breakup length, the characteristic major length (ℓmax)

of droplets and ligaments, and the area fraction (AS/AT ) of the biofuel surrogate sprays

as a function of biofuel surrogate concentration, gas/liquid momentum flux ratio (ψp),

gas/liquid Reynolds number ratio (ψRe), and exit Weber number (We) are presented in

Figures 9, 10, and 11, respectively.

Figure 9 shows that for the same biofuel surrogate, the breakup length of the gas-assist

biofuel spray increases with the liquid loading and decreases with the gas/liquid momentum

flux ratio (ψp). Larger ψp and ψRe values induce a higher level of instabilities on the

gas/liquid interface and turbulence of the flows, leading to a more intense primary breakup

of the liquid stream. A larger breakup length value is an indication of a coarser spray. It is

observed that the gas/liquid momentum flux ratio (ψp) is not suitable for predicting breakup

length across various liquid fuels since the breakup length varies across different liquid

fuels at the same ψp. This means that other factors such as viscosity and surface tension may

play a non-negligible role in the variation of breakup length. Guaiacol sprays display the

largest breakup length followed by eucalyptol sprays. The breakup lengths of D-limonene

and anisole are similar and smaller than eucalyptol sprays. This trend of breakup length

is consistent with the order of the fuel viscosity—guaiacol > eucalyptol > D-limonene ≈
anisole, implying that the viscosity of the liquid fuel may have a significant impact on the

breakup length of the gas-assist spray. In the guaiacol and eucalyptol sprays, the liquid

cores are elongated as a result of higher viscosity and surface tension acting against the

disruptive force from the instabilities on the surface. The resistance of the higher viscosity

to the motion of the flow keeps the liquid stream propagating in the direction of the initial
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momentum rather than spreading into a wide angle of direction. The elongated liquid core

eventually breaks at a weak point into ligaments with large characteristic major lengths and

aspect ratios rather than directly into droplets. Hence more ligament structures with larger

ℓmax are observed in guaiacol and eucalyptol sprays in contrast to D-limonene and anisole

sprays.

The characteristic major length of droplets, shown in Figure 10, increases with the liquid

loading and decreases with ψp, ψRe, and We. The characteristic major length of droplets

in the gas-assist spray flames ranges from 0.08–0.34 mm. Dissimilar to the breakup length

trend, eucalyptol sprays generate the largest droplets followed by guaiacol sprays, anisole

sprays, and D-limonene sprays. The order of the droplets ℓmax is the reverse order of the

We in Table 1 as eucalyptol > guaiacol > anisole > D-limonene, indicating that We is the

dominant parameter for predicting the droplet size in gas-assist sprays. In conjunction with

the observations of the breakup length, the liquid streams of D-limonene and anisole break

up early into droplets while the liquid stream undergoes an elongation and then breaks up

into ligaments. The number of droplets in D-limonene and anisole sprays is more than

that in guaiacol and eucalyptol sprays. The dispersion of the spray objects can be further

investigated by the area fraction results.

Figure 11 displays the area fraction of the biofuel surrogate spray flames. The area fraction

is calculated by the area occupied by the spray objects and the FOV. For the same type of

biofuel surrogate, the area fraction increases with the liquid loading and decreases with

ψp and ψRe. It is interesting that the ψRe appears to dominate in describing the area

fraction. The area fraction of these biofuel spray flames is mainly influenced by two

factors: (i) surface area growth as a result of the primary and secondary breakup; and

(ii) evapouration rate of the liquid in the spray flame. The guaiacol spray has the lowest

28



area fraction among all biofuel surrogates, which agrees with the observations of breakup

length and droplet size results, appearing to be the most coarse spray. The area fractions

of the biofuel surrogates follow the order from low to high as guaiacol < eucalyptol <

anisole < D-limonene, which is the opposite order of the Ohnesorge number. The area

fraction analysis provides evidence to further support that liquid fuel with higher viscosity

and surface tension tends to have lower dispersion and coarser sprays than that with lower

viscosity and surface tension.

The results of spray characteristics provide evidence to analyse the more effective flame

luminosity and radiant fraction enhancement found in gas-assist atomised biofuel/hydrogen

flames, compared with prevapourised and ultrasonically atomised biofuel/hydrogen flames.

The droplet size formed by gas-assist atomisation is found between 0.15–0.34 mm, much

larger than the droplet size generated by ultrasonic atomisation at 0.03 mm (specified by the

manufacturer) [7]. The presence of larger droplets in gas-assist atomised biofuel/hydrogen

flames creates even more extreme fuel-rich conditions which further favours soot formation.

In addition, the ultrasonically atomised droplets are entrained by hydrogen upstream of the

jet exit and have an earlier and more homogeneous mixing with gaseous fuels, compared

with less dispersion of liquid droplets and later mixing downstream of the jet exit in

gas-assist atomisation. Therefore, the mixing of liquid fuel droplets and the local OH

radicals from the reaction of hydrogen in gas-assist atomised biofuel/hydrogen flames is

less homogeneous, again resulting in localised fuel-rich conditions.
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Figure 9: Breakup length of the gas-assist biofuel surrogate sprays as a function of biofuel concentration,
gas/liquid momentum flux ratio (ψp), gas/liquid Reynolds number ratio (ψRe), and exit Weber number (We).
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Figure 10: Droplet characteristic major length (ℓmax) of the gas-assist biofuel surrogate sprays as a function
of biofuel concentration, gas/liquid momentum flux ratio (ψp), gas/liquid Reynolds number ratio (ψRe), and
exit Weber number (We).
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Figure 11: Area fraction (AS/AT %) of the gas-assist biofuel surrogate sprays as a function of biofuel
concentration, gas/liquid momentum flux ratio (ψp), gas/liquid Reynolds number ratio (ψRe), and exit Weber
number (We).
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4. Conclusions

The effect of adding biofuel surrogates to turbulent nonpremixed pure hydrogen flames by

gas-assist atomisation on the flame characteristics was investigated. The flame appearance,

flame luminosity, flame temperature, radiant fraction, and near-field spray characteristics

of essential oil surrogates (eucalyptol and D-limonene) and bio-oil surrogates (guaiacol

and anisole) blended hydrogen flames were measured by experimental approaches. The

key findings of this study are summarised as follows:

1. Thermal radiation of hydrogen flames was increased by blending biofuel surrogates

in a coaxial spray burner by taking advantage of the gas-assist atomisation. A

clear transition of flame colouration from blue/red to yellow was observed with the

addition of 0.1–0.3 mol% biofuel surrogates.

2. The flame luminosity and the radiant fraction of the unblended hydrogen flame were

increased by 30–500% and 2–15%, respectively, from the addition of 0.1–0.3 mol%

biofuel surrogates, demonstrating that blending the biofuel surrogates by gas-assist

atomisation is more effective than prevapourisation and ultrasonic atomisation.

3. The flame temperature measured at x = 150mm on the centre axis of the gas-assist

atomised biofuel surrogate/hydrogen flames dropped evidently due to the enthalpy of

vapourisation and the promoted radiative heat loss from the enhanced soot formation.

4. The viscosity and surface tension of the liquid biofuel surrogates and the resultant

variation in Weber number and Ohnesorge number impact the near-field spray char-

acteristics. The droplets’ characteristic major length of biofuel surrogate sprays is

dominated by exit Weber number, following the reverse order of We as eucalyptol >

guaiacol > anisole > D-limonene. The area fraction of the biofuel surrogate sprays

from low to high follows the order of guaiacol < eucalyptol < anisole <D-limonene,
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which is the reverse order of the Ohnesorge number. Guaiacol and eucalyptol sprays,

which have higher viscosity and surface tension tend to generate coarser sprays than

D-limonene and anisole.

5. Guaiacol, as a representative of the lignin pattern, is less effective than anisole,

D-limonene, and eucalyptol in radiant fraction enhancement due to (i) the hydroxyl

group promotes PAH oxidation; (ii) higher BDE of the aromatic ring makes guaiacol

less reactive; and (iii) a coarser spay, i.e. larger breakup length, droplet size,

ligament size, and less dispersed spray objects generated by the gas-assist atomisation

compared with other biofuel surrogates tested.

Declaration of competing interest

The authors declare that they have no known competing financial interests or personal

relationships that could have appeared to influence the work reported in this paper.

Acknowledgements

The research reported in this publication was supported by funding from The University

of Adelaide, the Australian Research Council (ARC), and the Future Fuels Cooperative

Research Centre (CRC).

34



References

[1] V. M. Reddy, P. Biswas, P. Garg, S. Kumar, Combustion characteristics of biodiesel

fuel in high recirculation conditions, Fuel Process. Technol. 118 (2014) 310–317.

[2] W. Hutny, G. Lee, Improved radiative heat transfer from hydrogen flames, Int. J.

Hydrog. Energy 16 (1991) 47–53.

[3] C. S. McEnally, L. D. Pfefferle, Sooting tendencies of oxygenated hydrocarbons in

laboratory-scale flames, Environ. Sci. Technol. 45 (2011) 2498–2503.

[4] M. J. Evans, D. B. Proud, P. R. Medwell, H. Pitsch, B. B. Dally, Highly radiating

hydrogen flames: effect of toluene concentration and phase, Proc. Combust. Inst. 38

(2021) 1099–1106.

[5] A. J. Gee, Y. Yin, K. K. Foo, A. Chinnici, N. Smith, P. R. Medwell, Toluene addition

to turbulent h2/natural gas flames in bluff-body burners, Int. J. Hydrog. Energy 47

(2022) 27733–27746.

[6] Y. Yin, P. R. Medwell, A. J. Gee, K. K. Foo, B. B. Dally, Fundamental insights

into the effect of blending hydrogen flames with sooting biofuels, Fuel 331 (2023)

125618.

[7] Y. Yin, P. R. Medwell, B. B. Dally, Hydrogen turbulent nonpremixed flames blended

with spray or prevapourised biofuels, Int. J. Hydrog. Energy 48 (2023) 25563–25580.

[8] P. Pandey, B. Pundir, P. Panigrahi, Hydrogen addition to acetylene–air laminar diffu-

sion flames: studies on soot formation under different flow arrangements, Combust.

Flame 148 (2007) 249–262.

35



[9] F. Ren, H. Chu, L. Xiang, W. Han, M. Gu, Effect of hydrogen addition on the laminar

premixed combustion characteristics the main components of natural gas, J. Energy

Inst. 92 (2019) 1178–1190.

[10] F. Liu, Y. Ai, W. Kong, Effect of hydrogen and helium addition to fuel on soot

formation in an axisymmetric coflow laminar methane/air diffusion flame, Int. J.

Hydrog. Energy 39 (2014) 3936–3946.

[11] J. Li, H. Huang, N. Kobayashi, Z. He, Y. Nagai, Study on using hydrogen and

ammonia as fuels: combustion characteristics and NOx formation, Int. J. Energy Res.

38 (2014) 1214–1223.

[12] S. H. Park, K. M. Lee, C. H. Hwang, Effects of hydrogen addition on soot formation

and oxidation in laminar premixed C2H2/air flames, Int. J. Hydrog. Energy 36 (2011)

9304–9311.

[13] D. Gu, Z. Sun, B. B. Dally, P. R. Medwell, Z. T. Alwahabi, G. J. Nathan, Simultaneous

measurements of gas temperature, soot volume fraction and primary particle diameter

in a sooting lifted turbulent ethylene/air non-premixed flame, Combust. Flame 179

(2017) 33–50.

[14] M. S. Celnik, M. Sander, A. Raj, R. H. West, M. Kraft, Modelling soot formation in

a premixed flame using an aromatic-site soot model and an improved oxidation rate,

Proc. Combust. Inst. 32 (2009) 639–646.

[15] I. Glassman, Soot formation in combustion processes, in: Symp. (Int.) Combust.,

volume 22, Elsevier, pp. 295–311.

[16] L. Li, P. B. Sunderland, An improved method of smoke point normalization, Combust.

Sci. Technol. 184 (2012) 829–841.

36



[17] M. E. Mueller, Q. N. Chan, N. H. Qamar, B. B. Dally, H. Pitsch, Z. T. Alwahabi,

G. J. Nathan, Experimental and computational study of soot evolution in a turbulent

nonpremixed bluff body ethylene flame, Combust. Flame 160 (2013) 1298–1309.

[18] S. W. Wagnon, S. Thion, E. J. Nilsson, M. Mehl, Z. Serinyel, K. Zhang, P. Dagaut,

A. A. Konnov, G. Dayma, W. J. Pitz, Experimental and modeling studies of a biofuel

surrogate compound: laminar burning velocities and jet-stirred reactor measurements

of anisole, Combust. Flame 189 (2018) 325–336.

[19] D. B. Proud, M. J. Evans, P. R. Medwell, Q. N. Chan, Experimental investigation

of the flame structure of dilute sprays issuing into a hot and low-oxygen coflow,

Combust. Flame 230 (2021) 111439.

[20] C. Dumouchel, On the experimental investigation on primary atomization of liquid

streams, Exp. Fluids 45 (2008) 371–422.

[21] P. Jenny, D. Roekaerts, N. Beishuizen, Modeling of turbulent dilute spray combustion,

Prog. Energy Combust. Sci. 38 (2012) 846–887.

[22] A. Kourmatzis, P. X. Pham, A. R. Masri, Characterization of atomization and

combustion in moderately dense turbulent spray flames, Combust. Flame 162 (2015)

978–996.

[23] A. Lowe, A. Kourmatzis, A. R. Masri, Turbulent spray flames of intermediate density:

Stability and near-field structure, Combust. Flame 176 (2017) 511–520.

[24] J. L. Zheng, Y.-P. Kong, Spray combustion properties of fast pyrolysis bio-oil pro-

duced from rice husk, Energy Convers. Manag. 51 (2010) 182–188.

37



[25] K. Narayanaswamy, H. Pitsch, P. Pepiot, A component library framework for deriving

kinetic mechanisms for multi-component fuel surrogates: application for jet fuel

surrogates, Combust. Flame 165 (2016) 288–309.

[26] P. G. Szymkowicz, J. Benajes, Development of a diesel surrogate fuel library, Fuel

222 (2018) 21–34.

[27] M. Nowakowska, O. Herbinet, A. Dufour, P.-A. Glaude, Kinetic study of the pyrolysis

and oxidation of guaiacol, J. Phys. Chem. A 122 (2018) 7894–7909.

[28] S. A. Rahman, T. C. Van, F. Hossain, M. Jafari, A. Dowell, M. Islam, M. N. Nabi,

A. Marchese, J. Tryner, T. Rainey, et al., Fuel properties and emission characteristics

of essential oil blends in a compression ignition engine, Fuel 238 (2019) 440–453.

[29] S. Rahman, M. Nabi, T. C. Van, K. Suara, M. Jafari, A. Dowell, M. Islam, A. J.

Marchese, J. Tryner, M. Hossain, et al., Performance and combustion characteristics

analysis of multi-cylinder ci engine using essential oil blends, Energies 11 (2018)

738.

[30] A. Kourmatzis, P. X. Pham, A. R. Masri, Air assisted atomization and spray density

characterization of ethanol and a range of biodiesels, Fuel 108 (2013) 758–770.

[31] P. A. Glaude, W. J. Pitz, M. J. Thomson, Chemical kinetic modeling of dimethyl

carbonate in an opposed-flow diffusion flame, Proc. Combust. Inst. 30 (2005) 1111–

1118.
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Chapter 8

Discussion

8.1 Radiant heat flux of biofuel/hydrogen and
hydrocarbon flames

This chapter illustrates the internal connections within the research project
and integrates the content and results contained in the individual articles to
arrive at synthesised findings. The fundamental motivation of this research
project is establishing and advancing the understanding of adding sooting
renewable biofuels to enhance the radiant intensity of hydrogen flames
for the replacement of fossil fuels in practical applications. In previous
chapters, the radiant heat flux of biofuel/hydrogen flames has been compared
with unblended hydrogen flames to analyse the effectiveness of adding
biofuel on thermal radiation enhancement. To complement the results of
the hydrogen-based flames, it is also insightful to compare the radiant heat
flux of biofuel/hydrogen flames with commonly used fossil fuel flames in
practical systems—natural gas flames.

It has been reported that the radiant fraction of pure hydrogen flames (Re ≈
7, 600) is about 40% lower than H2/natural gas (20:80 vol%) flames on a
simple jet burner [1]. The results shown in Appendix A indicate that the
thermal radiation of turbulent hydrogen flames (Re > 10, 000) is 80% lower
than that of natural gas flames on a bluff-body burner. The radiant fraction of
hydrogen flames was found to be 55% lower than H2/natural gas (80:20 vol%)
flames at a constant Reynolds number of 150 on a circular fuel burner [2].
Given that thermal radiation differs between various burners, to enable a
direct comparison, it is necessary to establish natural gas and unblended
hydrogen flames on the needle spray burner described in §6.2.1.
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Due to the blow-off limit of natural gas flames, fully turbulent (Re > 10, 000)
natural gas flames could not be stabilised on the burner. Therefore, a natural
gas flame at Re = 5, 000 was established on the needle spray burner as a
reference flame to compare its radiant flux with unblended hydrogen flame
at an equivalent heat input of the natural gas flame. The details of the natural
gas and hydrogen flames are shown in Table 8.1. Through this comparison,
the radiant heat flux of the biofuel/H2 flames could be linked to natural gas
flames to better understand the effectiveness of biofuel addition on thermal
radiation enhancement.

Table 8.1: Details of the natural gas and unblended hydrogen flames established on the needle
spray burner described in §6.2.1.

Parameter/Fuel Natural gas Hydrogen
Flow rate (L/min) 21 68
Exit velocity (m/s) 16 54
Heat input (kW) 11.2 11.2
Reynolds number 5,000 2,600

Figure 8.1 shows the radiant fraction comparison between the natural gas
and hydrogen flames established on the needle spray burner described in
§6.2.1. The radiant heat flux of the flames was measured by the heat flux
sensor at the radial distance of 284 mm perpendicular to the jet centreline.
The radiant fraction is calculated by Equation 3.1. The results show that the
radiant fraction of the pure hydrogen flame is 40% less than the pure natural
gas flame. This finding is similar to the radiant fraction difference reported in
the literature—the radiant fraction of pure hydrogen flames (Re ≈ 7, 600) is
about 40% lower than H2/natural gas (20:80 vol%) flames on a jet burner [1].
These results provided background for the thermal radiation enhancement
of hydrogen flames via biofuel addition in achieving equivalent thermal
radiation of natural gas flames.

The amount of additives required to compensate for the thermal radiation
difference between hydrogen and natural gas flames is critical for the adapta-
tion of hydrogen flame in practical systems. It has been reported in Chapter 5
that the radiant fraction of unblended hydrogen flame was enhanced by 33%
from the addition of 4 mol% prevapourised toluene. In other words, adding
4 mol% prevapourised toluene to hydrogen jet flames is close to compen-
sating for the thermal radiation difference of NG jet flames. Similarly, the
results from Appendix A show that 4 mol% prevapourised toluene addition
is required for a hydrogen flame to attain equivalent radiant heat flux to
a natural gas flame on a bluff-body burner. Given that hydrogen is a low
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8.1 Radiant heat flux of biofuel/hydrogen and hydrocarbon flames

Figure 8.1: Comparison of the radiant fraction between natural gas and unblended hydrogen
flames established on the needle spray burner described in §6.2.1. The natural gas flame has
a Reynolds number of 5,000. The unblended hydrogen flame is at the equivalent heat input
of the natural gas flame.

density fuel, although the molar fraction and the heat input of the amount
of toluene required to achieve equivalent radiant heat flux to a natural gas
flame are relatively low, the mass fraction of the 4 mol% toluene reaches
40 wt%.

Although the thermal radiation difference between hydrogen and NG jet
flames measured in this study has provided backgrounds for the thermal
radiation compensation from biofuel addition, the amount of biofuel needed
for this purpose cannot be linearly predicted. This is because the biofuel
concentration in hydrogen-based flames shows a non-linear correlation to
radiant heat flux enhancement. Figure 8.2a and Figure 8.2b present the
numerical results of PAHs (i.e. naphthalene) and CH2O formation in toluene,
anisole, and guaiacol blended hydrogen flames, respectively. The results
are reproduced from data in Chapter 5 and 7. Figure 8.2a shows that the
rate of production (ROP) of PAHs is low at 0.2–0.5 mol%, followed by a
rapid increase from 0.5 mol% concentrations, which indicates a non-linear
correlation between the biofuel concentration and PAH formation. This
finding is consistent with the results reported by previous studies that adding
5 mol% or more toluene tends to have a larger increase in radiant heat flux
compared with the toluene concentration from 1–5 mol% [3].

The results from Figure 8.2a show that toluene has a lower ROP of A2
than anisole and guaiacol. It is hypothesised that the weak bond in the
methoxy groups of anisole and guaiacol more easily breaks and subsequently
participates in the early stages of PAH formation [4, 5]; however, toluene
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was reported to be the most effective for radiant fraction enhancement from
the previous Chapters 4 and 5. This is because the ROP of CH2O (i.e. the
indicator of the PAH oxidation rate shown in Figure 8.2b) in toluene blends
is a magnitude lower than that in anisole and guaiacol blends. Anisole
and guaiacol are known as oxygenated fuels and the oxygen in these fuels
promotes the PAH oxidation rate. The numerical results suggest that the
oxidation rate of PAHs, rather than the production rate of PAHs, dominates
the PAH/soot loading and resultant radiant intensity in these biofuel-blended
hydrogen flames. Since toluene is the most effective of the biofuel surrogates
tested for radiant fraction enhancement, it is worth noting that although
other biofuel additives were not tested at 4 mol% or higher concentrations in
this study, it can be predicted that more than 4 mol% of anisole, eucalyptol,
D-limonene, and guaiacol is required to attain an equivalent radiant heat flux
of a natural gas flame.

(b)

Figure 8.2: Numerical results of naphthalene (A2) and formaldehyde (CH2O) ROP from
anisole, guaiacol, and toluene blended H2/N2 flames adapted from Chapters 4 and 7. (a)
Naphthalene (A2) ROP, and (b) Formaldehyde (CH2O) ROP.
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8.2 Comparison of introduction methods

8.2.1 Overview of introduction method impact

In Chapters 4 and 5, the sooting propensities of biofuel surrogates, the
blending effect of prevapourisation/ultrasonic spray and concentration on
the combustion characteristics of hydrogen flames have been understood to
achieve Objectives 1 and 2. The influences of chemical structures and func-
tional groups of biofuels on combustion characteristics of biofuel/hydrogen
flames have been included in Chapters 4, 5, and 7 to address Objective 3.
In accordance with Objective 4, the findings from needle spray burner char-
acterisation using non-reacting flows (refer to Chapter 6) is coupled with
gas-assist atomised biofuel surrogate/hydrogen flames (refer to Chapter 7),
showing distinct flame characteristics including flame appearance, flame
luminosity, flame temperature, and radiant fraction, compared with the addi-
tives introduced to the hydrogen flame by prevapourisation and ultrasonic
atomisation discussed in Chapters 4, 5, and Appendix A. The impact of these
three introduction methods on the combustion characteristics of biofuel/H2

flames along with the influencing mechanisms are presented in this section.

8.2.2 Impact of introduction method on combustion characteristics

Flame appearance

Photographs of prevapourised, ultrasonic atomised, and gas-assist atomised
biofuel-blended hydrogen-based flames are reproduced from Chapters 4, 5,
and 7, shown in Figure 8.3 and Figure 8.4 for the comparison of the effect
of introduction methods on flame appearance. Sooting turbulent hydrogen
flames were achieved by adding 0.1–0.3 mol% gas-assist atomised biofuel
surrogate (Figure 8.4), whereas the 0.2–1 mol% prevapourised (Figure 8.3a)
and ultrasonic atomised (Figure 8.3b) biofuel surrogate blended hydrogen-
based flames are still non-sooting. They are dominated by blue colouration
due to the presence of gaseous species. In the short-exposure photographs,
large amounts of soot are present in the anisole/hydrogen flames, which are
not observed in the 0.2–1 mol% prevapourised and ultrasonically atomised
biofuel/hydrogen flames at similar additive concentrations. A large amount
of soot starts to appear in prevapourisation and ultrasonic spray blends when
4 mol% toluene is added and toluene has a higher sooting propensity than
the biofuel surrogates tested in this study.
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(b)

Figure 8.3: Photographs of (a) prevapourised and (b) ultrasonic spray biofuel-blended H2/N2
flames. The photographs have been combined from Chapters 4 and 5 with 3.5 and 4 mol%
toluene/H2 flames to better illustrate soot distribution and flame appearance.

Flame luminosity

The prevapourised and ultrasonically atomised biofuel surrogate/hydrogen
flames are non-sooting and their luminosity is dominated by the gaseous
species. In contrast, sooting biofuel/hydrogen flames are achieved by adding
gas-assist atomised additives and the luminosity enhancement is primarily
from the soot particulates [6]. Figure 8.5 shows the quantitative comparison
of the effectiveness of luminosity (Figure 8.5a) and radiant fraction enhance-
ment (Figure 8.5b) from adding 0.2 mol% eucalyptol (HE0.2), D-limonene
(HL0.2), and anisole (HA0.2) via prevapourisation, ultrasonic spray, and
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(b)

Figure 8.4: Photographs of gas-assist atomised (a) bio-oil blended and (b) essential oil blended
H2 flames reproduced from Chapter 7.

gas-assist atomisation. The illuminance and radiant heat flux of the laminar
biofuel surrogates flames on a wick burner are shown in Figure 8.6 to illus-
trate the effect of biofuels’ chemistry on flame luminosity and radiant heat
flux. Figure 8.5a shows that the luminosity enhancement of an unblended
hydrogen-based flame by the addition of prevapourised and ultrasonically
atomised 0.2 mol% anisole is 200% and 30%, respectively. In comparison,
adding 0.2 mol% anisole by gas-assist atomisation increases the luminosity of
the unblended hydrogen flame by 400%, more effective than the introduction
method of prevapourisation and ultrasonic spray. It is noticed that the effec-
tiveness of various biofuel surrogates on the flame luminosity of blended
hydrogen flames is not consistent with the flame illuminance trend of the
laminar biofuel surrogate flames. For example, laminar eucalyptol flames
exhibit the highest illuminance, whereas adding eucalyptol appears to be
the least effective for the luminosity enhancement of a turbulent hydrogen
flame. In addition to the impact caused by distinct flame conditions, this
phenomenon may be also ascribed to the flame luminosity enhancement
of the turbulent hydrogen flame is inferred from the photographs taken by
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DSLR cameras while the flame illuminance of the laminar biofuel surrogate
flames are directly measured with a lux meter.

Radiant heat flux

Similar trends are found in the effectiveness of the radiant heat flux en-
hancement from the introduction methods of prevapourisation, ultrasonic
spray, and gas-assist atomisation shown in Figure 8.5b. Adding the biofuel
surrogates by gas-assist atomisation leads to a larger radiant fraction en-
hancement. The promoted soot formation and elevated soot loading in the
gas-assist atomised biofuel surrogate/hydrogen flames enhance the radiant
heat flux via blackbody radiation from the soot particulates. Dissimilar to
the inconsistent luminosity trends in laminar biofuel surrogate flames and
blended hydrogen flames (refer to Chapter 4), the effectiveness of radiant
fraction enhancement of biofuel-blended hydrogen flames follows the same
trend of the radiant heat flux of the laminar biofuel flames. This observation
suggests that adding biofuel surrogates to turbulent hydrogen-based flames
does not significantly alter the pyrolysis, dissociation, and subsequent reac-
tions of these biofuel surrogates to form PAHs and soot, hence, the sooting
propensities of the biofuels may be appropriate to be used to predict the
effectiveness of radiant intensity enhancement of hydrogen-based flames.

Flame temperature

As for the centreline flame temperature, adding prevapourised biofuel surro-
gates typically varies the centreline flame temperature within ±85 K, whereas
adding ultrasonic atomised biofuel surrogates generally reduces the cen-
treline flame temperature due to the enthalpy of vapourisation from the
liquid droplets. The flame temperature reduction is up to 3% in 1 mol%
spray eucalyptol blends at x/L f = 0.4 (refer to Chapter 5). A more evident
reduction in centreline flame temperature at 6% is found in the 0.3 mol%
gas-assist atomised eucalyptol/hydrogen flames due to the enhanced ra-
diative heat loss from the promoted sooting loading in the flame. Based
on the comparison amongst the introduction methods of prevapourisation,
ultrasonic atomisation, and gas-assist atomisation, it is concluded that adding
biofuel surrogates by gas-assist atomisation is more beneficial for the flame
luminosity and radiant heat flux enhancement of hydrogen-based flames
than prevapourisation and ultrasonic atomisation.
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Figure 8.6: Illuminance and radiant heat flux of laminar nonpremixed flames on a wick-fed
burner at extended wick length 1, 3, and 5 mm reproduced from Chapter 4. (a) Flame
illuminance. (b) Flame radiant heat flux.

8.2.3 Analysis of influencing factors

Adding biofuel surrogates by ultrasonic or gas-assist atomisation is more
effective than prevapourisation because the liquid droplets create local fuel-
rich conditions, which are beneficial for soot formation. The analyses of
the near-field spray characteristics of the gas-assist atomised biofuel surro-
gate/hydrogen flames reveal that the major difference between the gas-assist
atomisation and the ultrasonic atomisation is that larger spray objects are
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created, including irregular shapes, ligaments, and droplets compared with
the droplets generated by ultrasonic spray. The size of the droplet generated
by the gas-assist spray mostly ranges from 0.15–0.34 mm, several times larger
than the droplet size (about 0.03–0.04 mm) generated by ultrasonic spray [3,
7, 8]. In addition, the breakup length of the biofuel surrogate sprays and
the lesser dispersion of the liquid droplets in gas-assist atomisation indicate
that the mixing of hydrogen and additives is delayed and less homogeneous,
compared with an earlier and more homogeneous mixing of liquid and
hydrogen in ultrasonic atomisation as the finer liquid droplets are mixed
and entrained by hydrogen prior to the jet exit. Therefore, the mixing of the
reaction zone and the liquid fuel droplets is less homogeneous, which further
enhances local fuel-rich conditions. It is concluded that these distinct spray
characteristics induced by gas-assist atomisation further promote the local
fuel-rich conditions and hence benefit soot formation.

Aside from the droplet size, another factor that affects soot formation and
corresponding radiant heat flux is the higher strain rate at the jet exit observed
in ultrasonic atomisation in contrast to gas-assist atomisation [9]. In the
ultrasonic atomisation regime, the droplets are generated and mixed with
hydrogen 300 mm upstream of the jet exit. In other words, the fine droplets
are entrained by the carrier gas and have similar velocities when they reach
the jet exit. In the gas-assist atomisation regime, the momentum of the liquid
jet at the jet exit is minimum compared with the ambient carrier gas. The
momentum of the objects increases with the breakup processes and eventually
is close to the ambient gas [10–12]. This distinct characteristic may play an
important role in the formation of PAH/soot formation as a high strain rate
has been reported to significantly reduce soot formation [1, 13–16]. Chapter 5
reported a large increase in radiant fraction (115%) and soot formation as the
exit strain rate of the prevapourised toluene/hydrogen flame is reduced from
20 000 s−1 to 12 000 s−1. The higher droplet momentum at the jet exit in the
ultrasonic atomisation regime than that in the gas-assist atomisation regime
leads to a higher exit strain rate and inhibits PAH formation. The difference
in the initial momentum of the droplets may be another factor that impacts
the effectiveness of introduction methods on radiant heat flux enhancement.
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Chapter 9

Conclusions and outlook

9.1 Conclusions

The research presented in this thesis established fundamental and further
advanced understandings of the approach of adding sooting biofuel additives
to turbulent nonpremixed hydrogen flames for radiant intensity enhance-
ment by promoting soot formation within the flame, making hydrogen
flames suitable for practical applications that rely on radiant heat transfer.
Five liquid biofuels and their corresponding surrogates have been selected
as soot-enhancing additives to analyse the effects of various physical and
chemical properties on the combustion characteristics of biofuel/hydrogen
flames. Toluene, anisole, and guaiacol were chosen as the surrogates for
bio-oils, while eucalyptol and D-limonene were chosen as the surrogates
for essential oils. Burners with complementary functions were designed to
evaluate the effect of different introduction methods and influencing fac-
tors on hydrogen blending with biofuels. The combustion characteristics of
the unblended and biofuel surrogate blended hydrogen-based flames have
been investigated through combined experimental and numerical methods,
namely flame appearance, luminosity, radiant heat flux, flame temperature,
spray characteristics, and pollutant emissions.

The sooting propensity analyses of the biofuel surrogates enable the com-
parison between monoterpenes and aromatics to understand the effect of
various chemical structures on soot formation, which has not been well docu-
mented in previous research. The sooting propensities of biofuel surrogates
from high to low generally follow the order of aromatics > monoterpenes >

alkenes > alkanes > aldehydes. The results suggest that biofuels possessing
an aromatic structure generally exhibit a greater tendency for the formation
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of polycyclic aromatic hydrocarbons (PAHs), thereby being more effective in
luminosity and radiant fraction enhancement of hydrogen-based flames than
cyclic monoterpenes.

The effectiveness of adding different biofuels for radiant intensity enhance-
ment follows the decreasing trend as toluene > anisole > D-limonene >

eucalyptol > guaiacol. Aromatic biofuels tend to have larger radiant intensity
enhancement than monoterpenes in the context of hydrogen combustion
because the higher unsaturation degree of aromatic structures favours the
formation of PAHs. Bond dissociation enthalpy (BDE) is a critical index in
assessing the effectiveness of biofuel addition on radiant intensity enhance-
ment. The weak C-H bond in the allylic group in D-limonene is beneficial
for hydrogen abstraction to take place via the HACA mechanism, thereby
promoting PAHs formation. The efficacy of oxygenated fuels in enhancing ra-
diant heat flux is lower compared with non-oxygenated fuels as the presence
of oxygen content in oxygenated fuels facilitates the oxidation of PAHs. The
dissimilar trend found in the radiant intensity of pure guaiacol flame and
guaiacol/hydrogen flame demonstrates that the viscosity and surface tension
is another influencing factor for radiation enhancement because the distinct
physical properties affect the spray characteristics in the context of gas-assist
atomisation, which in turn affects the effectiveness of radiation enhancement.

Apart from the chemical and physical properties of liquid biofuel, the method
of biofuel introduction plays an important role in soot formation in bio-
fuel/hydrogen flames. Adding biofuel surrogates (0.2–1 mol%) to hydrogen-
based flames by prevapourisation and ultrasonically atomisation has limited
impacts on the flame height, width, and colouration. The most notewor-
thy change is the enhanced blue coloration due to the promoted formation
of carbonaceous radicals. The flame luminosity and radiant fraction were
increased by 61–293% and 2–22%, respectively. In comparison, adding 0.1–
0.3 mol% gas-assist atomised biofuel surrogates to hydrogen flames achieves
radiating flames on the needle spray burner. A pronounced transition of
flame colouration from red/blue to yellow is observed, indicating that soot
formation is significantly promoted by the addition of gas-assist atomised
biofuel surrogates. The flame luminosity and radiant fraction are increased
by 30–500% and 2–15% by adding 0.1–0.3 mol% biofuel surrogates.

The mechanisms that dominate the effectiveness of introduction methods
on soot formation are the local fuel-rich conditions created by droplets
and the exit strain in different blending regimes. The ultrasonic spray bio-
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fuel/hydrogen flames appear to have higher radiant intensity than prevap-
ourised biofuel/hydrogen flames due to the local fuel-rich conditions created
by liquid droplets (0.03 mm), which benefit PAH/soot formation. Larger
droplets (0.15–0.34 mm) are formed by gas-assist atomisation than ultrasonic
atomisation (0.03 mm), which further enhances local fuel-rich conditions,
hence resulting in higher radiant intensity. The evaluation of spray charac-
teristics and their influencing non-dimensional parameters reveals that the
momentum flux ratio controls the macroscopic spray characteristics such as
breakup length and area fraction, while the Weber number describes the mi-
croscopic spray characteristics such as droplet size, ligaments, and wave-like
structures. These analyses indicate that the Weber number is the dominant
non-dimensional parameter for PAH/soot formation in biofuel/hydrogen
flames.

The exit strain rate is a critical non-dimensional parameter that affects the soot
formation and radiant intensity enhancement of biofuel/hydrogen flames.
Reducing the exit strain rate from 20 000 s−1 to 12 000 s−1 increases the soot
formation and the corresponding radiant fraction by 115% in prevapourised
toluene/hydrogen flames. The significantly higher radiant intensity found in
toluene/hydrogen flames with half of the exit strain rate reveals that a lower
strain rate promotes PAH/soot formation as the formation of PAH/soot
requires time. The lower exit velocity of the liquid droplets in the gas-assist
atomisation regime also contributes to its higher effectiveness in radiant
intensity enhancement. The understanding of the dominant mechanisms and
influencing factors provides insights into the application of biofuel/hydrogen
flames, such as burner design.

One of the phenomena that comes with the biofuel addition to hydrogen
flames for radiant intensity enhancement is the increased nitrogen oxides
(NOx) emissions. The numerical analysis of NO formation pathways re-
veals that the increased global NOx emissions are mainly because the dom-
inant subset of the thermal route: OH + N ⇌ H + NO and prompt route:
CH + N2 ⇌ H + NCN are enhanced by biofuel addition, with the HNO-
intermediate route: H + HNO ⇌ H2 + NO also contributing. Given that
the thermal route of NO formation dominates NOx emissions from bio-
fuel/hydrogen flames, the temperature drops in spray flames as a result
of the enthalpy of droplet vapourisation, reducing NOx emissions. As the
soot formation in the biofuel/hydrogen flame is enhanced, an additional
temperature drop is achieved by the promoted radiative heat loss, which in
turn reduces NOx emissions.
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The findings of this research have established a fundamental understanding
of the efficacy and effectiveness of blending turbulent nonpremixed hydro-
gen flames with renewable biofuels for radiant intensity enhancement and
other potential impacts on flame appearance, luminosity, temperature, and
pollutant emissions. The investigation of dominant influencing factors and
underlying mechanisms through various introduction methods and chemi-
cal analyses contributes to the understanding of soot formation in blended
flames and the design of the non-dimensional parameters.

9.2 Outlook

Soot evolution and its correlations with flame temperature, residence time,
and mixing mechanism are extremely complex, hence require advanced
and comprehensive diagnostic techniques. The experimental diagnostics
employed in this study mainly focus on measuring the global combustion
characteristics of the biofuel-blended hydrogen-based flames, e.g., global
radiant heat flux and NOx emissions. The PAH and soot evolution in differ-
ent flames is inferred and predicted based on the global flame characteristic
measurements and chemical analysis. The direct measurement of soot par-
ticulates is critical to understanding the microscopic and instantaneous soot
formation within the flame. Combustion processes are easily perturbed by
using physical probing, resulting in the alteration of the fundamental flame
behaviour and flow disturbance. Laser diagnostic techniques provide the
capability for non-intrusive, in-situ, spatially, and temporally well-resolved
measurements of critical chemical parameters. Laser diagnostics acquire
qualitative or quantitative data by resultant signals from the interactions
between the laser beam and individual atoms, molecules, solid particles, and
liquid droplets. They can be configured to obtain 0 to 4-dimensional data.
Laser diagnostic techniques can be used for the quantitative and qualitative
detection of soot particles and liquid droplet distribution, flame temperature,
and species concentrations in the future investigation of biofuel/hydrogen
flames.

As for the numerical approach, there is a lack of chemical analysis for the
PAHs and NOx formation in essential oil surrogates’ blends (i.e. eucalyptol, D-
limonene) via Chemkin simulation, as detailed chemical kinetic mechanisms,
which include PAH and NOx reactions are not available for these fuels.
Developing comprehensive kinetic mechanisms for essential oils can advance
the understanding of the effect of terpenoid structures on PAHs and NOx

formation. In addition, numerical modelling using Chemkin Pro is limited
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to one-dimensional simulation and lacks important boundary conditions,
making the model differ from the real situation. Using more comprehensive
computational fluid dynamics (CFD) models such as large eddy simulation
(LES) and direct numerical simulation (DNS) for soot modelling and the
prediction of resultant radiant intensity can benefit the understanding of the
effect of biofuel addition to hydrogen flames.
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flame to exhibit equivalent illumi-
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A key challenge in the transition towards using hydrogen as an alternative carbon-free fuel

is the reduced thermal radiation due to the absence of soot. A novel solution to this may be

doping with highly sooting bio-oils. This study investigates the efficacy of toluene as a

prevapourised dopant in turbulent pure hydrogen and blended hydrogen/natural gas

flames as a means of improving soot loading and radiant heat transfer. All flames are

stabilised on bluff-body burners to emulate the recirculation component of many indus-

trial combustors. Total heat flux and illuminance increase non-linearly with toluene

concentration for fuel blends and bluff-body diameters. By reducing the bluff-body diam-

eter from 64mm to 50 mm, a 20/80 (vol%) H2/natural gas mixture produces a more radiative

flame than a 10/90H2/natural gas mixture in the smaller bluff-body. Opposed-flow flame

simulations of soot precursors indicate that as strain rate increases, although overall soot

precursor concentration decreases, a 20 vol% hydrogen mixture will produce more soot

than a 10 vol% mixture. This suggests the addition of hydrogen up to 20 vol% may be

beneficial for soot production in high strain environments.
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Introduction

As the world shifts towards renewable sources of energy, the

importance of combustion has become apparent for applica-

tions that cannot readily be replaced by electrification [1]. In-

terest in hydrogen (H2) as an alternative to natural gas (NG) to

fuel the combustion needs of industrial heating has grown

considerably in recent years [2,3]. The characteristics of

hydrogen flames have been studied extensively and the ben-

efits of hydrogen combustion are widely documented. The

main benefits of hydrogen are a potentially 100% renewable

production process [4] with carbon-free emission. A hydrogen

flame has increased stability due to its increased flame speed

and wider flammability limits [5,6]. Although currently not a

cost-effective alternative, it is expected that green hydrogen,

via water electrolysis from renewable electricity, will soon

become cost-competitive and become a more attractive

carbon-free heat energy source for industrial processes [7]. In

this way, hydrogen can be used as an energy storage medium

by generating it when there is excess renewable electricity

supply. The potential role for hydrogen in energy networks is

well established, with the focus now shifting towards solu-

tions to the variety of challenges associated with the inte-

gration of a new fuel in existing gas and energy infrastructure.

The challenges associatedwith the integration of hydrogen

in industry applications are not only economic but also related

to its performance. The challenges associated with the com-

plete replacement of all current fuels for hydrogen are

perhaps too great, but there is a growing interest in under-

standing the feasibility of blending hydrogen with existing

fuels in various applications. When the fuel composition is

changed, so too are the resulting flame characteristics, which

can have a significant effect on performance and safety. The

design and use of a burner assumes the use of a fuel with

specific properties, such as natural gas. The addition of a new

reacting species in hydrogen has a significant effect on dif-

ferential diffusivity, reaction kinetics and, combined with

factors affected by varying burner geometries, makes pre-

dicting the consequences of hydrogen blending difficult [8].

The reduced radiant heat transfer of hydrogen due to lack of

soot is of particular concern with regard to burner thermal

efficiencies and although the reduced thermal radiation of

hydrogen flames is well documented [9e14] there is still a gap

in the knowledge about the extent to which the content of

hydrogen in a particular fuel blend will affect performance

parameters such as radiant heat transfer in different burner

systems. This is especially relevant for adoption strategies,

which may follow a gradual integration of hydrogen as a

growing component of an existing fuel mixture where sooting

fuels are ‘diluted’ and the resulting magnitude of radiative

heat transfer becomes affected to an unknown degree [15].

In hydrocarbon-based fuels, the major contributor to

radiative heat transfer is the reradiating of thermal energy

from soot particles, with gases such as water molecules (H2O)

and carbon dioxide (CO2) also contributing [16]. The notion to

increase soot is counterintuitive from a health and environ-

mental standpoint and certainly soot poses a risk to those

areas but its role in radiant heat transfer is critical to many

combustion applications [16,17]. Soot particles are more

efficient emitters than gaseous species and are responsible for

the majority of thermal radiation in most hydrocarbon flames

[17e19]. The concentration of soot particles is closely coupled

to radiant heat losses of a flame [20]. In the combustion of

hydrogen flames, there is no carbon present and hence, no

soot production. The presence of hydrogen therefore affects a

flame's thermal radiation, since soot particles are important

heat carriers [13,21]. Thermal radiation is the primarymode of

heat transfer for many large-scale burner systems [22,23] thus

a lack of soot production and subsequent reduction in thermal

radiation would be detrimental to their operation with

hydrogen. Direct-fired industrial processes that operate at

very high temperatures, such as rotary and glass kilns, boilers

and process heaters are particularly reliant on radiation.

Additionally, many industry burner systems utilize highly

turbulent combustion regimes, the analysis of which with

respect to sooting flames is far less prevalent than for laminar

flames [24]. Soot is also responsible for much of the visible

emissions in hydrocarbon flames due to the blackbody radi-

ation from soot [16,25]. Consequently, hydrogen flames are

often reported as having very poor visibility [26]. The need for

solutions to improve the visibility of hydrogen flames is often

mentioned as part of a safe adoption strategy of hydrogen for

both industrial and domestic use [27]. For cases where

hydrogen is blended with a hydrocarbon fuel, the thermal

radiation is affected by more than simple dilution of carbon-

based species: competing chemical and thermal effects have

also been reported [28]. Studies comparing the addition of

hydrogen with the addition of inert species for laminar [29,30]

and turbulent [31] flames report that, despite global re-

ductions in soot volume fractions, hydrogen is less effective

than inert species at suppressing soot formation, suggesting a

chemical promoting effect. Other operating parameters such

as the oxygen (O2) concentration [32], and the recirculation

rate [33] are known to affect the physical and chemical in-

teractions of blended fuels. The degree to which these in-

teractions affect burner performance for various amounts of

hydrogen is a risk faced by industry. Reduced radiative heat

transfer [30,31,34], lower flame visibility [26], reduced air re-

quirements [35], increased flue gas moisture content and

increased NOx emissions [36e40] are some of the key points of

concern associated with hydrogen integration to fossil fuel

processes.

Extensive efforts have beenmade to characterise the effect

of hydrogen addition in a variety of burners and propose so-

lutions to typical challenges of hydrogen. Kumar and Mishra

[13] showed that for hydrogen addition to an LPG diffusion

flame there is a negligible effect on flame length for up to

20 vol% hydrogen but a noticeable effect beyond this point.

Hydrogen addition up to 40 vol% increased the soot-free-

length by approximately 61%, and consequently a negative

effect on radiant heat transfer fraction is reported. Kashir

et al. [21,41] has previously investigated the accuracy ofmodel

prediction both for the characteristics of methane/hydrogen

bluff-body swirl flames [41] and the impact of hydrogen

enrichment and bluff-body diameter for propane flames [21].

The authors report the increasing effects of reducing bluff-

body diameter on flame length, attributed to the lower recir-

culation intensity and subsequent reduction in mixing of re-

actants. In this work the authors considered fractions of
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hydrogen ranging from 10 to 70 vol% [41] and 30e90 vol% [21],

respectively. In the former case [41] key features reported

were an increase inOHmass fraction and subsequent reaction

zone thickness with hydrogen addition. Due to conservation

of total volumetric flow rate a penalty is paid onmass flow and

thermal input, subsequently the flame temperature was re-

ported to reduce with hydrogen addition d the peak flame

temperature was also shifted downstream. In the latter case

[21] hydrogen addition decreased radiant heat transfer,

consistent with previous experimental data [13] d this was

stated to be primarily a consequence of sooting-containing

fuels. Adding a dopant to poorly radiating flames has been

discussed as a potential solution to improve radiant heat

transfer [19]. By doping the flame with particles that emulate

the radiant properties of soot, it might be possible to supple-

ment lost radiant heat transfer. The addition of non-

combusting metal oxide particles has been proposed as a so-

lution to improve thermal radiation in low sooting flames,

[42,43]. Combustible particles such as pulverised coal and

some waste-fuels have also been used as a soot surrogate to

improve radiative heat transfer [19,44]. The recent investiga-

tion by Evans et al. [45] on the use of liquid dopants in

hydrogen flames has shown merit for toluene, as a repre-

sentative for the broad family of bio-oils. Toluene is an aro-

matic compound that is present in the chemical structure of

most bio-oils with a high sooting propensity, which is greater

than that of petroleum-derived fuels [45e47]. Toluene was

added at 1e5 mol% of fuel in 1:1H2:N2 turbulent (Re ¼ 5000)

simple jet flames [45]. The results showed a positive non-

linear relationship between the dopant concentration and

soot formation. The method of toluene injection, either as a

spray or prevapourised, was also found to be an important

factor. Computational analysis via OPPDIF models of the

sooting characteristics of toluene showed competing chemi-

cal pathways for oxidation via formaldehyde (CH2O) or soot

formation via acetylene (C2H2), identified by A2 rate of pro-

duction. It was noted that oxidation was the preferred

pathway for concentrations of toluene below 5 mol% of the

fuel due to higher availability of OH and H from the reaction

zone which promotes the oxidation [45,48]. This effect is re-

ported to change at larger concentrations, consequently it was

suggested that doping and blending should be considered

different regimes with respect to soot loading. It was

concluded that toluene is a promising candidate for doping in

hydrogen flames to improve the radiative heat transfer [45].

The efficacy of toluene in a binary n-heptane or iso-octane

dopant mixture has also been considered previously, where

a positive non-linear correlation between toluene-containing

fuels and soot production is reported [49,50]. Russo et al. [51]

investigated the sooting effects of prevapourised toluene in

premixed methane flames and found similarly that toluene

doped flames yielded higher soot concentrations.

The potential for toluene as a fuel additive to improve

thermal radiation has been well established in previous work

but there is still a need for further investigation to assess its

efficacy under more industry-representative conditions. The

study by Evans et al. considered only simple jet flames with

relatively low turbulence intensity [45]. Additionally, by only

considering pure hydrogen blendedwith nitrogen, there was a

penalty on flame temperature, and consequently, a strong

effect on the overall reaction kinetics. Since the integration of

hydrogen may happen gradually with low concentrations

blended into current fuel blends, further investigation on the

effects of blends of hydrogen in natural gas without inert

diluents should be undertaken to build a more realistic pic-

ture. A significant novelty of this work is the study of toluene

as a dopant in flames which are indicative of a transitional

approach to hydrogen. That is, ensuring sufficient turbulence

and recirculation to mimic industry combustors and consid-

ering realistic fuel blends including 10, 20 and 100 vol%

hydrogen addition with specific reference to the properties of

natural gas in the same burner system. This research com-

bines experimental flame imaging techniques and heat flux

data with computational modelling of soot precursors to

report the efficacy of toluene as a soot surrogate for improving

radiant heat transfer and visibility in turbulent hydrogen/

natural gas flames stabilised on bluff-body burners to emulate

the recirculation component of industry burners.

Methods

Experimental setup

The geometric complexities of full-scale industrial burners are

difficult to replicate with lab-scale experiments, and likewise,

characterisation of the governing chemistry and physics is

challenging in large-scale systems. A common feature of in-

dustrial burner design is recirculation, most commonly ach-

ieved with modifications to the jet geometry or redirection of

hot exhaust gases [52]. Recirculation, and its absence, can

have a large effect on fuel/air mixing, residence time and

overall stability [52,53]. Bluff-body experimental burners were

popularised by Masri et al. [54] and Dally et al. [55] and have

since been used elsewhere in literature [53,56e59] because

they capture the key physics of recirculated flow in a

controllable and characterisable way. A bluff-body burner

creates recirculation and provides increased stability, which is

useful in turbulent flames. The combustion conditions

created by bluff-body burners are similar to practical com-

bustors used in many industry applications. This geometry is

therefore a useful tool in studying industry-representative

flames while preserving relatively simple and well-defined

boundary conditions [60]. It is due to their ability to emulate

industry burner physics and help stabilise highly turbulent

flames that bluff-body burners are used in this investigation.

In this investigation, the experimental results are collected

using the burner apparatus presented in Fig. 1 and described

previously [33,61]. The burner consists of a cylinder with a

central 4.6-mm-diameter jet (djet), from which the fuel is is-

sued. Two burners with external diameters (dBB) of 50mm and

64 mm are used. A 4.6 mm central jet is chosen as it is

commonly used in literature [62,63] and frequently used with

these bluff-body diameters [33,61]. The burner is positioned in

the centre of a co-flowing air stream and raised 10 mm above

the annular flow constrictor for visibility. Co-flowing air pro-

duces a recirculation of hot gases, allowing the flame to sta-

bilise [60]. This design enables the control of recirculation by

adjusting the jet and co-flow inlet conditions independently to

simulate various operating conditions. An annular contractor
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with a diameter (dc) of 190-mm, with honeycomb mesh

around the bluff-body burner, delivering uniform co-flow air

to the flame. The co-flow velocity is maintained at 11 m/s and

20 m/s for the hydrogen and natural gas/hydrogen flames,

respectively. It should be noted that the momentum flux ratio

(rjetUjet:rcoflowUcoflow) between these cases varies by no more

than 8% across all cases. This ratio has been shown to be the

dictating parameter for the vortical structure and the length of

the recirculation zone [33,55].

Liquid toluene (assay: 99.5%) is vapourised at 150 �C using a

Bronkhorst Controlled Evaporator and Mixer (CEM). Toluene,

at 1e5 mol%, is added to 10, 20 and 100 vol% hydrogen (assay:

99.999%) in natural gas fuel blends. A bulk mean jet Reynolds

number of 10,000 is kept constant for all cases to ensure suf-

ficiently turbulent conditions. The gas density, viscosity and

velocity used to calculate Reynolds number are recorded in

Table S1 of the supplementary data, the characteristic length

is chosen as djet. Gas mixture data is calculated using previ-

ously established methods [64]. Composition of natural gas is

also presented in the supplementary material (Table S2).

The heat transfer properties of the flames are primarily

characterised by data collected from heat flux sensors (Med-

therm 92241/2), to compare the radiative properties of flames

with different fractions of hydrogen. Thermocouples

measuring the temperature differential between the sensor

surface and an internal heat sink form an electromotive force

at the output which is directly proportional to the heat

transfer rate. A conversion factor calibrated to the specific

sensor is used to convert the measured voltage to heat flux.

Voltage samples are taken at a frequency of 1000Hz for 30 s

and a mean value is presented for each flame with

corresponding uncertainty derived from the average variance

between samples. To compare the flame structure and visi-

bility for different burners and fuel blends, a DSLR camera

(Canon EOS 6D) with a 50 mm lens is used for the flame

photographs. Imaging is through a 594-nm (23-nm full-width

at half maximum) notch filter to eliminate the orange col-

ourdthis particular colour has been reported previously

[65,66] and attributed to sodium impurity corresponding to

589-nm, despite the use of high purity fuels. In this instance,

the spectrometry data and comparison photos with and

without the filter are used to highlight the presence of sodium.

Flame photographs are helpful when presenting the effects on

flame structure and colour, but can be misleading when dis-

cussing visibility and brightness to the naked eye due to any

manipulation of the aperture and exposure times. A Luxmeter

(Protech QM1584) is used to measure flame brightness, or

more specifically, flame illuminance (lumen/m2), to further

characterise and quantify the visibility of the flame cases.

Computational analysis

Numerical simulations of opposed-flow diffusion (OPPDIF)

flames in Chemkin Pro v19.2 are used in combination with the

experimental data to describe the flame behaviour and un-

derlying chemistry. An opposed-flow configuration is chosen

because it enables the study of soot formation and oxidation

under idealised flow fields, which, in turn, enables a focus on

the chemistry effects. The OPPDIF model has been used pre-

viously to study flame phenomena in jet flame burners,

including bluff-bodies [67,68]. The OPPDIF model allows for

analysis of homogeneous, gas-phase kinetics and sensitivity

Fig. 1 e Diagram of the bluff-body burner and annular air contractor arrangement where djet ¼ 4.6 mm, dBB ¼ 50 or 64 mm

and dc ¼ 190 mm.
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of a wide range of species or operating conditions. Sensitivity

to the strain rate is considered, as it is an important parameter

related to the burner design and operation, and affects the

formation of species such as soot [69,70]. Strain is defined as

the velocity difference normalised to the axial distance be-

tween the fuel and the oxidant jets, 50 mm in this case. Var-

iations in the strain rate are achieved by adjusting fuel and

oxidant stream velocities, ensuring similar momentum, to

position the stagnation plane in themiddle of the domain. Gas

velocities used in each case are summarised in Table S3 in the

supplementary material.

A chemical mechanism developed by Cai and Pitsch [71] is

used for modelling the PAH formation, up to and including

pyrene (A4). The mechanism includes thermodynamic and

transport data for 335 species and 1610 gas-phase reactions.

The behaviour of soot precursors, namely naphthalene (A2),

will be used as a predictor of overall soot production and

corresponding thermal radiation. A2 is often used as a soot

indicator species in numerical studies because it is the rate-

limiting step in the formation of large PAHs [24,45,72]. Addi-

tionally, A2 is the closest PAH in size to toluene, focussing the

analysis of the chemical pathways. Unless specified other-

wise, A2 is described by the summation of individual A2-

variant species, of which A2XC10H8 is the dominant variant.

Simulations of various H2/CH4 fuel blends in air are consid-

ered across a range of strain rates to study the effects of

different fuel blends under a variety of operating conditions.

Results and discussion

Flame photographs and illuminance

Turbulent flames of hydrogen and blended hydrogen/natural

gas were stabilised on two bluff-body burners with different

diameters, and prevapourised toluene was added to the fuel

streamat 1e5mol%. Photographs for the hydrogen flames and

hydrogen/natural gas flames (with 10 vol% hydrogen) at

various levels of toluene addition are presented in Fig. 2 and

Fig. 3, respectively. For each combination of base fuel and level

of toluene addition, the presented image is a composite of two

photos, corresponding to the two bluff-body diameters,

namely 64 mm and 50 mm-diameter on the left and right side

of the centreline, respectively.

The general structure of all flames is comparable to other

bluff-body flames seen in literature [33,55,58,61,73] with three

distinct zones present for each flame case d an initial recir-

culation zone followed by a high-strain neck zone and finally

the jet-like downstream region [74]. Blends at 10 and 20 vol%

hydrogen in natural gas flames are very similar to the refer-

ence natural gas flame for both bluff-body diameters without

the addition of toluene. In these cases, the addition of

hydrogen to natural gas has no observable effect on flame

structure or visibility, with the exception of the 50mmburner,

which became brighter with the addition of hydrogen. This is

consistentwith previous investigations highlighting hydrogen

addition up to 20 vol% having a negligible effect on flame

length or overall structure [13]. Where the effect of hydrogen

compared to methane is investigated in the literature, this

result builds on existing work which describes a similarly

unremarkable effect on the velocity contour plots in bluff-

body burners [57]. A stronger contrast is observed between

the reference natural gas and 100 vol% hydrogen flame cases.

In this case, the 100 vol% hydrogen flames’ recirculation zones

became longer than the pure natural gas, consistent with

previous investigations [21]. A consequence of hydrogen

addition is that as the hydrogen content in the fuel grows the

stoichiometric mixture fraction decreases. A table of stoi-

chiometric mixture fractions for all fuel blends is included in

the supplementary material (Table S3). The stoichiometric

Fig. 2 e Split photographs natural gas flames with 100 vol%

hydrogen, with the addition of 1e5 mol% toluene and

stabilised on the 64 mm (left-half) and 50 mm (right-half)

bluff-body burner. Reference natural gas (NG) flame photos

also included. All flames are operated at Re ¼ 10,000.

Aperture and exposure settings from left to right: f/22 2s, f/

1.8 4s, f/22 30s, 2s, 1/5s, 1/5s, 1/5s.

Fig. 3 e Split photographs of natural gas flames with 10 vol

% hydrogen, with the addition of 1e5 mol% toluene and

stabilised on the 64 mm (left-half) and 50 mm (right-half)

bluff-body burner. Reference natural gas (NG) flame photos

photo also included. All flames are operated at Re¼ 10,000.

Aperture and exposure settings from left to right: f/22 1s,

1s, 1/2s, 1/2s, 1/2s, 1/2s, 1/2s.
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mixture fraction for hydrogen is almost 50% lower than for

natural gas. This causes the location of stoichiometric com-

bustion, referred to as the stoichiometric contour line [75], to

shrink inward towards the jet centreline. This contributes to

the shorter and thinner flames in comparison to natural gas,

as seen in Fig. 2. The flames overall became shorter and were

significantly less visible than the reference natural gas flames,

with photographs for the 100 vol% hydrogen (0 mol% toluene)

taken at double the exposure time and with an aperture

allowing 12 timesmore light than that of the natural gas flame

photographsdthus the image intensity of the hydrogen flame

is 24 times less bright than the equivalent natural gas photo-

graph. The reduction in flame length due to hydrogen addition

is commonly reported in literature [11,13,14] however, the

effects of toluene on flame height in bluff-body burners for

these fuel blends has not previously been reported. The notch-

filtered photographs of the 100 vol% hydrogen flames show a

pale blue/red compared to the yellow of the natural gas flames

and are otherwise invisible to the naked eye. Toluene addition

causes a noticeable increase in brightness for the 10, 20 and

100 vol% hydrogen flames. These flames are brighter and

begin to take on a yellow colour typical of sooting flames with

increasing toluene concentrations, which is consistent with

previous investigations of toluene addition to a hydrogen-

based flame [45], however this work provides a new insight

into the effect of toluene on visibility for blended and bluff-

body stabilised hydrogen/natural gas flames d compared to

previous literature which only considered simple jet

hydrogen/nitrogen flames at a lower turbulence regime. In-

cremental increases in toluene concentration result in a

visibly more luminous yellow flame, most notably in the

recirculation and jet regions of the bluff-body flame. As

toluene concentrations increased, the recirculation zone

length increases while the high-strain neck zone length de-

creases. The flames also become fractionally taller and wider

with increasing toluene concentration for the 100 vol%

hydrogen fuel and, albeit to a lesser extent, the 10 or 20 vol%

hydrogen flames. The trends observed for base fuel and

toluene addition are seen consistently in both bluff-body di-

ameters. Reducing the bluff-body diameter from 64 mm to

50 mm causes a visible reduction in the recirculation zone

brightness, width and length, and a visible increase in the

total flame length, consistent with previous investigations

[21]. This is due to a smaller recirculation zone in the 50 mm

burner, allowing more fuel to be burnt further downstream

[33]. Reducing the bluff-body diameter appears to reduce the

visibility of the reference natural gas flame significantly, but

this trend is not seen consistently for the fuels containing

hydrogen.

Fig. 4 presents the flame illuminance data as a supplement

to flame photographs (Figs. 2 and 3). Illuminance measure-

ments are a way of capturing and quantifying the brightness

in a way that enables a direct comparison of flame photo-

graphs with the heat flux measurements. The illuminance

data supports the trends implied from the photographs, with

illuminance increasing for each level of toluene addition. It is

noteworthy that 2e3 mol% toluene is required for the pure

hydrogen flames to emit equivalent illuminance to that of the

natural gas reference case, as shown in Fig. 4. This is signifi-

cant due to the safety concerns regarding the low visibility of

hydrogen and flame detection [27]. The blended hydrogen/

natural gas flame cases, with both 10 and 20 vol% hydrogen,

exhibit a similar increase in illuminance with toluene addi-

tion. The flame illuminance in Fig. 4 does not decrease notably

from that of pure natural gas for the addition of 20 vol%

hydrogen (without toluene). This suggests that for natural gas

fuel blends containing up to 20 vol% hydrogen, toluene is not

required to improve flame illuminance. Previous in-

vestigations have shown a similarly unremarkable effect of

hydrogen addition up to 20 vol% in hydrocarbon flames con-

cerning reduced visibility [13,76]d however, quantification of

the effect of hydrogen addition to natural gas with respect to

toluene addition to improve visibility via soot loading is a

novel contribution of this paper. The differences between 10

and 20 vol% hydrogen are also minor. Comparing both bluff-

body diameters, a similar trend is observed with no signifi-

cant effects on flame visibility between the 50mm and 64mm

burners; apart from the natural gas reference cases, where the

64 mm burner is notably brighter than the 50 mm. It is inter-

esting to note, however, that this trend is not observed for the

pure and blended hydrogen cases. The discrepancy between

cases with and without hydrogen is most likely the result of

competing factors extending the residence time. In the

64 mm-bluff-body case, the flame has a recirculation zone

that is larger than that observed in the 50mm-bluff-body case,

which helps promote the soot formation with its relatively

long residence time. In contrast, the 50 mm-bluff-body flame

has a longer flame length, which indicates a longer global

residence time than the 64 mm-bluff-body flame. The prox-

imity of the data points makes conjectures about the trends

between burners difficult but, nevertheless, they can be used

to supplement visual observations and trends in the heat flux

data and soot precursor concentrations.

Fig. 4 e Illuminance (lx) measurements of turbulent pure

and blended H2 in natural gas (NG) (vol%) for the addition of

1e5 mol% toluene, and reference natural gas cases

(without toluene addition) in a 50 mm and 64 mm bluff-

body burner.
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Flame heat flux

Thermal radiation heat flux measurements for all flames are

presented in Fig. 5 and Fig. 6, for the 64 mm and 50 mm bluff-

bodies, respectively. The heat flux data is normalised by the

heat input from the fuel. It is logical that since both flame heat

flux and flame illuminance are strongly dependant on toluene

or soot concentration that a correlation may be seen in the

two data sets. Fig. S2 in the supplementary material combines

Figs. 4 and 5 to highlight the shared dependence on toluene

concentration and resulting soot formation. In bluff-body

flames soot accumulation and oxidation can be considered

in the three distinct zones of a bluff-body flame, consequently

changes to the characteristics of these zones affects how soot

is produced and oxidised within them. Previous work by

Rowhani et al. [61] has shown that in bluff-body flames soot

volume fraction peaks first in the recirculation zone and in the

downstream jet-like region, with almost no soot being pro-

duced in the neck zone due to high strain rates. It was also

shown that the soot accumulation in the recirculation zone

almost doubles by increasing the bluff-body diameter from

38 mm to 50 mm and then to 64 mm while the neck zone re-

mains fairly consistent. Soot accumulation in the down-

stream region tends to increase with decreasing bluff-body

diameter since this reduces the recirculation zone size and

intensity allowing for more fuel to be burnt downstream. It

has been previously established that decreasing the fuel to air

ratio, perhaps by increased recirculation of air, also leads to

reduced accumulation of soot in a recirculation due to

increased oxidation [77]. Data in Figs. 4, Figs. 5 and 6 shows

evidence of this via a larger total illuminance and heat flux,

respectively, in the 50 mm bluff-body compared with the

64 mm. This suggests a larger content of fuel being burnt

downstream and less being accumulated and burnt in the

recirculation zone.

The normalised heat flux increaseswith increasing toluene

concentration in all cases. The trends in the heat flux data are

similar to that of illuminance, with the exception of the nat-

ural gas cases. The illuminance for natural gas in the 64 mm

burner is almost 10 times greater than in the 50 mm burner. A

discrepancy this large is not observed in the heat flux data.

Additionally, a 10 vol% hydrogen blend (without toluene)

significantly improves flame illuminance compared with the

natural gas case in the 50 mm bluff-body. Otherwise, no sig-

nificant reduction in heat flux is recorded for hydrogen addi-

tion of 10e20 vol% in natural gas, and thus, the addition of

toluene does not appear to be required for these concentra-

tions; however, the heat flux can be significantly improved by

the addition of toluene. The pure hydrogen flame heat flux is

approximately 80% lower than the pure natural gas case. To

account for this reduction, a dopant concentration of 4 mol%

toluene is required for the heat flux of the pure hydrogen

flames to be equivalent to a natural gas flame. It should be

noted that for toluene, the addition of 4 mol% in a pure

hydrogen flame equates to 65% by mass, and 38% by energy

input. This significant contribution ofmass and enthalpy from

the dopant is a limitation of the use of toluene as a means of

supplementing reduced radiative heat transfer in hydrogen

flames. This is most likely the cause of the more significant

effects of toluene on flame structure and visibility in the pure

cases compared with the blended cases, since its contribution

to enthalpy andmass by toluene becomesmuch greater in the

100 vol% hydrogen cases as a result of the increased volu-

metric flow to maintain a Reynolds number of 10,000.

Computational analysis

To validate that the measured variations in heat flux are a

consequence of increased soot formation due to toluene

addition, the contribution of temperature and other radiant

gases such as CO2 and H2O are considered. An approach

adapted frompreviouswork [78,79] using numerical data from

an OPPDIF simulation of the aforementioned flame cases at

two different strain rates are presented in Fig. 7. Here it can be

Fig. 5 e Heat flux data (normalised by heat input) for

addition of 1e5 mol% toluene to pure and blended

hydrogen/natural gas turbulent flames in a 64 mm bluff-

body burner.

Fig. 6 e Heat flux data (normalised by heat input) for

addition of 1e5 mol% toluene to pure and blended

hydrogen/natural gas turbulent flames in a 50 mm bluff-

body burner.
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seen that toluene addition has a negligible effect on flame

temperature. In this case, radiative heat losses are a function

of the temperature, soot volume fraction and an absorption

coefficient (the Planck mean) [78,79]. The variation in tem-

peraturewith respect to toluene addition, as shown in Fig. 7, is

not only too small to cause the experimentally measured

variation in heat flux, since a 25K peak temperature variation

would only result in a 13% change in radiant losses e but

toluene addition has a reducing effect on the peak flame

temperature. The experimentally measured variation in heat

flux is much greater than this and therefore, given the

contribution to the radiant heat loss from the soot volume

fraction is much greater than the absorption coefficient, it can

be assumed that the large variations in the experimental heat

flux are primarily a consequence of increased soot loading due

to toluene addition.

Comparing the heat flux trends in Figs. 5 and 6, that is,

between the bluff-body diameters, it can be seen that both

bluff-body diameters broadly exhibit similar trends. The

50 mm bluff-body diameter yields a consistently higher nor-

malised heat flux than the 64 mm bluff-body diameter for

toluene addition to the pure hydrogen fuel, whereas the

64 mm bluff-body burner produces a higher heat flux for

toluene addition to the 10 vol% hydrogen-natural gas blend.

Assuming changes in the soot volume fraction are the primary

cause for variations in the normalised heat flux, then a link

may be established between bluff-body diameter, and its ef-

fect on flame structure and resulting particle residence time

and soot formation.

Typically, increased recirculation results in increased

residence time, which promotes soot formation [53,80,81]. It

has been reported previously that increasing the bluff-body

diameter from 38-mm to 50 mm and 64 mm can double the

recirculation zone length leading to increased particle resi-

dence time, which can increase the amount of soot formation

[53]. It is also noteworthy that flame images presented in this

paper show that a reduced bluff-body diameter causes a

subsequent reduction in recirculation zone size but an

increase in overall flame length by as much as 22% in some

cases. This would also extend particle residence time and

promote increased soot formation. This is also supported in

literature with similar investigations of soot in bluff-body

burners reporting a global decrease in the soot volume frac-

tion of flames despite seeing local increases in regions of high

recirculation [33]. Experimental data presented in Figs. 5 and 6

both show evidence of increased residence time via a combi-

nation of increased flame length and increased recirculation

zone size. Comparison of visual luminosity of flame images

(Figs. 2 and 3) provides an insight into local soot behaviour,

where a more luminous region suggests a higher concentra-

tion of soot. For example, toluene addition to the pure

hydrogen flames in the 50 mm bluff-body burner appear

consistently brighter in their downstream region compared to

the 64 mm burner (Fig. 2). This observation is also reflected in

the illuminance data (Fig. 4). Similarly, the more luminous

recirculation zones up to twice the length in the 64mmburner

compared with the 50 mm burner suggests a higher concen-

tration of soot within the recirculation zone. It is also impor-

tant to mention the effects of differential diffusion on soot

formation, shown previously to be an important factor in the

formation of soot as it relates to species’ transport phenom-

ena, especially for fuel mixtures containing hydrogen, which

is highly diffusive [82,83]. The impact of hydrogen addition,

and subsequent change in differential diffusivity, have been

previously reported to affect factors such as flame length

[84]dwhich, as mentioned previously, can affect residence

time and soot formation.

Another noteworthy observation is the shape of the curves

in Figs. 5 and 6 for the blended hydrogen/natural gas cases in

the 50 mm burner compared with the 64 mm burner. The

64 mm data plotted in Fig. 5 follow a consistent curve for both

the 10 and 20 vol% hydrogen cases, with the 10 vol% hydrogen

resulting in slightly higher heat flux at each increment of

toluene addition. However, this trend is not seen in the 50mm

data presented in Fig. 6. Here, the data diverges as the toluene

concentration increases, and, perhaps most interestingly, the

20 vol% hydrogen cases result in a higher heat flux compared

to the 10 vol%. It is not appropriate to assume that, because

heat flux measurements were normalised to thermal input,

this is not a consequence of increased flame temperature,

since radiation does not respond linearly with temperature

(Qrad f T4). However, given the discrepancy is between

burners and not fuel mixtures, and since the fuel blends for

both burners are the same, this is unlikely to be a consequence

of increased temperature due to hydrogen addition. Thermal

and chemical-promoting effects of soot are well documented

for the addition of hydrogen to a hydrocarbon mixture

compared with an inert diluent [29e31,85] with various ex-

planations given as to why. It is worth noting that to preserve

Reynolds number in flameswith varying compositions of fuels

each with significantly different densities, jet velocity cannot

be conserved between cases. This means for cases with rela-

tively higher jet exit velocities, an increase in the fuel to air co-

flow momentum flux ratio entrains less fuel into the recircu-

lation zone near the bluff body surface. This leaner recircu-

lation zone, in combination with a reduced residence time

may result in an inhibition of soot nucleation and surface

growth while soot oxidation is promoted. This effect was

Fig. 7 e Calculated peak flame temperature from opposed-

flow simulations with H2/CH4 fuel blends, doped with

1e5 mol% toluene at two different strain rates.
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shown previously for bluff-body stabilised ethylene/hydrogen

flames by Deng et al. [74] where a leaner recirculation zone

inhibited soot formation due to changes in jet velocity. This

may explain the discrepancy between bluff-body diameters

(Figs. 5 and 6) where the 20 vol% hydrogen fraction increases

the fuel to air momentum flux ratio compared to the 10 vol%

mixture, allowing for a leaner recirculation zone and a more

dispersed soot concentration. This may not have occurred in

the 64 mm bluff-body diameter due to a stronger recirculation

zone compared to the 50 mm.

An alternative or additional cause may be increased strain

rate in the 50mmburner comparedwith the 64mm. Reducing

the bluff-body diameter and resulting recirculation zone size

will increase the strain rate at the jet exit [33,86,87]. Too high a

strain rate will restrict the combustion and push the system

closer to its extinction strain rate [86,87]. A fuel mixture with a

much higher extinction strain rate, such as one with a higher

hydrogen content [88], may allow for more soot formation

than a less resilient mixture through increased reactivity.

Numerical simulations of an OPPDIF flame are used to test this

hypothesis and examine the effects of the strain rate more

closely. An OPPDIF model considers a one-dimensional (1D)

flame created using opposed-flow fuel and oxidant streams.

This 1D flame is representative of a local flame-front

embedded within the larger, more complex bluff-body

flame. In practice, these 1D flames encompass the flame and

strain rate as a product of interactions between the fuel and

the air streams. In this way, the governing reaction kinetics

can be studied without the need to consider turbulent chem-

istry interactions, which are computationally more

demanding and can be difficult to isolate in terms of specific

variables. In this instance, the base fuel blends and toluene

concentrations have been considered in the OPPDIF model for

different strain rates.

The numerical modelling of the soot precursors in the

flame cases in an OPPDIF configuration considered in this

paper appear to support the hypothesis that increases in

strain rate from a reduction in the bluff-body diameter caused

the larger hydrogen blend to yield a higher heat flux. In the

supplementary material provided, Fig. S1 shows the rela-

tionship between A2 rate of production (ROP) and the strain

rate as a function of the axial distance. It can be seen that the

peak A2 formation primarily occurs for low strain regions of

the flame. The inverse relationship between soot formation

and strain rate has been seen previously in literature [24,89].

In particular this has been shown for instantaneous soot

volume fraction measurements in bluff-body flames [61]. This

work further contributes to this well-established relationship

by considering it with respect to soot precursors descended

from toluene doped into hydrogen/natural gas flames. The

numerical results presented in Fig. 8 show the effect of the

strain rate on the fuel mixtures considered in the experi-

mental cases. A similar trend to the experimental data is

observed, where at higher strain rates the fuel blend with

more hydrogen results in a higher A2 ROP. In this case, the

distinction between 10 and 20 vol%hydrogen is veryminor but

a consistent trend is observed, nevertheless.

An analysis of chemical reaction pathways shows two

main pathways are possible: either oxidation via formalde-

hyde (CH2O) or soot formation via acetylene (C2H2). The strain

rate has the strongest influence on reaction pathway prefer-

ences. The reaction pathway diagrams are given for a 5 mol%

toluene addition to 10 vol% hydrogen at strain rates of 10s�1

and 200s�1 in Fig. 9 and Fig. 10, respectively. The effect of the

hydrogen content (up to 20 vol%) and toluene addition (up to

5 mol%) did not significantly affect the reaction pathways

when compared with the strain rate. While the toluene addi-

tion did not significantly impact the chemical pathways, its

presence does shift the reaction away from the oxidative

pathway and towards the formation of A2 and, subsequently,

soot. Previous investigations have noted the competing for-

mation of soot via A2 and oxidation via formaldehyde [45]. The

effect of toluene on the ROP ratio between formaldehyde and

A2 is presented in Fig. 11. A similar trend is seen here where at

low toluene concentrations (<1 mol%) the oxidative ten-

dencies of a hydrogen flame create a large discrepancy be-

tween the 10 and 20 vol% fuel blendsdbut as toluene

concentration increases these become negligible.

Fig. 12 considers these strain rates at a wider selection of

hydrogen concentrations to examine how this phenomenon

behaves as the hydrogen content increases beyond 20 vol%. As

the hydrogen concentration increases to 50 vol%, the effects of

the strain rate become negligible with respect to A2 ROP, as

this tends to zero when the hydrogen fraction approaches

100 vol%. As expected, based on the experimental data and

trends in Fig. 8, at strain rates close to the extinction limit, the

negative effects of hydrogen blending with A2 ROP are less-

ened, with an apparent improvement seen of up to 20 vol%

hydrogen for the 200 s�1 case. This implicates that more

hydrogen results in less soot and/or radiation may not apply

to every burner, mode of operation or even every region

within a flame.

It is worth noting that previous work by Evans et al. [45]

reported a preference for oxidation (as opposed to soot for-

mation) for concentrations of toluene <5 mol%. This was

linked to a higher availability of OH and H species but no data

was presented which compares the effect of strain rate or

residence time. A change in strain rate has also been shown to

Fig. 8 e Calculated A2 mole fraction from opposed-flow

simulations with H2/CH4 fuel blends, doped with 1e5 mol%

toluene at three different strain rates.
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affect these species [90]. The implication from the data pre-

sented in this paper that strain rate is a key parameter with

regard to soot formation in the presence of hydrogen/natural

gas flames is an important addition to the knowledge

contributed by Evans et al. [45].

Conclusions

The efficacy of toluene addition to pure and blended

hydrogen/natural gas flames on soot formation and the

resulting radiative heat transfer, flame visibility and structure

have been studied using a combination of experimental and

computation methods. The experimental cases consisted of a

series of turbulent diffusion flames stabilised on a 50 mm and

Fig. 9 e Reaction pathway diagram for toluene (A1CH3)

conversion to A2XC10H8 for 5 mol% toluene to a 10 vol%

hydrogen in a methane fuel mixture at a strain rate of 10

s¡1. Line thickness and colour correspond to the relative

rates of production and exo- (red)/endo (blue)-thermic

reactions, respectively.

Fig. 10 e Reaction pathway diagram for toluene (A1CH3)

conversion to A2XC10H8 for 5 mol% toluene to a 10 vol%

hydrogen in a methane fuel mixture at a strain rate of 200

s¡1. Line thickness and colour correspond to the relative

rates of production and exo- (red)/endo (blue)-thermic

reactions, respectively.

Fig. 11 e Calculated ROP ratio between formaldehyde

(CH2O) and naphthalene (A2) in opposed-flow fuel/air

simulation for toluene addition to a 10 and 20 vol% H2 in a

CH4 flame with a strain rate of 10 s¡1.

Fig. 12 e Calculated A2 rate of production (ROP) in opposed-

flow simulations with H2/CH4 fuel blends at different strain

rates.

i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 7 ( 2 0 2 2 ) 2 7 7 3 3e2 7 7 4 627742



a 64 mm bluff-body burner, while the computational work

was simulated in an opposed-flow diffusion flame model at

various strain rates. This work builds on previous in-

vestigations regarding the use of toluene as a dopant by

assessing its efficacy on highly turbulent pure and blended

hydrogen/natural gas flames stabilised on bluff-body burners.

1. Supplementing flames containing hydrogen with pre-

vapourised toluene improves the colour, illuminance and

overall visibility of bluff-body stabilised flames-both for

pure hydrogen flames and blended hydrogen/natural gas

flames. Approximately 2 mol% toluene is required in the

pure hydrogen flames to achieve the equivalent illumi-

nance of a natural gas flame.

2. Toluene addition has a positive effect on the normalised

heat flux data in both bluff-body burners. Hydrogen addi-

tion up to 20 vol% does not have a measurable impact on

the normalised heat flux, while a complete substitution of

natural gas for hydrogen results in an 80% reduction in the

normalised heat flux. Approximately 4 mol% toluene is

required to bring the pure hydrogen flames output equal to

that of a pure natural gas flame. In this case, however, the

significant contribution of mass and enthalpy from the

dopant is a limitation on the use of toluene as a means of

supplementing the reduced radiative heat transfer in

hydrogen flames. This is a significant contribution to pre-

vious work which did not consider toluene's efficacy with

respect to pure natural gas and its limitations for use as a

dopant in large quantities.

3. Reducing the bluff-body diameter has a notable effect on

the outcomes of hydrogen addition. In the smaller 50 mm

bluff-body burner, hydrogen addition of 20 vol% resulted in

a higher normalised heat flux than the 10 vol% cases, while

the opposite effect was observed in the larger 64 mm bluff-

body. This suggests that not only may the negative effects

of hydrogen addition on thermal radiation be negated

under some conditions, but that hydrogen additionmay be

beneficial to radiation.

4. The findings from the fuel/air OPPDIF simulations show a

strong improvement in soot precursor rates of production

via the acetylene pathway with the addition of toluene.

The impact of hydrogen addition is strongly dependent on

operating strain rate but it should be noted that hydrogen

addition is negligible, if not mildly beneficial up to 20 vol%

at high strain rates to soot precursor production.
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Appendix B

Radiation correction for
thermocouples

This appendix contains the processes and equations used in this research to
correct the radiative heat loss from the thermocouple in flame temperature
measurements. To estimate the correction for radiative heat loss of thermo-
couples, a radiation and convection energy balance around the thermocouple
bead is shown below:

h(Tg − Ttc) = εtcσ(T4
tc − T4

w) (B.1)

where h is the convective heat transfer coefficient, εtc is the bare-bead thermo-
couple emissivity, Tg is gas temperature, Ttc is the thermocouple temperature,
Tw is the temperature of the characteristic radiant surroundings, and σ is
the Stephen Boltzmann constant. The convective heat transfer coefficient h
between the bead and gas flow can be estimated using Whitaker’s correlation,
given as:

Nu = 2 + (0.4Re0.5 + 0.06Re2/3)Pr0.4 (B.2)

where the equations for the Nusselt number, Reynolds number and Prandtl
number are shown below:

Nu =
hdb

kg
(B.3)

Re =
ρgUgDb

µg
(B.4)

Pr =
cp,gµg

kg
(B.5)

where kg, cp,g, µg, ρg are the thermal conductivity, heat capacity, viscosity
and density of gas respectively, Db the diameter of the bead, and Ug the local
gas velocity.
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