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Abstract

This thesis describes experimental and numerical studies of the combustion and emission
characteristics of two biofuels (DME and iso-pentanol) and their blend in different
non-premixed flame types (laminar co-flow flame and bluff-body swirl spray flame) and

conditions.

The first part of this thesis present 1D chemical kinetic simulations of DME/ hydrocarbon
mixtures, n-heptane, and iso-pentanol fuels in a non-premixed counter flow flame
configuration. The aim of these simulations is to study and provide new understandings of the
characteristics of soot emission, flame chemiluminescence and HRR. In addition, to study the
flame structures and species profiles including OH*, OH, CH*, CH, HRR, CHs, C3H3, CoH>
and flame temperature of various fuel mixtures and mixing ratios. Results suggest that the
addition of DME to hydrocarbon fuels overall reduces the concentration of soot precursors and
peak values of heat release rate (HRR), and increases the strain rate value required for
quenching. The pure iso-pentanol flame showed a lower flame temperature than pure n-heptane
flame. Also, pure iso-pentanol was found to contribute less to CoHs production than pure

n-heptane.

In the second part of this thesis, the effects of adding DME to methane and ethylene laminar
co-flow flames on HRR and reaction zone were experimentally investigated using CH*, OH*,
and Co* chemiluminescence across a full range of DME mixing ratios. In addition, the results
of a feasibility about mapping chemiluminescence pair ratios (OH*/CH*, OH*/C>*) to local
equivalency ratios were described. The burner used for these investigations is the laminar
co-flow diffusion burner. The soot radiation appearance in C>* chemiluminescence for
methane flames became initially stronger with little addition of DME (25%). Nevertheless, the
soot radiation appearance became weaker when the DME mixture ratio was increased by more
than 25%, indicating either less soot concentration or reduced soot temperature. In the DME
cases, the OH*/CH* ratio does not have an ideal monotonic function of equivalence ratio.
Nonetheless, mapping the numerical to experimental results for OH*/CH* ratios conditional

on the OH* profiles could provide useful information on the equivalence ratio values.

Next, the reaction zone and stability characteristics of bluff-body swirl spray flames of pure
iso-pentanol, n-heptane, ethanol, a 50:50 volume ratio mixture of iso-pentanol/n-heptane, and
a 50:50 volume ratio mixture of ethanol/n-heptane are described. In addition, relative NO

v



concentrations of pure iso-pentanol, pure n-heptane, and an iso-pentanol/n-heptane blend are
presented. The OH-PLIF measurements were used to study the flame sheet characteristics,
OH* chemiluminescence was used to represent the heat release distribution, and NO-PLIF
measurements were used to measure the relative NO concentrations. In far away from blow-off
(sooting) and stable conditions, the addition of pure iso-pentanol reduced the overall lift-off
height. Also, an iso-pentanol/n-heptane blend at near blow-off condition exhibited the lowest
mean lift-off height amongst all other near blow-off cases. In far away from the blow-off
condition, pure iso-pentanol was shown to have fewer local extinctions than
n-heptane/iso-pentanol. Whereas in stable and near blow-off conditions, pure iso-pentanol
exhibited the highest occurrence of local extinctions amongst all the other tested flames at near
blow-off condition. Also, the addition of iso-pentanol to n-heptane increased the OH*

chemiluminescence signal, and decreased the relative NO content in the flame.

Next, soot emissions measurements of the laminar diffusion flames of DME and blends,
and swirl spray flames of iso-pentanol and blends using calibrated planar time-resolved
two-colour Laser-induced incandescence (2C-LII) are described. In addition, the influence of
laser energy and acquisition parameters on soot concentration quantification, soot
temperatures, and effective primary particle diameters (ePPDs) of different fuels in both flame
types are studied. The acquisition delay time have an impact on the measured soot volume
fraction (SVF). In DME/C2H4/N2 flame mixtures, the DME addition to the pure ethylene/N>
flame decreased the SVFs after 20 ns delay, whereas at delay times < 20 ns an opposite
conclusion was obtained. An increase in the ePPDs is observed as DME added to C2H4/N>
flame. The addition of iso-pentanol to n-heptane reduced the overall SVF and ePPDs, and

increased the peak soot temperature.

The final part of this thesis describes the impact of introducing dilution air downstream the
chamber of n-heptane bluff-body swirl spray flame on the stability, HRR and flame structure.
In addition, preliminary understanding of the flame structure behaviour and temperature are
described with the use of 1D non-premixed laminar counter flow flame simulations. Numerical
results exhibited that 10% dilution air addition in the oxidiser side increases the peak
temperature, HRR, and OH mole fraction. Experimentally, more efficient spray breakup near
the nozzle region detected with the addition of dilution air. The effect of dilution air on the
lift-off height is negligible, whereas it increases the occurrence of local extinction event in the

flame. Overall, the addition of dilution air also found to enhance the stability of the flame.
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Chapter 1: Introduction

1.1 Motivation

Since the successful creation of the first commercial internal combustion engine in the 18"
century, the research has been primarily focused on the development of engine design in order
to enhance operating performance. Nevertheless, in the last few decades, the focus has shifted
to another important aspect which is about producing cleaner emissions from combustion
engines. Despite the substantial advancements achieved on substitute energy systems, it is
anticipated that burning conventional fuel will continue dominating the energy sector in various
domains including transport and power generation across the globe for the near future and the
next 40 years [1]. The increased demand on the transportation sector, residential combustion,
and various energy industries resulted in increasing the amount of greenhouse gases (GHGS)
and different harmful gas emissions, such as nitrogen oxides (NOx) and particulate matter
(PM), released into the environment [2], as shown in Figure 1-1 [3]. According to Public Health
England (2018), the poor quality of air due to such emissions is the biggest environmental
hazard to the community [3]. In 2019, the World Health Organisation revealed that about 4.2
million deaths around the world are attributed to air pollution due to such emissions [4]. Both
brief and prolonged exposure to these different pollutants, including soot and NOy, can cause

health issues including lung cancers, cardiovascular disease and asthma [3]. In the UK alone,

1



around 28,000-36,000 deaths yearly are associated with the prolonged subjection to
“man-made” air pollution [3]. A recent report published by Imperial College London estimated
3,600 to 4,100 deaths in Greater London in 2019 were attributed to particulate matter produced
by human-made activities [5]. Consequently, following the rise in the public’s general
awareness regarding not only the environmental protection, but more importantly the need for
alternate energy sources, decreasing the current levels of gas emissions has become the main

area of concern, creating a higher demand for relevant research.

The ongoing rise in the demand for some of the sectors mentioned in Figure 1-1 could
however, lead to significant energy supply shortage caused by the increase in oil consumption.
Due to growing concerns regarding the lack of energy, the need for decreasing gas emissions
has caused a higher demand for relevant research. As a result of contemporary biological
processes, and contrary to the non-renewable properties of crude oils, biofuels are believed to
be the cleaner source of energy [6]. The UK government will compel their fuel suppliers to
provide and mix at least 12.4% (by volume) of biofuel by 2032, under the Renewable Transport
Fuel Obligation (RTFO) [7].

Manufacturing industries
and construction
Energy industries PM. INO.  1SO. | NHL | NMVOC s — Resldential and small-scale
22 . | SO: 4y
PM,, | NO, | SO, |NH, 16.1% 15.6% 21.6% 0.7%  2.4% P commerclal combustion
3.3% | 22.4% 37.3% 0.1% PM,, |NO, |SO, |NH, | NMVOC PM_, |NO_ SO, |NH, NMVOC
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NO_ - Nitrogen oxides PM, , - Primary particulate matter

Figure 1-1 The sources of air pollution in the UK in 2018 [3].

The utilization of cleaner fuels, such as biofuels or low carbon fuels, as an alternative to
fossil fuels is one of the solutions as it offers similar energy content with less soot, NOx, and
net GHG emissions. Predominantly, ethanol and methanol are the compounds mostly
associated with clean fuel term in the science sphere. Although, other oxygenated fuels, for




example, dimethyl ether (DME), iso-pentanol also have renewable properties, which have been
shown through previous studies conducted by multiple researchers, showing that they decrease
emissions and health problems, as well as enhancing the performance of engine combustion
[8]-[10]. Moreover, they can be utilized in a wide range of sectors including transportation,
electricity generation, and residential combustion applications. Therefore, the targeted biofuels
in this thesis are DME, iso-pentanol and their blends with hydrocarbon fuels. DME is an
oxygenated ether fuel and considered to be a promising alternative clean fuel; it can be obtained
from a range of sources including biomass [11] and natural gas. DME can be utilized not only
in compression ignition engines, but also in gas turbines. Iso-pentanol is an oxygenated
alcoholic fuel, which could potentially reduce the level of emissions, especially NOy and soot
[12].

It has already been demonstrated that both of these important biofuels emit reduced particle
pollutants. However, there is not enough experimental and numerical research on them and
their mixtures, which impedes the development of the next-generation low-emission
sustainable engines. Fundamental understanding of the combustion and emissions
characteristics is still required for both targeted fuels candidates. In terms of emissions,
experimental data are required to demonstrate how DME and iso-pentanol affects soot and NOx
formation using advanced diagnostic technique. In addition, numerical and computational
studies are needed to be developed to predict soot and NOx emissions of these fuels. Whereas
in terms of combustion characteristics, some investigations are required to understand their
heat release rate (HRR) and flame stabilization features. These are all important data that will

contribute towards the development of future low carbon technologies.

1.2 Physico-chemical properties of the Targeted Bio-
fuels: DME & Iso-pentanol

Different oxygenated biofuels are now becoming alternative fuels for different uses. This
evidence is beneficial in contributing towards low-carbon transportation. Nevertheless, there
are a number of issues and challenges that still need to be looked at before they are applied in
real applications. These challenges include for example the sources of feedstock’s to produce
the biofuels, the production methodologies, and the applications in which they can be used, etc.

[13]. Nevertheless, understanding the impact of the physico-chemical properties of biofuels on




the combustion performance and emissions remains important on both economic and
environmental aspects. Biofuels are usually characterised by different physico-chemical
characteristics including cetane number, density, boiling point, calorific value, viscosity etc.
Such properties could provide an indication of the biofuel’s suitability for the motor’s
emissions and performance [14], [15]. Table 1-1 displays the physico-chemical characteristics

of the targeted biofuels in this thesis and some of the conventional fuels [16]-[20].

Table 1-1 Physico-chemical properties of the targeted biofuels, ethanol, methane, diesel and gasoline

[16]-[20].
Property Ethanol | DME Iso- Methane | Diesel | Gasoline
pentanol
Chemical Formula C2Hs0OH | CH30CH3s | CsH1:0OH CH. C3to |C4to
C25 C12
Molecular Weight 46 46 88.1 16 170 108
Carbon Content 52.2 52.2 68.2 75 86 85-88
mass%o
Hydrogen Content 13.0 13 13.6 25 14 12-15
mass%o
Oxygen Content 34.8 34.8 18.2 0 0 0
mass%o
Air-Fuel Ratio 9 9 11.76 17.2 14.6 14.7
Cetane Number 5-15 55-60 75-80 40-50 5-20
Boiling point (°C) 78.2 -25 131 -161 180- 39-204
360
Liquid Density 785.3 667 777 0.716 831 710-770
(kg/m?)
Liquid viscosity 1.074 0.15 2-4 0.4-0.88
(kg/ms)
Auto-ignition 363 235 350 600 250 280-486
temperature (°C)
Net calorific value 26.8 28.8 35.37 50 42.5 46.7
(lower heating value)
(MJ/kg)
Latent heat of 896 467.13 631 510 300
vaporization (kJ/kg)

DME is one of the main targeted biofuel in this work. Having been obtained from a range
of sources including biomass and natural gas, DME is deemed a possible clean fuel alternative
to fossil fuels. In comparison to other biofuels, it possesses no Carbon-Carbon bond, a very
low boiling point and high cetane number. This is further complemented by a comparatively
low auto ignition temperature. Lower amounts of harmful emissions have also been found

present in DME’s combustion products [16], making in the better alternative to diesel fuel. The
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DME energy density is lower than diesel fuel by about 45%. DME is also an oxygenated
compound with a short ignition delay feature [21], thus, it can be utilized as an ignition
enhancer [22]. Due to this feature smaller regions of over lean/ rich mixtures are formed
throughout the ignition delay time, and hence reduces the hydrocarbon (HC) emissions.
Nevertheless, significant quantity of methyl groups (CHs3) can be generated from DME
combustion (e.g. CH3OCH3s « CHs + CH30 [23], [24]) which could lead to an increase in the
creation of soot due to the suggested reaction pathway of DME — CH3s (H) — C2H2 (C3H3) —
CeHe — soot [25]. Therefore, detailed understanding of the fundamental combustion
performance and emission characteristics of DME and DME blends is required before

implementing the fuels in existing systems.

Alcohol fuels are organic molecules that mostly include hydroxyl (chemical formula:
—OH) & alkyl (general formula: CyH2n+1) groups. High alcohols, those with a number of carbon
atoms > 4, have recently attracted considerable attention as sustainable biofuels because of
their appealing thermodynamic and physico-chemical features. Recently, it has been suggested
[20], [26] that long-chain alcohols have some advantages over ethanol, for example greater
energy content and lower hygroscopicity [20], [27], that can make them a better alternative to
conventional fuels. At the moment, ethanol is the most extensively utilised biofuel. It was
pointed out previously [28] that ethanol has several drawbacks, including its poor stability,
miscibility and low flash point and Cetane number when mixed with diesel fuel. 1so-pentanol,
also known as 3-methyl-1-butanol, is an isoamyl alcohol and categorizes under
second-generation biofuels. It is a promising next-generation biofuel for replacing gasoline
[27] and diesel [29] because of its high volumetric energy density, better blend stability and is
less hygroscopic tendency than methanol and ethanol [30], resulting in better combustion
efficiency. In addition, iso-pentanol has a greater flash point in comparison to ethanol. This
makes it easier to transport and store. The physico-chemical properties of iso-pentanol are quite
similar to ethanol, indicating the feasibility of substituting ethanol when mixing it with
hydrocarbon fuels. Iso-pentanol has good potential in reducing soot formation because it
increases the amount of oxygen atoms [13], [31]-[33] and also improves air entrainment due
to its long ignition delay [34]. The polarity of iso-pentanol decreases quickly due to the longer
alkyl chain [31]. As seen in the molecular formula in Table 1-1, iso-pentanol contains five
carbon atoms (i.e. increased alcohol carbon chain length ) which can improve the ignition [35].
Furthermore, it has the potentiality in reducing NOx and PM emissions when mixed with

hydrocarbon fuels. Iso-pentanol can be generated sustainably from the ligno-cellulosic biomass
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feedstocks, starchy and sugary [36]. It can be produced using a variety of developed
fermentation techniques including cyanobacteria and clostridium cellulolyticum [37].
Iso-pentanol has been identified as a targeted fuel by the Joint BioEnergy Institute of the US
Department of Energy [38]. Iso-pentanol offers various advantages as an alternative fuel,
nevertheless it is still in the early phases of development, and further research and development

into combustion and emissions is required.

1.3 Introduction on Laminar Diffusion Flame

The fuel and oxidant in diffusion flame are unmixed prior to injection (non-premixed flame).
These types of flames are commonly created by injecting the fuel jet to an oxidant flow
(co-flow). However, an inverse configuration called counter flow, is also possible [39]. In
laminar diffusion flames, the mixing occurs much slower than the rates of chemical reactions,
hence the burning rate relies more on the mixing time. Combustion in such flame occurs at the
boundary amongst the fuel and oxidant gases (at the reaction zone). Laminar diffusion flame
is utilized in several industrial combustion applications such as residential gas appliances diesel

and jet engines [40].

Several factors influence the flame structure, these include fuel gas type and its flow rate.
One of the simplest examples of the diffusion flame is the candle flame as shown in Fig. 1-2
[40]. At stoichiometric mixture fraction (&st), the combustion occurs and hence the fuel and
oxidant mass fractions are too small. It can be noticed in Figure 1-2 that there is no soot (yellow
region) at the lower part of the flame, even though that this region is very rich. This is because

the formation of soot is very slow, however the oxidation process of soot is very fast.

Strain rate of diffusion flames is an essential feature for the mixture of the fuel and air. This
parameter is usually determined through using the counter flow burner configuration [41]. The
strain rate can be increased in such configuration by increasing the fuel jet flow speed.
Increasing the strain rate in counter flow configuration results in reducing the adiabatic flame
temperature, and after a certain strain rate value the flame gets extinguished [42]. This is
because as the strain rate increases, the residence time reduces. Hence, less of the fuel/ air
mixture is transferred to products (diffusive time scale becomes shorter) and eventually the

flame becomes extinguished.




The ways that hydrocarbons get generated in diffusion flames are essential to the
fundamental knowledge of emissions formation, such as soot. Typically, in diffusion flames,
the generated soot particles oxidize mostly to carbon monoxide, however changes to the
operating conditions may results in reducing the fuel/ air ratio in the flame oxidative area and
hence preventing the completion of oxidation process to carbon dioxide causing big levels of
gaseous emissions [43]. As a result, investigating the sooting flames (diffusion flames) stays
essential for safety and environmental purposes. Therefore, in this thesis, the combustion and
emission characteristics of DME mixture with hydrocarbon fuels, such as methane, and

ethylene will be investigated in laminar non-premixed flames configuration.

yellow region (soot particles)

thin blue layer
(chemiluminescence)

dark region with
vaporized paraffin

/

air air

"

Figure 1-2 Schematic of candle flame identifying the different regions of the flame [40].

1.4 Introduction on Spray Combustion and Flame
Stabilisation

Understanding the combustion chemistry characteristics of the liquid fuel sprays is very
essential due to its usage in multiple combustion applications such as gas turbines, furnaces
and IC engines. According to Presser et al. [44], there are numerous factors that have
considerable control on the behavior of the spray fuel and their mixture with air processes - for
example, the distribution size of the injected fuel droplets, the relative motion between droplets
and the gas surrounding it, type of motion the injected fuel has and the classification of the
flow (e.g. laminar or turbulent). In return, these factors depend on the type of the injected fuel
and their specific processes, for example, vaporization rate and heat transfer. Thus, a detailed
understanding of the way that the biofuels droplets react and mix with the air flow is crucial

for studying the emissions released from spray flames. Numerous authors [45]-[47] have




described and investigated the basics of droplet evaporation in spray flames. Another important
process in spray droplets formation is atomization. The spray atomization process occurs faster
than droplets evaporation which only occurs after atomization is complete and the size of the
droplets is sufficiently small. The formation of spray is a very complicated process which
involves multiple stages, as described in many previous studies. The surface area covered by
droplets increases as the number of small droplets increases and hence, the heat and mass

exchange rates increase henceforth.

Any force that is involved in breaking-up the interface between the liquid and gas phases
must be bigger than the interfacial tension. The droplet surface breaks up due to the
aerodynamic drag force whereas the surface tension force (resistant force) aims to reinstate the
initial state of the droplet. The ratio between the aerodynamic force and surface tension force
is presented by the Weber number (We), and this is a dimensionless number that can be used
to analyse fluid flows when two separate fluids (e.g. liquid fuel and air) meet, and so it is
usually used to characterise the atomisation process.

Several studies have investigated the impact of fuel properties (physical and chemical) on
the structure of spray flames [48]-[52]. Presser et al. [48] used a range of different fuels
including conventional (kerosene), alternative (methanol) and single component (heptane)
fuels to study their physical and chemical properties impact on the structure of spray flames
such as droplets size and velocity. Their entire experimental studies, implemented with hollow
cone fuel spray, were carried out with constant swirl number, fuel/ air ratio, Weber, and
Reynolds number (Re is defined as “the ratio of fluid momentum force to viscous shear force”
[53], and is used to determine whether the flow is turbulent or laminar). The results revealed a
direct proportional relationship between the droplet size and the fuel properties of density and

Viscosity.

1.4.1 Flame Stabilisation

Running the fuel-air combustion mixture under lean condition is one of the ways that can
be implemented to reduce NOy emissions. Nevertheless, this method increases the possibility
of risk in terms of the occurrence of flame global extinction phenomenon (flame blow-off) in
which the flow velocity become very high and hence, the flame loses its stability spreading
downstream and ultimately extinguishes completely. Consequently, blow-off in lean fuel

mixtures has become one of the main topics of research because of the requirement to run the




fuel-air blend under lean conditions and thus, near to their blow-off limits. Subsequently, it is
important to investigate the impact of the alternative clean biofuels’ properties on the extinction
limit to guarantee the safety of using such biofuels in industrial applications. Therefore, flame
stabilisation is fundamentally crucial in the effective operation and design of the combustion
systems, especially aero-engines. The main aim of flame stabilisation is to prevent the blow-off

phenomenon.

The blow-off phenomenon has been widely investigated and a large collection of
information about its risks and affects were gathered in the past through different experiments
and computational studies [54]-[56]. Raushenbakh and Belyy [57] investigated the impact of
a bluff body on the stability of premixed turbulent flames. They reported that when the stream
speed of the fuel-air mixture in the recirculation zone continues increasing, a critical value
upon which the flame blow-off is reached. The peak speeds of blow-off mostly occur when the
mixture ratio is stoichiometric, and as the mixture ratio become richer or leaner the blow-off
speeds decrease. Researchers who have conducted investigations on flame stabilization using
bluff bodies or swirls agree with the concept that the energy and mass of the hot gases inside
the recirculation zone are transported to the unburned gases located outside this zone, and the
fast mixing between the hot gasses and the unburned gasses results in blowing-off the flame.
However, the blow-off limits and behaviour may differ in different flame categories (for
instance gaseous and spray).

Achieving the stability feature rises the flexibility to operate in low emission mode over a
wide-ranging load [58]. Different techniques developed to help with flame stabilization
depending on the engine type but one commonly used is the bluff-body [59]. The swirl
stabilized combustion concept, which provides advantages such as better turbulent mixing and
flame stabilization, has been widely used in aero-engines [60]. Swirling flows generate an inner
recirculation zone (IRZ) within the flame creating an ideal condition for the hot, recirculated
products to keep the new injected reactants into the combustor constantly ignited [61]. The
injection of dilution air/ secondary air strategy downstream the combustion chamber, also
known as the Rich-Burn, Quick-Mix, Lean-Burn (RQL) combustor, of gas turbine engines was
introduced in 1980 to reduce the NOyx emissions [62], [63]. Modern burners use the bluff-body
swirling flames along with the dilution air strategy [64].

Swirlers are often used in burners and other combustion applications (including gas

turbines) to maintain flame stability [60], [65]-[67]. A swirl burner provides a swirl motion to




the combustion gases, forming a toroidal recirculation zone. This recirculation motion aids
keeping the flame ignited through recirculating the heated gases, thus decreasing the velocity
needed for flame stabilization and allows for a better burning. The recirculation motion
decreases the combustion length through generating fast mixing once the fluid is injected and
on the boundaries of the recirculation zone. In addition, it has a considerable impact on
pollutant releases, combustion intensity and flame blow-off limits. Manufacturers of gas
turbine engines and burners use swirlers to create the required recirculation motion to increase
the residence time of the reactant gases inside the recirculation zone, improving the flame
stability. One of the most important parameters in characterizing the swirling flow is the swirl
number. It is defined as the ratio of the tangential momentum flux (Gg) to the axial momentum
flux (G,) [60]. Sheen et al. [68] introduced another correlation for calculating the swirl number
based on the swirl vane angle and Reynolds number. Previous studies showed that the swirl
number has a significant effect on the combustion characteristics including gas concentration
as well as flame temperature [69], [70]. YImaz [69] investigated the impact of Swirl Number
on combustion characteristics in diffusion flame. According to Syred and Beér [60], high swirl
numbers (>0.6) enhance the flame stability through increasing the mixing rate inside the
toroidal recirculation. Therefore, the swirl number can be used to define the swirl intensity. In
1977, Owen et al. [71] investigated the impact of swirl on multiple emissions in non-premixed
combustion. They found that an increase in swirl number greatly increased NOx production.
Whereas Ishak and Jaafar [72] results showed a decrease in NOx emissions with increasing the
swirl number. The increase of NOx from oxygenated fuel combustion could sometimes be
attributed to the oxygen atom that exists in their species [73]. Nevertheless, alcohol fuels have
a high potential to reduce NOx emissions because of their high latent heat of evaporation, which

helps in reducing the temperature inside the engine’s cylinder [73].

Bluff bodies are usually used in jet engines and burners along with swirlers, or by itself, to
produce recirculation zone which is important for stabilising the flame. A further benefit of
using bluff body includes providing a better turbulent mixing feature. Flame stabilization by
bluff body was investigated by several researchers for many years [74]-[77]. The straight
cylindrical is the most commonly used shape of bluff body by investigators [78], [79].
Nevertheless, there are different bluff body geometries which were also used in the past by
multiple researchers. These geometries include hollow cone, solid cone, and both thin and thick
discs [80].
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In this thesis, the characteristics of combustion and emission of iso-pentanol fuel and its
mixtures will be investigated in a bluff-body swirl spray configuration. In addition, dilution air

strategy impact on n-heptane combustion in a swirl spray flame will be investigated.

1.5 Literature Background

1.5.1 Fundamentals of Particulate Matter (Soot) Formation

According to EPA [81], particulate matter (PM) indicates to “the blend of solid and liquid
phase materials that are existing in the air”. Soot is considered to be the main constituent of the
PM. This is because the particles and droplets produced as a result of lubricating oil and
unburned fuel are adsorbed on the soot [81]. Carbon is the primary component of soot, which
is produced from fuel-rich flames. Soot is usually produced as a result of incomplete
combustion at high temperatures in which it turns into a solid phase in fuel-rich area. Guo et
al. [82], observed that the maximum soot primary particle diameter is approximately between
25 to 30 nm. Tree and Svensson [83] illustrated the generally-known six steps involved in the
formation of soot particles from liquid or vapour phase hydrocarbons as shown schematically
in Figure 1-3. The six steps in order are “pyrolysis, nucleation, coalescence, surface growth,

agglomeration and oxidation” [83].

The oxidation process is about transforming the hydrocarbons into different combustion
products such as carbon monoxide (CO), carbon dioxide (CO2) and water (H20). The oxidation
process is not shown in Figure 1-3 due to the fact that it could happen simultaneously with any
of the other five steps at any time during the formation processes. It is important to know the
oxidation rate because it determines the soot emissions coming out from the flame as well as it
can control the concentration of soot in different areas of the flame [84]. The incomplete soot
oxidation process is the main reason for soot emissions. Its oxidation rate is mostly dependent
on two factors: how high the temperature in the mixture is, and the amount of the oxygen
available in the mixture. According to Glassman and Yetter [84], the soot particles start
oxidizing once the temperature of the mixture becomes higher than 1300 K. In addition, they
have suggested that the high amount of oxygen in the fuel mixture helps in accelerating the
soot oxidation process. Fenimore et al. [85], who have calculated the soot oxidation in flame
gases mentioned that a significant amount of soot in combustion applications is oxidized

through radical species such as OH. The soot oxidation through OH species radical has been
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investigated further through various experiments by numerous researchers [86]-[88]. Neoh et
al. [86] who have studied the impact of oxidation on soot particles using a two-stage burner
suggested that soot particles tend to oxidize by O molecules in the fuel-lean region and through
OH radicals in the fuel-rich region. The soot oxidation by the O> and OH has also been
investigated in laminar diffusion flames by Garo et al. [87]. They found that when O, molecules
are not high enough to oxidize soot particles, OH becomes the main soot oxidizer in the
mixture. Puri et al. [88] found out from their results that OH radicals concentration levels
become low as the flames are more sooty. This is because the more soot in the flame, the more
OH radicals are consumed in oxidation. Almost all studies carried out confirmed that OH
radicals have higher efficiencies of collision than O> molecules with soot particles in the flames

holding high soot concentrations.

In the pyrolysis stage, changes in the atomic composition of the fuel start to occur. The
percentage of soot oxidation process at this stage is low [83]. According to Smith [89], the
reactions at this stage requires heat from its surroundings, meaning that its rates are very much
reliant on temperature. The increase in pyrolysis temperature results in rising the amount of
carbon in soot, as well as decreasing the size of soot particles [90]. In addition, this stage is
considered to be highly dependent on the concentrations of some molecules and radicals such
as Oz and OH. The fuel pyrolysis stage results in forming the soot precursors such as CoHa,
CsHs and PAH as shown in Fig. 1-3. The formation of soot precursors depends on both the
oxidation rate and the pyrolysis rate of the fuel. Both of these two rates rely on the temperature
as mentioned above. However, the temperature affects the rate of the oxidation more than the
pyrolysis rate [36]. This means that if the temperature is high and the oxygen concentration is
high (like in pre-mixed flames), the oxidation rate will be higher and hence less soot will be

formed.

According to Tree and Svensson [83], the soot particle inception (nucleation) is the process
of forming the particles from soot precursors. This stage comprises of both small hydrocarbons
precursors as well as aromatic molecules. Nucleation stage generates solid particles of a size
smaller than 2nm called nuclei. The total mass of the soot is not affected much by these nuclei.
However, these small solid particles pave the way for the evolution of the next stage (surface
growth), thus, its impact is indirect. Glassman [84] suggests that there is a congruity in the
chemical mechanisms for the generation of soot from both premixed and non-premixed

systems. In addition, they suggested that in both systems there is a mechanism that is
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fuel-independent and has different pathways to form the soot. The feature of the fuel and the
adiabatic flame temperature are considered to be the main factors that impact these routes. This
means that the tendency of forming soot by different fuels can be distinguished by the
variations in the initial rate of formation of 1% and 2" ring structures. Therefore, soot particle
inception rate is controlled by the formation rate of initial ring formation [83]. Most researchers
agree that soot particles are formed through polycyclic aromatic hydrocarbons (PAH). In 2002,
Frenklach suggested that soot formation’s main pathway is the combination of the surface
reaction (formation, growth and oxidation) of particles and PAH [91]. The formation of the
initial aromatic ring, (benzene and phenyl (Al)), is the primary stage in this process. There are
multiple potential routes for the first stage that have been discussed earlier [91], [92]. One of
these routes involve adding C2H2 to n-CsH3z and n-C4Hs - this is called “even-carbon-atom”
route [91]. On the other hand, other researchers [93], [94], suggested an additional route for
Al formation, known as “odd-carbon-atom” pathway. This is related to resonantly stable
radicals, for example, CHs, CsHs and C7Hy>. It has been proposed that CsHs is one of the main

species resulting in formation of benzene (CeHe) [94]-[96].

In the surface growth stage, the incepted soot particles react with the gas-phase species
resulting in a mass addition to the surface of the soot particles. This stage persists as the soot
particles travel away from the reaction zone into cooler areas [83]. It has been suggested earlier
by Frenklach and Wang [97] that the main gas-phase species that reacts with the soot particles
and results in a surface growth is CoH>. They also suggested that the condensation of PAH on

the particles’ surface lead to the surface growth.

Agglomeration stage is also called "coagulation." It occurs when the developed soot
particles collide with each other because of their random and fast motion, and coalesce as a
result. Consequently, this decreases the number of soot particles. No changes in the mass of
the soot particles occur during this stage. The formed soot particles have a spherical shape
initially, and after the coalesce are processed, the soot particles (that were combined with each

other) gain a chain-like structure as shown in Fig. 1-3.

Further study on soot formations of targeted fuels was conducted in this PhD thesis by
looking at the reaction pathway analysis of soot precursors through 1D simulations (Chapter
3). In addition, experimental investigations were performed for different flames mixtures to

calculate the soot volume fraction and soot temperatures (Chapter 6).
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Figure 1-3 Soot production steps from hydrocarbons in the liquid or vapour phase [83].

1.5.1.1 Laser Induced Incandescence Method for Soot Measurement

Laser-induced incandescence (LII) has become a well-known method in combustion science
for the soot volume fraction and particle size measurements, and especially in temporally and
spatially soot particles resolved measurement [3-5]. LII technique involves heating up the soot
particles to a high temperature through a pulsed laser, allowing thermal emissions to be
measured during the cooling regime [101]. It is a 'largely selective' technique as it is only
related to the non-volatile particles generated as a thermal emission, and the volatile particles
are assumed to be completely evaporated during the time scale of the laser pulse [102]. As
mentioned earlier in Section 1.5.1, soot particle formation undergoes multiple processes. Solid
particles exist in some of these processes. A comprehensive information and understanding of
soot particles volume fraction and size is important to investigate the soot emission processes

in hydrocarbon/ biofuels flames.

Measurements on the formation characteristics of soot in flames containing DME and iso-
pentanol were limited in the literature. Hayashida et al. [103] and Yoon et al. [104] used LII
technique to measure the relative concentration of soot in DME laminar co-flow [103] and
counter flow [104] diffusion flames, and found negligible concentration of soot in DME flames
[104], indicated by the low LII signal intensity compared to methane or propane flames [103].
The latest publication by Ahmed et al. [105] showed that the soot effective particle diameter in
the laminar diffusion flame with DME addition is in the range of 18 nm to 35 nm, which on
the other hand, was ranging between 5-7 nm at various flame heights in Li et al. [106].
However, those studies used a point-wise approach rather than an imaging method. The latter
could provide snapshots of 2-dimensional quantifications of soot emissions, thus beneficial in
turbulent conditions. In addition, the effects from detection parameters of the LII signal (i.e.
acquisition delay time, duration) and the laser fluence level on the derived soot concentration

or particle diameters were not fully-addressed, which could affect the comparative

14



measurement of DME/hydrocarbon flames, thus requires to be investigated further. This is

further investigated in detail in DME/ methane air flames in Chapter 6.

1.5.2 Fundamentals of Oxides of Nitrogen (NOx) Formation

One of the main species that contributes towards polluting the atmosphere by having a
significant impact on the ozone balance is NOx. The main nitrogen oxides that have been found
in the atmosphere are nitric oxide (NO), nitrogen dioxide (NO2) and nitrous oxide (N20) [84],
[107]. The NO and NO- gases collectively are termed as NOx. NO is considered as one of the
primary pollutants, whereas NO. falls under both primary and secondary pollutants

classifications.

There are three major reaction mechanisms that result in forming NOy during combustion:
thermal NO, fuel NO and prompt NO. The NO that is formed as a result of high temperatures
is usually described as “thermal” NO. Thermal NO reaction mechanism, also called the
Zeldovich mechanism, has been introduced by Zeldovich and co-workers (as cited in Bowman
[108]). Zeldovich et al. (as cited in Bowman [108]) showed that the formation of NO occurs
through the oxidation of the atmospheric nitrogen. Zeldovich et al. determined three chemical

reactions 1.1-1.3 called the extended Zeldovich mechanism as follows:

0+N, o NO+N (1.1)
N+0, o NO+0 (1.2)
N+ OH o NO+H (1.3)

The oxygen atoms are mostly produced from the breakup of the O, molecules and
subsequently react with the N> molecules forming NO, as shown above in reactions 1.1 & 1.2
[84].The thermal NO mechanism refers to the NO that is produced at the high temperature
post-flame area. Thus, the formation of nitrogen oxides is controlled mainly through the
thermal mechanism in the systems of which the flame contains high temperatures. According
to Turns [109], thermal NO contributes mostly near the stoichiometric where both high
temperature and high concentrations of O and OH radicals exist. They also suggested that NOx
emissions in both premixed and non-premixed flames can be determined through three factors:
temperature, composition of the fuel mixture and the residence time. OH radicals contributes

to forming thermal NO as shown above in the reaction 1.3.
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Fenimore [110] noticed in their study that there were some NO formation in the fuel rich
zone. Therefore, they suggested that there are reactions other than the thermal NO mechanism
that contributes to forming NO in the flame region. Furthermore, they suggested that the
nitrogen in the air may result in producing small amounts of CN compounds in the flame
region. Consequently, the CN compounds generate NO that is referred to as “prompt” NO. The
reaction equations that Fenimore [110] proposed for breaking up the N2 included hydrocarbon
radicals (HCN), as follow:

CH+N, & HCN + N (1.4)
C, + N, & 2CN (1.5)

NO will then be formed from the N atoms through reactions 1.4 and 1.5. Whereas CN needs
high concentration of O in order to form NO. Miller & Bowman [111] suggested that prompt
mechanism occurs in the flame region when there is a high-level of HCN. In addition, they

revealed that prompt mechanism occurs faster than the thermal mechanism.

Another mechanism (“fuel” NO) that contributes to forming NO was discussed by Miller &
Bowman [111]. They stated that adding small quantities of N2 to the fuel can result in
increasing the amounts of NO. They also suggested that this mechanism occurs through

reactions that include intermediate species, for example NH; and NHs.

The above-mentioned background of the three mechanisms help in analysing the potential
causes and routes of NOyx formation of some fuel mixtures in this thesis. Thermal NO reaction
mechanism is used for the kinetic study in this PhD. In Chapter 3, the effect of ethanol
(oxygenated fuel) addition on NO formation is studied through 1D simulations. In Chapter 5,

qualitative NO-PLIF measurement is presented for iso-pentanol/ n-heptane swirl spray flames.

1.5.3 Previous Studies on DME Laminar Non-premixed Flames

Several studies have been conducted utilizing diffusion flames phenomenon to study the
characteristics of soot formation [23], [25], [96], [104], [112]-[117]. It has been found from
most of these studies that there is a considerable impact of fuel structure on PAH and soot
formation. Several researchers have added DME to the combustion of different fuels in
non-premixed flames and studied the impact on soot and PAH [23], [25], [96], [104], [105],
[112]-[114], [117], [118], however, different trends were concluded in the relationship
between DME addition and soot emissions. Details of these previous studies are presented in
Table 1-2.
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Table 1-2 Previous studies on non-premixed flames.

Flame

Authors . . Method Fuel Conclusion
configuration
Yoonet | Counter flow Planer LII* Increase in the peak SVF and C¢Hs
. e DME/ethylene . L
al. [104] | non-premixed and LIF with DME addition up to 40%.
DME/ methane, | Decrease on soot and PAH
Yoon et Counter f.IOW Planer LI1 and ethane and formation across all DME mixture
al. [104] | non-premixed LIF .
propane ratios.
In comparison to pure ethylene
flame, Soot and PAH were
increased for a 5% and 14% DME
Laser mixture ratio but decreased when
Choietal. | Counter flow | extinction & DME/ethvlene 30% DME was added. It was also
[117] non-premixed 1D y noted that the largest sizes of soot
simulations particles (50 nm) were obtained in
the pure ethylene and soot particle
size reduced gradually as more
DME was added.
Both methods agreed that little
) PLIF and 2D DME addition to ethylene results in
'—'UZEt al. | Co-flow ”3”‘ LIl & 2D DME/ethylene | an increased soot and PAH
[23] premixe computations formation.
Mass DME addition increased the
spectrometry benzene formation more than the
Bennettet | Co-flow non- and DME/ ethylene ethanol addition. Their justification
) ethanol/
al. [96] premixed thermocouples ethvlene was that the carbon-oxygen bond
& 2D y breaks in DME and generates CHs,
computations which is not the case with ethanol.
McEnally Increase in the peak SVF and C¢Hs
- - i iti 0,
and Co rov_v non Ln DME/ethylene with DME addition up to 10%.
Pfefferle premixed
[114]
Ahmed et | Co-flow non- Small addition of DME (10%)
al. [105] pemixed PLIFand LIl DME/ethylene increased soot formation.

*L_aser induced incandescence
** |_aser induced fluorescence

In 2007, McEnally and Pfefferle [114] studied the influence of DME and ethanol on soot

and CeHs in ethylene non-premixed flames. Their results displayed an increase in soot and

CesHe by adding DME/ ethanol. They explained the formation of soot and PAH as follows; the

added DME/ ethanol broke down into methyl radical (CHs), which in turn, reacted with C> to

produce propargyl (CsHs), and CsHe was then formed. One year after, Yoon et al. [104] mixed
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DME with different biofuels including methane, ethane, propane, and ethylene to investigate
the concentration of PAH and soot formation using laser induced incandescence (LII) and laser
induced fluorescence (LIF) techniques. Their results proved that no odd carbon species
(synergistic effect) is formed from pure ethylene flame. In regards to the addition of DME into
ethylene flame, their results were exhibiting in a similar way to those of McEnally and Pfefferle
[114] only when the addition of DME was less than 40% in volume. Thereafter, a significant
decrease of soot and PAH was obtained. Nevertheless, their results of DME blend with
methane, ethane and propane showed a decrease on soot and PAH across all DME mixture
ratios. In their experiment, Yoon et al. [104] considered that the maximum intensity of the LII
and PAH-LIF signals appears in the regions with highest concentration of soot and PAH.
Therefore, they used the peak LIl and PAH-LIF signals for all conditions as an indication of
soot formation and PAH as shown in Figure 1-4. In 2009, Bennett et al. [96] conducted a
computational and experimental study of the impact of DME/ ethanol to non-premixed
ethylene/ air flames. They were the first to have modelled 2D computations with detailed
chemistry among all past studies which were carried on addition of DME/ ethanol to
hydrocarbon flames. Their computational and experimental outcomes showed that temperature
and velocity profiles stayed almost unchanged after DME/ ethanol were added by small
proportions. Because of this, they considered that the occurrence of any change for any profile
in the results would be due to chemistry. The results and explanations of Bennett et al. [96] in
terms of benzene (CsHs) formation were similar to McEnally and Pfefferle [114]. However,
Bennett et al. [96] found that the addition of DME increased the formation of benzene more
than the addition of ethanol, which is surprising considering that both generate a small amount
of soot. The justification was that the reaction routes which break any of the carbon-oxygen
bonds in the DME generate CHs, which is not the case with ethanol [96], [114]. As pointed out
by Liu et al. [23], Bennett et al. [96] failed to take into consideration the formation of soot in
their computations. In fact, they believed that this could impact the flame’s temperature and
species concentration. Accordingly, Liu et al. [23] carried out an experimental and numerical
study to further investigate the effect of DME addition to ethylene/ air on soot formation and
PAH in non-premixed flame. Their experimental findings were similar to Yoon et al. [104] in
terms of adding small amounts of DME to ethylene. On the other hand, Liu et al. [23] numerical
results displayed a gradual decrease in the flame temperature where the DME mixture ratio
was added to ethylene until the 50% mixture ratio was reached. However, when DME mixture

ratio was increased from 50 to 75%, the flame temperature increased significantly. The most
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astonishing finding was that the flame temperature reached the lowest point among all the
conditions when the DME mixture ratio increased from 75 to 100% (pure DME). Based on
their computational findings they justified the early reduction in flame temperature with the
small addition of DME as a result of the risen radiation loss via the increase in PAH and soot
formation. In 2014, Sirignano et al. [112] examined the effect of DME addition to ethylene in
both flames categorizations; premixed and non-premixed. Their non-premixed flame outcomes
found to be in a good agreement with the results shown by Yoon et al. [104] and Liu et al. [23].
In 2015, Choi et al. [117] implemented the laser extinction/scattering diagnostic method to
study the impact of adding DME to ethylene flames on the soot particles size. Their results
displayed that the largest concentrations of soot were noticed when a little amount of DME
added to ethylene (5% and 14% DME mixing). Nevertheless, the biggest sizes of soot particles
(5.0x10°® m) were obtained in the pure ethylene flame. The sizes of soot particles were then
reduced gradually as more DME added [117]. Based on the results presented by Choi et al
[117], this means that DME addition to ethylene produces an increase in the soot concentration

rather than increasing the sizes of the soot particles.
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Figure 1-4 The peak LIl and PAH LIF signals for DME mixtures with CH4, CoHa, C3Hg and CzHs
[104].

The majority of the studies [23], [96], [104], [105], [114] were carried out on DME/ethylene
mixtures and found a small amount (between 5% to 40%vol) addition of DME to ethylene fuel
resulted in an increase in soot formation. This is contrary to the finding of reduced soot
emission benefits from DME/diesel blend conducted in a direct injection engine [119] and the
finding in DME/alkane blends, where DME blending with methane, ethane and propane

showed a decrease in soot and PAH formation across all DME mixture ratios [104]. Hence,
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further studies are required to clarify the soot emission benefits from DME additions to the
hydrocarbon fuels, and with extended range of fuel compositions and burner configurations.
Most of the previous studies have been focused on the DME/ethylene flames and the effect on
soot formation. However, there is still a paucity of knowledge regarding flame structure and

flame heat release quantification for non-premixed DME/hydrocarbon blend flames.

1.5.4 Previous Studies on Iso-pentanol Combustion

The rising popularity of high chain alcohols as potential alternative fuels and the subsequent
demand for their combustion and emissions data motivated the current investigation on
iso-pentanol fuel. Iso-pentanol is one of eight isomers of amyl alcohol (pentanol). All of these
eight isomers have the same molecular formula CsH1:OH. The term "amyl alcohol” alone
without additional explanation is usually used for the n-pentanol isomer, which has a straight
chain (i.e. molecular structure is linear). Whereas iso-pentanol has a branched-chain alcohol.
Iso-pentanol has a lower solubility in water compared to n-pentanol. In recent years,
researchers have focused more on C5 family of alcohols; most of the studies have focused on
either or both iso-pentanol and n-pentanol. No clear reason has been declared in the previous
studies about the choice between n-pentanol and iso-pentanol. Although both of them have
characteristics close to each other, as shown by Soo-Young [30], n-pentanol was more
investigated. This could be because better heat transfer can be achieved by n-pentanol since it
has a straight chain alcohol. In addition, the choice between n-pentanol and iso-pentanol could
be linked to their availability or price. Nevertheless, minimal research has been conducted on

the iso-pentanol combustion and emissions.

There have only been only a few studies that have investigated the combustion and emission
characteristics of iso-pentanol. Investigations carried out on iso-pentanol combustion
characteristics and emissions are limited and mostly on ignition delays [120]-[122], laminar
flame speeds [121], [123], and the chemical reaction mechanism developments [123]-[125].
In addition, there has been only a few studies that have investigated the impact of iso-pentanol
on soot formation. Ying et al. [126] investigated the soot emission of an iso-pentanol/ethylene
blend in an inverse diffusion flame. They observed that the addition of iso-pentanol made the
soot agglomerates more compact and improved the oxidation reactivity of soot particles [126].
Carniglia [127] studied the soot emission of Jet A-1 mixture with n-pentanol (up to 20% by
thermal power), and observed a reduction in soot emission as n-pentanol quantity increased in

the blend. Ma et al. [128] investigated the combustion properties of the n-pentanol and diesel
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blend utilising a constant-volume bomb. They found that the addition of n-pentanol to diesel
fuel speeds up the oxidation process of soot, leading to lower soot emissions. However, there
IS no study yet reported the soot emission of pure iso-pentanol swirl spray flames. Therefore,
this thesis will measure the soot volume fraction of pure iso-pentanol and its mixture with n-

heptane fuel using planar time-resolved 2C-LII.

There are a few studies on CI engine applications and chemical kinetics of
iso-pentanol/n-pentanol blends carried out to understand its role in low-temperature chemistry
and soot reduction. Jin et al. [26] studied the impact of long-chain alcohols (C3-C5) on
solubility when mixed with diesel fuel. They found that iso-pentanol (C5) has less solubility
on water than C4 alcohols such as iso-butanol. Most of the studies that investigated the NOx
emissions of n-pentanol were conducted on CI engines [32], [34], [129]-[132]. Also, no
agreement was found on the effect of NOx emissions. Wei et al. [129] tested different mixing
ratios of n-pentanol (ranging from 0 to 30%) with diesel fuel and found that the n-pentanol
addition resulted in increasing NOx emissions by about 8% (maximum). Li et al. [32] suggested
that NOy and soot emissions produced by n-pentanol can be reduced concurrently using exhaust
gas recirculation (EGR). A few studies have investigated the impact of EGR on n-pentanol
[130], [133] and iso-pentanol [134] emissions characteristics, and they observed a decrease in
NOx emissions when applying EGR. Nevertheless, some studies did not use EGR and obtained
no increase in NOx emissions when n-pentanol was added to diesel fuel [34], [131], [132]. Li
et al. [132] observed that the NOx emission produced from the mixture of 20% n-pentanol with

80% diesel was almost similar to those of pure diesel fuel in 6 cylinder diesel engine.

Few studies on iso-pentanol were also conducted on HCCI (Homogeneous charge
compression ignition) engines. A study carried out on HCCI engines [20] observed that
iso-pentanol has more advantages as a fuel for future HCCI engines than currently used ethanol.
Yang et al [20] studied the fundamental characteristics of iso-pentanol combustion using HCCI
engine. One of their key findings was that the operation-wise of iso-pentanol is similar to
ethanol in the HCCI engine in-terms of ignition behaviour. However, they also concluded that
the iso-pentanol’s reactivity is higher than ethanol and gasoline in HCCI engines. Most of the
studies involved on investigating iso-pentanol in HCCI engine conditions agreed that
iso-pentanol combustion shows intermediate temperature heat release (ITHR) features [20],
[124]. Multiple experimental and modelling studies have also investigated the ignition
behaviour of iso-pentanol [120], [135].
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1.5.5 Flame Heat Release Measurements

Heat release rate (HRR) is an important aspect of hydrocarbon fuel combustion and a factor to
consider when applying alternative fuels in practical applications. The rate of heat release
provides information about the thermal energy produced in the combustion. Hence, it can
describe how quickly heat is produced in a combustion process. The spatial spread of HRR can
identify the reaction zone areas. The heat release rate is important for comprehending and
predicting combustion instability [136], [137], as well as combustion noise [138]. Determining
the heat release rate through direct measurement techniques is not feasible so far due to
difficulties in concurrently monitoring several species and temperatures [139]. Alternatively,
researchers use a number of chemical indicators and markers (such as radicals) to mark the rate

of heat and its regions.

Multiple combustion investigations have employed the hydroxyl (OH) radical to identify
areas of reaction zone [66], [139], [140]. Cavaliere et al. [66] utilised OH Planar Laser Induced
Fluorescence (OH-PLIF) diagnostic method to study the flame sheet structure and shape of
n-heptane spray flames. Yuan et al. [140] utilised OH-PLIF and CH2O-PLIF simultaneously to
mark the heat release regions of n-heptane spray flames.

Chemiluminescence imaging as a combustion diagnostic has been widely used in premixed
flames as a marker for the flame heat release rate (HRR) and equivalence ratio [141]-[145],
and as an identification of the reaction zone [145]. The natural existence of chemiluminescence
in the flames can be attributed to the excited radicals, for example OH*, CH* and C,* formed
through different chemical reactions during combustion. Hardalupas and Orain [142]
demonstrated that CH* and OH* chemiluminescence emission intensities are good markers for
HRR in premixed counter flow flames, and the OH*/ CH* intensity ratio with 5% uncertainty
can be used to measure the equivalence ratio at lean and stoichiometric conditions.
Baumgardner and Harvey [144] also observed that the ratio of OH*/ CH* is well correlated
with equivalence ratio for lean conditions, whereas the ratio of C,*/ CH* exhibits better
correlation for the rich conditions. Furthermore, Panoutsos et al. [145] showed that OH* and
CH* can be utilized as HRR indicators in both premixed and non-premixed counter flow
methane flames. The validity of using CH* or C>* chemiluminescence in non-premixed flames
as an indicator of HRR and equivalence ratio remains questionable due to the likely

interference from soot emissions. This thesis will investigate the feasibility of utilising OH*,
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CH* or Cy* chemiluminescence as a HRR and equivalence ratio marker in non-premixed

flames focusing on DME addition using both experimental and numerical approaches.

Formyl radical (HCO) is essential to the hydrocarbons oxidation in combustion processes.
It is created through abstraction and decomposition reactions with CH>O [146]. HCO was
proven in previous studies to be an accurate indicator of HRR [146], [147]. This is due to the
fact that HCO exist in the final stage along one of the important routes leading to the formation
of CO. In addition, CH,O interacts with a large amount of HCO generation. Therefore, the
availability of the precursor formaldehyde (CH-O) directly affects the formation of HCO [146].
CH:0 is created via one of the most important heat-releasing reactions, CHz + O & CH>O + H
[136]. Nevertheless, the HCO-PLIF diagnostic method is challenging when used for turbulent
flows due to its brief fluorescence lifespan. CH2O generally forms at low-temperatures and
consumes at the high-temperatures. Yuan et al. [140] 1D simulation results showed that the
majority of CH>O mole fractions overlap with the low-temperature HRR region. The product
of CH2O-PLIF and OH-PLIF was used as a substitute for HCO-PLIF to mark the HRR regions
[140]. Furthermore, CH>O-PLIF has been commonly used as an additional methodology in

flame structure research.

1.5.6 Local Extinction & Lift-off of Turbulent Spray Flames

The interaction between the flow fields of the fuel spray and the air have a significant impact
on the main mechanisms that regulate fuel spray flame behaviour, such as flame stabilization
[46]. Flame lift-off and local extinction are important features to investigate and study as they
help in understanding the flame stabilization and dynamics of liquid fuels combustion. Verdier
et al. [148] described the controlling parameters that may play a big role on the stability
mechanism of a spray jet flame. Those parameters include flow dynamics and droplet
convection-vaporization. Therefore, there are numerous existing studies that have measured
the local extinction and lift-off and demonstrated how they can be affected. However, there is
a lack of studies on the flame lift-off and local extinction of iso-pentanol fuel in a bluff-body
swirl spray flame. Therefore, this thesis will also focus on how iso-pentanol (the low carbon

alternative) would affect the flame structure and including lift-off and local extinction.

23




1.5.6.1 Local Extinction

The phenomenon of local extinction in the flame is strongly related to lean combustion, as
mentioned earlier in Section 1.4.1. This phenomenon occurs when the flow velocity become
very high and hence, the flame loses its stability spreading downstream and ultimately
extinguishes completely [149]. Previous studies [66], [150], [151] investigated the flame local
extinction of different liquid fuels using a spray burner. Yuan et al. [150] used the OH planar
laser-induced fluorescence (PLIF) technique to study the influence on local extinctions at
conditions close to blow-off by different high and low volatility fuels in swirl spray flames.
Their OH-PLIF measurements showed that with increasing airflow velocity less local
extinction occurs in the inner reaction zone, notably for the heavier fuels [150]. Cavaliere et al.
[66] carried out a comparison study of the blow-off behavior in three different types of flames
(non-premixed, premixed and spray), and investigated the location and occurrence of local
extinction in each of them. Benajes et al [151] examined the local extinction of the n-heptane
spray flame numerically. They concluded that the high level of turbulence and the interaction
between the droplets with flame front are the main cause of forming extinctions. Benajes et al
[151] also noticed high levels of formaldehyde (CH20) and discontinuous concentration of OH

in the flame front, of which altogether indicated the occurrence of local extinction.

1.5.6.2 Lift-off

Lift-off phenomenon occurs when the flame separates from the base of the burner and becomes
steady somewhere downstream the chamber [84]. The flame will completely blow-off if the
velocity continues after the start of lift-off phenomenon. The axial distance between the lowest
edge of the flame sheet and the edge of the bluff-body (for burners equipped with bluff-body)
is called lift-off height [66]. The flame is less stable as the lift-off height increases because it
is much closer to the global blow-off. Recent work conducted by Gimeno et al. [152] studied
the flame lift-off height of n-heptane, n-decane, and n-dodecane spray flames in a non-swirled
co-flow configuration. According to their findings, the fuel with the greatest droplet size and
the lowest volatility has the maximum lift-off height. Additionally, when the lift-off height
increases as a result of increasing the co-flow velocity, a less rich reaction zone occurs
downstream of the lift-off height leading to less soot formation [152]. Chen et al. [153]
investigated the lift-off in non-premixed flames using bluff-body burner. They found that at

low fuel velocities, local extinction dominates the lift-off because the jet flame front strongly
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interacts with the recirculating air flows. Nishimura et al. [154] further investigated the
behaviour of lift-off in bluff-body non-premixed flames at both fuel dominant and air dominant
flame conditions. Yuan et al. [150] results showed that with increasing airflow velocity the
average lift-off height decreases. Cavaliere et al. [66] measured the heights of lift-off at
conditions close to the blow-off and far from blow-off. They found that as the air velocity rises
the mean height of lift-off reduces. Mulla and Renou [155] used LIl and OH/PAH-PLIF
diagnostic methods to investigate soot formation in n-heptane spray flame. One of their
findings was that both lift-off and local extinction have no impact on soot behaviour, probably
because of the sluggish reaction time of soot.

Most of the previous studies that have investigated lift-off and local extinction in turbulent
spray flames have used the OH-PLIF diagnostic technique. This is because OH-PLIF provide
a clear insight of the reaction zone, enabling the detection of places where the flame cut off

(local extinction) and measuring the height of flame sheet from the base of the injector (lift-off).

1.5.7 Dilution Air Strategy

Dilution air strategy reduces the amount of NOx emissions significantly as its addition results
in more of a lean combustion. In general, lean combustion is associated with an elevated risk
of extinction, which can ultimately lead to the global blow-off event [156]. Many studies
investigated the impact of different operating parameters including the injection of air dilution
on soot emission, oxidation, and particle size distribution of swirl-stabilized flames [64], [157]-
[161]. Geigle et al. [159], [160] studied the effect of dilution air at a fixed location on soot
emission, oxidation and polycyclic aromatic hydrocarbons (PAH) of ethylene air
swirl-stabilized flames using laser-induced incandescence and PAH laser-induced
fluorescence. They observed that the addition of dilution air had an impact on the location of
soot areas as well as OH distributions in the flames. In addition, they investigated the
relationship between soot and OH distributions after the dilution air introduction. Stéhr et al
[161] observed that soot accumulates in the rich pockets depending on their residence times,
while soot oxidation takes place in the lean zones containing OH. Their findings imply that a
suitable modification of dilution air injection creating adequate recirculation of lean burnt gas
may further limit the formation of soot. EI Helou et al. [157] investigated the influence on soot
formation and oxidation by varying the locations and amount of dilution air in CyHa air
(gaseous fuel) flames. Their outcomes revealed that dilution air resulted in a faster mixing, and

smaller lengths of fuel penetration. In addition, their findings demonstrated that the quantity
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and location of injected dilution air affect the soot production. De Falco et al. [158] further
investigated the soot formation in a non-premixed ethylene air flames but focusing more on
their particle size distribution. EI Helou et al. [64] carried out a comparison on the soot
formation of synthetic kerosene and conventional fossil liquid fuels in a swirl spray flames
along with air dilution injection. Their results showed that the distribution of SVFs is dependent

on the quantity of dilution air.

The type of the fuel and its characteristics (i.e. volatility) also play a role in flame
stabilization mechanism. Farag et al. [162] evaluated the effect of fuel volatility on lean
blow-off (LBO) by using four different fuels, heavy oil was the least volatile and gasoline was
the most. According to their findings, the rate of the air stream near the LBO limit increases as
the fuel volatility increases, improving combustion stability. Although Yuan et al. [150] used
a variety of high and low volatility fuels, their results addressing the effect of fuel volatility on
flame stability were in good accord with those of Farag et al. [162]. Numerous studies have
investigated the fuel structure of n-heptane both numerically and experimentally in swirl spray
flames. The appearance of n-heptane fuel's swirl spray flames is a dual body with a V-shaped
shape that has inner and exterior sections [150]. The flame steadily shrinks and both sections
get closer to the bluff-body as it approaches the blow-off condition by increasing air stream
speed. Davide et al. [66] studied the blow-off behaviour of n-heptane spray flame. They
discovered that the loss of flame stability causes the velocity to become independent of fuel
flow rate at blow-off. The height of the flame decreased and remained affixed to the bluff-body
as the LBO condition approached. Additionally, it was discovered that the chemiluminescence
of OH* was lower in the inner flame zone and higher at the outside flame zone. They had a
continuous layer of OH in their spray flame structure, which pointed to local blow-off activity.
Many studies investigated the n-heptane combustion characteristics in swirl spray flames,
however there is no study yet investigated n-heptane combustion, including its stability, in a

swirl spray flames with dilution air strategy.

1.5.8 Computational Fluid Dynamics (Modelling) Works on
Laminar Diffusion Flames

The use of computation-based techniques to model combustion processes of alternative fuels
has increased dramatically in recent years. It has become an essential component of the
alternative fuels development process. The combination of experimental and simulation studies

play an important role in reducing time and cost of fuels development process through
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categorising the aspects that needs additional comprehensive investigations [163]. In latest few
years, multiple studies have used 2D CFD modelling to reveal essential mechanisms for
different alternative fuels in laminar diffusion flames. DME fuel mixtures has been studied
computationally in few studies as mentioned earlier in Section 1.5.3. The key processes in soot
production, shown in Figures 1-3, are broadly accepted [164]. Consequently, ongoing work has
been done to create soot models that can be used for various flame types along with multiple
fuels, including hydrocarbons and oxygenated fuels [23]. However, soot modelling of
DME/hydrocarbon fuel mixtures through CFD were not investigated enough. In this work, the
CFD model used is the Brookes and Moss model, further details about this soot model is

discussed in section 2.4 (Chapter 2).

The modelling study in this thesis primarily concentrated on the soot emissions and
combustion characteristics of DME/C2H4/N2 co-flow flame mixtures using a CFD approach.
Similar boundary conditions of the experimental study were applied in this computational study
to develop a new validated CFD model tailored to DME which is currently missing and
unknown. The current soot model used in this thesis was created and validated based on CH4
flames. The aim of this work is to study the impact of DME fuel on the soot model, and check
if this soot model would be still valid to use for DME (oxygenated fuel) flames. Moreover, this
thesis visualizes soot volume fraction calculated from the modelling work for the different
mixing conditions of DME/ C2Ha/ N2 co-flow flames which will be presented and discussed in
Chapter 6.

1.6 Research Objectives

The scope of this thesis is to conduct several experimental and numerical studies to provide an
in-depth understanding of combustion and emission characteristics for key biofuels (i.e. DME
& iso-pentanol) and their mixtures. For DME fuel combustion, the main objective is to
understand the impact of DME addition to hydrocarbon fuels, including methane and ethylene,
in laminar diffusion flames on soot formation, heat release rate, and flame structure. Whereas
for iso-pentanol fuel combustion, the main objective is to understand the impact of iso-pentanol
addition to n-heptane turbulent bluff-body swirl spray flames on flame stability, soot formation,
NOx emission, heat release rate, and flame structure. The impact of iso-pentanol on flames
stability will be investigated under various flame conditions including cases far from and near

blow-off.
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The objectives of this thesis are as follows:

Understanding flame structure of DME/ hydrocarbons flames: To investigate DME

and its mixtures flame structures and species profiles including OH*, OH, CH*, CH,
HRR, CHs, CsHs, CoH2 and flame temperature through 1D numerical simulations
implemented with a detailed chemical kinetic mechanism (Chapter 3).

Understanding flame structure of iso-pentanol and n-heptane flames: To

investigate iso-pentanol and n-heptane flame structures and species profiles including
OH, CH, HRR, CHs, CsHs, CoH, and flame temperature through 1D numerical
simulations (Chapter 3).

Heat release measurements: To measure and investigate experimentally CH*, OH*

and C>* chemiluminescence of DME/ hydrocarbons flames and iso-pentanol flame
mixtures (Chapter 4 and Chapter 5).

Understanding the correlation between chemiluminescence and equivalence ratio:

To investigate the feasibility of utilising OH*, CH* or C>* chemiluminescence as a
HRR and equivalence ratio marker in non-premixed flames focusing on DME addition
using both experimental and numerical approaches (Chapter 4).

Understanding the reaction zone characteristics of turbulent swirl spray flames of

iso-pentanol: To investigate the impact of adding iso-pentanol to n-heptane and
ethanol on the flame structure including lift-off and local extinction using OH-PLIF.
To measure relative NO formation of pure iso-pentanol and its mixture with n-heptane
fuel using NO-PLIF (Chapter 5).

Soot_measurements of DME/hydrocarbons flames: To measure and investigate

experimentally soot emissions of DME flames and its mixtures using planar
time-resolved 2C-LII (Chapter 6).

Soot measurements of iso-pentanol/n-heptane flames To measure the soot volume

fraction of pure iso-pentanol and its mixture with n-heptane fuel using planar time-
resolved 2C-LII (Chapter 6).

Soot modelling of DME/hydrocarbons flames: To check if the soot model used in

this study would be valid to use for DME (oxygenated fuel) flames. In addition, to study
the impact of DME fuel on soot volume fraction (Chapter 6).

Understanding the impact of dilution air strategy on the stability of swirl spray

flames: To investigate the impact of dilution air strategy on the stability of n-heptane

bluff-body swirl spray flames including lift-off and local extinction (Chapter 7).
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1.7 Structure of the Thesis

The structure of the thesis are as follow:
Chapter 1

This chapter introduce the problem and explains the motivation of this thesis. In addition, it
contains literature background of all topics discussed later in this thesis. At the end on this

chapter, research objectives and structures of this thesis are described.

Chapter 2

This chapter describes the experimental, numerical and computational methodologies that were

utilised in this thesis.

Chapter 3

This chapter provides new understanding of the characteristics of soot emission, flame
chemiluminescence and HRR through 1D chemical kinetic simulations in the non-premixed
DME/CH4 and DME/C,H4 flames. The flame structures and species profiles including OH*,
OH, CH*, CH, HRR, CHs, C3H3, C2H> and flame temperature were calculated numerically
through 1D simulations implemented with a detailed chemical Kkinetic mechanism
(Mech_56.54). Additionally, the impact of adding N2 as a diluent into DME mixtures with
hydrocarbon biofuels was studied numerically. In addition, this chapter investigate
iso-pentanol and n-heptane flame structures and species profiles including OH, CH, HRR, CHs,

CsHs, C2H> and flame temperature through 1D numerical simulations.

Chapter 4

This chapter investigates experimentally the impact of DME addition to methane and ethylene
fuels, across a full range of DME mixing ratios, on flame heat release and reaction zone using
CH*, OH* and C>* chemiluminescence. In addition, the use of species transport model in a
computation fluid dynamics (CFD) study to predict the species concentration in 2D as well as
to examine if the soot model is validated for DME (oxygenated flames). The CH*, OH* and
C>* were used to locate flame heat release regions as well as to investigate the soot signal’s
effect on their measurements. The ratios of the chemiluminescence pairs (OH*/CH*, OH*/C,*)

were studied on the feasibility to map local equivalence ratios.
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Chapter 5

This chapter delivers new information on how the addition of iso-pentanol to n-heptane swirl
spray flame would affect the heat release, flame structure, and flame stabilization including
lift-off and local extinction at different operating conditions. In addition, to compare and show
the variations between the swirl spray flames of iso-pentanol/ n-heptane blends and ethanol/

n-heptane blends.

Furthermore, relative NO emissions of iso-pentanol swirl spray flames using NO Planar

laser-induced fluorescence (NO-PLIF) will be presented and discussed.

Chapter 6

This chapter presents soot particle measurements from self-calibrated planar time-resolved
two-colour Laser-induced incandescence (2C-LII) in a range of co-flow laminar diffusion
flames of methane and ethylene blended with DME, and in turbulent swirl spray flames of
iso-pentanol/ n-heptane blends. In addition, the effects from detection parameters of the LII
signal (i.e. acquisition delay time, duration) and the laser fluence level on the derived soot
concentration or particle diameters will be discussed. In addition, the soot modelling results for

DME flames will be presented in this chapter.

Chapter 7

The impact of dilution air strategy on the stability, HRR and flame structure of n-heptane

bluff-body swirl spray flames using OH-PLIF and CH20O will be investigated in this chapter.

Chapter 8

The chapter contains conclusions of main findings from this thesis, and provide suggestions

for future works.
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Chapter 2: Experimental and Numerical
Methodologies

2.1 Introduction

This chapter describes different numerical and experimental studies used in this thesis.
Numerically, 1D simulations of non-premixed laminar flames study were implemented in
COSILAB to obtain a preliminary understanding of flame structures and key species profiles.
In addition, 2D computational modelling of co-flow laminar diffusion flames was conducted
in Ansys Fluent to investigate flame temperature and soot emissions. A co-flow laminar
diffusion flame burner was used to examine the impact of DME addition to hydrocarbon fuels
on soot formation, heat release rate, and flame structure. Additionally, a bluff-body swirl spray
burner was used to study the impact of iso-pentanol addition to n-heptane turbulent bluff-body
swirl spray flames on flame stability, soot formation, NOx emission, heat release rate, and
flame structure. Figure 2-1 illustrates a flowchart representing this thesis's different numerical

and experimental studies.
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2.2 1D Numerical Simulations

For the 1D simulations of non-premixed laminar flames, calculations have been conducted
using the counter flow COSILAB package [165]. These calculations were carried out at a range
of fuel compositions from pure DME to 0% DME blended to CH4/C2H4/N2, pure ethanol to
0% ethanol blended to CH4/C2H4/C7H16, and pure iso-pentanol. The aims of carrying out these
calculations are to obtain flame structures and species profiles including OH*, OH, CH*, CH,
HRR, CHs, C3Hz3, C2H> and flame temperature. In addition, to aid in investigating the feasibility
of utilising OH*, CH* or C,* chemiluminescence as a HRR and equivalence ratio marker in
non-premixed flames focusing on DME addition. The 1D results will help with the image
analysis in the subsequent chapters, in which the key characteristics of OH* and CH* from the
simulation will help in explaining the experimental observations, and soot precursors’
predictions and formation pathways will help analysing the soot concentration results obtained
from 2C-LII.

For DME mixtures, simulations were implemented with a detailed DME chemical kinetic
mechanism (Mech_56.54) [166]. Mech_56.54 comprises 113 species and 710 reactions. The
Mech_56.54 mechanism has been already validated for DME, CH4 and their mixtures by Burke
et al. [166] using a range of their data and previous literature data. However, in this thesis, the
Mech_56.54 mechanism was further validated in a 1D counter flow diffusion C2Ha flames with
the available results of C2Hs in the Yoon et al. [104] study. The output profiles (produced by
the Mech_56.54 mechanism) of C2H2 and CsHs for C2H4 fuel have been compared against the
results of Yoon et al. [104] for validation purposes. For ethanol mixtures, 1D simulation were
employed with the San Diego mechanism [167], which contains 80 species and 354 reactions.
Since these mechanisms do not include reactions for CsHs and higher PAH species, the profiles
of CoH> and C3Hs were chosen to monitor the characteristics of soot formation for DME

mixtures.

The non-premixed flames were modelled in a counter flow configuration. The species mole
fraction profile results are expressed in terms of mixture fraction (&) space, where & represents
the fuel stream mass fraction of the mixture, defined by Bilger [168] as & = (YeYe2)/(Ye1-Ye2),
where subscripts 1 and 2 are the streams of fuel and air respectively. The simulated flame cases
were set to a fixed strain rate value of 100 s, with fixed fuel inlet temperature and pressure of
298K and 1 bar, respectively. Strain rate was also varied to investigate the quenching point for

some flame cases. For simplicity, a constant Lewis number (unity) has been used for all species
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[169]. The boundary conditions of fuel identified in the left side of the domain whereas the
right side was for the oxidiser. The oxidiser stream composition remained similar for all cases
inwhich Yy, = 0.21 and Yy, = 0.79 (standard dry air).

A streamlined set of equations are used in the simulations, where the mixture fraction served
as an independent variable [165]. Simulations were performed with a set of governing

equations. The energy (2.1) and species (2.2) equations are as follows:
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i=1,...,1. Inequation 2.1, T is the temperature, h; is the constant enthalpy of species i,
C, is the specific heat capacity at constant pressure, w; is the production rate of species i, p is
the density, the subscript st refers to the stoichiometric conditions. In equation 2.2, Y; is the
mass fraction, Le is the Lewis number. y; is the scalar dissipation rate that is estimated at
stoichiometric conditions. y is a significant quantity for the description of diffusion flames.
Although this quantity is typically specified locally and instantaneously, a global definition can
be more related for simplified geometries such as the counter flow geometry used for the 1D
simulations in this thesis [165]. Therefore, an average value of the y of the whole domain is
calculated rather than calculating y value at each specific point. In counter flow diffusion flame
geometry, the y is directly proportional to the diffusion coefficient D and the spatial
derivative of the mixture fraction with respect to the coordinate normal to the flame (y), as
follows:

9\
Xst = 2D <6y>st >3

Where D can be calculated using Fick’s law. Equations (2.1) and (2.2) assume that the scalar
dissipation rate is a parameter that requires to be calculated. Nonetheless, the COSILAB
software can replace the constant ys in the above-given equations (2.1 and 2.2) with the
corresponding function of the mixture fraction (COSILAB can be calculated as a function of
the mixture fraction). The strain rate (a) is related to the scalar dissipation rate () using the

following equation (2.4):
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The error function is denoted by (erf). Counter flow calculations implemented in COSILAB
set the strain rate as an input rather than the scalar dissipation rate [165]. The numerical
methods implemented in the computer code of COSILAB are a modified Newton method for
steady problems and an extrapolation method for time-dependent problems (Euler method)
[165]. Both Newton and Euler methods can be used for all problems in COSILAB [165]. The
Newton method was found very robust when applied to unsteady problems. Newton's method
usually converges fast if a good estimate for the initial profiles is provided. The weakness
occurs when good estimates for the initial profiles do not exist. Therefore, in such situations,
the Euler method was solved initially to obtain a converged solution to the problem. Then, the
converged solution was input into Newton to get a good, converged solution initial guess for

the same problem.

2.3 Experimental Methods

2.3.1 Burners Configuration

Two burners were used in this thesis. A standard co-flow burner [170] was used for the methane
and ethylene-air laminar diffusion flames with DME blends. Whereas a bluff-body swirl spray
burner with a solid-cone spray configuration was used for the turbulent flames measurements,

including iso-pentanol/ n-heptane blends and ethanol/ n-heptane blends.

2.3.1.1 Laminar Diffusion Flame Burner

The experimental apparatus was comprised of a co-flow burner with a fuel blending and flow
control system housed in an enclosed, interlocked work bench to allow the application of
optical diagnostics. The co-flow burner used in this work had a similar structure to the Yale
co-flow burner [170]. The burner had a 4 mm inner diameter (ID) fuel tube centred within a 74
mm ID honeycomb-filled air tube generating an axisymmetric laminar diffusion flame. The
honeycomb mesh and glass beads assist in straightening the airflow to generate a constant and
uniform co-flow area. A schematic of the co-flow burner and a photograph of the co-flow

burner are shown in Figure 2-2.
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Figure 2-2 (A) schematics of the co-flow burner, and (B) a photograph of the co-flow burner.

2.3.1.2 Bluff-Body Swirl Spray Burner

A bluff-body swirl spray burner with a confined chamber was used for testing the turbulent
flames of iso-pentanol/n-heptane blends and ethanol/n-heptane blends. Letty et al. [171],
Cavaliere et al. [66] and Yuan et al. [140] have previously used similar burners to investigate
the ignition and blow-off in non-premixed heptane spray flames. However, in this work,
different fuels and different atomizer (a solid-cone atomizer was used for the first time in this
work, in comparison to the previous work which used a hollow-cone atomizer) were used to
perform testing under various flow conditions for the targeted fuels. The confined combustion
chamber (100 mm Width (W) x 100 mm Length (L) x 150 mm Height (H)) is surrounded by
4 polished quartz plates (supplied from multi-lab Ltd), giving access for the camera and laser.
Two of the quartz plates are with dimensions of 100 mm W x 150 mm L x 3 mm Thick, and
the other two quartz plates are with dimensions of 106 mm W x 150 mm L x 3 mm. The quartz
plates used in this study allowed the laser diagnostic to transmit within the UV-IR range (UV-IR
transmittance of the quartz > 92.3% at 320 nm) [172]. A schematic of the bluff-body swirl
spray burner is presented in Figure 2-3. Inside the burner, an annular air stream travelled
through a six-vane (60° vane angle) swirler prior to its entrance to the confined chamber. This
60° vane angled swirl has a swirl number (Sy) of 1.25 calculated by the equation given by
Lefebvre and Ballal [173]:
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Where 6 is the vane angle of the swirl, D, inner IS the inner diameter of the swirl, and
Dqw outer 1S the outer diameter of the swirl. Two additional swirls having swirl numbers of 0.36
and 0.63 were only used to study the impact of S, on the NO formation from iso-pentanol
flame. A pressurized atomizer (Delavan) with 0.21 mm orifice diameter was used for all flame
conditions, providing a solid cone spray pattern with a cone-angle of 60°. The atomizer was
fitted through a bluff-body holder, and both the bottom plate of the burner and the nozzle's
outlet were aligned to the same level. The inner diameter of the base of the burner is 40 mm,
whereas the outer diameter of the bluff-body is 30 mm. The gap between the bluff-body and
the base of the burner is where the annular air enters the confined chamber. Figure 2-3 shows
a schematic of the bluff-body swirl spray burner.
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Figure 2-3 Schematic of the bluff-body swirl spray burner.
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2.3.2 Flow-rate Measurement & Conditions

2.3.2.1 Laminar Diffusion Flames Conditions

A schematic of the experimental setup of the laminar diffusion flames experiment is shown in
Figure 2-4. Separate calibrated mass flow controllers (MRC Alicat MFCs) were used to
regulate the flow rates of air and fuels. The air was supplied to the burner from an air
compressor and inline air filter. The air flow rate was kept constant at 72 + 0.2 SLPM
(corresponding to an annular air exit velocity of 0.35 m/s) for all tests. The fuels used in this
experiment were supplied from individual, single-fuel cylinders and blended within the flow
control system. DME was in a liquid state inside its cylinder, hence a Neslab RTE-110
circulator was used to heat DME to 25 °C to ensure it was in the gas phase before entering the
burner/blender. A constant fuel stream volumetric flow rate of 356 £ 1 SCCM (corresponding
to a fuel exit velocity of 0.47 m/s) was maintained throughout all DME/methane mixture cases,
and 263 + 1 SCCM (corresponding to a fuel exit velocity of 0.35 m/s) for all the DME/ethylene
cases, to match the condition of the Yale’s sooting flame [170]. The experimental conditions
are summarised in Table 2-1, where the SCCM values were calculated based on atmospheric
conditions (25 °C and 1 bar). In this work, the DME mixture ratio g (ratio of DME in the fuel
mixture) is introduced in terms of the ratio of the DME volumetric flow rate to the total fuel
volumetric flow rates, i.e., 8 = Qpye/XQruei- Whereas the fuel mixture ratio o (ratio of fuel in
the mixture) is defined as the ratio of the total fuel volumetric flow rate to the total volumetric
flow rate of the central jet including N, i.e., @ = Y Qfye1/XQje- The flames studied in this work
are all buoyancy controlled, where the Froude number (Fr) is ranging between 0.461 and 0.499
for the DME/CHa/N: cases and 0.26 for DME/C2H4/N>. The Froude numbers were calculated

using the expression provided by Glassman and Yetter [84].

38



Air
Compressor

D=8

Nitrogen

]

CH4 orC2H4

Air MFC

—
>| N2 MFC1 I
: i > N2 MFC 2
]
ﬁ
% Fuel MFC 1 ’
—
Fuel MFC 2 re—

—

Heater
Unit

Figure 2-4 Schematic of the experimental setup of the laminar diffusion flames.

Table 2-1 Experimental conditions of the laminar diffusion flames investigated.

Jet component  Case B a QpME Qruel Qn, Power
(SCCM) (SCCM)  (sccm) Output

(kw)

F1 0 1 0 3566CH:s 0 0.195

2 025 1 89 2671CH; 0 0.229

DME/CH, 3 050 1 177 1782CHs 0 0.261
A 075 1 267 89.8 CH, 0 0.296

F5 1 1 358 0 0 0.331

F6 1 075 267 0 88.8 0.246

DME/N, F7 1 050 177 0 176.1 0.164
F8 1 025 89 0 246.7 0.082

F9 0 075 0 2671CH; 898 0.146

CH./N; F10 0 050 0 1782CH, 177 0.098
F11 0 025 0 80CH,  267.1 0.049

F12 0 060 0 1583 CHs 10556  0.141

DME/CHINz 13 950 060 79 7917 C,H:  105.56 0.143
F14 025 085 76 2281CH;, 524 0.195

FI5 050 0.75 132 1325CH, 916 0.195

DME/CHJ/N. 16 075 070 177 588CH,  121.2 0.195
F17 1 060 211 0 1455 0.195
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2.3.2.2  Turbulent Swirl Spray Flames Conditions

A schematic of the experimental setup of the bluff-body swirl spray flames is shown in Figure
2-5. In Chapter 5, liquid fuels including pure iso-pentanol, n-heptane, ethanol, a 50:50 volume
ratio mixture of iso-pentanol/ n-heptane, and a 50:50 volume ratio mixture of ethanol/n-heptane
were tested in a bluff-body swirl spray burner to study their reaction zones and stability
characteristics. In Chapter 6, pure iso-pentanol, pure n-heptane and a 50:50 volume ratio blend
of n-heptane/ iso-pentanol were used as liquid fuels for the bluff-body swirl burner to study

soot emissions.

Fuel mass flow rates were in the range of 0.50 - 0.54 g/s. The investigations were mostly
carried out on those conditions with a fuel mass flow rate of 0.52 g/s for stable and near
blow-off events. Moving from stable to near blow-off condition was achieved by increasing
the air flow rate. A lower fuel mass flow rate of 0.506 g/s was applied for studying the soot
signal in iso-pentanol, n-heptane and blended flames (these conditions are discussed in Chapter
6). The flow rate of the liquid fuels was controlled by adjusting the nitrogen valve and using a
calibrated CODA Coriolis flow meter (accuracy: £ 0.2% of reading) as a monitor. Nitrogen

was used to pressurise the liquid fuels inside the pressure vessel.

An air compressor (SXC 4, supplied from HPC compressors) supplied the air flow which
was passed through a set of filters including particulate filter, oil and dust filter, and oil vapor
and hydrocarbon filter. The air flow was controlled using a calibrated Alicat mass flow
controller (MCR-1000 SLPM, accuracy of + (0.8% of reading + 0.2% of full scale);
repeatability of £ (0.2% of reading + 0.02% of full scale)). The flow conditions and fuel
properties are shown in Table 2-2. The non-dimensional parameters shown in Table 2-2 were
calculated using different equations, all shown in Table 2-3 [150]. S denotes to the stable
conditions, and NB as conditions nearer to blow-off. Flame stabilisation in terms of the local
extinction and lift-off was investigated in both stable condition pairs (S1, NB, with varying air
flow rates) and the far from blow-off (S0) condition (a richer flame with lower fuel and air
flow rates used to study soot emissions). Air volumetric flow rates were in the range of 350 -
950 SLPM, which corresponded to an air velocity amongst 10.6 and 28.4 m/s. An air
volumetric flowrate of 600 SLPM was used for stable conditions (S1), and 350 SLPM was used
for the SO conditions. At standard temperatures and pressures of 25 °C and 1 psi, measurements

were calculated and expressed.
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2.3.2.2.1 ldentification of near blow-off point

Moving from stable to near blow-off condition was achieved by only increasing the air flow
rate without changing the fuel mass flow rate. Prior to that, the global blow-off point was
identified for each condition (blow-off limits will be shown in Chapter 5) to help determine the
near blow-off condition. This was done by gradually increasing the airflow rate in steps of
around 5% every 1 minute until blow-off occurred. The air flow rate for the near blow-off
condition was selected at between 9-15% lower than the air flow rate of the global blow-off
(quenching) point. The air flow rate for the near blow-off condition was not selected based on
a specific percentage difference from the air flow rate of the global blow-off. The air flow rate
for the near blow-off condition was selected at that closest rate to the air flow rate of the global

blow-off, in which the flame can sustain for at least 4 minutes.
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Figure 2-5 Schematic of the experimental setup of the bluff-body swirl spray flames.
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Table 2-2 Fuel Properties.

Fuel n-heptane (H) iso-pentanol (P)
Name HSO HS1 HNB PSO PS1 PNB
Air velocity, U, (m/s) 10.6 18.2 28.8 10.6 18.2 28.8
Fuel velocity, Ug (M/s) 20.6 22.8 18.8 23.3
Global equivalence ratio, ¢ 1.0 0.7 0.4 1.0 0.6 ‘ 0.4
Fuel density, ps (kg/m®) 663 777
Surface tension, a (N/m) 2.21x107 2.47x102[32]
Mixture viscosity, v¢ (m?/s) 6.10x107 4.67x10®
Power, P (KW) 22.8 258 | 248 19.1 227 | 249
Fuel Reynold number, Re; | 7.11x10° 7.88x10° 8.46x10° 1.05x103
Air Reynold number, Re, | 6.96x10% | 1.19x10* ‘ 1.89x10* | 6.96x10° | 1.19x10* ‘ 1.89x10%
Fuel Weber number, We, | 2.68x10° 3.30x10° 2.34x10° 3.61x10°
Air Weber number, We, 1.14 2.48x101 ‘ 3.96x101 | 6.80x101 | 2.71x10! ‘ 2.98x10?

Fuel 50:50 iso-pentanol/n-heptane (HP) ethanol (E) 50:50 n-heptane/ethanol (HE)
Name HPSO0 HPS1 HPNB ES1 ENB HES1 HENB
U, (mis) 10.6 18.2 28.8 18.2 24.3 18.2 25.2
U; (m/s) 18.6 20.9 21.4 21.4 20.9
()] 1.0 0.6 0.4 0.43 0.32 0.59 0.39
pr (kgim?) 722 759 699
o (N/m) 2.34x107 2.01x107 2.11x107
v (M2s) 1.68x10 1.42x10 9.45x107
P (kW) 20.2 225 | 2209 169 | 1656 223 | 20.8
Res 2.33x10° 2.62x10° 3.17x10° 4.66x10°
Re, 6.96x10° | 1.19x10* | 1.89x10¢ | 1.19x10¢ | 1.59x10* | 119x10* |  1.65x10°
Wes 2.24x108 2.85x10° 3.64x10° 3.06x10°
We, 6.82x10" | 8.24x10? | 6.54x10" | 1.20x10" | 1.00x10 | 9.14x102 |  2.08x10"
Table 2-3 Non-dimensional parameters equations.
Eg. (2.6) Re; = % D is the fuel nozzle diameter
Vs
Eq. (2.7) Re, = UaD, D, is the diameter of the air
Va annular exit
Eq. (2.8) psUE D¢ pr is the density of the fuel
Wes = -
Eqg. (2.9) pa(Uy — Up)?D¢ pa is the density of air
We, 5
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2.3.2.3 Turbulent Swirl Spray Flames with a Dilution Air Strategy

In Chapter 7, liquid fuel of pure n-heptane was tested in a bluff-body swirl spray burner with
and without dilution air to study the impact of dilution air on flame stability, HRR, and reaction
zone. Annular air and fuel flow rates were controlled in the same way as described in Section
2.3.2.2. The same air compressor that supplies the annular air was also used for the dilution air.
A separate calibrated Alicat mass flow controller (MCRS-100 SLPM, accuracy of * (0.8% of
reading + 0.2% of full scale); repeatability of + (0.2% of full scale)) was used to control the
dilution air stream. Investigations were carried out on conditions with a fuel mass flow rate of
0.175 g/s and 0.194 g/s. Data were collected at the quenching point (global blow-off), near
blow-off, and stable conditions. The global blow-off point for each of the two conditions
(without air dilution) identified in the same way as described in Section 2.3.2.2.1. After that,
dilution air was added with 5% of the annular air flow rate to study its impact on various
characteristics. For example, if 790 SLPM is the annular air flow rate, the dilution air is 39.5
(5%). The impact of dilution air with different percentages including 2%, 5%, and 10% was

also tested on one condition.

The flow conditions and fuel properties are shown in Table 2-4. For the first letter of the
case name, Q denotes to the quenching (global blow-off) conditions, N as conditions nearer to
blow-off, and S as stable conditions. For the second letter of the case name, N denotes to the
cases with no air dilution, and D as conditions with air dilution. For the third letter of the case
name, L denotes to the cases with low fuel flow rate of 0.175 g/s, whereas H denotes to the

cases with higher fuel flow rate of 0.194 g/s.

Table 2-4 Turbulent Swirl Spray Flames with and without Dilution Air Strategy conditions.

Case | Fuel | Annular | Dilution ¢ | P Rey Re, Wes We,
Name | flow | Air flow | Air flow (kW)

rate rate rate

(g/s) | (SLPM) | (SLPM)
QN_L 790 0 0.167 1.57x10* 3.01
QD _L 790 39.5 (5%) | 0.162 1.65%10* 3.47
NN_L | 0.175 | 700 0 0.192 | 8.4 |2.62x10° | 1.39x10* | 3.66x10% | 2.09
ND_L 700 35 (5%) 0.183 1.46x10* 2.43
SN_L 600 0 0.223 1.19x10* 1.26
SD L 600 30 (5%) 0.213 1.25x10* 1.49
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QN_H 880 0 0.169 1.75x10° 3.75
QD_H 880 44 (5%) | 0.161 1.84x10° 4.32
SN_H | 0.194 [790 0 0.188 | 9.36 |2.92x10% [ 1.57x107 | 4.52x10% | 2.71
SD1_H 790 15.8 (2%) | 0.185 1.60x10° 2.88
SD2_H 790 39.5 (5%) | 0.179 1.65x10° 3.14
SD3_H 790 79 (10%) | 0.171 1.73x10° 3.61

2.3.3 Diagnostic Methods

2.3.3.1 Chemiluminescence Measurements

For laminar diffusion flames, the HRR was measured and approximated using the technique of
CH*, OH* and C>* chemiluminescence imaging. The central wavelength of the narrow
bandpass filters used for OH*, CH* and C,>* chemiluminescence measurements are 310 nm,
431.5 nm, and 516.5 nm, respectively, with a full width-half maximum (FWHM) of 10 nm. An
intensified CCD camera (Andor iStar CCD 334) coupled with a UV lens was used as the
detector. The resolution of the chemiluminescence measurements was 11.7 pixel/mm and
between 100 to 200 images were taken to obtain an ensemble mean image. The inverse Abel
transform (IAT) was used on the average chemiluminescence images to get 2D
chemiluminescence results. The same intensifier gain setting was applied for all cases,

however, different exposure duration (10 — 200 ms) were used due to the signal strength.

For turbulent swirl spray flames, OH* chemiluminescence imaging was detected in the
wavelength range of 300-320 nm to mark the heat release region. An intensified CCD camera
(M-lite from LaVision) was used for the detection system. The same intensifier gain and
exposure duration settings, of 65 and 20000 ns respectively, were applied for all turbulent
flames cases. The IAT was used on the average chemiluminescence images to get 2D
chemiluminescence results. A simple schematic of the chemiluminescence setup for both of

the flames type is shown in Figure 2-6.
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Figure 2-6 A simple schematic of the chemiluminescence setup.

2.3.3.2 Laser Induced Incandescence (LIl) Measurements

The LIl technique employs a pulsed laser to incandescent and heats the soot particles in a flame
to a high temperature, which then enables the measurement of thermal emissions during the
cooling phase [101]. The heated soot particles can reach a temperature between 2500 K to 4500
K [174], thus producing broad-spectrum incandescence radiation. The detection system then
captures the light discharged by the incandescent soot particles after passing by a set of optics
and filters, and this signal is used to calculate the soot temperature and SVF. The LII method
is based on the principle that the LII signal observed is proportionate to the SVF in the flame
[175]. Nevertheless, quantitative measurement of soot particles remains challenging because
of the dependence on the proportionality relationship amongst the SVF and LIl signal on
various experimental parameters including the laser energy and intensity, optics etc. It is a
'largely selective' technique as it is only related to the non-volatile particles generated as a
thermal emission, and the volatile particles are assumed to be completely evaporated during
the time scale of the laser pulse [102]. This technique has gained great popularity as a technique
of calculating SVF in flame because of its simple principle and non-intrusive nature (meaning

does not disturb the properties of particles) [88].

The time-resolved laser induced incandescence method was introduced by Will et al. [176]
and Roth et al. [177] to measure the soot particles size. This technique allows recording the
soot emission over different acquisition delay times after the end of the laser heating period
(cooling regime). Will et al. [176] evaluated the temporal decay by recording the incandescence
signal at 2 different delay times within the cooling phase. After that, they computed the signal
ratio that is directly proportional to the diameter of soot particle. Hadef et al. [178] obtained
the decay curve during the cooling phase by shifting the camera gate at regular intervals. This
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method showed its capability to estimate the size of soot particles in a typical sooting laminar

diffusion flame.

Self-calibrated planar time-resolved two-colour laser induced incandescence (2C-LlII)
technique was implemented to measure the soot temperature, soot volume fraction and size of
soot particles. This part of the thesis was applied on laminar diffusion flames and bluff-body
swirl spray flames (only on the cases far away from blow-off, including n-heptane,
iso-pentanol, and their blend). The schematic of the diagnostic setup is shown in Figure 2-7.
The light source used was the Nd:YAG laser second harmonic (532 nm) passing through
expansion optics, and forming a laser sheet to heat up the soot particles. For laminar diffusion
flames, the detector system used was an intensified camera (Andor iStar ICCD 334T) coupled
with Nikon UV lens (Sigma 105 mm F2.8 Lens). Whereas for turbulent swirl spray flames, an
intensified CCD camera (M-lite from LaVision) was used for the detection system. Soot
emissions were filtered through two narrow bandpass filters centred at 550 nm and 650 nm
with a FWHM of 10 nm before being projected onto the ICCD camera as shown in Figure 2-7.
Mirrors were used to split and project two images into one camera. The transmission
coefficients of the detection system at the two wavelengths were measured via a series of
calibration measurements with a standard spectral irradiance lamp. The lamp type used for the
laminar diffusion flames was the Newport QTH light source and constant power supply unit.
Whereas the lamp type used for turbulent swirl spray flames was the Ocean Optics HL-3 plus
VIS-NIR. Soot volume fractions and soot temperatures were quantified from the ratio and
transmission coefficients of the two filtered radiation images after processing with the Inverse
Abel Transform (IAT).

The optical layout, shown in Figure 2-7, allows simultaneous acquisitions of the two images,
and thus reduces measurements uncertainties. The achromatic lenses were used in the optical
setup to ensure that the emitted light from soot particles does not diverge before passing
through the two narrow bandpass filters, enhancing the performance of the filters. In addition,
the use of these specific lenses helps in focusing different wavelengths into one focal point,
which is essential because only one camera was used and hence reduces the uncertainties. The
measurements uncertainties were reduced by achieving no time gap amongst the two images
captured. The 2C -LII signals were captured after the end of the laser pulse thus avoiding Mie
scattering, additionally with a narrow bandpass filter (550 + 10 nm) to minimise interference
from PAH-LIF.
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In the 2C-LII measurement, soot temperature is affected by the laser energy and laser beam
profiles, rather than directly reflecting the local gas temperature. The effects from laser
fluences, detection delay and duration on the calculated soot temperature were investigated in
detail and will be addressed in Chapter 6. The soot temperature is indeed useful information. It
may have an indication on the difference in soot properties among different fuels. However, in
this thesis, the focus was mainly on the comparison of relative soot concentrations between

different fuels.
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Figure 2-7 Schematic of the LII diagnostic setup and the detection system.

Prior to the start of the experiments, timings between laser Q-switch, camera intensifier
gate, and laser emission output were identified, and a range of acquisition delays (0 — 2000 ns,
relative to the time corresponding to the end of the laser pulse) and acquisition delay durations
(TTLs, i.e. 10, 20, and 40 ns in laminar flames; 20, 40 and 100 ns in turbulence cases) were set
in the LII signal detection from the ICCD camera. Pyroelectric energy sensor with ceramic
coating was used to measure the laser energy output. Figure 2-8 shows a schematic of the soot
temperature profile and laser pulse along with arrows clarifying the terms used in the following
discussion in this thesis such as; delay time, camera acquisition duration time, and location of

0 ns delay time in relation to the laser pulse and peak temperature of the heated particle.
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Figure 2-8 Schematic of timing signals with terms used in this paper. The dashed line corresponds to
the 0 ns delay time that is at the end of the laser pulse.

2.3.3.2.1 The Planar Two-Colour Soot Pyrometry Measurement

The two-colour soot pyrometry technique was also implemented to measure the soot
concentration and temperature (assuming thermal equilibrium where the soot temperature
approximates the temperature of surrounding combustion gases) for laminar diffusion flames.
This technique has a similar setup to the 2C-LII technique but without using a laser. The
resolution of the two-colour measurements was 9.0 pixel/mm. The two-color soot pyrometry
technique was used to estimate the soot temperature, which was calculated through an equation
derived from Planck’s law (further in details in Section 2.3.4.2). The soot temperature was then

used to calculate the soot volume fraction.

2.3.3.3  Planer Laser Induced Fluorescence (PLIF) Measurements

Several researchers have utilized the Laser-Induced Fluorescence (LIF) technique to measure
concentrations and distributions of some molecules in flames including OH, NO, and CH>0.
This method involves using a laser beam of a selected wavelength to excite chemical species
in the flame. This results in moving the chemical species from the ground state to a high-energy
state (known also as excited state). The excitation of the chemical species takes place when the
wavelength of the laser is adjusted to excite a specific transition in which the difference of
energy level between the ground state and the excitation state of the chemical species is
matched by the energy of the laser light photons. More details about the method of selecting
transitions is presented later in this chapter. The excited species can lose energy by collisional

guenching, rotational and vibrational energy transfer processes, and also by the spontaneous
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emission of a photon in transferring back to the ground state. The emission of a photon is
termed fluorescence and can be at a variety of wavelengths, either longer wavelengths than the
exiting laser photon, or at the same wavelength. The fluorescence is detected via an image
intensifier and CCD camera, and provides a measure of the relative species concentration. A
narrow bandpass filter centred on a specific wavelength (can be either for OH, NO, or CH;0)
needs to be used in order to distinguish the fluorescence emitted from the chemical species in
the flame of characteristic wavelength. The narrow bandpass filter is usually attached to the
camera without a gap between them to avoid any interference from the surrounding lights. The
PLIF technique is based on the fact that the relationship is proportional between the
concentration of the chemical species of interest in the flame and the fluorescence intensity
produced from the same excited chemical species. The PLIF does not disturb the properties
and flow in the flame, and this makes it preferable than using analysers and probes for
measuring the concentration of molecules, which can disturb the dynamic flow in the flame.

Nevertheless, obtaining quantitative measurements from PLIF is more challenging.

2.3.3.3.1 OH-PLIF

The OH-PLIF diagnostic technique was implemented to investigate the impact of fuels on the
flame sheet structure including lift-off and local extinction. Yuan et al. [150] employed this
diagnostic technique previously for swirl spray flame of different fuels featuring a hollow-cone
spray. The OH-PLIF diagnostic system in this thesis comprised of a dye laser (Sirah
Cobra-Stretch) pumped by a pulsed 10 Hz Nd:YAG laser (Quantel Q-smart 850), providing
laser radiation around 283 nm wavelength for OH measurements, allowing the excitement of
the Q1(6) (282.9274 nm) line in the A2y, — X?[](1,0) band. A further off resonance frequency
signal denoted as B(Q) at 282.8 nm near the Q1(6) transition was recorded for all the cases to
investigate the fuel fluorescence signal of each fuel type. This provides an indication on fuel

atomization, and locations of remaining fuels, both liquid and vapour.

The LIFBASE [179] software utilized for simulating the LIF spectra and transition of the
chemical species in this study including NO as well as OH. The laser wavelength inserted in
the Sirah software may change from day to day. Therefore, the calibration process for the laser
wavelength was done every time the laser solution and/or dye laser changed in order to
determine its exact wavelength. Figure 2-9 shows the laser wavelength calibration for the OH
species. The calibration process was done by scanning a broad range of laser wavelength

passing through a laminar flame and recorded the fluorescence signal as a function of
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wavelength. During the scan, several peaks in the fluorescence appear which correspond to
different transitions of the targeted chemical species. The wavelengths at these peaks were
noted and compared to the spectra that was simulated in LIFBASE. The offset value between
the LIFBASE spectra and the wavelength peaks from the laser scanning was obtained. This
offset was used to alter the wavelength reading of the laser in the Sirah software to correspond

with the actual wavelength.

The OH intensity simulated in LIFBASE showed that moving the OH peak intensity Q1(6)
by +0.001 nm could drop the intensity by up to 21.5%. However, the intensity discrepancy of
the OH fluorescence signal observed from the camera is marginal with a wavelength shift of
+0.001 nm (minimum step size of the scan). This observation was noticed during the broad-
range scanning of laser wavelength passing through a laminar flame. LIFBASE simulated
intensity of OH at Q1(6) wavelength (+0.001 nm) and temperature of 1500 K is shown in
Table 2-5.
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Figure 2-9 The laser wavelength calibration for the OH measurement.

Table 2-5 LIFBASE OH simulated intensities within £0.001nm of Q1(6) and temperature of 1500 K.

Wavelength (nm) OH intensity Discrepancy (%)
Peak of Q1(6) 282.9274 100.0
Shift of -0.001 nm 282.9264 85.53 14.4
Shift of +0.001 nm 282.9284 78.49 215
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A schematic of the OH-PLIF diagnostic setup is shown in Figure 2-10. The laser output
from Nd: Y AG was produced at a wavelength of 1064 nm and then travelled through a harmonic
generator (2w) (without 3w) to produce a doubled frequency (532 nm) for the OH
measurement. After that, the laser beam entered the Sirah Cobra-Stretch and passed into the
dye cells, thus generating a dye laser output of about 566 nm. The dye laser used in this study
had the ability to alter the laser beam's wavelength as required. It comprises two cells
(resonator and amplifier) and the dye solution keeps circulating through them while operating
the system. The dye solution used for the OH measurements consisted of about 0.09 g/L of
Rhodamine 6G in methanol for the resonator. Whereas for the amplifier, the solution was
further diluted by a factor of one-third, as per the manual recommendation. Therefore, the dye
concentration in the amplifier was about 0.03 g/L of Rhodamine 6G in methanol. The output
dye laser passed through the doubling crystal to generate UV light around 283 nm, and the
Pellin-Broca prism system separated this from the undoubled light. The UV light was then
coupled with a set of expansion optics to form a laser light sheet that was passed through the
flame. An intensified CCD LaVision camera coupled with a narrow band wavelength filter at

308 nm comprised the fluorescence detection system.

The background signal of Q1(6), B(Q), provided the opportunity to measure the fuel-PLIF
of all cases. The measurement of the fuels fluorescence signal is important as it gives

indications of the fuel spray distribution and trajectory.

2.3.3.3.2 NO-PLIF

The NO-PLIF diagnostic technique was implemented to measure the relative NO
concentrations in the turbulent swirl spray flames. The schematic of the NO-PLIF diagnostic
setup is also shown in Figure 2-10. The pulsed 10 Hz Nd:YAG laser passed through a triple
frequency (3w) that was added to the harmonic generator set for the NO measurements,
generating a laser beam with a wavelength of 355 nm. The optics setup inside the Sirah
Cobra-Stretch is similar to the OH-PLIF, however the dye solution used for NO measurements
consisted of about 0.23 g/L of Coumarin 2 in methanol for the resonator and 0.068 g/L for the
amplifier. The dye laser in this case provided an output wavelength of about 452 nm, which
after passing through the doubling crystal generated UV light around 226 nm allowing the
excitement of the Q1(12) (226.0326 nm) line in the A2y — X2]](0,0) band of NO. In this case
the fluorescence was detected at the same wavelength as the laser, and a narrowband filter

centred at 226 nm was attached to an intensified camera (CCD LaVision) and used to capture
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images. To correct the images from background noise, extra off-resonance images were
recorded for all conditions. The laser sheet height was 2 cm, and this is limited by the energy
density and the signal-to-noise ratios of the imaging system of the current work. Hence the data
presented correspond to the area of the upper region of the flame (up to 2 cm above the nozzle).
The relative NO concentration was obtained by conducting a laser sheet intensity correction to
the mean images of NO-PLIF. This has been achieved by collecting images for a cuvette filled
with deionised water placed on the centre of the burner (above the centre of the nozzle) while
the laser is firing. After that, the NO signal of the mean images were divided by the laser signal

of the cuvette.

The NO intensity simulated in LIFBASE showed that +0.001 nm from the peak wavelength
at Q1(12) transition could decrease the intensity by up to 23.3%. However, similar to OH-
PLIF, the intensity discrepancy of the NO fluorescence signal observed from the camera is
marginal with a wavelength shift of £0.001 nm. LIFBASE simulated intensity of NO at Q1(12)
wavelength (£0.001 nm) and temperature of 1500 K is shown in Table 2-6.

Table 2-6 LIFBASE NO simulated intensities within £0.001nm of Q1(12) and temperature of 1500 K.

Wavelength (nm) NO intensity Discrepancy (%)
Peak of Q1(12) 226.0326 100
Shift of -0.001 nm 226.0316 82.3434 17.6%
Shift of +0.001 nm 226.0336 76.6242 23.3%

2.3.3.3.3 CH:20-PLIF

The combined measurement of CH>O-PLIF and OH-PLIF is normally used as a substitute for
HCO-PLIF to mark the HRR regions [140]. However, in this study, measuring CH>O-PLIF
and OH-PLIF simultaneously was impossible, so they were used separately as a reference of
heat release regions. The CH>O-PLIF diagnostic technique was implemented to study the
impact of adding dilution air to the swirl spray flames on the low-temperature HRR regions in
the flame. This technique involved a pulsed 10 Hz Nd:YAG laser passing through triple
frequency (3w) generating a laser beam with a wavelength of 355 nm. The laser beam passed
through a set of expansion optics (75 and 1000 focusing lenses), forming a laser sheet with a
height of 5 cm to excite the CH.O radicals. The excitation of CH.O-PLIF occurred at 355 nm,
and the fluorescence was captured using an intensified CCD LaVision camera coupled with a
narrow band wavelength filter at 433 nm. The CH2O fluorescence decays very fast after the

laser heating period. The lifetime of CH>O fluorescence is about 5 ns at 1 bar and flame

52



temperature of 1000 K [180]. Therefore, a zero nanosecond delay was applied among the end
of the laser pulse and the camera which is correlated to a 3610 ns delay time. The camera gate
was ensured to open as close as to when the laser pulse hits the baseline. The duration of the

camera gate used was 200 ns.

2.3.3.3.4 Pulsed Dye Laser System

A clear schematic of the optical layout inside the Sirah Cobra-Stretch is shown in Figure 2-10.
The dye cells coloured with yellow are the main components inside the Sirah Cobra-Stretch.
The 20 mm dye cell was used for both the resonator and the pre-amplifier, and the 40 mm dye

cell was used for the main amplifier.

The performance of the output laser beam is highly dependent on the alignment of the
optical, crystals and dye cells components in the Sirah Cobra-Stretch. A poor alignment of
these components could produce a laser beam with less intensity and hence cause a reduction
in the fluorescence signal of the detected chemical species in the flame. Therefore, the
alignment of these components was checked daily before starting the experiment to make sure
all the optics are in the correct positions. Another reason that could also have a major impact
on the laser intensity is the degradation of the dye solvent. This is considered to be one of the
big issues when carrying out NO-PLIF measurements, and hence the dye laser was replaced
almost every week. However, the dye solvent for OH-PLIF lasts for a very long time. In
addition, according to the manual of the laser system, some other factors could play a role in
the efficiency of the laser beam such as the coolant water and the filter cartridges, which need

to be replaced every six months to maintain the efficiency of laser performance and intensity.

The Sirah Frequency Conversion Unit (FCU), denoted as the internal SHG in Figure 2-10,
is a unit that it is attached to the Sirah Cobra-Stretch to double the frequency of the dye laser
beam. The FCU unit comprises of a doubling crystal which contributes in doubling the
frequency. Inside the crystal, the phase matching is achieved by fine-tuning the angle of the
crystal. This was achieved by creating a new FCU table every time the dye laser and/or dye
solution were changed. This table records and modifies all the data that is required to properly
calibrate an FCU. A range of wavelengths (in the case of OH the range is 562 nm to 566 nm,
and for NO the range is 448 nm to 456 nm) was selected based on the targeted chemical species
and monitored at 10 to 15 points that were pre-defined within the range. Recoding a new table
dataset was then done by manually adjusting the position of the crystal. The laser output was

monitored at each point using a power meter to reach the maximum reading. After picking up

53



the points that had the maximum readings, the AutoCalculate function in the Sirah software
was used to fit the recorded points and displays a new fit result in the graph in the Table

window. Improper phase matching of the crystal could reflect a reduction in the laser energy.

The camera's exposure was timed to coincide with the moment when the laser light pulse
illuminated the targeted species in the flame; this timing is known as the “Reference Time”.
The camera and the laser were both triggered in advance of the light's emission. The laser
triggers both the Flash Lamp and the Q-switch. Flash lamp firing occurs before the light
emission to pump the laser, and the Q-Switch occurs at the time of the light emission. A
schematic (example) of the triggering pulses with the Reference Time is shown in Figure 2-11
[181]. The Flash Lamp and Q-Switch were both triggered externally through the Programmable
Timing Unit (PTU X). The PTU generates trigger pulses for the laser and the camera through
controlling DaVis. The DaVis software was used to specify the timings of the camera exposure,
intensifier gate and delay, and record the flame images during the experiment. Before the start
of any PLIF experiment, the intensifier gate and delay timings were adjusted using the
Pyroelectric energy sensor connected to the PicoScope oscilloscope in order to use an accurate
narrow camera gate. The narrower camera gate is preferable for avoiding any noise and
scattering from entering the camera. Unlike the timings of LII shown in Figure 2-8, the
intensifier gate should be overlapping with the laser output pulse for PLIF measurements or
have a 0 ns delay between the end of laser pulse and the camera gate. Different timings and
laser settings were used for each of the OH-PLIF, NO-PLIF, and CH2O-PLIF as seen in Table
2-7. The intensifier gain setting used for each measurement was slightly high to strengthen the
fluorescence signal and the high intensifier gain settings increased the noise level in the images.
However, the noise was eliminated through the background images correction. Quartz cuvettes
containing deionised water were used to test the quality of the laser sheets at every peak
wavelength transition, and to correct the NO and CH>O results by dividing their fluorescence

signal to the laser signal of the cuvette.
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Figure 2-11 A schematic (example) of the triggering pulses with the Reference Time [181].

Table 2-7 Timings and laser settings used for the OH-PLIF, NO-PLIF, and CH,O-PLIF

measurements.
Parameter OH-PLIF NO-PLIF CH2O-PLIF
Wavelength (nm) Q1(6) (282.9274) Q1(12) (226.0326) 355
B(Q) (282.8000) B(Q) (226.3100)
Laser power (%) 25 65 28
Intensifier delay (ns) 3635* 3575* 3610*
Intensifier gate (ns) 20 40 200
Intensifier gain (%) 70 80 60
Camera exposure (us) 20000 20000 20000

* These values correspond to 0 ns relatively to off zero laser beam.
2.3.4 Data Processing & Analysis

2.3.4.1 Inverse Abel Transform (1AT)

In this thesis, the local distribution of heat release in flames was studied using the
chemiluminescence imaging method in both laminar diffusion flames and swirl spray flames.
As mentioned earlier in section 2.3.3.1, narrow bandpass filters of specific radicals were used
as optical filters to enable the passing of the light wavelength produced by those radicals to the
camera. Nonetheless, the resulting image by the detection system contains the entire volume's

concentration. This is because every pixel records the total light from the total volume passing
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by its line-of-sight. Therefore, a mathematical technique known as Inverse Abel Transform
(IAT) was employed to reconstruct line-of-sight chemiluminescence measurements and to get
2D chemiluminescence results, assuming that the chemiluminescence signals were
axisymmetric. For laminar diffusion flames, IAT can be applied for instantaneous and mean
images, whereas for turbulent swirl spray flames IAT can only be applied on the mean images.
This is because of the high turbulence in the flame which makes it difficult to use the
assumption of axisymmetry for the instantaneous images. However, in some cases, the mean
projected image of the turbulent swirl spray flame is also not axisymmetric. In such situation,
only one half of the average projected image was selected for the IAT to reconstruct an
axisymmetric image. There are multiple methods for applying the IAT including BASEX,
onion-peeling, and FLiPPID. In this thesis, the onion-peeling technique was selected to apply
the IAT because it is the most commonly employed technique and the easiest among all others
[183]. The relationship between the measured chemiluminescence signal, S(x), and the local
chemiluminescence emission, E (r), for a specific radial plane by the IAT, is as follows [183],
[184]:

o

o r
Sx) = zfo E(r)dy = Zf EN =03

Both variables x and y are Cartesian coordinates, whereas r is the radius of the local

dr 2.10

emission. The local chemiluminescence emission, E(r), can be obtained from the 1-D
projected chemiluminescence emission signal (S). The distinct IAT is provided by [183], [184]:

Ax
2

1@ S'(r,+6
)=t [F S,
T k=j 0ifk=j;—7xifk>j \/(Tk+5)2—rjz

The lower limit depends on whether the pixel indices (k and j) in the radial direction are
equal or not. The grid size in equation 2.11 is represented by Ax. S’ is solved by the use of

difference approximations. More details about the IAT equations can be found in Dasch [183].

IAT was also used to reconstruct the images that represent soot emissions in laminar
diffusion flames. Regarding two-colour soot pyrometry results, the error comes mainly from
the line-of-the-sight nature of the technique, which creates artificial errors using the inverse
Abel transform to obtain the 2D information. The image processing aimed to correct the line-

of-sight nature of the two-colour pyrometry measurements, however, suffers the drawback of
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an artifact in the centreline due to the IAT algorithm. Nevertheless, the measurements could
provide an indication of the soot occurrence and provide relative information on the soot

concentration and temperatures among the cases of interest.

2.3.4.2 Soot Primary Particle Diameter and Soot VVolume Fraction

The mass and heat transfer process of the flame’s soot particles heated by the laser was
described broadly in previous related studies, and found that the heat conduction (conductive
cooling) is the dominant effect for the LII signal decays [98], [185]. Therefore, the formula for

the energy balance can be defined as,

dUinternal —

dt Qconduction 2.12

The shielding effect among the surrounding ambient gas and soot particle aggregates during
the heat conduction process [101] is not taken into account in this thesis. This is due to the
unavailability of transmission electron microscope (TEM) images which is needed to analyse
the size distribution of the aggregated soot particles [186]. Instead, the effective primary
particle diameter d, ., defined as the diameter of an equivalence conduction effect, which is
a function of the number of particles per aggregate and the primary particle diameter [187], is
obtained in the time-resolved LIl measurement. The effective primary particle diameter is
estimated based on the heat conduction model of [188] and the temperature decay rate 7, as

follows:

12K, artr

ek el 2.13
G LyvppCsps

peff =

Where Cs and pg are the soot’s specific heat and density, K, is the thermal conductivity of
the surrounding gases, and a is the coefficient of thermal accommodation. According to
previous related studies [98], [189], the value of p is approximated to be in the range between
1.85 and 2.26 (g/cm?®), whereas the value of Cs is temperature dependent. The factor of heat

transfer G is given by,

G = L 2.14
ar(y +1)
Where y is the gas’s specific heat ratio. The Eucken correction of the thermal conductivity

f is given by9y4—_5. Lyep s the mean free path length of this was described by [98] as,
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L kT,
MFP = N2y

Where T, is the temperature of the ambient gases, k,, is the Boltzmann constant (1.381 x

2.15

10723 J/K), a,, is the average molecular cross section for air (about 3.0 x 101> cm?), and p,

is the pressure of ambient gas (1 bar).

The internal energy term (%) is a function of the laser-heated temperature T and

time t. By assuming that the soot particles are mono-dispersed, an exponential expression
behaviour is obtained from the steadily decayed temperature difference (T — T,). Therefore,
by solving the energy balance equation when heat conduction is dominated, the temperature

can be written as

t
(T —T,) = (Tpeak — T,) €xp (— ;) 2.16

Where Tpeqk is the peak temperature of the soot particle in the cooling regime. The

temperature decay rate is calculated using the slop equation of ln(%) against the delay
peak— 1o

time t plot over equal time intervals during the heat conduction process. The other parameters
including Cs, ps, ar, K, and Lygp are estimated using the Liu model [98]. For easy comparison
with the existing literature, the k, and Lypp Values correspond to the surrounding ambient gas

temperature of 1800 K.

The soot temperatures (T;) are determined by the two-colour pyrometry method, and

calculated using the following equation derived based on Planck’s law

hc .1 1 S)2,soot Ry Az
Ts=—(——7)/(In=24+In—*=+45In= 2.17
S kp “A4 12)/( SA1,s00t Rj2 A4

Where h and c are the Planck constant and the speed of light, respectively, 4, , are the
measuring wavelengths of 550 nm and 650 nm, S ¢, is the soot signal detected by the camera,
and R is the instrument responsivity at the two wavelengths. The soot temperature is used to
obtain the soot volume fractions from the absolute LII-signal intensities regardless of the laser
fluences applied. Low laser fluences may be preferred to avoid the reduction in particle volume
at high fluence. Assuming a mono-disperse particle size distribution, the soot volume fraction

is given by [186]
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_Vas(e™s —1) 2.18
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In which V is the detection volume, A is the detection wavelength, w,, is the equivalent width
of the laser sheet, n is the detection system calibration constant, and E (m) is the soot absorption

function.

The processing of the soot emission images was conducted using MATLAB. A simple flow
chart presenting the stages in the processing of the soot data is shown in Figure 2-12. The two
images reflected into the camera (one from the 550 nm filter and other from the 650 nm filter)
were firstly aligned and rotated to provide similar image. The background noise was
subsequently reduced by background subtraction and the use of 2-D median filtering. The
background image is a mean of 100 instantaneous images captured without using a laser in
order to account for the intrinsic luminance of the flame. After that, the IAT was applied on
the two images separately. Thereafter, the ratio of the two filtered radiation images was

calculated. Next, the soot temperature and SVF were then calculated using equations shown

above.

Ratio of the
Align two Background "JI_VrgfnSSeler)ﬁ' two filtered Calculate
images subtraction separately r?glsélt?%n T & SVF

Figure 2-12 Flowchart presenting the stages in processing of the soot data.

2.3.4.3 PLIF Images

The background noise in all the images have been reduced by background subtraction and the
use of 2-D median filtering. The off-resonance frequency signal images were used for the
background noise correction as it contains signals from the fuel droplets. The median filtering
is generally used in image processing (non-linear operation) to decrease the noise. This filtering
method operates by going through all the pixels of the whole image and substituting every pixel
value with the median value of adjacent pixels. Further details about the median filtering can
be found in the Help Centre of MATLAB.
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After finishing aligning the laser, the camera was focused using a target board aligned above
the centre of the nozzle. This target board contained a pattern of intersecting squares (equal
size) with numbers inside them to assist in the scaling and aligning the images. Before the
starting of the recording data, an image of this target board was recorded without the use of
any filter. The camera settings of the gate and gain used for collecting the target board image
were 900000 ns and 45, respectively. For each case, 200 images were taken to obtain an
ensemble mean image and the images were processed via MATLAB. The target board image
was then used to rotate and align the PLIF images. After that, background subtraction was
carried out for the PLIF images. Then, the noise in the images was further reduced by the use
of 2-D median filtering. A threshold value was applied on all images, aiming to remove
unnecessary pixels. The threshold value was selected based on the percentage of the signal
level. Therefore, the threshold value is related to the background noise and signal (PLIF) levels.
All the intensities were plotted and cut-off at the threshold value. Different threshold values
were applied, and a value of 100 pixels was ultimately chosen as it could successfully exclude
the majority of the noise without removing too much of the signal. Figure 2-13 shows a

flowchart of the steps followed to process the PLIF images.
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background
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Figure 2-13 Flowchart presenting the stages in the processing of the PLIF images.
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2.3.4.4 Local Extinction

Instantaneous images of OH-PLIF were used to measure the probability density function (PDF)
of local extinction in flames. The PDF was calculated as the number of local extinctions in the
flames. The OH-PLIF images used for analysing local extinction already passed through the
processing steps shown in Figure 2-13. The local extinction was then calculated via Matlab by
manually selecting the locations where the flame is cut off, for all the instantaneous images.
The local extinction in both the inner and outer recirculation zones was taken into account. The
number of local extinction events in each of the two zones was recorded in every instantaneous
image. This was done by using the “ginput” function in MATLAB which enables one to make
as many point selections as required. MATLAB then records the number of points selected in
both recirculation zones. The results in this thesis show the PDF of the number of local
extinction from 1 to 4 only. Figure 2-14 displays an example of the local extinction in

instantaneous OH-PLIF images.
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Figure 2-14 Example of the local extinction in instantaneous OH-PLIF images.

2.3.4.5 Lift-off Height

The lift-off height was analysed and measured using OH-PLIF instantaneous images. The
lift-off height was calculated as the distance between the bluff-body and the nearest point of
the flame sheet in the outer recirculation region to the bluff-body surface, and then the PDF of
lift-off heights was plotted. The lift-off height calculation was processed in MATLAB (using
the “ginput” function) by manually picking up the end point of the flame sheet on the left and
right sides (outer recirculation zone) for each image. Flame stabilisation in terms of the lift-off

height was investigated in both stable condition pairs (S1, NB, with varying air flow rates), far
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from blow-off (S0) condition, and in the dilution air cases. Figure 2-15 displays an example of

lift-off height in instantaneous OH-PLIF images.
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Figure 2-15 Example of the lift-off height in the instantaneous OH-PLIF images.

2.3.4.6  Chemiluminescence Images

The chemiluminescence images were captured at 10 Hz and 200 to 500 frames were collected
for each flame condition. A target board image was used to rotate and align the
chemiluminescence images, in a similar method to PLIF images alignment. The instantaneous
images were then averaged. A background image was collected without having a flame on, but
with the use of a chemiluminescence filter. In addition, background images were used to correct
the background noise and 2-D median filtering was used to further reduce the noise. IAT was

then applied on the chemiluminescence images, as described in Section 2.3.4.1.

2.4 Computational Fluid Dynamics (Soot Modelling)

Part of this thesis has been concentrated on the emissions and combustion characteristics of
DME/ C2H4/ N2 co-flow flame mixtures using the Computational Fluid Dynamics (CFD)
approach. Ansys Fluent 21.1 was used to measure the flame temperature profile and species
mole fraction under different conditions. Similar boundary conditions to those used in the
experimental study were applied in this computational study to develop a new validated CFD
model tailored to the DME which is currently missing and unknown. Moreover, this thesis
investigates the impact of DME fuel on the soot model, and checks if the soot model can be

used for DME (oxygenated fuel) flames.
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A steady-state assumption can be implemented in this problem because no time dependency
is involved. This laminar co-flow diffusion flame numerical problem can be solved using the
governing equations in 2D cylindrical axisymmetric (r-x) coordinates. Hence, the conservation
equations of mass (2.19), axial and radial momentums (2.20 and 2.21) in cylindrical

coordinates can be written as follows [190]:

9 (pvy) N 1o@rpvy) _ 0 2.19
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Where v, is axial velocity component, v, is the radial velocity component, x is the axial
coordinate, r is the radial coordinate, p is the pressure, E, is the gravitational force in x
direction, p is the density of the fluid, and u, is the dynamic viscosity of the fluid. For the

species, the transport model was used to model the transport of the chemical species and

mixing. The general form of the chemical species transport conservation equation is as follow:

V.(pBY,) = —V.J, + R; + S; 2.22

Where 7 is the velocity, Y; is the mass fraction of species i, R; is the net rate production of

species i, S; is the rate of creation of species i, and ]T is the diffusion flux of species i. The

energy equation is as follows [190]:

V.[V(pEot + )] =V + Sp 2.23

n
ket VT = ) iy
i=1

Where E,.; is the total energy, k.¢ is the thermal conductivity, T is the temperature, h; is

the enthalpy for the i species, n is the number of species, and Sy, is the volumetric heat source.
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The governing equations mentioned above were solved using the finite rate method in Ansys
Fluent 21.1. This package was used due to its capacity to combine fluid dynamics and chemical
kinetics. In addition, it provides the ability to import kinetic chemical mechanisms and process
chemical kinetic equations. The pressure-based solver was selected because it provides
multiple physical features including soot model. In addition, to include both the terms of
diffusion and convection at the inlets of the net transport of species. The absolute velocity
formulation was used because it is preferred for not rotating flow in the domain. The viscous
model was selected to be laminar because of the nature of the flame. Simulations were
implemented with the Mech_56.54 mechanism and this comprises of 113 species and 710
reactions. The solution of the mass conservation is utilised to observe at every iteration the
pressure field. This was done by selecting the Coupled scheme of pressure-velocity coupling.
Second Order Upwind for the spatial discretization of the momentum, energy and all species

is used because it provides results that are more accurate.

The geometry of the system used here had a similar concept to the Yale co-flow burner
[170]. The simulation was implemented in a 2D axisymmetric space and a schematic of the
co-flow diffusion flame geometry along with the setup of the walls is shown in Figure 2-16.
The centreline of the geometry is a symmetry axis and hence only half of the geometry was
built. The port where fuel is inserted (next to the axes of symmetry) was set as a fuel inlet with
a velocity of 0.35 m/s (Normal to the Boundary) and ambient temperature. The remaining space
next to the fuel inlet was set as an air co-flow inlet with a similar velocity and temperature to
the fuel inlet. The wall was set to be stationary with no slip shear condition and flux. The exit

of the geometry was set as a pressure outlet condition.

Flame Axisymmetric
Fuel inlet Wall
Velocity-inlet —
( y ) 5 mm

Air inlet 35 mm
(Velocity-inlet)

Outlet
37mm  (Pressure Outlet)

Wall 200 mm
(Stationary & No Slip)

Figure 2-16 Schematic of the co-flow diffusion flame geometry along with the boundary conditions
setup of walls.
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Flame ignition for Steady-State Combustion Simulations in Ansys Fluent doesn’t occur
spontaneously when running the calculations. This is because the initial mixture temperature
is not higher than the activation energy needed to start the ignition. Therefore, a non-reacting
model (cold-flow) was initially ran until the convergence criteria was met in order to achieve
an ignitable fuel/air mixture zone. After that, the volumetric reaction was turned on and an
initial spark was introduced through patching a region (close to the inlets side) with high

temperature to start the ignition.

The Moss-Brookes model which was created and validated for CH4 flames was used for
soot modelling in this study. The Moss-Brookes model solves transport equations including
the normalised radical nuclei concentration (bn,.) and soot mass fraction (Y;) transport

equations [190], as follows:

d dM
—(ps¥s) + V. (psVYs) = V. (i VYS) 4+ — 2.24
at soot dt

4 He 1 dN 2.25

— (psbiiyc) + V. (ps b} )=V.(—Vb* )+ -

at pS nuc pS nuc e nuc Nnorm dt

Where M is the soot mass concentration, N is the soot particle number density, and N, y;m

is equal to 10 particles. The source terms in the above two equations refer to different

. . dM . .
nucleation soot source mechanisms. — considers that the mechanisms of the soot source are

nucleation, surface growth, and oxidation. Whereas Z—IZ only considers the gas phase (gaseous

species) as the nucleation soot source and coagulation. The oxidation model which was
reported by Fenimore and Jones [85] where OH is taken into account as a major contributor
towards soot oxidation is included. More explanation and details about the Moss-Brookes
model can be found in the Ansys Fluent theory guide [190]. The soot particle formation rate is

given by:
1
dN —CN (Xprecp)l { Ta} c (24RT)§ d%NZ 2.26
de AR ) PUTI T B\ N, ) Or
Nucleation Coagulation

Where C, and Cz are the model constant for soot inception and coagulation rate,

respectively. N, is the Avogadro number, X, is the soot precursor’s mole fraction, Ty, is the
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activation temperature for soot inception, p, is the soot mass density. The soot source for soot

mass concentration is expressed as follows:

dM XprecP\! T,
- () el
dt PC“( rT ) PU T

Nucleation

X P\™ T, 1 /6M\3
+Cy( °8° ) exp{——y} (mN)3 (—) 2.27

Surface Growth

)\/T(T[N)l/3 (%)

XouP
T

- CoxidCa) Ncoll ( R

Oxidation

Where C,,, Coxig, and C,, are the model constant for the soot surface growth, oxidation rate
scaling parameter, and oxidation, respectively. Mp is the mass of an incipient soot particle, X,
is the mole fraction of surface growth species, T, is the activation temperature for surface

growth, n..1 is the collision efficiency.

In this study, the formation of soot was solved and described through the two transport
equations shown above. C2H> and CoHs were only considered as the soot precursors to
investigate the soot formation in this study. As the Moss-Brookes soot model's default
parameters were originally identified to predict soot production in CHs combustion [191],
[192], they need to be adjusted to enhance the soot predictions of current fuels and to be able
to replicate the current experimental findings [193], [194]. The activation energy (E;ctiv) IS @
parameter that is most commonly changed in most of the modelling works that include
reactions. This is because the activation energy is simply defined as the smallest energy needed
for a reaction to occur. Therefore, the activation energy is important to be calibrated. The E ¢,

can be expressed in terms of the activation temperature (T,), as follows:

Eactiv 2.28

T. =
a R

Where R is the ideal gas constant. The Moss-Brookes soot model in Ansys Fluent allows

one to change the default parameters of the activation temperature for soot inception (7,) and
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for surface growth (T,). Therefore, these two quantities were chosen to be calibrated as they
have a direct relationship to the activation energy. The default values for T, and T, in the
Moss-Brookes model are 21100 K and 12100 K, respectively. The value of 12100 K was
initially determined by Vandsburger et al. [195]. According to the existing literature, wide
range of values have been used for both T,, and T,,. Nevertheless, all the literatures showed that
T, is always greater than T,,. Pang et al. [194] carried out a parametric study of both activation
temperatures as part of their modelling work on the production of soot from the combustion
of diesel fuel. They found that the best results were when T, and T, are equal to 16000 K and
7600 K, respectively. Leung and Lindstedt [196] proposed a reaction model for soot production
in laminar diffusion flames. They found that the activation temperature of 21100 K is the best
approximation for describing the first stage of the soot inception. Whereas for T, they
determined that the 12100 K value adequately characterises the temperature dependency of the
surface growth phase. Pang et al. [197] investigated the soot production in a n-heptane spray
flame using similar activation temperature values used by Leung and Lindstedt [196]. The
Kong et al. [198] computational study on diesel combustion used a value of 6300 K for T, and
this is lower than that used in the Moss-Brookes model. Only few shock tube researchers on
hydrocarbon blends have suggested T, values between 15000 K to 25000 K [196]. In this work,
a parametric study of the T, and T, values was carried to study their impact on the soot
production of the tested fuels as well as to select the most appropriate values for this study. The
parametric study was conducted based on the approach proposed by Pang et al. [194], in which
a test matrix was built for calibrating the activation temperatures. The test matrix is shown in
Figure 2-17 and the values included in the test matrix are based on the values suggested in
previous studies. For T, the lowest value was set to 6300 K and the highest to 21100 K, as
proposed by the model in Ansys Fluent. Whereas for T,, the lowest value was set to 3100 K
and the highest to 12100 K, as recommended by the model in Ansys Fluent. The test matrix

used for calibrating the activation temperatures is shown in Figure 2-17.
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Increasing T,

T,: T},
6300 ; 3100 16000 ; 3100 21100 ; 3100
@ ® ®

6300 ;{7600 16000 ;7600 21100 37600
® @ L

Increasing T,

6300;(12100 16000 ;12100 21100 ;12100
e e ®

Figure 2-17 Test matrix for calibrating the activation temperatures [194].

Another two important default parameters in the Moss-Brookes soot model, and need to be
calibrated because of their crucial roles in the soot generation, are the rates of soot inception
(C¢) and soot surface growth (C,) [193], [196], [199], [200]. The default values for C, and C,
suggested in the Moss-Brookes model are 54 and 11700, respectively. According to the existing
literature, many studies have used a value of 10000 for C, [199]-[201]. Whereas more variation
in the C,value has been observed in previous studies [199]-[202], ranging between 6000 to
72000. Therefore, another parametric study of the C,, and C, values was conducted based on
the approach proposed by Choo et al. [193], in which a test matrix was built for calibrating the
rates of soot inception and surface growth. Their approach was based on the values proposed
in previous studies. The test matrix used for calibrating the rates for soot inception and surface
growth is shown in Figure 2-18. For C,, the lowest value was set to be 54 (as proposed by the
model in Ansys Fluent) and the highest to 10000. Whereas for C,,, the lowest value was set to
6000 and the highest to 72000. The intermediate value of 11700 for C, was also used as

recommended by the model in Ansys Fluent.

Increasing C,,

Cys C],
54 ; 6000 5000 ; 6000 10000 ; 6000
@ ® ®

54 ;{11700 5000 ;11700 10000 ;{11700
® @ L

Increasing C,,

54 ;|72000 5000 ;]72000 10000 472000
e ® ®

Figure 2-18 Test matrix for calibrating the rates of soot inception and surface growth [193].
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A high-quality structured mesh was constructed for the domain shown in Figure 2-19 to
calculate solutions of SVF, temperature, and OH*. The type of 2D cell shape used was
Quadrilateral (4 sided cell) due its suitability for the current computation domain (structured
grid). A total number of 36,000 quadrilateral cells were generated to provide high quality
results. A fine mesh was generated near the fuel inlet and the axisymmetric wall, and it gets
coarser on moving towards the wall and outlet due to the small gradients in the laminar
diffusion flame at these areas. A mesh independence study was carried out by comparing the
temperature profile along the centreline between the chosen mesh (36,000 cells) and four
different meshes containing 9,000, 81,000, 110250, and 144,000 cells (Further details can be
found in Chapter 4). The temperature profiles of 32% C.H4 and 68% N> flame mixture were
compared with the experimental and computational outputs of McEnally et al. [203] at different
heights above the burner base to evaluate the precision of the present new computational
laminar diffusion flame model. In addition, a qualitative comparison between the OH* signal

obtained from the experimental work and the OH* from the model for F13 case was carried

out.

-
-
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-
-
-
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3
3

Figure 2-19 Mesh of computation domain.

2.5 Conclusion

This chapter described the experimental and numerical methodologies utilised in this thesis.
The 1D simulations of non-premixed laminar flames using the counter flow COSILAB package
have been described. In this thesis, two different burners are used, including a standard co-flow
burner and a bluff-body swirl spray burner, described in this chapter. Multiple diagnostic
methods have been implemented in this thesis to collect different data, as described in this
chapter. The methodologies used for processing and analyzing the data collected by different
diagnostic techniques were also described in this chapter. Finally, the setup and methods
utilized for soot modelling in CFD were also discussed.
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Chapter 3: Study of Flame Heat Release and Soot
Emissions Characteristics in 1D Chemical Kinetic
Simulations

3.1 Introduction

The novelty of this chapter is to provide a new understanding of the characteristics of soot
emission, flame chemiluminescence, and HRR through 1D chemical kinetic simulations in the
non-premixed DME/CH4 and DME/C2H4 flames. The flame structures and species profiles,
including OH*, OH, CH*, CH, HRR, CH3s, C3Hs, C2H>, and flame temperature, were calculated
numerically through 1D simulations implemented with a detailed chemical kinetic mechanism
(Mech_56.54). Additionally, the impact of adding N as a diluent into DME mixtures with

hydrocarbon biofuels was studied numerically.

Another objective of this chapter is to study the role of CHz produced from ethanol in
forming soot precursors and comparing the soot precursor’s pathway to the DME flame and its
mixtures. Thus, investigations were carried out on different mixture ratios of ethanol in CHa,
C2Has, and n-heptane flames. In addition to CHs, multiple species have been calculated
including, C3Hs, CoHz, OH, OH*, and CH*. 1D simulation employed with the San Diego
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mechanism [167] was applied using the counter flow configuration in the COSILAB package

[165] to study the impact of Ethanol addition on the emissions formation.

The results of these species will enable a better understanding of the reaction pathways of
soot and NOx emissions and investigate the relationship between the OH*/CH* ratios and
equivalence ratio (in Chapter 4). This chapter is essential as it provides a fundamental
understanding of the combustion and emissions characteristics of DME and ethanol blended
C1/C2 hydrocarbon.

Another objective of this study is to understand the formation routes of C>H> and other soot
precursors in a pure iso-pentanol flame. The isopentanol mechanism developed by Tsujimura

et al. [122] was implemented to study the iso-pentanol flame in 1D simulations.

3.2 Flame Cases

In this chapter, the DME mixture ratio S (ratio of DME in the fuel mixture) is introduced in
terms of the ratio of DME volumetric flow rate to the total fuel volumetric flow rates, i.e., § =
Qpme/2Qruer- Whereas the fuel mixture ratio « (ratio of the fuel in the mixture) is defined as
the ratio of the total fuel volumetric flow rate to the total volumetric flow rate of the central jet,
including Ny, i.e., @ = Y.Qfye1/X.Qjec- The mixing ratios of the DME flames and its mixtures

with CH4/C2H4/ N2 are shown in Table 3-1.

Table 3-1 Boundary conditions of the DME flame and its mixture.

Jet component Case B a
F1 0 1
F2 0.25 1
DME/CH, F3 0.50 1
F4 0.75 1
F5 1 1
F6 1 0.75
DME/N, F7 1 050
F8 1 0.25
F9 0 0.75
CHa/N, F10 0 0.50
F11 0 0.25
F12 0 0.60
DME/C;H4/N, F13 0.50 0.60
F14 0.25 0.85
F15 0.50 0.75
DME/CH./N; F16 0.75 0.70
F17 1 0.60
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For ethanol mixtures, 1D simulations were conducted across a wide range of ethanol mixing
ratios along with CoHa/ CH4/ C7H1e (individually) fuels, mixing conditions shown in Table 3-2.
The C;H> and CszHs mole fraction profiles were used to evaluate the soot formation
characteristics because PAH species and benzene are not contained within the San Diego

mechanism. Whereas NO species was used to indicate the formation of NOx emissions.

Pure iso-pentanol flame was also investigated in 1D simulations in COSILAB. The
isopentanol mechanism developed by Tsujimura et al. [122] was used to investigate the pure

iso-pentanol flame. No mixed cases were investigated with iso-pentanol.

A Fixed strain rate value of 100 s was initially used throughout all cases (3.3.2, 3.3.3 &
3.3.4 subsections) and then was varied to investigate the quenching point for some of those
flame cases (3.3.5 subsection). The simulated flame cases' fuel inlet temperature and pressure

were set to 298 K and 1 bar, respectively.

Table 3-2 Boundary conditions of the ethanol flame and its mixture.

Jet component Case Ethanol Fuel
Mixing Mixing
Ratio Ratio
C1 0 1
C2 0.25 0.75
C2HsOH/CH4 C3 0.50 0.50
C4 0.75 0.25
C5 1 0
C6 0 1
C7 0.25 0.75
C2HsOH/C3H, c8 050 050
C9 0.75 0.25
C10 0 1
Ci11 0.25 0.75
C,HsOH/C7H316 C12 0.50 0.50
C13 0.75 0.25

3.3 Results and Discussions

The main species profiles and peak values of OH*, OH, CH*, CH, HRR, CH3, C3sH3, C2H2 and
flame temperature obtained from the numerical simulations are presented and discussed in each
subsection. The pathway analysis was used to identify the main pathways that contribute to the

formation of the soot precursors, CoH> and CsHs in the work.
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The following subsections start with the discussion on the model validation of the
Mech_56.54 mechanism (Section 3.3.1). After that, the impact of the DME addition to the
methane is discussed in Section 3.3.2.1, followed by the comparison with results of the N2
addition to methane or DME (Section 3.3.2.2), and of the DME addition to ethylene cases
(Section 3.3.2.3) on the HRR and soot emissions. The effect of ethanol addition on the flames
temperature, soot, and key species mole fractions including NO, OH, C3Hz and CzH> is
addressed in Sections 3.3.3. The 1D simulation results of pure iso-pentanol are discussed in
Section 3.3.4. Finally, strain rates required to quench the flames are then presented and
discussed (Section 3.3.5).

3.3.1 Modelling Validation

The Mech_56.54 mechanism has been already validated for DME, CH4, and their mixtures by
Burke et al. [166] using a range of their data and previous literature data. In this section, the
Mech_56.54 mechanism was validated in a 1D counter flow diffusion CoHs flames with the
available results of CoHs in the Yoon et al. [104] study. Fig. 3-1A shows the comparison
between the current simulation and Yoon et al. [104] results of CoH. and C3Hsz mole fractions
of pure CoHs fuel. As seen in Fig. 3-1A, the C3Hs mole fraction of both results increased
monotonically with the increasing temperature. Whereas the comparison of the C.H2> mole
fraction shows that both profiles peaked at about 1500 K. Overall, the current simulations
showed good agreements with the Yoon et al. [104] outputs. Figure 3-1B shows a comparison
between the peak values of the OH* mole fraction calculated by the current simulation and
peak values of OH* intensity (normalized) measured from the counter flow experiment for the
CHa4/N2 flame mixture. The comparison here is between OH* mole fraction values and
chemiluminescence intensities, so they are not expected to be identical. However, they should
have similar trend, as shown in Fig. 3-1B. Therefore, the current simulation is in good
agreement with the counter flow experimental results in terms of the trend in the peak values

profile.
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Figure 3-1 A) 1D counter flow flame COSILAB current simulation and Yoon et al. [104] results of
C2H; and CsH3; mole fractions against the temperature of pure C,H, fuel. B) Comparison between the
peak values of OH* mole fraction calculated by current simulation and peak values of OH* intensity

measured from the counter flow experiment for the CH4/N2 flame mixture.

3.3.2 DME Blend with Methane (CHa) and Ethylene (C2Ha)

3.3.2.1 DME/ Methane (CH4) Mixtures

The DME/CH4 flames (F1-F5) results are plotted against the mixture fractions in Figure 3-2
A-C. The stoichiometric mixture fraction (&s) values are 0.054, 0.069, 0.081, 0.090, and 0.098
for F1 (pure methane), F2, F3, F4, and F5 (pure DME), respectively. Figure 3-2A compares
the normalized peak values of flame temperature, HRR, CH3, C3Hs, CH*, OH*, OH, CH, and
C2H2 mole fractions produced from the different conditions of DME/CH4 mixtures. The
normalizations were achieved by referencing to the peak values of the baseline case (pure
methane - F1 for the cases with methane, pure DME - F5 for the DME/N: cases, and F12 for
the DME/C2H4 cases). The species mole fraction peak values for the baseline cases are
summarised in Table 3-3. It is observed that with increasing DME mixture ratio, f, the peak
values of the flame temperature (T) and OH increase gradually, whereas HRR, CH*, OH*, and
CH mole fractions decrease. The peak temperature of DME is higher than that of methane by
about 47 K. It also showed that DME addition to methane reduces the formation CHs and soot
precursors in the mixture, as indicated by the drop of the CsHs and C2H2 mole fractions shown
in Fig. 3-2A.

OH and OH* are both considered hydroxyl radical, but OH* denotes the molecule in an excited
state, whereas OH represents the molecule in the ground state. OH* represents HRR more
accurately than OH because it is created at high temperature and produces a narrow spectrum

of light directly proportional to the amount of HRR. The area under the curve of a specie’s

75



mole fraction can be used for quantifying the total number of moles of the species in the flame.
Despite the decrease in the peak value of OH* mole fraction and HRR as DME was added to
methane, the area under the curve of the OH* mole fraction and HRR increased with the
addition of DME. It was observed that the percentage contribution of oxygen (O) in forming
OH* increases when adding more DME. The percentages contributions of oxygen (O) in
forming OH* from the reaction of H+ 0+ M < OH* + M are 16.4%, 22.2%, 27.2%, and
34.2% for F1, F2, F3, and F5, respectively. Where H is hydrogen and M is a third body molecule

(non-reacting molecule).

CH*, OH* and HRR peak values reach the lowest in the pure DME case (Figs. 3-2 A, B).
Both OH* and CH* mole fraction profiles start increasing in the rich side of the stoichiometric
line in all cases shown in Figure 3-2B, and as the DME mixing ratio increases, both mole
fraction profiles start increasing further away from the stoichiometric line. A clear overlap of
CH* and OH* profiles with the rich side of the HRR profile is observed, confirming the validity
of utilising OH* and CH* chemiluminescence as markers for HRR regions on the rich side.
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Figure 3-2 1D counter flow flame COSILAB simulation results from the various DME/CH4 mixtures
(F1-F5): (A) normalized peak values of key species, T and HRR, (B) profiles of HRR, CH* & OH* in
mixture fraction zone, referenced with the stoichiometric values, and (C) comparison of CoH,, CsHz &
CHjs profiles for the five cases.

Table 3-3 Species mole fraction peak values for the baseline F1, F5 and F12 cases.

Case T (K) OoH* CH* HRR CH3 CzHs CoH; OH CH
F1 1857.85 28E-09 2.75E-11 3.59E8 53E-04 6.88E-04 7.6E-03 9E-03 3E-6
FS 1904.68 5.7E-10 1E-11 2.39E8 3.7E-04 456E-04 59E-03 9E-03 6.8E-6
F12 1986.74 3.0E-09 4.99E-11 2.75E8 2.91E-04 1.32E-03 34E-02 6E-03 5.0E-06
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Regarding the soot precursors’ behaviours, the results are shown in Figs. 3-2A and 3-2C.
Contrary to the findings for the DME addition to ethylene in the literature [4], no increase in
the peak values with little addition of DME (25%) to methane was observed in the numerical
results (Fig. 3-2A) for the C3Hz and C>Hz. Nevertheless, the integrated CoHo profile (Fig. 3-2C)
increase could indicate higher soot concentration. CoHz was shown to be only present in the
fuel-rich side for all the cases shown in Fig. 3-2C, in which it starts increasing at about £ = 0.1
and reaching its highest value at £ = 0.11 for the pure methane case and at § = 0.19 for the pure
DME case, and afterward it starts decreasing again to zero. In Figure 3-2C, the C;H> and CsHs
mole fraction profiles are found to start increasing further away from the stoichiometric line
(at a larger mixture fraction value) as the DME mixing ratio increases, which likely indicates

less soot precursors reaching the flame sheet.

From the pathway analysis shown in Fig. 3-3, the soot reduction when adding DME to the
methane flame is related to the decrease of the net concentration of CHs, which further leads
to the reduction of the net production of C2H. and CsHs. In the pure methane case (Fig. 3-3,
F1), formation pathways show that C>H> was primarily formed from CyHs, and the latter is
formed mainly from C>Hs. C2Hs was mainly formed from CzHs. Multiple species, including
CHs, C2Hs, C3Hsg, and 1C3Hy, contribute to forming C2Hs in the pure methane case. Whereas in
the mixed case (Fig. 3-3, F2), although the species contributing to forming C2Hs are similar to
the pure methane case, the percentages of their contributions towards C;Hs are reduced, thus

causing a decrease in the C2H2 and CsHz mole fractions.
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Figure 3-3 Dominant decomposition pathways of F1 (top) & F2 (bottom) cases. Values alongside

arrows specify percentage of its contribution.
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3.3.2.2 DME/N2 Mixture and CH4/N2 Mixture

To maintain the power output at various DME mixing ratios, N> was introduced to the fuel
mixture in equal power output cases. In this section, the effect of N> addition alone to the
methane or DME flames was investigated, and the results are presented. This will assist in
clarifying the soot emissions behavior in the equal power output section discussed later in
Chapter 4.

The flame temperature, OH, CH, OH*, CH*, HRR, CHs, C3H3, and C>H: peak value profiles
for CH4/N2 mixtures normalised by the peak values of F1 case (Table 3-3) are displayed in Fig.
3-4A. Fig. 3-4A shows that the addition of N2 into CH4 flames reduces the HRR, T, OH, CH,
OH*, and CH* peak values. The OH* intensity was also investigated experimentally in counter
flow (CF) CH4/N2 flames to validate the 1D numerical results. The results of CF flames
confirmed that adding N2 to CH4 reduces the OH* values (Figure 3-4A). Furthermore, CHs,
C3Hs, and C2H2 mole fractions were decreasing with the increase in N2 mixture ratio, indicating
less production of PAH and hence soot. In general, adding N2 lowers the flame temperature,
which can result in reducing the CsHs and C2H2 mole fractions. The N2 addition to CH4 fuel
(75% of N2 & 25% of CHa, F11 case) resulted in shifting the OH and HRR Profiles more into
the lean region and caused C2H> to start forming in the lean side at a mixture fraction of 0.21
(¢ = 0.26) as shown in Figure 3-4B. This could be caused by the mixture’s local
thermophysical characteristics (such as flame temperature) being influenced by the N> heat

capacity, and hence alterations in the chemical Kinetics occurred [204].
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Figure 3-4 1D counter flow flame COSILAB simulation results from A) CH4/N, mixtures peak
values, B) F1 and F11 HRR, OH and C;H; profiles: profiles of main species.
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The behaviour of species profiles in DME/N2 mixtures is quite similar to those in CH4/N2
mixtures, as shown in Fig. 3-5. Figure 3-5 shows that the addition of N, into a DME flame
resulted in a significant decrease in the peak value for most species (i.e., CoH2, C3Hs, OH, CH
and OH*) and a graduate decrease in CH3z, HRR, CH* and T. The result of OH* for the 0.75
N2 mixture ratio case is not shown in Figure 3-5 because the simulation model was not
predicting well the OH*. The counter flow diffusion flames of DME/N; — air were not available
to conduct in the current work to compare with the simulated results. The unexpected OH*
behaviour for the 0.75 N2 mixture ratio case suggests more investigation into the mechanism
to be carried out in the future. Figure 3-5 shows that C;H> decreases in the mixture as the
mixture ratio of the N2 increases, agreeing with the soot appearance in the experimental Co*
and CH* chemiluminescence results (shown later in Chapter 4). Furthermore, N> addition also
shifted species profiles and the &t lines towards a higher mixture faction value, with the &
values at 0.098, 0.115, 0.149, and 0.235 for F5, F6, F7, and F8, respectively.

12 DME/N, Mixtures

o -
[=-] o
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] ]

Peak Values
o
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OH* =—A=—T —+=CH*
—%—CH, HRR —#%—CH
—|=OH —x—C,H, —a—C.H,

Figure 3-5 1D counter flow flame COSILAB simulation results from DME/N, mixtures peak values.
o indicates the fuel (DME) percentage in the fuel stream (DME, N2 mixture).

3.3.2.3 DME/C:H4/N2 Mixtures
This subsection discusses the results for the DME/C2H4/N> flames. Numerical results of the

DME/C2H4/N2 mixtures are shown in Figs. 3-6A-D, at various DME mixture ratios (8 = 0,
0.25, 0.5, 0.75, and 1), with constant fuel mixture ratio (a = 0.6). It is noticed in Fig. 3-6A that
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most of the species peak values are decreasing as more DME is introduced, except for C3Hs,
which increased with 25% DME addition and then subsequently reduced as £ increased. The
peak mole fractions of OH* in Fig. 3-6A are positively correlated with the flame HRR similar
to the F12 case results shown in Fig. 3-6B. Figures 3-6A-D illustrate the flame temperature,
OH, CH, OH*, CH*, HRR, CHs, C3Hs, and C2H2mole fraction profiles of DME/C2H4 with N2
mixtures. As an increased percentage of DME is introduced to the ethylene fuel stream, the
areas under the C2H> and C3Hj3 profiles are decreased. Additionally, the CHs peak mole fraction
increases as the DME mixture ratio increases. The role of CHz in the formation of CoH> and

CsHzs is discussed in the pathway analysis (Fig. 3-7).
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Figure 3-6 1D counter flow simulation results: A) normalised peak values of the major species, T and
HRR, species profiles from B) /= 0 (F12), C) = 0.25, and D) 5 = 0.50 (F13).
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Figure 3-7 Dominant decomposition pathways of F12 & F13 cases. Values alongside arrows specify
percentage of its contribution. Red value colored and dashed arrow indicate reverse contribution.

The pathways analysis shown in Fig. 3-7 illustrates that the combustion of CoHs initially
generates mostly C: species, for example, C2Hs, C2Hs, and C2H2. Therefore, it is likely that the
CHjs intensity is low in a pure C2H4 flame. Whereas the dissociation of DME produces CHz in
the Mech_56.54 mechanism via the CH;0CH, < CH3; + CH,O reaction. Consequently, the
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concentration of CHjs rises with adding DME, as indicated in Figs. 3-6 and 3-7, and hence the
net formation of C3Hs increases initially through reactions the C,H, + CH; & C3H, — P+ H
and C3H, — P & C3H3 + H and reduces at high DME mixture ratios due to limited CoHz. A
reduced C>H: net concentration is obtained due to the reduced amount of CoHs and the

additional reaction with CH3 to form CsHs.

3.3.3 Ethanol Mixtures with Methane (CHa), Ethylene (C2H4) and
N-heptane (C7H1s)

To study the impact of Ethanol addition on the emissions generation, a 1D simulation was
carried out using the San Diego mechanism [167] in counter flow configuration in the
COSILAB software [165]. The San Diego mechanism was developed in the early 1990s, and
since then, it has undergone several revisions and improvements, the latest updated version,
which was released in 2016, was used in this study. Several experimental data sets, including
species profiles, laminar flame speeds, ignition delays, and extinction limits, have validated the
San Diego mechanism [167]. A comparison between the San Diego mechanism and the
Mech_56.54 mechanism was carried out in this study, as presented in Fig. 3-8, for pure CoHs
flame to ensure the simulation models are consistent. The OH mole fraction results calculated
by the San Diego mechanism are in good agreement with the results of the Mech_56.54
mechanism. For C>H> mole fractions, the Diego mechanism is slightly lower than the

Mech_56.54 mechanism results.
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Figure 3-8 Comparison between the San Diego mechanism and the Mech_56.54 mechanism for C,H,
and OH mole fractions against temperature of pure CoHa fuel.
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3.3.3.1 Ethanol/Methane (CH.) Mixtures

The results for Ethanol/CH4 flames (C1-C5) are plotted against the mixture fractions in Figure
3-9 A-B. Figure 3-9A compares the normalized peak values of flame temperature, CHz, C3Hg,
OH, CH and C>H, mole fractions produced from the different conditions of Ethanol/CH4
mixtures. The normalizations were achieved by referencing to the peak values of the baseline
case (which is pure methane - C1 for the cases with methane, pure ethylene — C6 for the
ethanol/C2Hs cases, and pure n-heptane — C10 for the ethanol/C7H1¢ cases). It was observed
that increasing the ethanol quantity (25%), increases the flame temperature and then decreases
gradually as more ethanol is added. However, the pure ethanol case was found to have lower
peak temperature than the mixed cases and a little higher than pure methane case. It was also
observed that adding ethanol to CH4 flame increased the OH mole fraction by about 0.0002405
(75% ethanol & 25% CHa flame blend), and so as reducing the CH mole fraction.

The peak values of NO mole fraction species profiles for Ethanol mixtures with CHg are also
plotted against the ethanol mixture ratio in Fig. 3-9A. It was found that increasing the quantity
of the ethanol in the mixture increases the NO mole fraction peak value. The increase in NO
peak values with the increase in ethanol mixing ratio in CH4 flames could be because NO forms
via the oxidation of atmospheric nitrogen (N2) with the oxygen (O2) in the air through the
thermal mechanism (as was mentioned in the literature review). Furthermore, as more ethanol
(oxygenated fuel) is added to the mixture, the amount of oxygen increases, and hence NO
increases. In addition, it was shown earlier that the OH mole fraction increases with increasing
the ethanol quantity in CH4 flame, which could also increase the NO through the HNO + OH <
NO + H,0 & N 4+ OH < NO + H reactions. The two explanations mentioned above are valid

for the mixture of ethanol and CHa.

In the ethanol mixtures study, soot formation behaviour was also investigated through C>H>
and C3Hz mole fractions because the San Diego mechanism does not include benzene PAH
species. CsHz mole fraction peak values decreased with increased ethanol quantity in CHs (as
shown in Figure 3-9B). This was probably due to the slight increase in the formation of OH
mole fractions in ethanol/CH4 mixtures (as shown in Figure 3-9A) attacking the soot precursors
and soot particles, reducing the soot formation. Nevertheless, the CoH> mole fraction increased
when ethanol was added to the CHa. It was found that Ethanol (C2HsOH) directly contributes
in forming C2H4 through the C,H;OH(+M) < C,H, + H,O0(+M) reaction, as shown in Figure

3-10 (case C2). CoH4 is known to be one of the main contributors to forming C>H> and soot.
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Hence, this also explains why the C2H, mole fraction increases as ethanol is added to CHa.
C2Ha contributes in forming C2H> indirectly through CzHs, where 74% of C2Ha consumes in
forming C2Ha, and the latter contributes by 38% to form CzH.. In addition, CHys is one of the
main contributors to forming C2H>. It was noticed in the pathway analysis of case C2 that the
addition of C,HsOH contributes to forming more CHas, and hence the quantity of CzH>
increases. In the pure methane case (F1 shown in Figure 3-3), the pathway from CH4 to C2H>
is CH, -» CH; - C,Hg —» C,Hs —» C,H, = C,H; — C,H,.
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Figure 3-9 1D counter flow flame COSILAB simulation results from the various Ethanol/CH,
mixtures (C1-C5): (A) normalized peak values of key species, and (B) comparison of C;H, & CsHs
profiles for the five cases.

Figure 3-10 also shows that as ethanol is added to the CHs flame (C2), CsHs starts
contributing less in forming C3Hs. This may explain why the C3sHz mole fraction reduces as
more ethanol is added to the methane. However, as more ethanol is added, it was also noticed
that CsHs starts contributing more in forming both CoHz and C2H> through the following
reaction C,Hg + CH; < CH, + C,H, + C,H3. Therefore, the CsHg radical also plays a role in

increasing the C2Hz mole fraction.
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Figure 3-10 Pathway analysis of C2 case. Red value colored indicate reverse contribution.

3.3.3.2 Ethanol/Ethylene (C2H4) Mixtures

The results for Ethanol/C2H4 flames (C5-C9) are plotted against the mixture fractions in Figure
3-11A-B. Figure 3-11A compares the normalized peak values of flame temperature, CHs,
CsHs, OH, CH and CzH2 mole fractions produced from the different conditions of Ethanol/CzH4
mixtures. All the species and flame temperatures presented in Fig. 3-11A decreased their peak
values as the ethanol mixture ratio increased in the C,Hs flame. The peak values of soot
precursors were also decreased as the ethanol mixture ratio increased in the CoHas flame,
although the peak values of OH radicals in ethanol/C2H4 mixtures (that would attack the soot

precursors and soot particles) were also decreased.
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Figure 3-11 1D counter flow flame COSILAB simulation results from the various Ethanol/C;H,4
mixtures (C5-C9): (A) normalized peak values of key species, and (B) comparison of C;H, & CsHs
profiles for the five cases.

The results of the C2H2 mole fraction for the ethanol/ ethylene mixture shown in Figure
3-11A don’t agree with McEnally and Pfefferle [114] and Bennett et al. [96]. Both of these
studies [96], [114] concluded that adding ethanol to ethylene resulted in increasing soot and
benzene (CeHs) formation. In the present study, soot precursors decreased with adding ethanol
to ethylene. The current result is as expected, as ethanol is known to generate a low quantity of
soot compared to ethylene. Figure 3-12 shows the pathway analysis of cases C6 and C7
generated from the current simulation. The pathway analysis displays that the amount of CoHa
decreases as more ethanol is added, and hence this is likely to be the main reason behind the
decrease in C2H> mole fraction. In the C7 case, ethanol is observed to generate CHz directly
through C,HsOH(+M) < CH; + CH,OH(+M) reaction, and C;Hs via C,H;OH(+M) <
C,H, + H,0(+M) reaction. The direct and indirect generation of CoH> mole fractions from
CHain the C7 case is very low (<1.6%). The pathway route through C2Hs and C2Hs is the only

one that contribute significantly to forming C2Ho.
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Figure 3-12 Pathway analysis of cases C6 (top) and C7 (bottom). Red value colored indicate reverse
contribution.

Previously, there has been a disagreement about the formation route of CegHe in an
ethanol/ethylene mixture. The previous studies suggested that CeHs can be either formed from
the self-reaction of C3Hs or through the reaction of C;H> with C4Hs. The current mechanism
does not include C4Hs; hence, this study cannot make comments about the route of CsHs.
However, the behaviour of the CsHz mole fraction should still give a valid indication of the
CesHe behaviour. As shown in Fig. 3-11A-B, both C2H> and CsHz mole fractions were reduced
when ethanol was added to ethylene. Regarding the formation pathway of C3Hs, it has been

found that CHs (produced from ethanol) generates CsHe through the C;H; + CH; & C,Hg
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reaction (two ways reaction). Moreover, the C4He (produced from ethylene) generated through
the C,Hg + H & C,H;3 + C,H, reaction produces CHz with a contribution percentage of about
42.9%. Whereas, CH3 (produced from ethanol) generated through the C,H;OH(+M) < CH; +
CH,OH(+M) reaction produces CsHe with a contribution percentage of about 15.7%.
Nevertheless, the current analysis shows that the dependence of C3Hz on CsHe is more than
CHas. Thus, C4Hg reduces as the amount of C2H4 reduces, and hence the C3sHs mole fraction

decreases.

3.3.3.3 Ethanol/ N-heptane (C7H1s) Mixtures

The results for Ethanol/C7H1s flames (C5, C10-C13 cases) are plotted against the mixture
fractions in Figure 3-13A-B. Figure 3-13A compares the normalized peak values of flame
temperature, CHs, CsHs, OH, CH and C:Hz> mole fractions produced from the different
conditions of Ethanol/C7H1e mixtures. Most of the species and flame temperature presented in
Fig. 3-13A decreased their peak values as the ethanol mixture ratio increased in the C7Hze
flame. An unexpected significant decrease in the OH mole fraction was detected in case C12
(50% Ethanol & 50% Heptane), which suggests further investigation on the mechanism used
to understand the reason behind this decrease. However, C10 (pure Heptane) and C5 (pure
Ethanol) have almost equal OH mole fraction peak values of 0.0059 and 0.0057 for pure

Heptane and Ethanol, respectively.
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Figure 3-13 1D counter flow flame COSILAB simulation results from the various Ethanol/C7Has
mixtures (C5, C10-C13): (A) normalized peak values of key species, and (B) comparison of C;H, &
CsHs profiles for the all cases.

In all cases, it was observed that with increasing the ethanol quantity in C7H1e flames, the
CsHs mole fraction decreases, as shown in Figure 3-13B. C2H2 mole fraction was also reduced
as more ethanol was added to C7Hze, as shown in Figure 3-13A-B.
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The peak values of NO mole fraction species profiles for Ethanol mixtures with C7Hze
flames are plotted against the mixture fractions in Figure 3-13A. It was observed that the NO
mole fraction decreases with increasing the ethanol quantity. The increase in the amount of
oxygen (caused by ethanol) does not appear to play a role in ethanol-CoHs-C7H1s mixtures
because no NO mole fraction was detected. Therefore, it can be concluded that the dependence
of the NO mole fraction on OH radicals is more than those of Oz. Figure 3-14 displays how
OH contributes to forming NO in the pure heptane case (C10). In the San Diego mechanism,
the OH radical reacts with NH. to form water and NH, and then NH reacts with oxygen forming
NO. Moreover, OH reacts directly with nitrogen and forms NO. Therefore, OH plays a critical

role in the NO behaviour.
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Figure 3-14 The pathway analysis from OH to NO in pure heptane case (C10).

Figure 3-15 shows the pathway analysis of the pure n-heptane case (C10) and the mixed
case of 75% n-heptane and 25% ethanol (C11). The percentage contribution of C7Hie to CHg,
C2Ha, and C2Hs is almost the same in both cases presented in Fig. 3-15. However, the fuel
concentration of C7Hze is less in the C11 case, which resulted in producing lower amounts of
C2Ha. In case C11, ethanol also contributes to forming CzHa by 38%; however, C2Has only

contributes by 3% in forming C2Ho.
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Figure 3-15 Pathway analysis of cases C10 (top) and C11 (bottom). Red value colored and dashed

arrow indicate reverse contribution.

3.3.4 1D Simulation of the Iso-pentanol Flame

1D counter flow flame simulation of pure iso-pentanol was also investigated in COSILAB
using an isopentanol mechanism developed by Tsujimura et al. [122]. Figures 3-16 show the
flame temperature, OH, CHs, CsHs, and C2H2 mole fraction profiles of the pure iso-pentanol

flame. The stoichiometric mixture fraction (&st) value of iso-pentanol is 0.23748. The peak
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flame temperature of pure iso-pentanol is 1938.5 K, whereas the peak flame temperature of
pure n-heptane is 2017.56 K (n-heptane results obtained from the San Diego mechanism). The
mole fraction of CoH> was the highest amongst the other soot precursors, i.e., CHz and CzHs,
in pure iso-pentanol flame, as shown in Figure 3-16. Figures 3-17 illustrate the pathway
analysis in the pure iso-pentanol flame. The direct contribution of iso-pentanol in forming CHs
is only 1.86%. The pure iso-pentanol (ICsH11OH) is mostly decomposed to different isomers
of the CsH10OH, as seen in Fig. 3-17. The CHs is mostly formed indirectly through isobutyl
(IC4Ho). The formation of C2H> is shown to be formed mainly through two routes; one through
CH; -» C,H, -» C,Hs —» C,H, —» C,H; —» C,H,, and the second through C;Hg — C,H; —
C,H,. The propene (CsHe) route originated from the decomposition of iso-pentanol to
LCsH100H (known as a-hydroxypentyl radicals [122]). The contribution in producing C2Ha in
the pure n-heptane flame (Fig. 3-15, C10) is more than in the pure iso-pentanol flame (Fig. 3-
17). This is possibly because pure n-heptane is actually a larger hydrocarbon than the pure iso-
pentanol, and so more likely for the pure n-heptane to go through many chemical processes
needed to decompose into CoHa. Therefore, the production rate of CoH. is more likely to be

higher in the pure n-heptane flame.
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Figure 3-16 Flame temperature, OH, CHs, CsHs and C;H; mole fraction profiles of pure iso-pentanol
flame.
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Figure 3-17 Pathway analysis of pure iso-pentanol case. Red value colored indicate reverse
contribution.

3.3.5 Increasing the Strain Rate

The quenching point of some flame cases discussed above has been investigated numerically
in COSILAB. The arclength-continuation procedure was used in which the strain rate was
increased gradually until the quenching point Q was encountered. Increasing the strain rate in
the counter flow configuration reduces the adiabatic flame temperature, and after a certain
strain rate value, the flame gets extinguished [42]. This is because as the strain rate increases,
the residence time reduces. Hence, less fuel/ air mixture is transferred to products (the diffusive

time scale becomes shorter), and eventually, the flame is extinguished.

As seen in Table 3-4, pure DME and C2H4 flame's quenching points occur at the highest
strain rate (>1300 s) among the single-fuel flames. The combination of DME and C;H4 with
a mixing ratio of 50:50 was quenched at a higher strain rate than that of pure DME. Pure CH4
and C7H16 flames were quenched at strain rates of 450 s™* and 800 s2, respectively. The addition
of DME to CH4 and C7H36 has increased the strain rate value required for quenching, as shown
in Table 3-4.
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Table 3-4 Quenching point of multiple flames

Flame & Mixing Ratios  Strain Rate at Quenching Point (s™)

Pure DME 1400
Pure CoH4 1500
Pure CH4 450
Pure C7H1s 800
DME+ CH,4 50:50 1000
DME+ C;H.4 50:50 1500
DME+ C7H36 50:50 1000
DME+ C7H15 10:90 850
DME+ CH,4 25:75 750
DME+ CH,4 75:25 1200

3.4 Conclusion

The work conducted in this chapter focused on investigating various flame mixtures in 1D
simulations using the COSILAB software. This chapter provided a new understanding of the
characteristics of soot emission, species profiles, flame chemiluminescence, and HRR in the
non-premixed DME/CH4 and DME/C2H4 flames. In addition, a numerical analysis was done
to determine the effects of adding N2 as a diluent to DME blends with hydrocarbon biofuels.
Investigations were also carried out on different mixing ratios of ethanol in CH4, C2Ha4, and
n-heptane flames. The role of CH3 produced from ethanol in forming soot precursors was
studied, and the soot precursor’s pathway was compared to the DME flame and its mixtures.
The formation routes of C2H> and other soot precursors in pure iso-pentanol flame were also

investigated in this chapter. The key conclusions from this chapter are as follows:

1- The results showed a decrease in soot precursors (C2H2 and C3Hs) concentration as the
DME mixture ratio increased in the methane flame. Whereas the small addition of DME
(25%) into an ethylene flame contributed to an increase in the concentration of CsHs, it
is considered a vital species besides C2H: that contributes to the forming CsHe and soot.
However, as the DME mixture ratio increased further into the ethylene flame, the CsH3

species concentration decreased.

2- Pathway analysis showed that in DME/CH4 flame mixtures, CHz significantly affected
the formation of soot precursors such as CoHz, CsHs, from which potentially further
forms CeHs. While in the DME/C2H4 flame mixture, CHs had a positive influence on
the CsHs3 net production under small DME mixing ratios (25%). CsHz and C2H> soot

precursors were found to decreases as the DME mixture ratio increases in the CHa
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flame. Nevertheless, the integrated C3Hs and CoH: profiles increased with a 25% DME
mixture ratio.

F12 and F13 cases displayed a reduction in HRR and C2H:> peak values as more DME
and N2 were added simultaneously to the ethylene flames. In addition, the integrated
area of the CoH> and CsHz species profiles were decreased.

Flame temperature peak values decreased as the ethanol mixing ratio was increased in
the CHs, CoHs, and C7Hi1e flames. In the ethanol/CH4 mixture, CoH> peak values
increased with adding ethanol to CHs, while CHs and CsHs mole fractions were
decreased with increasing ethanol mixing ratio in the fuel stream.

In the ethanol/ CH4 mixture, it was found that ethanol addition contributes to forming
more CHa to the quantity already exists in the fuel stream. Hence, CHs increases the
quantity of CoHz through the pathway of CH, - CH; - C,Hg = C,Hg —» C,H, —
C,H; — C,H,. Whereas in the ethanol/ C2Hs mixture, ethanol addition was observed to
generate CHs directly; however, the amount of CoH> and CsH3 was reduced.

The peak values of NO mole fractions were found to increase when ethanol was added
to CHa, but it was decreased when ethanol is added to CoHs4 and C7Hie fuels. The
dependence of the NO mole fraction on OH radicals was observed to be more than those
of Oa.

In the pure iso-pentanol flame, the formation of C>H> was found to be formed mainly
through two routes; one through CH; -» C,H, —» C,H; — C,H, —» C,H; - C,H,, and
the second through C3H, —» C,H; — C,H,. The contribution in producing C2H4 in the
pure n-heptane flame was more than in the pure iso-pentanol flame.

Adding DME to CH4 and C7Hie has increased the strain rate value required for

quenching.
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Chapter 4: Co-flow non-premixed DME/C1-C2
hydrocarbon flames Experimental and Modelling
studies

4.1 Introduction

This chapter aims to experimentally study the impact of adding DME to methane and ethylene
fuels, across a full range of DME mixing ratios, on flame heat release and reaction zone using
CH*, OH*, and C>* chemiluminescence. In addition, a detailed mechanism and species
transport model are used in a computation fluid dynamics (CFD) study to predict the
temperature distribution in 2D. The CH*, OH*, and C>* chemiluminescence results were used
to locate flame heat release regions and investigate the soot signal’s effect on their
measurements. The ratios of the chemiluminescence pairs (OH*/CH*, OH*/C,*) were studied

on the feasibility of mapping local equivalence ratios.

Another aim of this chapter is to validate the CFD model using current experimental results
of OH* and temperature profiles from the literature and study the impact of DME addition on
flame temperature. This thesis's modelling study primarily concentrated on the soot emissions
and combustion characteristics of DME/C2H4/N2 co-flow flame mixtures using the CFD
approach. Soot modelling validation and results for the different mixing conditions of
DME/C2H4/N> co-flow flames will be presented and discussed in Chapter 6 (along with the
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experimental soot emission results). Similar boundary conditions to those of the experimental
study were applied in this computational study to develop a new validated CFD model tailored

to DME, which is currently missing and unknown.

4.2 Flame Cases

The flame cases investigated in this chapter are similar to those in Table 2-1 (Chapter 2). The
description of the experimental setup was mentioned in Section 2.3.2.1. The co-flow burner
used in this work for collecting chemiluminescence measurements had a similar structure to
the Yale co-flow burner [170].

Different conditions of DME/C2H4/N> co-flow flame mixtures were tested in this study. The
numerical simulation conditions are displayed in Table 4-1. In this work, the DME mixture
ratio is introduced by the ratio of the DME in the fuel mixture. In contrast, the fuel mixture
ratio without including nitrogen (N,) is introduced by « (ratio of the fuel in the mixture). The
oxidizer mixture (21% Oz and 79% N2) was kept constant throughout all cases.

Table 4-1 The numerical simulation conditions.

Case DME Mixing C-Hs Mixing N2 Mixing Ratio
Ratio Ratio
Casel (same as F12) 0 0.6 0.4
Case2 0.15 0.45 0.4
Case3 0.25 0.35 0.4
Case4 (same as F13) 0.3 0.3 0.4

4.3 Results and Discussion

The direct and Inverse Abel Transform (IAT) images of OH*, CH* and Cy*
chemiluminescence results of all mixtures are presented and discussed. Direct images were
used to discuss the appearance of flames in terms of shape and colour as an indication of soot
formation, whereas HRR and soot concentrations were approximated through IAT

chemiluminescence images.

The following subsections start with the experimental results discussing the impact of DME
addition to the methane and ethylene (Section 4.3.1), followed by the correlation between the
OH* and CH* chemiluminescence ratios and the equivalence ratio (¢) (Section 4.3.2). After

that, CFD model validation and results are presented and discussed (Section 4.3.3).
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4.3.1 DME Mixtures with Methane (CH4) and Ethylene (C2H4)

4.3.1.1 DME/Methane (CH.) Mixtures

Results for DME/CHjs-air flames (F1-F5) are shown in Fig.4-1. The direct images demonstrate
an axisymmetric and stable flame for all conditions. The soot radiation intensity in the direct
images signifies the relative soot concentration in flames. It is clearly visible from direct images
in Fig. 4-1 that as the amount of DME is increasing in the mixture (F5 is purely DME), the
intensity of soot radiation appearance in the flame becomes weaker, indicating reduced soot
concentration, assuming the changes in flame temperatures are small. Nevertheless, the soot
radiation appearance in F2 (8 = 0.25) is stronger (more soot) than F1 (8 = 0) and then starts to

decrease as the DME mixture ratio increases beyond £ = 0.25 in the fuel stream.

Figure 4-1 shows that the flame height (measured in this study as the axial distance from
the fuel exit to the visible tip of the soot emissions from the direct image) increases when DME
is introduced to the fuel stream. The flame becomes longer so that enough oxygen can reach
the central axis of the flame and burn all of the fuel since DME takes more oxygen to burn
stoichiometrically than methane does [205]. OH* and CH* IAT images are mostly showing
intensities at a thin layer located in between the central jet and the co-flow air stream (reaction
zone), confirming the validity of using OH* and CH* chemiluminescence as an HRR marker
in non-premixed flames. The OH* emission intensity, shown in Fig. 4-1, shows a gradual
decrease in intensity, thereby decrease in HRR for # < 0.50 and a rapid decrease for > 0.50.
CH* chemiluminescence images representing HRR, however, are prone to contamination by
soot radiation in the laminar diffusion DME/CHgs-air flames investigated. Considering that
HRR can be denoted by both CH* and OH* chemiluminescence images, then the blue-coloured
signal shown at the tip of the flame in CH* images (marked by the yellow square in Fig. 4-1)
is mostly indicating soot. This can be verified by comparing CH* and C>* images since Co* is
primarily a result of soot radiative emission and does not represent the heat release rate for the
DME/CHg-air flames studied. C>* chemiluminescence images show an increase in soot signal
when adding a small quantity of DME of 25% (F2) to pure methane, and subsequently, the soot
decreased as more DME was added. Note that the soot signal is a combined effect of soot
concentration and soot temperature, according to Planck’s law. The increased soot signal
observed at 25% DME addition indicated by C>* does conflict with the findings in Yoon’s
work [104], where a reduced soot concentration was found with DME addition compared with
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pure methane flame. The measurement of soot concentrations by the two-colour pyrometry of
the F1 to F4 flame will be discussed further in Chapter 6.
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Figure 4-1 CH*, OH* and C2* chemiluminescence, and direct images results of DME/CH4 mixtures:
flame structure and prediction of soot and HRR. (F1) p =0, (F2) = 0.25, (F3) #=0.50, (F4) p =
0.75, (F5) p=1.

The soot signal in some CH* chemiluminescence images potentially still exists with DME
added flames. However, it is still important to study the characteristics of CH* as it provides
an alternative endoscopic in-cylinder measurement potentially for HRR and soot when UV
based OH* measurements are not feasible due to the optical transmission limitation. In
addition, when both OH* and CH* measurements are conducted, the measurements could
provide equivalence ratio information (to be discussed in Section 4.3.2). Thus, the CH*

measurement is useful to interpret flame structures and for CFD comparisons.
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4.3.1.2 DME/N2 Mixture and CH4/N2 Mixture

Direct and IAT images of OH*, CH*, and C>* chemiluminescence for DME/N mixtures (F5
to F8) are shown in Fig. 4-2. The direct images, as well as in Co>* and CH*, indicate a clear
drop in the intensity of soot radiation as the percentage of the dilution (N2) increases in the fuel
stream. With 75% N> addition (F8), there is no soot visible in the direct image, and the OH*,
CH* and C>* images overlap well with each other at this condition. The total intensities of
OH* chemiluminescence images are shown to be decreased as more N is added to the mixture
(F6, F7, F8). This agrees with the power outputs indicated in Table 2-1 in Chapter 2.
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Figure 4-2 CH*, OH* and C2* chemiluminescence, and direct images results of DME/ N, mixtures
(F5-F8) and CH4/N2 Mixture (F9-F10): flame structure and observation of soot and HRR. From left:
(F5) a=1, (F6) a=0.75, (F7) .= 0.50, (F8) a = 0.25, (F1) a = 1, (F9) a = 0.75, (F7) a. = 0.50, (F8) o
=0.25,(F1)a=1,(F9) a=0.75, (F10) a = 0.50. Symbol G refers to the gain setting: G1 = 10ms, G2

=50ms and G3 = 200ms.

Similar to the DME/N2 mixtures, the flame height is found to reduce as more N3 is added to
CHa, as shown in the direct images in Fig. 4-2 (F1, F9, F10). The addition of N2 as a diluent
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decreases the power output of the mixture significantly, as shown in Table 2-1. In CH4/N2
mixtures (F9 to F10), the OH* chemiluminescence indicates that HRR is not affected
substantially by the addition of N2. Whereas the soot emission was drastically decreased when
adding N2 to 50%, as shown in C,* chemiluminescence images (F10) in Fig. 4-2. As seen and
mentioned in Chapter 3, adding N2 lowers the flame temperature. Hence it hence reduces the
concentration of reactants in the flame because it does not contribute to the combustion
reaction, which reduces the HRR. As mentioned in the literature review in Chapter 1, soot tends
to produce more at high temperatures, in which the pyrolysis reactions occur much faster due
to high flame temperature. Therefore, the decrease in flame temperature reduces the pyrolysis

reactions and soot production.

4.3.1.3 Constant Power Output

DME/methane mixture tests were repeated with a constant power output of 0.195 kW (identical
to the pure methane case, F1) and a fixed volumetric flow rate of 356.6 SCCM for flames F14
to F17 (as shown in Table 2-1), by adding nitrogen N2 as a diluent. Fig. 4-3A shows the direct
and IAT images of OH*, CH* and C>* chemiluminescence results. Similar to the previous
cases discussed, OH* chemiluminescence is mainly located at the edges of the flame potential
core region (near the nozzle exit) and then gradually started stretching towards the edge of the
flame centre region as DME and N> mixture ratios increased. The CH* and C>*
chemiluminescence images clearly show a reduction in soot signal as the DME and N2 mixture

ratios increase.

Numerically (following a similar methodology to Chapter 3), the trend of the normalised
peak values (by F1, Table 3-3 in Chapter 3) for the equal power output cases (Fig. 4-3B) are
similar to the DME/CHj4 flames (F1-F5, in Fig. 3-2A in Chapter 3). A reduction is seen in the
species’ peak concentrations apart from OH and temperature, which remained unchanged. The
OH* and CH* are positively correlated with the HRR. Apart from the peak values, species’
profiles and integral areas of which are similar to each other. Figure 4-3C shows an example
of the relative position of the investigated species (F14). As more DME and N3 are introduced,
more species profiles are shifted towards the lean side of the stoichiometric line (& is 0.054,
0.082, 0.103, 0.120, and 0.133 for F1, F14 to F17, respectively). This is mostly caused by the
addition of N2, which reduces the concentration of reactants (fuel) and hence reduces the

species concentration on the fuel-rich side.
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Figure 4-3 Flame structure, and prediction of soot and HRR of the equal power output of DME/CH./N, mixture. (A) direct image, CH*, OH* and C2*
chemiluminescence, (F1) a =1, (F14) a. = 0.85, (F15) .= 0.75, (F16) a. = 0.70, (F17) o = 0.60, (B) Simulation results — normalised peak values, and C)
profiles of main species, case F14.
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4.3.1.4 DME/C2H4/N2 Mixtures

This subsection discusses the results for the two equal power cases (F12, F13, flow conditions
refer to Table 2-1) of DME/C2H4/N,. The direct images show a slight increase in the flame
height when DME is added to the C2H4/N2 mixture (F12) due to an increase in the mixture's
molar mass (Figure. 4-4). Similar to DME/CH4 mixtures, the OH* chemiluminescence
indicated a decrease in HRR when DME was added (F13) to the C2Ha/N2 mixture. Furthermore,
CH* and C>* chemiluminescence images show a lower soot signal in F13 than in F12. This
means that DME addition (at 50%) to ethylene reduces the soot concentration, in agreement
with Yoon et al. [104], Liu et al. [23], Sirignano et al. [112], and Choi et al. [117]. The amount
of N2 remains unchanged in the F13 case. Therefore it is more likely that the addition of DME
caused the decrease in the heat release rate. The addition of DME to C>H4 counter flow flame
resulted in reducing the peak values of OH (see Figure 3-6 in Chapter 3). The OH is known to
be an essential component in the process of producing larger hydrocarbons. Hence, the
reduction in OH concentration leads to a reduction in the formation of hydrocarbons, thus
lowering the HRR.
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Figure 4-4 DME/C,H4/N, mixture direct images and chemiluminescence images of F12 and F13.
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4.3.2 Chemiluminescence ratios and equivalence ratios

This section investigated the correlation among the OH* and CH* chemiluminescence ratios
and the equivalence ratio (¢) in the non-premixed flames of methane and ethylene with DME
addition. The results were compared to the chemiluminescence measurement to investigate the
suitability as an equivalence ratios marker via the OH* and CH* chemiluminescence ratios
measurements in non-premixed flames. It has been found from simulations that the OH*/ CH*
ratio peaks only once against ¢ in the cases with DME absent in the mixture. Whereas in most
cases studied in this work with DME present, a second peak forms at around an equivalence
ratio of about 6 to 12, as shown in Fig. 4-5A. This makes it challenging to use the OH*/CH*
ratio to correlate ¢ for the DME cases because it is not performing an ideal monotonic function
of ¢. It is still unknown whether strain rates affect the OH*/CH™* ratios in non-premixed flames.
Using other chemiluminescence spectral band ratios such as CH*/C>* to correlate ¢ would be
interesting to investigate numerically. However, it will be difficult to conduct experimentally
due to the high soot radiation in non-premixed flames, which could affect the measurement of
CH*/C2* ratios.

A OH*/CH* vs. ER

2 4 6 8 10 12 14 16

Equivalence Ratio
B F13
3 50 ]
3 40 x1012.75
g _
S 30 1
3 4
= 20
© )

g 101 I OH’ OH*/CH*

z ] .\ _I’ S EOH‘

0.8 1.2 1.6 2.0 24
Equivalence Ratio

Figure 4-5 1D simulations of A) OH*/CH* chemiluminescence ratios vs. equivalence ratio and B)
normalized values of OH* and OH*/CH* for F13 case.
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Although the OH*/CH* alone is not feasible to correlate ¢ in non-premixed flames with
DME, a combined approach utilising OH* behaviours together with the ratios can be useful.
In all simulation results, only a single peak in the OH* profile has been shown for each case
aligning closely to the stoichiometric line. This suggests that mapping numerical to
experimental results for OH*/CH* ratios conditional to the OH* profiles could provide useful
information on the ¢ values. Take the DME/C2H4/N; case F13 as an example; Fig. 4-5B shows
that OH* and OH*/CH™* ratio profiles have an opposite trend (circled) near ¢ = 1.2, where the
OH* single peak is located (F13). This means that if the chemiluminescence experimental
results for OH* and OH*/CH* follow a similar trend to the simulation results, then a limited

range of ¢ can be mapped from the numerical results.

Figures 4-6 and 4-7 show the experimentally obtained OH*/CH* and OH*/C,* ratios
images (in log values) of F12 (Fig. 4-6) and F13 (Fig. 4-7) and the line profiles of the ratios
and the OH* (a.u.) at several locations above the burner exit. A single peak for OH* at low
height (8 mm) is overall obtained in both cases, agreeing with the numerical results; however,
at higher heights (i.e. 40 mm for F13), an additional second peak for OH* is observed. The
formation of a second peak could be attributed to the existence of a second reaction zone at
higher heights in the flame. At a low height (8 mm in F13), OH* and OH*/CH* ratio profiles
have an opposite trend (i.e., at about a radius of 4 -5 mm, where it shows an increase in OH*,
and a decrease in the OH*/CH™* ratio as approaching to the centerline), in agreement with the
numerical results. This suggests that at a radial position of about 4 mm in F13, ¢ is equal to 1.2
in accordance with Fig. 4-7. In Fig. 3-6B, Chapter 3 (F12 case), the peak of OH* is aligned
with the stoichiometric line, and when DME is added to the mixture in Fig. 3-6D, Chapter 3
(F13 case), the position of OH* was shifted towards the rich side of the stoichiometric line and
the OH* signal almost cut-off at the stoichiometric line (corresponding to a radial position of
5 mm in F13, Fig. 4-7). This provides a limited mapping for the ¢ measurements in the lower
heights of the non-premixed DME flames from the combined OH* and OH*/CH* ratio images.
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Figure 4-6 OH*,OH*/CH* and OH*/C,* ratios of experimental results in the F12 at axial locations of
8, 12, 20, 32 and 40 mm above the burner.
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Figure 4-7 OH*, OH*/CH* and OH*/C,* ratios of experimental results in the F13 at axial locations of
8, 12, 20, 32 and 40 mm above the burner.
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4.3.3 Computational Fluid Dynamics Results & Discussions

4.3.3.1 Mesh Independence

A sensitivity analysis was performed on a case with similar boundary conditions as the other
cases shown in Table 4-1 but with a fuel mixture inlet of 32% C2H4 and 68% N to confirm the
grid's independence. This flame mixture was computed for validation purposes. In the
beginning, the model contained 9,000 elements. This number was increased by increasing the
number of divisions at each surface (including inlet, outlet, axes, and wall surfaces) and then
re-meshing the body surface. Five different meshes containing 9,000, 36,000, 81,000, 110250,
and 144,000 elements were created for the sensitivity test. The temperature profiles along the
axis (centreline) of the flame for all the meshes are shown in Figure 4-8. All the temperature
profiles were found to follow the same trend and peak location but with very small variations.
The differences between the temperature profiles are very small which makes it hard to assess
the convergence. Therefore, the maximum temperatures of all profiles shown in Figure 4-8 are
plotted against the element size (see Figure 4-9) to assess the convergence criteria. In addition,
the percentage difference in the centreline peak temperatures was calculated for each mesh to

find when the grid independence was accomplished, as shown in Table 4-2.
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Figure 4-8 Temperature profiles along the centreline for five different meshes containing 9,000,
36,000, 81,000, 110250, and 144,000 number of elements.
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Each percentage in Table 4-2 represents the difference between two meshes. For example,
the percentage difference between the peak temperature values along the centreline computed
from mesh 1 and mesh 2 is 0.85%, and between mesh 2 and mesh 3 is 0.31%. The results in
Table 4-2 reveal that the percentage difference decreases as the number of elements increases.
This is also reflected in Figure 4-9, where the convergence between the peak temperature
values becomes very clear after the 36,000 (mesh 2) number of elements. The percentage
difference between mesh 2 and mesh 5 (finest among the five meshes) in peak temperature
value is about 0.5%. Due to the slight percentage difference between the use of the meshes 2
and 5, the convergence criteria are considered to have been met using 36,000 elements. In
addition, using mesh 2 (36,000 elements) costs less computational expense than using mesh 5.
Hence, mesh 2 was used for all simulations in this study to obtain high-accuracy results with

less expensive computational time.
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Figure 4-9 Peak temperatures along the centreline against the element size.
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Table 4-2 Percentage difference in the centerline peak temperatures between the five different

meshes.
Number of Elements Percentage Difference (%)
Mesh 1 9,000 -
Mesh 2 36,000 0.85
Mesh 3 81,000 0.31
Mesh 4 110,250 0.11
Mesh 5 144,000 0.12

4.3.3.2 Model Validation

To assess the accuracy of the current computational laminar diffusion flame model, a
comparison between the temperature profiles produced from this study and the experimental
and computational results of McEnally et al. [203] was carried out at different heights above
the nozzle (axial height), as depicted in Figure 4-10. The comparison presented in Figure 4-10
is on the flame mixture of 32% C2Hs and 68% N>. The experimental and model configuration
of McEnally et al. [203] is similar to the one used in the study (Yale co-flow burner [170]).
The comparison was carried out at axial heights of 5 mm and 25 mm. The temperature
computations of the current model and thermocouple measurements [203] demonstrate a very
good agreement at both flame heights. At 5 mm axial height, the peak temperature of the current
model is higher by about 2.7% than the thermocouple peak temperature of McEnally et al.
[203]. This is lower than the percentage difference between McEnally et al. [203] thermocouple
and computational peak temperatures, in which their computed peak temperature is higher by
about 3.3% than their thermocouple peak temperature. At 25 mm axial height, the temperature
profile of the current model is a little higher than the profile obtained by the thermocouple
[203], where the percentage difference between peak temperatures is about 5%. However, the
current model temperature profile follows a similar trend to the thermocouple at 25 mm axial
height.

A qualitative comparison of the OH* signal obtained from the experimental work and the
OH* from the model for the F13 case is shown in Figure 4-11. The OH* model results are in
good agreement with the experimental results. Both offer similar signal distribution at the
reaction zone. The signal shown along the centreline of the flame in the experimental image is
a noise resulting from the IAT processing. The computational result also agrees with the
experimental result regarding height, in which both images showed a height of about 50 mm
for the OH* signal.
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Figure 4-10 Comparison between the current model results and Mcenally et al. [203] results of
temperature profiles at various axial heights.
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Figure 4-11 A qualitative comparison between the experimental and computational results on the OH*
signal.
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4.3.3.3 Temperature Distribution

The computed temperature distribution across the DME/C2H4/N> flames is shown in Figure

4-12. In the pure ethylene case with N2 diluent (60% C>Ha, Case 1), the peak temperature is

2326 K and this occurs in the low middle (annular) region parallel to the edge of the fuel nozzle

and air co-flow of the flame at about Z=10 mm and r=4 mm. After that, as the flame travels

further in the axial direction (Z), the temperature decreases. As DME fuel is introduced to the
mixture (Case 2, Case 3, and Case 4), the peak temperature drops to 2268 K in Case 4. The
location where the peak temperature takes place has moved further to the lower region of the

flame as more DME was added to the mixture. The decrease in flame temperature when DME

was added is expected because it has been reported previously that the adiabatic flame

temperature of DME is less than CoHa. The findings of temperature distribution are in good
agreement with the results of Liu et al. [23].
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Figure 4-12 The computed temperature distribution across the DME/C;H4/N; flames.
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4.4 Conclusion

The work carried out in this chapter mainly focused on studying the impact of DME addition
to methane and ethylene fuels experimentally, across a full range of DME mixing ratios, on
flame heat release and reaction zone using CH*, OH*, and C>* chemiluminescence. Moreover,
the ratios of the chemiluminescence pairs (OH*/CH*, OH*/C,*) were studied on the feasibility
of mapping local equivalence ratios. In addition, a CFD analysis was done to measure fluid
behaviour, such as the temperature of fluids when mixed. The key conclusions from this

chapter are as follows:

1- The soot radiation appearance in C>* chemiluminescence for methane flames became
initially stronger with a small addition of DME (25%). However, when the DME
mixture ratio was increased by more than 25%, the soot radiation appearance became
weaker, indicating either less soot concentration or reduced soot temperature.

2- The flame height was found to reduce as more N3 is added to CHs or DME flames. In
addition, a clear drop in the intensity of soot radiation was shown as the percentage of
the dilution (N2) increased in the fuel stream.

3- Equal power output cases displayed a reduction in OH* signal (HRR) and soot as more
DME and N are added simultaneously to the methane and ethylene flames, agreeing
with the numerical results presented in Figure 4-3.

4- In the DME cases, the OH*/CH* ratio does not perform an ideal monotonic function of
equivalence ratio.

5- Mapping numerical to experimental results for OH*/CH* ratios conditional to the OH*
profiles could provide useful information on the equivalence ratio values.

6- The CFD results showed that adding DME to the CoH4/N2 flame decreases the peak
temperature of the flame.
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Chapter 5: Reaction zone characteristics of
turbulent swirl spray flames of iso-pentanol and
ethanol blends with n-heptane using PLIF and
OH* chemiluminescence

5.1 Introduction

This Chapter discusses the reaction zone and stability characteristics of swirl spray flames of
iso-pentanol and blends. As mentioned earlier, iso-pentanol is an oxygenated alcoholic fuel,
which could potentially reduce emissions, especially NOx and soot. Iso-pentanol/kerosene
blends have been found to increase thermal efficiency and decrease CO and unburned
hydrocarbon emissions at high loads in an aircraft compression ignition (Cl) engine [206].
Therefore, iso-pentanol (if bio-derived) can be used as a carbon-neutral fuel to decarbonize the

transport sector, such as aviation or marine.

Flame lift-off and local extinction are important features to investigate and study as they
help understand the flame stabilization and dynamics of liquid fuel combustion. Few studies

have investigated the lift-off and local extinction characteristics of liquid fuels in swirl spray
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burners, as discussed in Chapter 1. Also there needs to be more studies on the flame lift-off and
local extinction of iso-pentanol fuel in a bluff-body swirl spray flame. Therefore, this chapter
concentrates on how iso-pentanol (the low-carbon alternative) would affect the flame structure,

including lift-off and local extinction.

The OH planar laser induced fluorescence (PLIF) measurements were used to study the
lift-off and local extinction features. Fuels used in this study were n-heptane, iso-pentanol,
ethanol and blends of n-heptane/iso-pentanol and n-heptane/ethanol. Different operating
conditions were tested and categorized into three flame types, including stable, near blow-off,
and far away from blow-off. Far away from blow-off conditions are also stable conditions but

with lower fuel and air flow rates than the others.

NO-PLIF measurements were also used to study the relative NO concentrations in the
turbulent swirl spray flames. In addition, the impact of swirl number on NO emissions of

iso-pentanol swirl spray flames has been investigated.

The main objectives of this chapter are to deliver new information on how the addition of
iso-pentanol to n-heptane swirl spray flame would affect the heat release, flame structure, and
flame stabilization, including lift-off and local extinction at different operating conditions. In
addition, to compare and show the variations between the swirl spray flames of
iso-pentanol/n-heptane blends and ethanol/ n-heptane blends. Additionally, to study the relative

NO concentration in the swirl spray flames.

5.2 Flow Conditions

Liquid fuels including pure iso-pentanol, n-heptane, ethanol, a 50:50 volume ratio mixture of
iso-pentanol/ n-heptane, and a 50:50 volume ratio mixture of ethanol/n-heptane were used in
this study. Fuel mass flow rates were in the range of 0.50 - 0.54 g/s. The investigations were
mostly carried out on those conditions with a fuel mass flow rate of 0.52 g/s for stable and near
blow-off events. Moving from stable to near blow-off condition was achieved by increasing
the air flow rate. A lower fuel mass flow rate of 0.506 g/s was applied to study the soot signal
in iso-pentanol, n-heptane, and blended flames. The air flow was supplied by an air compressor

(SXC 4), which was controlled using an Alicat mass flow controller (calibrated). The air flow
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went through a swirl (6-vanes) before it entered the combustion chamber. Air volumetric flow
rates were in the range of 350 - 950 SLPM, which corresponded to an air velocity between 10.6
and 28.4 m/s.

The flow conditions and fuel properties are shown in Table 2-2 in Chapter 2. The
non-dimensional parameters shown in Table 2-2 were calculated using different equations, all
shown in Table 2-3 in Chapter 2 [150]. S denotes the stable conditions, NB as conditions nearer
to blow-off. Table 2-2 showed a number of key parameters that are essential for describing the
atomization process to account for the variation in the atomization process caused by changing
the liquid fuel and the flow rate. The surface tension and viscosity of the mixture are calculated
using the linear function and Grunberg-Nissan [207], [208] mixing rule separately. The
physical properties shown in Table 2-2 are useful when analysing the combustion
characteristics. For example, in the atomization process, surface tension, viscosity, and density
are crucial factors in understanding the behavior of fuel spray [209], [210]. The physical
properties of the air and liquid fuels shown in Table 2-2 were calculated at a temperature of
20°C. The non-dimensional value of the Weber number changes from one place to another.
Therefore, it is worth noting that all values presented in Table 2-2 were evaluated at the exit of
the fuel nozzle. The Weber number is beneficial when analyzing the flow fields and the droplet

break-ups.

NO-PLIF measurements in this study are only for HS1, HNB, HPS1, HPNB, PS1, and PNB
cases. The impact of swirl number on NO emissions is only studied on pure iso-pentanol flame
(PS1 case).

5.3 Results and Discussion

This section displays results on the heat release, flame structure, and flame stabilization
including, lift-off and local extinction at different conditions: stable, near blow-off, and far
away from blow-off. Initially, the limit of stability for pure n-heptane, pure iso-pentanol, and
50:50 iso-pentanol/ n-heptane mixture is revealed in Section 5.3.1. After that, the bluff swirl
spray flame appearance is shown for selected fuel mixtures in Section 5.3.2. The OH*
chemiluminescence is then presented in Section 5.3.3. The fuel-PLIF and OH-PLIF are

discussed in section 5.3.4. Lift-off and local extinction are analysed in Section 5.3.5. Finally,
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NO-PLIF measurements in n-heptane, iso-pentanol/ n-heptane, and pure iso-pentanol swirl
spray flames and the impact of swirl number on the NO emissions of iso-pentanol swirl spray

flames are presented in Section 5.3.6.

5.3.1 Flame Quenching

Figure 5-1 shows the air flow velocities at global quenching against fuel mass flow rates for
pure n-heptane, pure iso-pentanol, and 50:50 iso-pentanol/ n-heptane flame mixture. The
flames should be stable at any air flow velocities under the lines shown in Figure 5-1. Pure
n-heptane was found to quench at higher air flow velocities across various fuel mass flow rates
than pure iso-pentanol and the mixed flame. At high fuel mass flow rates (>0.55 g/s), the
difference between the quenching limits of pure n-heptane and pure iso-pentanol is smaller

than at low fuel mass flow rates.
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Figure 5-1 Air flow velocities at global quenching against fuel mass flow rates for pure n-heptane,
pure iso-pentanol, and 50:50 iso-pentanol/ n-heptane flame mixture.

5.3.2 Flame appearance

Figure 5-2 shows direct images of swirl spray flames from left to right of iso-pentanol, ethanol,

and n-heptane/ethanol blend. These flames had identical flow conditions in terms of air and
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fuel mass flow rates. Most of the flames showed an open-up spray in a cone-like “V” shape. In
addition, most of flames presented a clear double flame branched structure, formed along the
outer shear layer above the edge of the bluff-body (outer region) and inside the V shape spray
cone (inner region). The ethanol flame is blue-purple, whereas n-heptane/ ethanol mixture and
iso-pentanol are yellow-blue flames. The yellow color is mostly located in the inner region of
the flames and little in between the inner and outer regions of the flames. This yellow color in
the flames could indicate soot. Nevertheless, more results and discussions on soot will be
discussed later in Chapter 6. It can be observed in Fig. 5-2 that the iso-pentanol flame did not
present a clear inner region of the flame structure. This is because the fuel is not as well

atomized as the others.

The lift-off feature could be observed in the outer and inner regions of all flames, such as
shown in n-heptane/ ethanol blend (Fig. 5-2). The lift-off height in the outer region from the
bluff-body surface is different for each fuel. In the inner region, ethanol and its mixture with

n-heptane showed a clear lift-off from the fuel nozzle. Hence, lift-off of all flames was analyzed

and quantified using OH-PLIF measurements, which will be shown later in this chapter.

L

— |2 mm

Figure 5-2 Flame images of solid-cone swirl spray flames of (left to right) iso-pentanol, ethanol, and
n-heptane/ethanol blend.

Figure 5-3 displays direct images taken for the n-heptane and iso-pentanol/ n-heptane swirl
spray flames at stable and near blow-off conditions. All images show that the n-heptane and
iso-pentanol/ n-heptane fuels spray were atomized with a full-cone spray output profile of a
60° cone angle. The two distinct flame branches are seen on each of the flame cases. The outer
flame branch is formed over the bluff-body edge, showing intermittent flame lift-off. The inner
branch also starts at a distance from the fuel exit plane, especially for the heptane cases, where

the spray cone is visible upstream of the inner flame branch. The images also present how the
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heights of flames reduced as moving into near blow-off conditions. The ORZ became more

attached in the near blow-off condition.

HS1 HNB HPS1 HPNB

Figure 5-3 Flame images of solid-cone swirl spray flames of (left to right) HS1, HNB, HPS1, and
HPNB flames. The flow conditions are shown Table 2-2 (Chapter 2).

5.3.3 OH* Chemiluminescence

OH* visualization is a good representative of heat release in flames, as mentioned in Chapter
1. This Chapter only presents the OH* results of n-heptane and iso-pentanol stable flames.
Mean OH* chemiluminescence images of HS1, HPS1, and PS1 flames are shown in Figure
5-4. In almost all cases, the distribution of the OH* signal takes place at similar locations.
Figure 5-4 shows that most of the OH* (heat release) is happening inside the inner recirculation
zone (within the "V" like shape) and along the fuel trajectory at the "V" shape. The OH* signal
was increased by adding iso-pentanol to n-heptane flame (HPS1), indicating a higher heat
release rate than pure n-heptane flame (HS1). However, pure iso-pentanol (PS1) flame was
found to have a lower OH* signal than HS1 and HPS1 flames. The peak OH* signal of HS1
flame is higher by about 37.7% than the pure iso-pentanol flame (PS1).
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Figure 5-4 Mean OH* chemiluminescence images of HS1, HPS1, and PS1 flames.

5.3.4 PLIF signal at Q1(6) and its background B(Q)

In this sub-section, the instantaneous fuel-PLIF results are discussed firstly for all the fuels at
stable conditions. The fuel-PLIF results reveal the trajectory and fuel spray droplets
distribution. Then, the instantaneous and mean OH-PLIF results for all fuels at stable and near
blow-off conditions are discussed. The OH-PLIF results are mainly used to evaluate each fuel's

lift-off and local extinction.

534.1 Fuel-PLIF

The background signal of Q1(6), B(Q), provided the opportunity to measure the fuel-PLIF of
all the cases. The measurement of the fuels fluorescence signal is important as it gives
indications of the fuel spray distribution and trajectory. During the experiment, 200 images of
Q1(6) and B(Q) were recorded for each of the cases. Figure 5-5 shows examples of
instantaneous images of fuel-PLIF of the stable conditions of HS1, PS1, HPS1, ES1, and HESL1.
The red line shown along the x-axis is an indication of the bluff-body surface, and the region
between the red and blue lines is where the annular air enters the chamber. The pure n-heptane

(HS1) and ethanol (ES1) cases showed a clear V-shape (opened-up) atomization, where no

121



apparent fuel (liquid or vapor) was observed in the inner recirculation zone (IRZ), similar to
fuel distributions observed in the hollow-cone spray flames [151]. Whereas the trajectory of
pure iso-pentanol spray fuel has a narrower angle, distributing in a jet-like shape, where
abundant fuel was seen in the downstream region of the spray cone inside the IRZ. This caused
complexity in analyzing the OH signal in the inner region of pure iso-pentanol flames (PS1,
PNB). The high viscosity of a liquid fuel can cause poor atomization and hence may rises
carbon deposition [211]. Therefore, the lower efficiency of iso-pentanol fuel’s breakup than
n-heptane fuel can be attributed to the fact that iso-pentanol has a higher viscosity than
n-heptane [212], as shown in Table 2-2 (Chapter 2). The addition of iso-pentanol to n-heptane
(50:50) reduced the fuel mixture viscosity. Nevertheless, the mixture of iso-pentanol and
n-heptane provided similar distribution of fuel trajectory to pure n-heptane case, although still
has a higher viscosity than pure n-heptane. The density, surface tension and boiling point of
the iso-pentanol are all higher than n-heptane of which can cause poor atomization [213]. In
terms of the soot emissions released from the iso-pentanol combustion, this will be investigated

in the following Chapter 6.
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Figure 5-5 Instantaneous images of fuel-PLIF signal for HS1, PS1, HPS1, ES1, and HES1. Red line
indicates the bluff-body.

5.34.2 OH-PLIF

Figure 5-6 displays the OH-PLIF images of the stable and near blow-off cases of n-heptane,
iso-pentanol, and n-heptane/iso-pentanol mixture. The circles shown on the instantaneous
images were drawn to indicate the local extinctions. The OH-PLIF images shown provide

visualization of the flame sheet and its location in different flames. The double structures of
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the flame sheets are shown in the OH-PLIF mean images in all the cases, in which the fuel
spray is located in between them. The outer flame sheet of all conditions is observed to be
wider near the blow-off event. Although the inner flame sheet of the iso-pentanol is absent in
the cases studied due to the poor atomization compared with other fuels, but the outer region
is similar in terms of size and location, as the other cases. The instantaneous OH-PLIF images
of pure n-heptane (e.g. HS1 in Figure 5-6) and pure ethanol (e.g. ES1 in Figure 5-7) have
almost no OH signal/ intensity near the fuel nozzle and bluff-body. This indicates that those
flames exhibit a flame lift-off. In addition, OH-PLIF mean images of n-heptane and ethanol
flames show that the inner flame sheet between the “V” shape is lifted in both stable and near
blow-off conditions. However, the start of flame sheets in the outer region are closer to
bluff-body at near blow-off conditions of all flames, as observed by the mean images in Fig.
5-6. The mean OH-PLIF images of the other cases (e.g. PS1, PNB, HPS1 and HPNB) have a
very small OH signal/ intensity near the fuel nozzle and bluff-body, signifying intermittent

lift-off occurring here.

The instantaneous images show that OH sheets of iso-pentanol flames (e.g. PS1 and PNB)
in the outer region are thin and relatively continuous in comparison to n-heptane flames (e.g.
HS1 and HNB). In addition, the OH sheets in the outer region of iso-pentanol flame (e.g. PS1)
is more attached to the trajectory of the spray (cone angle shape), and less spreading into the
recirculation zone (not curvy). The low volatility of iso-pentanol fuel most likely causing this
behavior, which prevents the vapour of the fuel from penetrating to the recirculation zone
[150]. OH-PLIF instantaneous images are used to study lift-off and local extinction features of
all flames. It has been noticed that local extinction occurs more at near blow-off events in all
cases because the OH containing regions are significantly fragmented and split apart. Whereas
generally more of continues OH containing regions exist in most of the stable flame cases.
Nevertheless, in between the snapshots recorded for each fuel, a very diverse range of
behaviour is seen. For example, the playback of the snapshots displays that the breaks in the
OH sheets can close and other new local extinctions can take place because of the turbulence

level.

Figure 5-7 shows the instantaneous and mean OH-PLIF images of ethanol and
ethanol/heptane cases: ES1, ENB, HES1, and HENB. The observations for ethanol here are

very similar to the n-heptane ones shown in Fig. 5-6 in terms of flame sheet locations and
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lift-off. The addition of ethanol to the n-heptane (e.g. HES1 & HENB cases) flame resulted in
a narrower fuel spray angle as can be seen in the mean images in Fig 5-7. Whereas the addition
of iso-pentanol to the n-heptane (e.g. HPS1 & HPNB cases in Figure 5-6) flame showed a
slightly wider angle of fuel spray. Although the viscosity, density and surface tension of

iso-pentanol/ n-heptane mixtures are bigger than those for ethanol/ n-heptane mixtures.

Overall, all flames have almost identical flame structure. Although utilizing a solid-cone
spray atomizer, no apparent signal from the fuel spray were observed in the inner recirculation
zone in most of the cases, except for iso-pentanol flames (PS1 and PNB in Figure 5-6), for
which under the same flow conditions, abundant fuel was observed in the inner recirculation
zone. The reaction zone locations and appearance are similar to the ones utilizing a hollow-cone
nozzle in the previous study [150], except for the pure iso-pentanol flames, where the inner
flame branches were absent at the lower distance (0-20 mm) to the nozzle, dominated by

fluorescence signals from the fuel.

Instantaneous Mean

HS1

HNB

PS1

PNB

HPS1

HPNB

X, mm X, mm
Figure 5-6 Instantaneous and mean images of OH-PLIF for HS1, HNB, PS1, PNB, HPS1, and HPNB
cases. Red line indicates the bluff-body surface, blue line indicates the bottom surface of the
combustion chamber, and green line indicate the location of the laser beam.
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Figure 5-7 Instantaneous and mean images of OH-PLIF for ES1, ENB, HES1, and HENB cases. Red
line indicates the bluff-body surface, blue line indicates the bottom surface of the combustion
chamber, and green line indicate the location of the laser beam.

5.3.5 Lift-off and Local Extinction

Flame stabilisation in terms of the local extinction and lift-off was investigated in both stable
condition pairs (S1, NB, with varying air flow rates) and the far from blow-off (S0) condition

(a richer flame with lower fuel and air flow rates).

5.3.5.1 Stable Condition

In this sub-section, the lift-off and local extinction features of all stable flames are discussed.
Figure 5-8 presents the probability density function (PDF) of all the cases of stable flames. The
peak of HS1, HPS1, PS1, ES1, and HES1 occurred at lift-off heights of 12 mm, 6 mm, 12 mm,
9 mm, and 9 mm, respectively. The addition of iso-pentanol to the n-heptane flame caused the
flame to become more attached to the bluff-body. Also Ethanol had the same impact on the
n-heptane flame, but less than iso-pentanol. In regard to the local extinction in stable flames,
pure iso-pentanol had the highest occurrence (more than 55% showing local extinctions)
compared to other flames, and lowest in the n-heptane/ethanol mixture. The addition of iso-
pentanol to n-heptane increased the number of local extinction events. Whereas the addition of

ethanol to n-heptane showed less occurrences of local extinction.
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Figure 5-8 PDF of lift-off and local extinction of stable condition and far away from blow-off
conditions. Lines shown for lift-off height figure are Loess fit.

5.3.5.2 Near Blow-off Condition

In general, it was found that as the air flow rate increases and approaches blow-off, lift-off
height decreases. Figure 5-9 shows the mean lift-off heights normalized by the bluff-body
diameter for the stable and near blow-off conditions. Pure iso-pentanol showed the highest
average lift-off amongst the stable and near blow-off cases. However, the iso-pentanol
/n-heptane blend (HPNB) showed the lowest mean lift-off height of 4.8 mm amongst all near
blow-off cases. The stable condition of n-heptane/ ethanol mixture had almost same mean
lift-off height as near blow-off condition of pure iso-pentanol. The near blow-off case of pure
ethanol had an average lift-off height of 5.6 mm, lower than iso-pentanol (PNB, 8 mm).
Nevertheless, the impact on lift-off height caused by ethanol when was added to n-heptane is

less than iso-pentanol.
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Figure 5-9 The mean lift-off heights normalized by the diameter of bluff-body (30 mm) for the stable
and near blow-off cases.

Figure 5-10 displays the PDF of local extinction for near blow-off cases. Overall, the
number of local extinctions occurrence were found to happen more near the blow-off event
than the stable case. Iso-pentanol (PNB) was found to have the highest number of local
extinction events, and ethanol the lowest. The addition of iso-pentanol to n-heptane resulted in

increasing the local extinctions.

Local Extinction

Figure 5-10 PDF of local extinction for all near blow-off cases including HNB, HPNB, PNB, ENB,
and HENB.
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5.3.5.3 Far away from the Blow-off Condition

Far away from the blow-off cases of iso-pentanol and its mixture with n-heptane were
investigated to study the soot emission concentrations. This sub-section discusses their lift-off
heights and local extinctions before presenting their soot volume fraction in Chapter 6. Figure
5-8 shows the PDF of lift-off for HPSO and PS0. Both profiles have similar trends, but the
HPSO have overall lower lift-off heights than the PSO case. Regarding local extinctions, pure

iso-pentanol was found to have fewer local extinctions than n-heptane/iso-pentanol.

The laminar flame speed of iso-pentanol vs heptane were reported at almost similar levels
(i.e. similar chemical time scales) [123], [214]; however, the atomisation of iso-pentanol (of a
lower We and Re number, and a narrower cone angle) is not as efficient vs heptane under the
same flow conditions studied. The effect from the insufficient atomisation may have led to the

increased local extinction occurrence in the outer flame branch of the iso-pentanol cases.

5.3.6 NO-PLIF Measurements

Mean images of NO-PLIF for HS1, HNB, HPS1, HPNB, PS1, and PNB cases are shown in
Figure 5-11. The contour plot of the averaged OH-PLIF data shown in Figure 5-6 are
superimposed on each flame condition and this is shown in Figure 5-11. Those contour plots
provide insight into the spray trajectory and the recirculation. A six-vane swirler with a cone
angle of 60° and SN of 1.25 has been used for the cases shown in Figure 5-11. In all cases, the
relative NO concentration peaks between heights of 10 mm to 20 mm (Z-axis), where the
recirculation zones occurs according to the OH contour plots. Lower relative NO concentration
was detected in the IRZ and ORZ as more iso-pentanol was added to the n-heptane flame, as
shown in Figure 5-11. The peak relative NO concentrations are 46.79, 31.41, and 26.81 (a.u.)
for H1, HPS1, and PS1, respectively. According to previous studies [215], [216], the latent heat
of evaporation for iso-pentanol is higher than n-heptane, which could assist in reducing the
temperature inside the combustion chamber and hence the NOx emissions [73]. At near
blow-off conditions, pure n-heptane and iso-pentanol/ n-heptane fuel mixture showed lower
NO emission intensity than at stable conditions. The NO-PLIF images of iso-pentanol fuel near
blow-off (PNB) show a high intensity along the spray v-shape trajectory (Fig.5-12, dot circle)
compared to the other cases. The pure iso-pentanol does not atomize as effectively as the other
fuel mixture, as explained in Section 5.3.4.1. The inefficient atomization of iso-pentanol caused
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an apparent fuel-LIF signal from the fuel droplets, such as the signals seen along the spray
v-shape trajectory in the NO-PLIF result, giving a high intensity in the NO-PLIF images. The
fuel-LIF signal is obvious in the instantaneous images of the PNB case; an example is shown

in Figure 5-12.
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Figure 5-11 Mean images of NO-PLIF for HS1, HNB, HPS1, HPNB, PS1 and PNB cases. A contour
plot of averaged OH-PLIF data shown in Figure 5-6 are superimposed on each flame condition. The
surface of the bluff body is shown in red along the x-axis, the base of the combustion chamber is
shown in blue, and the space between the red and blue is where co-flow air enters. The laser beam'’s
location is shown in green.
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Figure 5-12 Instantaneous image of the PNB case.
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5.3.6.1 Impact of Swirl Number on the NO Formation

Mean images of the NO-PLIF for the PS1 flame at three swirls having different swirl numbers
(SN) of 0.36, 0.63, and 1.25 are shown in Figure 5-13. The swirl cone angles are 30°, 45°, and
60° for SN of 0.36, 0.63, and 1.25, respectively. The fuel-LIF signal from the fuel droplets are
shown clearly along the spray trajectory and in the inner zone. Lower relative NO concentration
is observed as the swirler number increases. At SN of 0.36, the NO signal is mostly confined
above the surface of the bluff body. The increase in the swirl number extended the distribution
of the NO signal to a broader region in the combustion chamber. The high swirl number
generates more turbulent flow, thus providing better mixing between fuel, air, and combustion
products in a liquid fuel burner. Numerous previous works [60], [67] have shown that the swirl
motion causes an increase in the air and fuel mixing rate, which lowers the flame temperature
and the NOy emissions. Thus, increasing the swirl number cause a decrease in the residence

time of NOx production.
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Figure 5-13 Mean images of NO-PLIF of pure iso-pentanol (PS1) case using at three different swirl
numbers (SN).

130




5.4 Conclusion

This chapter mainly focused on the swirl spray flame reaction zone characteristics of
iso-pentanol and blended flames, including flame stabilization and heat release. 1so-pentanol
fuel and its mixture with n-heptane were also compared at the same operating conditions as
ethanol flames. The OH-PLIF measurements were used to investigate the flame sheet
characteristics, whereas OH* chemiluminescence was utilized to represent the heat release

distribution.

The results showed that all the flames presented a clear double flame sheet structure,
described as inner and outer regions in this thesis. In addition, most of the flames showed, with
the exception of pure iso-pentanol, an open-up spray in a cone-like “V” shape. The outer flame
sheet for all the conditions is observed to be wider (of a broader region) near the blow-off
event. Also, the start of flame sheets in the outer region are more attached to the bluff-body

surface at near blow-off conditions.

Lift-off and local extinction features of all stable flames were investigated and discussed.
In stable flame conditions, the addition of iso-pentanol to n-heptane flame caused the flame to
become more attached to the bluff-body. The largest number of local extinction events occurred
in the pure iso-pentanol flame, and the lowest in the n-heptane/ethanol mixture. In addition,
the addition of iso-pentanol to n-heptane increased the number of local extinctions. Whereas
the addition of ethanol to n-heptane decreased the occurrence of local extinction. In near
blow-off flame conditions, iso-pentanol showed the highest average lift-off height amongst all
near blow-off cases. The addition of iso-pentanol to n-heptane decreased the lift-off height to
the lowest amongst all near blow-off cases. Additionally, the impact on the lift-off height that

is caused by ethanol when added to n-heptane was less than that of iso-pentanol.

In far away from blow-off conditions, the n-heptane/ iso-pentanol flame had an overall
lower lift-off height than the iso-pentanol flame case. Less local extinction in pure iso-pentanol
was found compared to the n-heptane/iso-pentanol mixture. Regarding heat release, adding
iso-pentanol to the n-heptane flame (HPS1) made the OH* signal stronger, suggesting a higher
rate of heat release compared with the pure n-heptane flame. However, the pure iso-pentanol
(PS1) flame was found to have a lower OH* signal than the HS1 and HPS1 flames.
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The findings of the NO-PLIF measurements indicated that as iso-pentanol is added to the
n-heptane flame, the relative NO content was decreased in the IRZ and ORZ. The NO content
was decreased by roughly 32.87% when iso-pentanol was added to n-heptane fuel in a volume
ratio of 50% at steady conditions. Pure n-heptane and iso-pentanol/n-heptane fuel mixtures
demonstrated lower NO emission intensity at near blow-off conditions than at stable
conditions. Also it was found that the relative NO concentration dropped as SN increased.
Additionally, when the swirl number increased, the distribution of the NO signal spread to a

larger portion of the combustion chamber.
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Chapter 6: Soot emissions characteristics of DME
laminar diffusion flames and iso-pentanol swirl
spray flames

6.1 Introduction

This chapter discusses the soot emissions of the laminar diffusion flames of DME and blends
and swirl spray flames of iso-pentanol and blends. It was shown in Chapter 3 how the DME
contributes to reducing the main soot precursors through the pathway analysis produced from
1D numerical simulations. Information and understanding of soot particles volume fraction and
size are essential to investigate the soot emission processes in hydrocarbon/ biofuels flames.
Experimental measurements on the formation characteristics of soot in flames containing DME
are limited in the literature, as mentioned in Chapter 1. Most of those studies used a point-wise
approach rather than an imaging method. The latter could provide snapshots of 2-dimensional
quantifications of soot emissions, thus they are beneficial in turbulent conditions. Multiple
experimental and modelling studies have investigated the ignition behaviour of iso-pentanol,

as mentioned in Chapter 1. However, there needs to be more studies on soot emissions of
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iso-pentanol flames. In addition, there needs to be more reported data on iso-pentanol

combustion from swirl spray flames.

The effects from the detection parameters of the LII signal (i.e., acquisition delay time,
duration) and the laser fluence level on the derived soot concentration or particle diameters
have not been fully addressed in the literature, which could affect the quantitative measurement
of DME/hydrocarbon flames. Thus, it has been investigated further. Another objective of this
chapter is to obtain soot particle measurements from self-calibrated planar time-resolved two-
colour Laser-induced incandescence (2C-LII) in a range of co-flow laminar diffusion flames
of methane and ethylene blended with DME, and in turbulent swirl spray flames of
iso-pentanol/ n-heptane blends. The DME soot data from this work was utilised to compare

with the CFD soot modelling data.

Another aim of this chapter is to show the soot modelling results obtained for the
DME/C2H4/N> flames and assess the validity of using the existing developed soot model in
Ansys Fluent (Moss-Brooks model, discussed in Ch.2). Parametric studies have been carried
out on some key parameters in the soot model to find optimum values that can be used for the

current flames.

6.2 Flame Conditions

A standard co-flow burner was used for the methane and ethylene-air diffusion flames with
DME blends. Whereas a bluff-body swirl spray burner with a solid-cone spray configuration
was used for turbulent flame measurements. The schematics of the co-flow burner and swirl

spray burner experiments are shown in Figures 2-3 and 2-4 (Chapter 2), respectively.

The fuel and air flow rates of the laminar diffusion flames investigated in this chapter are
similar to those investigated in Chapter 4. The experimentally investigated laminar diffusion
flame cases include the F1, F2, F3, F4, F12, and F13 cases. The flow conditions are shown in
Table 2-1 (Chapter 2). For the methane/DME mixture cases (F1-F4), the volumetric flow rate
of the fuel flow remained constant at 356 = 1 SCCM, while the volumetric flow rate of
ethylene/DME mixture cases (F12, F13) maintained at 263 + 1 SCCM. Measurements were
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calculated and expressed at 25 °C and 1 bar standard conditions. The Soot Modelling flow

conditions are presented in Table 4-1 (Chapter 4).

Pure n-heptane (HSO0), pure iso-pentanol (PS0), and a 50:50 volume ratio blend of
n-heptane/iso-pentanol (HPSO) were used as liquid fuels for the bluff-body swirl flames to
measure the soot emission. The flow conditions of the turbulent swirl flames are shown in
Table 2-2. The rig had a similar setup as described in Section 2.3.2.2 (Chapter 2). A lower fuel
mass flow rate of 0.506 g/s than the mass flow rates used in Chapter 5 was applied for studying
the soot signal in iso-pentanol, n-heptane, and blended flames. The swirl spray burner was also
used to study the characteristics of soot emissions for turbulent flames at different camera gate
widths (TTL) and delay times.

The DME/C2H4/N2 flame boundary conditions investigated computationally are presented
in Table 4-1 (Chapter 4). Case 1 (F12 flame) and Case 4 (F13 flame) were only investigated

computationally.

6.3 Results and Discussions

This section discusses the effects of soot emission measurements by the laser energy and
acquisition parameters. In addition, this section shows the results of the soot particle emissions
in methane, DME/methane, and DME/ethylene diffusion flames and in heptane/iso-pentanol
swirl spray flames. Initially, the impact of laser energy and acquisition parameters on laminar
diffusion flames soot emission measurements is discussed (Sections 6.3.1.1 to 6.3.1.4). After
that, the planar two-colour soot pyrometry measurements of the laminar diffusion flames are
presented to compare with the quantitative LIl measurements and to obtain the flame
temperature. Soot emissions measurements of swirl spray flame are discussed in Section 6.3.2.

Soot modelling results of the laminar diffusion flames are presented in Section 6.3.3.

6.3.1 Laminar Diffusion Flames

6.3.1.1 Laser Energy Effect on the Soot Concentration Quantifications

The impact of the laser energy on the peak soot temperature and soot volume fraction

measurements at two different acquisition delay times of 0 ns and 20 ns (with respect to the
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end of the laser pulse) in a methane—air diffusion (F1) flame have been investigated, as
displayed in Fig. 6-1. These measurements were conducted at a constant TTL width (20 ns)

and intensifier gain (at 75% of the full range).
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Figure 6-1 Dependence of laser fluence: soot temperature and soot volume fraction measurements
from 2C-LII in a methane — air diffusion flame (F1). Acquisition duration of 20 ns and delay time of 0
ns (red) and 20 ns (black). Lines shown are Loess fit.

A difference within 10 K was observed between the peak soot temperatures at laser energy
from 1 (arbitrary unit, a.u., corresponding to the full power) to 10% a.u. For the cases with high
laser energies (>25% of the full range), the measured peak soot temperature is higher with an
acquisition delay of 0 ns compared to the one measured with a 20 ns delay, possibly because
the impact of the laser heating process is more significant at 0 ns delay compared to at 20 ns
delay. As expected, the measured peak soot temperature reduces at both time delays as the laser
energy decreases. At mid-low laser energy (< 50% of the full range), the peak soot temperatures
at the two different delay times were very similar, indicating the delay time of 20 ns after the
laser pulse is considered to be small in the timescales of the cooling process of the soot particles

at the medium or low laser energy conditions.

Figure 6-1b shows the impact of laser energy on the soot volume fraction. At laser energy
> 10%, there is a small inverse relationship between incident laser energy and measured soot
concentration, with a difference in soot volume fractions of less than 1%. At less than 10%
laser energy, the effect on the SVFs is negligible. In this study, the impact of the sublimation
process on soot concentration measurements was not taken into account because not enough

laser power was used to reach the sublimation regime (also known as plateau regime), as shown
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in Fig. 6-1a, where the peak soot temperatures at high laser energies are below the sublimation
temperature range (4000-4500 K [217]-[220]). Therefore, the decrease in the measured SVFs
with 0 ns delay time at high laser energies shown in Figure 6-1b is not evidence of mass loss
in this study, but an inverse effect from the measured peak soot temperature, as shown in
Equation 2.18 (Chapter 2).

6.3.1.2 Time-Resolved Acquisition: The Effect from the Delay Time, and
With DME Addition

Figure 6-2a shows the measured soot temperature (spatial averaged) cooldown of methane-air
diffusion flame (F1) with full laser energy at a series of acquisition delay times (0-2000 ns)
with the ICCD camera (with a constant 20 ns TTL). Also, it shows a variation in the measured
SVFs (spatial averaged) obtained at different delay times. An increase in the measured soot
concentration during the first 150 ns of the end of the laser pulse is shown, agreeing with the
results in [186]. The changes in the measured SVFs level out at longer delay times. The cause
of the variation in measured SVFs may be related to the uncertainty associated with Equation
2.18 (Chapter 2), which is out of the focus in this thesis. Nevertheless, the effect of the
acquisition delay time on the measured SVFs is small (within 1.2% compared to the value
measured at 0 ns delay). Thus, in the following 2D measurement of the SVFs, a constant 0 ns

delay time was used to compare the soot emissions of different DME/methane flames.

In addition, the soot temperature cool down curves of methane—air diffusion flame (F1) at
different laser energy were compared (Fig. 6-2b), and the derived ePPDs (for the cases shown
in Fig. 6-2b) were identical at ~ 33.7 nm. Therefore, the current study's laser energy levels have
a negligible effect on the ePPDs. Full laser power was used in the following ePPDs

measurements in DME/methane flames.
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Figure 6-2 (a) effect from the acquisition delay time on the soot temperature and concentration
measurements from the 2C-L1I1, at an acquisition duration (TTL) of 20 ns, at a fixed laser energy (full
power of 1 a.u.). (b) effect from the laser energy on the soot temperature. Lines shown are Loess fit.

Planar soot volume fraction measurements of methane / DME - air laminar diffusion flames
across a wide range of mixing ratios are shown in Figure 6-3. The measurements were
conducted at full laser power, with 40 ns TTL and 0 ns delay. It was observed that the SVF
decreases as the mixing ratio of DME increases in the flame, possibly due to the increased
oxygen content from the increased amount of DME fuel in the mixture, which assists in the
soot oxidation process. Adding DME to the methane flame with full laser energy (cases shown
in Figure 6-4) increased the ePPDs. The ePPDs are 33.7 nm, 33.7 nm, 48.1 nm, and 112 nm
for DME mixing ratios (molar ratio of the DME/methane mixture) of 0, 0.25, 0.50, and 0.75,

respectively.
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Figure 6-3 Planar soot volume fraction measurements in methane/DME - air flames at molar
concentration of F1 (pure CH,4), F2 (0.75 CH4 and 0.25 DME), F3 (0.5 CH4 and 0.5 DME), and F4
(0.25 CH4 and 0.75 DME) cases. All cases have the same colour map.
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Figure 6-4 Soot temperatures in methane / DME flames at molar concentration of pure methane, 0.75
CH4 and 0.25 DME, 0.5 CH4 and 0.5 DME, and 0.25 CH4 and 0.75 DME. Lines shown are Loess fit.

6.3.1.3  Effect from acquisition duration

The impact of the acquisition duration (ICCD camera gate width, expressed as TTL in this
thesis) on measured soot temperature and concentration has been investigated and displayed in

Figure 6-5. In principle, applying a larger TTL corresponds to a collection of more soot signals
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(thus a high signal-to-noise ratio but a less temporal resolution) during the experiment.
Nevertheless, it is not necessarily that the acquisition duration has a direct relationship with the
measured soot temperature or concentration. Therefore, this section provides more insight into
their connection and how the camera gate width can affect the soot emission measurements.
The ICCD camera gate width was set to different acquisition durations (TTLs) of 10 ns, 20 ns,
and 40 ns. Results (spatial averaged) shown in Figure 6-5 illustrate that the SVF increases as a
larger acquisition duration is applied. The soot temperature at 0 ns delay time (i.e., the peak
soot temperature at the beginning of the cool down) was highest with the acquisition duration
of 40 ns TTL and lowest with the 10 ns TTL. Nonetheless, the decrease of soot temperature
during the cooling process was found to occur faster with higher acquisition duration, reaching

a lower temperature after about a 100 ns delay.
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Figure 6-5 Soot temperature and concentration measurements of methane — air diffusion flame (F1):
results at different acquisition delay times (10 ns, 20 ns and 40 ns) across several acquisition delays
(from 0 ns to 220 ns), square - temperature, round - soot volume fraction. Lines shown are Loess fit.

The temperature during the cooling process of 10 ns and 20 ns TTL cases decreases slower
than the temperature of the 40 ns TTL case, resulting in a larger value of 7 and ePPDs. t,was
calculated using the Slop equation over equal time intervals of 0 ns to 50 ns during the heat
conduction process. The resulting ePPDs measured with 10 ns and 20 ns TTL were similar at
~112 nm. On the other hand, a smaller value (~ 67.4 nm) of the ePPD has been obtained from
the 40 ns TTL cases. Asa TTL of 10 ns or 20 ns has shown little effect on the measured ePPDs,
20 ns TTL was used to measure ePPDs of ethylene / DME — air diffusion flames in the next

section.
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6.3.1.4 Measurement of soot concentrations in ethylene / DME — air
diffusion flames

The influence of DME low-carbon fuel addition into ethylene diffusion flame on soot emissions
has been investigated with the full incident laser energy and a constant 20 ns TTL. The soot
temperature and SVFs measured at a range of time delays (0 ns to 500 ns) of the two flames
(F12 — pure ethylene, F13— 50:50 volume ratios of ethylene and DME) are shown in Figure
6-6. Although the same laser energy was applied, a higher soot peak temperature was reached
at the pure ethylene case (F12) compared to the one with DME addition (F13), with a difference
at about 30 K. The temperature difference at 0 ns delay could be due to the difference in soot
properties, possibly with extra energy consumed to vaporise the volatile content of the soot
particles formed in DME added flames, ending a lower soot temperature at the end of the laser
heating process. The soot particles from DME/ethylene flames (F13) have shown (Figure 6-6,
in black) a slower cool-down process compared to those from pure ethylene flames (F12). After
a delay time of 150 ns, the temperature measured in the F13 case reached a plateau higher than
the one from F12, which continued to cool down till 500 ns. The derived SVFs were lower at
F13 with DME addition compared to the pure ethylene flame (F12) when evaluating at the
plateau region of the SVFs profiles or a delay > 20 ns. However, an opposite conclusion can
be obtained if compared at 0 ns delay, where a smaller SVF was found in F12 compared to
F13. It is outside the direct knowledge of the current thesis to justify which delay would be the
correct one without further investigation using additional measurement approaches, such as
sensor-based soot mass concentration measurement. However, it is still essential to notice the
different trends in the obtained SVFs evaluated at different delay times highlighted in this
study.

Regarding the ePPDs, the spatial averaged ePPD of the F12 flame (~ 11.2 nm) was smaller
than in the F13 flame (~ 33.7 nm). The F13 flame effective diameter is within the range of the
results obtained by Ahmed et al. [105].
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Figure 6-6 Time resolved measurements on soot temperature and concentration by the 2C-LII method
at an acquisition duration of 20 ns, in a (1) F12: ethylene — air diffusion flame, and (2) F13:
ethylene/DME — air diffusion flame. Lines shown are Loess fit.

6.3.1.5 The planar two-colour soot pyrometry measurement

The planar two-colour soot pyrometry (similar to LIl but without using a laser) technique has
been implemented to study and compare the quantitative L1 soot measurements and obtain the
flame temperature. Figure 6-7 clearly shows that the intensity of soot is lower in F13 (8 = 0.5)
than in F12 (8 = 0), indicating the addition of DME to an ethylene flame reduces the net soot
formation. The mean soot volume fraction in F12 and F13 is 0.22 ppm and 0.09 ppm,
respectively. The corresponding OH* images for F12 and F13 cases are shown in Figure 4-4
(page 104).
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Figure 6-7 The planar two-colour soot pyrometry results of a) F12 and b) F13.
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The two-colour soot pyrometry SVF measurements values (shown in Figure 6-7) is very
close to the LIl SVF measurement values shown in Figure 6-6, as they both have a similar
order of magnitude of SVF values. Therefore, both two-colour soot pyrometry and LIl can be
used to measure SVF. However, LII can not provide the flame temperature because of the laser
heating. The advantage of using LIl is that it can offer better species resolution and soot
temperature, which can be used to calculate the cool-down effect and predict the effective

primary particle diameter.

Figure 6-7 illustrates that the mean soot temperature is slightly increased for F13, where the
temperature in F12 and F13 are 1867 K and 1969 K, respectively. At the flame front, where
the temperature peak roughly is located, there should not be much soot, and it should be
oxidized when passing the flame front. There is no signal displayed outside the flame front in
both cases in Figure 6-7. Thus, the flame temperature in these regions was not investigated.
The peak temperature values obtained by the two-colour soot pyrometry technique are lower
than the peak of the temperature profiles obtained by the 1D simulations in Chapter 3. This is
expected due to the locations of the soot formations and the radiation heat loss in the

experiments.

The drawback of the two-colour soot pyrometry measurement is mainly from the
line-of-the-sight nature of the technique, which creates artificial errors using the 1AT to obtain
the 2D information. However, this technique provides a low-cost measurement of soot
temperature and concentration, which will allow an integrated approach to study the flame
structure along with the chemiluminescence measurements of OH*, CH*, and C>* (presented
in Chapter 4).

Table 6-1 displays the planar two-colour results of relative spatial soot volume fraction
against DME volume fraction for the F1 to F4 cases. The planar two-colour results of
DME/CH4 mixtures (F1-F4) indicate a decrease in soot volume fraction when the DME in fuel
mixture volume increases, agreeing with both chemiluminescence and 1D simulation results

shown earlier in Section 3.3.2.1 and Section 4.3.1.1.
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Table 6-1 Results obtained by the two-colour technique for F1-F4 cases showing the relative spatial-
averaged soot volume fraction vs. DME volume fraction.

Case DME mixture Relative spatial-averaged
fraction f soot volume fraction
F1 0 1
F2 0.25 0.8
F3 0.5 0.78
F4 0.75 0.35

The agreements found between the soot concentration measurements by the two-colour
pyrometry and the mole fraction trends of the soot precursors predicted by the numerical
simulation (shown in Chapter 3) confirm the validity of the Mech_56.54 mechanism in the

C2H2 and C3Hz as markers and precursors for soot models.

6.3.2 Bluff-body Swirl Spray Flames

This section discusses the measured soot emission characteristics, including soot temperature,
soot volume fraction, and effective primary particle diameter in n-heptane and
n-heptane/iso-pentanol swirl spray flames. The impact of the acquisition duration and delay
times on soot emission behaviour in swirl spray flames are also discussed in this section. The
data presented in this section corresponds to the soot emissions of the flame’s inner
recalculation zone. Figure 6-8 displays a photograph of an n-heptane swirl flame, where the
blue dashed circle indicates the recorded region in the inner recalculation zone. The incident
laser beam is located at a height of 3-5 cm above the bluff-body. It can be observed from the
direct photograph that the location of soot appears both at the spray trajectory and the inner

recirculation zone.

Figure 6-8 Direct image of a steady heptane swirl flame studied with a solid-cone spray atomizer.

144




The measured soot temperature (spatial averaged) of n-heptane and n-heptane/ iso-pentanol
swirl spray flames (HSO, HPSO) at different delay times (0 ns, 20 ns, 40 ns, and 60 ns) and
acquisition duration (TTL of 20 ns, 40 ns, and 100 ns) are shown in Figure 6-9. The soot
temperature in both flames reduced further as a larger delay time was applied, similar to the
soot temperature in laminar diffusion flames discussed earlier in Section 6.3.1.2. In addition,
both flames displayed the highest soot temperatures with an acquisition duration of 100 ns and
the lowest with a 20 ns acquisition duration. In comparison to the laminar diffusion flames, the
soot temperature between 0 ns and 60 ns decreased at a much faster rate than those of laminar
diffusion flames, possibly due to the higher convection cooling effect from the turbulence in

the swirl flames compared to in the laminar flames.

The addition of iso-pentanol to n-heptane fuel was found to have a higher peak soot
temperature at the end of the laser heating process, as shown in Figure 6-9. It was also noticed
that the soot temperature difference between different acquisition duration (TTL) is smaller in
the mixed (n-heptane/ iso-pentanol) flame than in the pure n-heptane flame. Data with longer
delay times (>60) were not obtained (not enough samples) because of the low soot signal.
Whereas in laminar diffusion flames, data were collected with longer delay times of up to 500
ns, as shown in Figure 6-6. The soot temperature cool down was fast in comparison to the
laminar diffusion flames.

Pure n-heptane n-heptane/ iso-pentanol mixture
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Figure 6-9 Effect from the acquisition delay time on the soot temperature measurements from the 2C-
LI, at acquisition durations (TTL) of 20 ns, 40 ns, and 100 ns and a fixed laser energy (50% laser
power) in swirl spray flames of (left) n-heptane, HSO, and (right) 50:50 volume blend of n-
heptane/iso-pentanol, HPSO.
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The 2D measurement of soot volume fractions in the turbulent swirl flames of HSO and
HPSO at 0 ns delay time and acquisition durations of 20 ns, 40 ns, and 100 ns are shown in
Figure 6-10 (instantaneous images) and Figure 6-11 (averaged images), where all colour maps
are presented in parts per million (ppm) unit. The red line displayed along the x-axis denotes
the surface of the bluff-body. Whereas the area between -15 and -20 mm on the x-axis indicates
the region where the air stream enters the confined chamber. The dashed blue circles shown in
Figures 6-10 and 6-11 correspond to the area of the flame region marked with a blue circle in
Figure 6-8. The SVF results shown in Figure 6-11 were calculated from 50-200 instantaneous
images which contain soot signals of an area larger than 50 pixels. Images which contain almost
no soot signals were not included in the calculation for the mean images. The SVF increased
in both flames as a larger acquisition duration was applied. In general, the SVF of the

n-heptane/ iso-pentanol mixture flame was found to be lower than in pure n-heptane flame.

The effective primary particle diameters for pure n-heptane flame at acquisition durations
of 20 ns, 40 ns, and 100 ns are 1.08 nm, 3.84 nm, and 11.4 nm, respectively. On the other hand,
the particle diameters for the n-heptane/ iso-pentanol flame at acquisition durations of 20 ns,
40 ns, and 100 ns are 4.86 nm, 4.86 nm, and 5.66 nm, respectively. The parameters used to
calculate the effective primary particle diameters are similar to all cases (as discussed in the
methodology section), except for the temperature decay rate 7;. 74 is very dependent on the
temperature calculation and its cooling curve along different delay times. Due to the turbulence
or stochastic nature of the flow/soot, the spatial average soot temperature varies slightly at
different instantaneous images. For example, the uncertainty of the temperature for n-heptane/
iso-pentanol mixture measured at 20 ns TTL and O ns delay time is about 109.925 K
(corresponding to a relative error of about 3.4%). Whereas the uncertainty of the temperature
for n-heptane measured at 40 ns TTL and 0 ns delay time is about 80.1 K (corresponding to a
relative error of about 2.8%). The majority of the other cases have almost similar temperature
uncertainty of about +100 K. Therefore, the determination of t; contributes to the main
uncertainty of the measured ePPDs. Additionally, with the assumption of the dominant heat
conduction effect adopted in the current work (as described in the methodology section and
Egs. 2.12 and 2.13), the cooling effects from other mechanism, such as convection and
radiation, were not taken into account in the calculations of ePPDs reported in this work. This
could be another source of uncertainties in the measured ePPDs in the turbulent swirl flames

studied, which is to be investigated in future work.
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Figure 6-10 Effect from the iso-pentanol addition to n-heptane flame on the SVF measurements from
the 2C-LI1 instantaneous images, at fixed delay time (0 ns) and different acquisition durations (TTL)

of 20 ns, 40 ns, and 100 ns. Colour maps are presented in parts per million (ppm). Top row: from

flame HSO, and bottom row: from flame HPSO. The dashed circle line marks the field of view region,

the red line indicates the bluff body surface and the black line shows the burner plate surface.
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Figure 6-11 Effect from the iso-pentanol addition to n-heptane flame on the SVF measurements from
the 2C-LI1 averaged images, at fixed delay time (0 ns) and different acquisition durations (TTL) of 20
ns, 40 ns, and 100 ns. Colour maps are presented in parts per million (ppm). Top row: from flame
HSO0, and bottom row: from flame HPSO. The dashed circle line marks the field of view region, the

red line indicates the bluff body surface and the black line shows the burner plate surface.
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100 ns TTL was used to measure and compare the SVF and soot temperatures for the
n-heptane, n-heptane/iso-pentanol blend, and iso-pentanol flames because 100 ns TTL has
shown a good SVF signal in Figures 6-10 and 6-11. Figure 6-12 shows the 2D soot volume
fraction measurements from instantaneous images of n-heptane, n-heptane/iso-pentanol, and
iso-pentanol flames at 0 ns delay time and acquisition durations of 100 ns. The color maps in
Figure 6-12 indicate that adding iso-pentanol to n-heptane flame reduces the soot volume
fraction. Pure iso-pentanol was found to have the lowest soot volume fraction amongst the
other cases shown in Figure 6-12. Therefore, this gives a positive sign in achieving carbon

neutral combustion (if bio-derived) and soot emissions reductions with iso-pentanol addition.

The averaged soot volume fraction results are shown in Figure 6-13, along with the contour
plot of the mean OH-PLIF data of each case. The trend in soot levels in averaged results is
similar to the one from the instantaneous images and a reduced soot level was found with the

addition of iso-pentanol to n-heptane.

The same laser fluence was used for the measurement in the three flames. The mean (spatial)
soot temperature of instantaneous cases in Figure 6-12 was 2495.5 K, 3188.4 K and 3793.9 K
for HSO, HPSO, and PSO, respectively, indicating possible differences in the soot compositions

(such as any coating with volatile organic compounds) generated in these flames.

Soot temperature is needed to calculate the soot volume fraction, as shown in Eg. 2.18.
Therefore, the soot temperature considers the main contributor to the uncertainty of soot
volume fraction due to the slight temperature variation among instantaneous images. In this
study, the spatial averaged soot temperature was used in the calculation enabling to obtain a
relative soot volume fraction distribution. The uncertainty calculated using the relative spatial-
averaged soot volume fraction of different instantaneous images for n-heptane/ iso-pentanol
flame mixture measured at 20 ns TTL and 0 ns delay time is about 26.9%. Whereas the
uncertainty of the relative spatial-averaged soot volume fraction for n-heptane flame measured
at 40 ns TTL and 0 ns delay time is about 17.4%. Yuan et al. [221] conducted a similar 2C-L1II
diagnostic methodology and found that the uncertainty in emissivity (which is calculated using
soot temperature) is up to 34%. Therefore, the level of uncertainty in SVF obtained from this
study is within the expected range due to the soot temperature as well as other assumptions

explained above.
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Figure 6-12 Soot volume fraction measurements from instantaneous images of (from left) n-heptane
(HS0), n-heptane/iso-pentanol (HPSO), and pure iso-pentanol (PS0O) flames from 2C-LII. Colour maps
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Figure 6-13 Mean soot volume fraction measurements of (from left) n-heptane (HSO0), n-heptane/iso-
pentanol (HPSO0), and pure iso-pentanol (PS0) flames from 2C-LII. Colour maps are shown in parts
per million (ppm). Blue dashed circle indicates the field of view of the 2C-LIlI measurements.
Superimposed on each case the contour plot of mean OH-PLIF data, showing the main reaction zone,
the spray trajectories, and inner recirculation zone for information.

6.3.3 Laminar Diffusion Flames Soot Modelling

Besides the experimental work on laminar diffusion flames, computational investigation on
the formation of soot was also done using the Brookes and Moss model, as mentioned in
Chapter 2. CoH> was only considered the soot precursor and surface growth to investigate the
soot formation in this study. As described in Chapter 2, adjusting the default model parameters
to replicate the experimental findings is important because the default model parameters are
primarily created to model CHs combustion [191]. Some of those model parameters include

the rate of soot inception (Cy), rate of soot surface growth (C, ), activation temperature for soot
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inception (T,), and the activation temperature for surface growth (T,) are chosen to be
calibrated because of their important involvement in the creation of the soot [193], [194], [196],
[199], [200], as mentioned in Chapter 2.

Following the mesh independence study and model validation through flame temperature
and OH* species presented in Chapter 4, a parametric study was carried out to find the typical
values of C, and C, for the CoH4/N2 (F12 case) flame soot modelling. The default values
recommended by Ansys Fluent are 54 and 11700 for C, and C,,, respectively. However, wide
ranges of these values were recommended in the literature, as discussed in Chapter 2.
Therefore, based on the values given by different studies [193], [199]-[202], a test matrix was
built for carrying out the parametric study of the soot inception and soot surface growth rates;
test matrix used is shown in Figure 2-18 Chapter 2. The activation temperatures of soot
inception and surface growth rate remained unchanged (7,=16000 K; T,,=12100 K) initially to
study the impact of C, and C, values on SVF. It was observed (from Figure 6-14) that
increasing any or both values (C, and C, ) increases the peak soot volume fraction. However,
the soot surface growth rate increase has a bigger impact on peak SVF than the soot inception
rate. The highest SVF of the C2H4/ N2 flame mixture was obtained with values of 10000 and
72000 for C, and C,, respectively. This agrees with Choo et al. [193] study in which their
highest SVF for n-dodecane flame obtained the same values for C, and C,. The LII
experimental results showed that the peak SVF of F12 and F13 flames along the centreline is
around 0.6 ppm (across different acquisition delay times up to 500 ns). 10000 and 72000 values
for C, and C,, respectively, provided the closest peak SVF to the experimental results.
Therefore, it was decided to use 10000 and 72000 values of C, and C,, respectively, to carry
out a further parametric study on T, and T, to find the typical values. The default values for C,

and C, suggested by Fluent significantly underestimate the peak SVF, as shown in Figure 6-14.
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Figure 6-14 Impact of C,, and C,, values on SVF of the C;Ha/ N2 (F12 case) flame. The format of the
legend label is “Cy; C,, x magnification factor”.

The impact of T, and T,values on SVF of the CoH4s/N2 (F12 case) flame was then
investigated with the use of a fixed C,, and C, of 10000 and 72000. The results of the parametric
study on different T, and T, values are presented in Figure 6-15. The increase of any or both
values (T, and T,,) was found to decrease the SVF. The impact of T, is higher than the impact
of T, on SVF. Cases with low T, values (3100 K and 7600 K) and low T, values (6300 K)

produced a very high and unexpected SVF. Therefore, these cases did not reasonably predict
the SVF of the CoHa/ N2 (F12 case) flame. Cases with T, and T, values of 16000; 12100 (T;
T,) and 21100; 12100 (T,; T, ) produced a better estimate of SVF than the other cases. The case
with T, and T,, values of 16000 and 12100, respectively, is the same case shown in Figure 6-14
with C, and C, values of 10000 and 72000, respectively. This case produced the closest
estimate to the peak SVF experimental results of the F12 flame shown in Figure 6-6. Therefore,
parameters of C, = 10000, C,, = 72000, T, = 21100, and T, = 12100 were used for the F12

flame in this study.
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Figure 6-15 Impact of T,, and T}, values on SVF of the C;H4/ N2 (F12 case) flame. The format of the
legend label is “Ty; T),, % reduction factor”.

The two parametric studies were repeated for the F13 flame condition (30% DME, 30%
C2H4, and 40%N,). For C, and C, values, the values of 10000 and 72000 were used
respectively, as they provided a peak SVF within the same order of magnitude as SVF values
shown in Figure 6-6. The results of the parametric study on different T,, and T, values for the
F13 flame are shown in Figure 6-16. The impact of increasing or decreasing the T, and T, on
the SVF of the F13 flame is similar to the observations noticed on the SVF of the F12 flame,
as shown in Figure 6-16. However, for F13 flame, T, and T, values of 6300 K and 12100 K,
respectively, produce the closest peak SVF to the experimental results. The calculated peak
SVF of F12 and F13 are 0.293 ppm and 0.258 ppm, respectively. Whereas the experimental
peak SVF of F12 and F13 are 0.625 ppm and 0.609 ppm, respectively. Experimentally, the
peak SVF of the F12 flame is higher than the F13 flame by 2.56%. Whereas computationally,
the peak SVF of the F12 flame is higher than the F13 flame by about 11%. In the current
computational study, only C>H> was utilised as a main precursor of soot, which could be a

probable reason for the less-than-anticipated prediction of the SVF.
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Figure 6-16 Impact of T,, and T, values on SVF of the DME/C;H4/N, (F13 case) flame. The format of
the legend label is “T,; T, * magnification or reduction factor”.

Figure 6-17 shows computational and experimental results of the SVF distribution of both
flames (F12 and F13). The computationally computed peak SVF is shown to occur along the
central flame axis (inner annular area of the flame). However, the experimental height SVF
results are spread more at the flame’s edge (outer annular area of the flame). This disagreement
between the results is likely to be due to the broad range of variability that may have occurred
in the dynamic of the soot structure. In addition, soot precursors play a crucial effect on the
shape of SVF, as discussed and shown by Reddy et al. [222]. Reddy et al. [222] found that
including CsHs as a soot precursor in the Moss-Brooks model significantly synergizes the SVF
values and shape. Therefore, it is essential to include CeHs in the chemical mechanism when
carrying out soot modelling using the Moss-Brooks model to accurately replicate the
experimental study, which can be considered in future work. However, this study has found

the typical values of the T,,, T, C,, and C, parameters for both the F12 and F13 flames, which

can be used in the future along with the inclusion of CsHs as a soot precursor.
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Figure 6-17 Comparison among computational and experimental results of SVF distribution. The
leftmost side of each sub-figure represent the computational result, and the rightmost side of each
figure represent the experimental result.
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6.4 Conclusion

This chapter discussed the impact of the laser energy and acquisition parameters on soot
temperatures, soot concentration quantification, and effective primary particle diameter of
different fuels in laminar diffusion flames and turbulent swirl spray flames. In methane laminar
diffusion flames, the results suggested that the soot temperature and soot volume fraction
obtained from the measurement depend on the laser fluence, acquisition delay time, and
acquisition duration. Although the soot volume fraction is almost constant (variations less than
1 %) across different applied laser energy, the soot temperature reduced as the laser energy
decreased with a difference of about 10 K. The soot temperature at 0 ns delay time was highest
with the acquisition duration of 40 ns TTL and lowest with the 10 ns TTL. In all laminar flames,

the soot temperature was found to have an inverse relationship to the acquisition delay.

The planar soot volume fraction measurements in methane/ DME - air flames at various fuel
blending ratios displayed a reduction in soot volume fraction as DME was added to methane
flame. The effect of acquisition delay time on temperature and soot volume fraction in ethylene/
DME air diffusion flames was also discussed. The results showed that the soot volume fraction
in DME/ ethylene flame is less than in the pure ethylene flame. Whereas the addition of DME
fuel into ethylene diffusion flame evidenced a reduced soot temperature at the end of the laser

heating up to a time delay of 150 ns.

In turbulent swirl spray flames, the soot temperature reduced as a larger delay time was
applied. On the other hand, the measured soot temperatures and concentrations showed a
positive correlation relationship to the acquisition duration (TTL). The addition of iso-pentanol
to n-heptane fuel was found to have a higher soot peak temperature at the end of the laser pulse

and a decrease in the overall soot volume fraction.

The acquisition duration (TTL) was found to have an impact on the effective primary
particle diameter measurement of all the flames, including laminar and turbulent. In laminar
flames, it was found that the effective primary particle diameter at 10 ns and 20 ns TTL were
equal to each other, whereas at 40 ns TTL diameter was lower. On the other hand, the effective
primary particle diameter measurements in turbulent flames showed a direct relationship to the

acquisition duration. The addition of DME to ethylene was found to increase the effective

155




primary particle diameter. Whereas the addition of iso-pentanol to n-heptane decreased the

effective primary particle diameter.

Soot modelling of the F12 and F13 laminar diffusion flames was also carried out using the
Moss-Brooks model to evaluate the potentiality of predicting soot in DME / C2H4 using the
existing developed soot model in Ansys Fluent. The computational SVF results of F12 and
F13, laminar diffusion flames, found a less-than-anticipated prediction because of not including
all needed soot precursors in the chemical mechanism. Nevertheless, this study suggested the

typical values of the Ty, T, C,, and C, parameters for both the F12 and F13 flames, which can

be used in the future for further investigations.
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Chapter 7: The Impact of Dilution Air Strategy
on the N-heptane Turbulent Swirl Spray Flames

7.1 Introduction

The injection of dilution air/ secondary air strategy downstream of the combustion chamber,
also known as the Rich-Burn, Quick-Mix, Lean-Burn (RQL) combustor, of gas turbine engines
was introduced in 1980 to reduce the NOx emissions [62]. Using dilution air leads to a lean
combustion, which decreases NOx emissions. The global blow-off event may occur due to lean
combustion, which is often linked with a higher probability of extinction. Therefore, this
Chapter investigates the impact of dilution air strategy on the stability, HRR, and flame
structure of n-heptane bluff-body swirl spray flames. The data measured using OH-PLIF,

CH20O-PLIF, and OH* chemiluminescence are presented in this chapter.

Besides the experimental work, 1D non-premixed laminar counter flow flame simulations
were conducted to understand the flame structure behaviour and temperature when adding
more air with hot products. 1D n-heptane non-premixed laminar diffusion flame simulations
were performed using the counter flow COSILAB package [165] employed with the San Diego

mechanism [167].
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7.2 Flow Conditions

Pure n-heptane liquid fuel was tested in a bluff-body swirl spray burner with and without
dilution air in this Chapter. The burner used for this chapter is the same for the cases of Chapters
5 and 6, but air tubes were inserted into the combustion chamber to introduce the air dilution.
More details about the experimental rig setup can be found in Section 2.3.2.3 (Chapter 2). The

flame conditions are shown in Table 2-4 (Chapter 2).

The mixing conditions for the 1D simulations are shown in Table 7-1. Two pure n-heptane
flame conditions were numerically studied; one case (#1) with an oxidiser of air and hot
combustion products, which can be considered as a close representation of the interaction in
the shear layer (reaction zone area) of the swirl spray flame (without dilution air). The second
case (#2) is with an oxidiser of 10% more air and hot combustion products representing the
impact of dilution air. The mixing ratios of the hot combustion products (shown in Table 7-1)
were decided based on laminar premixed flame calculations suggested by Sidey and
Mastorakos [223]. The strain rate was varied to understand better the flame structure at
conditions away and close to extinction. The simulated flame cases were set to a fixed fuel inlet
temperature of 298 K, whereas the oxidiser inlet temperature was fixed at 1838 K for all cases.
As mentioned in the introduction (Chapter 1), swirling flows generate an inner recirculation
zone (IRZ) within the flame, creating an ideal condition for the hot, recirculated products to
keep the newly injected reactants into the combustor constantly ignited. Therefore, the high
inlet temperature set for the oxidiser and the introduction of hot products in the oxidiser stream
provide a closer representation of the hot products generated in the swirl spray flames.

Table 7-1 Molar concentrations of the oxidiser stream for the 1D simulations of pure n-heptane
counter flow flames.

Case Strain Tox Xo
Rates (1)  (K)

#1 1000, & 1838 0.06  0.729258 014 73x10™* 007 12x107°
2000

#2 1000, & 1838 0.075 0.7353322 0.126 6.6x10"* 0.063 1.1x107°
2000

XN, Xu,0 Xon Xco, Xno

2
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7.3 Results and Discussion

This section shows the results of 1D counter flow simulations, OH-PLIF, CH>O-PLIF, and
OH* chemiluminescence for the n-heptane swirl spray flame with and without the addition of
dilution air. The following subsections start with the 1D numerical results of counter flow flame
(Section 7.3.1), followed by presenting the direct images to discuss the impact of dilution air
on the flame appearance (Section 7.3.2). After that, stability limit testing is presented and
discussed (Section 7.3.3). The fuel-PLIF, OH-PLIF, and CH>O-PLIF results are then discussed
(Section 7.3.4), followed by local extinction and lift-off results (Section 7.3.5). Finally, the

OH* chemiluminescence are then presented in section 7.3.6.

7.3.1 Simulations of Laminar Counter flow Flames

The laminar counter flow flame simulation results of temperature, OH mole fraction, and heat
release rate for pure n-heptane flame (#1 and #2 flame conditions) at strain rates of 1000 s
and 2000 stare shown in Figures 7-1 and 7-2. The addition of 10% more air (#2 flame
condition) on the oxidiser side increased the peak values of the temperature and HRR. The
increased air in the oxidiser side makes the fuel burn more completely because more quantities
of Oz become available in the mixture. Consequently, the flame combustion generates more
heat, increasing the flame's temperature, as shown in Figures 7-1 and 7-2. Adding 10% more
air also increased the OH mole fraction. Increasing the OH mole fraction promotes more
combustion reactions and increases the flame's temperature. Therefore, the flame stability can
be enhanced by the increase in the concentration of OH. As expected, the increase in the strain
rate from 1000 s to 2000 s decreased the peak values of temperature, OH mole fraction, and
heat release rate. However, the increase in strain rate decreased the flame temperature by about
1.6% for #1 and 1.5% for #2. Therefore, it is expected that the case with an oxidiser of 10%

more air to sustain longer.
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Figure 7-1 1D counter flow flame COSILAB simulation results of temperature and OH mole fraction
for pure n-heptane (#1 and #2 flame conditions) at strain rates of 1000 s and 2000 s*.
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Figure 7-2 1D counter flow flame COSILAB simulation results of heat release rate for pure n-heptane
(#1 and #2 flame conditions) at strain rates of 1000 s and 2000 s.

7.3.2 Flame Appearance

Figure 7-3 displays direct images of the n-heptane swirl spray flame with (QD_L) and without

the (QN_L) dilution air effect. Prior to the introduction of air dilution, yellow was the dominant

color appearance in the flame, indicating the presence of soot. Two clear flame branches at the

inner recirculation zone (inner flame branch, IFB) and near the outer shear layer (outer flame

branch, OFB) were shown in the flame. The IFB of the QN_L flame exhibited less reaction
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(less luminous flame area) than the IFB of the QD_L flame. This possibly occurs because the
hot product entering the IRZ is more with the effect of dilution air, making this flame branch
look bigger. Introducing dilution air to the flame removed almost all the yellow luminosities.
In addition, the flame was contained above the edge of the bluff-body within the outer shear

layer and the height of the flame remained almost unchanged. The lift-off from the bluff-body

is unclear from the direct images shown in Figure 7-3. More analysis on flame stabilization is
to be discussed in the OH-PLIF subsection.

QN L QD L

Figure 7-3 N-heptane swirl spray flame with (QN_L) and without (QD_L) dilution air effect.

7.3.3 Stability Limit Testing

Stability limit testing was done at two fuel mass flow rates of 630 g/h and 700 g/h. The blow-off
condition at each of these mass fuel rates was identified first, and then the dilution air was
introduced. The mass flow rates of dilution air were added to each case by 2% and 5% of the
co-flow air mass flow rate at blow-off condition. For example, 2% dilution air means the
co-flow air kept at blow-off condition (i.e., 790 SLPM for the condition at 630 g/h) and 15.8
SLPM (2% of the 790 SLPM) added through the air dilution holes. Generally, the introduction
of dilution air was found to increase the stability limit, as shown in Figure 7-4. The no dilution
case quenched at 790 SLPM (Blow-off condition). The introduction of 2% dilution air made
the flame last longer (unstable flame died after 5 minutes). Whereas the introduction of 5%

dilution air turned the flame to be in a completely stable condition.
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Figure 7-4 Fuel mass flow rate against the sum of co-flow air and dilution air.

7.3.4 PLIF

7.3.4.1 Fuel-PLIF

The background B(Q) signal near the Q1(6) transition was used to correct the background noise
and to study the impact of dilution air on the fuel fluorescence signal, including the fuel
trajectory and spray droplets. Figure 7-5 presents the mean images of the fuel-PLIF signal for
the SN_H, SD1_H, SD2_H, and SD3_H (see Table 2-4, all are reacting cases, and the notation
1, 2, 3 refers to 2%, 5%, and 10% dilution). For the flame case names, S denotes the stable
condition, N denotes the cases with no air dilution, and D is the conditions with air dilution.
The overall spray trajectory and structure of all the cases have a cone-like shape, as shown in
Figure 7-5. However, the droplet dispersion differs significantly. The effect of adding dilution
air was found to break up the droplets into smaller droplets and spread them more broadly
towards the IRZ region. This is caused by the force exerted (such as the aerodynamic drag
force) from the diluted air combined with the recirculation air hitting the droplets. This
enhances the direct removal of small droplets from the liquid jets surface (shear breakup). The
surface area covered by the droplets increases with the increase of the amount of very small
droplets, and hence the heat and mass exchange rates increase too. Therefore, the radial

injection of air dilution produces fast mixing and a more stable flame.
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Figure 7-5 Mean images of fuel-PLIF signal for SN_H, SD1 H, SD2_H, and SD3_H. The arrows
shown in the SN_H case indicate the height (30 mm above the nozzle) and location of dilution air
injection (this applies to all cases).

7.34.2 OH-PLIF

In this study, the OH-PLIF images are used to give information and insight on the flame sheet
characteristics affected by the introduction of dilution air. Figure 7-6 shows the instantaneous
and averaged images of OH-PLIF for QN_L, QD L, NN_L, ND_L, SN_L, and SD_L (Table
2-4). The instantaneous images suggest that cases without the dilution air (i.e., QN_L, NN_L,
and SN_L) mostly have continuous OH flame sheets, in which the flame sheet in the OFB is
extended from one edge of the bluff-body to the other edge. The flame sheet in the cases with
dilution air (i.e., QD_L, ND_L, and SD_L) presents more local extinction due to the high
turbulence level. The relatively small mass fuel flow rates used in this study (630 g/h and 700
g/h) resulted in a less effective liquid atomization, in which droplets were not efficiently broken
to the finest size. This resulted in fuel-LIF signals from the fuel droplets contained in the
OH-PLIF results, such as the signals found along the spray v-shape trajectory, adding difficulty
in analyzing the characteristics of IRZ. The instantaneous images in Figure 7-6 clearly show
the fuel-LIF signal. With background correction, the averaged images in Figure 7-6 mostly
show no signal where the spray v-shape trajectory occurs. Nevertheless, few fuel-PLIF signals
remain in the averaged OH-PLIF, as seen clearly in the QN_L case in Figure 7-6. Therefore,
for a better comparison, relative OH intensity data across the height of 10 mm (Z-axis) were
extracted and plotted against the radial position (see Figure 7-8) to avoid interference with the
fuel-PLIF signal.
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Figure 7-6 Instantaneous and averaged images of OH-PLIF for QN_L, QD_L, NN_L, ND_L, SN_L,

and SD_L. Bracketed numbers underneath the case names denote the annular air flow rate (SLPM) +

dilution air flow rate (SLPM). The laser beam's location is shown in green, the combustion chamber's
bottom surface is shown in blue, and the surface of the bluff body is shown in red.

Figure 7-7 displays the instantaneous and averaged images of OH-PLIF for QN_H, QD_H,
SN_H, SD1 _H, SD2_H, and SD3_H. The observations presented here are almost similar to

those delivered by Figure 7-6 regarding the direct relationship between the local extinction and

dilution air. Nevertheless, it is shown in Figure 7-7 that the addition of dilution by 2% (SD1_H)

of the co-flow air did not have a big impact on the flame sheet continuity, but it only shrank
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towards the center of the flame and bluff-body. The corrected averaged OH-PLIF images
suggest that adding dilution air increases the relative OH intensity in the OFB. This can be
noticed by the increase in the red and yellow colour in the mean images (Figure 7-7) on adding
more dilution air.
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Figure 7-7 Instantaneous and averaged images of OH-PLIF for QN_H, QD_H, SN_H, SD1 H,
SD2_H, and SD3_H. Bracketed numbers underneath the case names denote the annular air flow rate
(SLPM) + dilution air flow rate (SLPM). The laser beam's location is shown in green, the combustion

chamber’s bottom surface is shown in blue, and the surface of the bluff body is shown in red.

165




The relative OH intensity across the height of 10 mm in the Z-axis was plotted against the
radial position for all cases in Figure 7-8. In cases where air dilution was added, the relative
intensity of OH was higher and the location where the OH peak values occur is almost
consistent in all cases. The OFB is where the OH intensity peaks above the region where the
annular air enters the chamber. The IRZ is found to have lower OH intensities generally than
OFB. Without dilution air addition, the blow-off condition had higher OH intensity than the
stable condition. However, adding dilution air to both conditions (stable and blow-off)
increased the OH intensity to higher levels for the stable conditions compared to the blow-off
case. Measurements shown in Figure 7-8 are plotted at 10 mm above the nozzle, so the peak
values shown do not necessarily mean the peak values of the overall OH (only valid at 10 mm
height) because the flame may become more compact when approaching the bluff-body in the
blow-off condition. The cases with dilution air (dashed lines in Figure 7-8) have higher OH
signal than those without dilution air (solid lines in Figure 7-8) at the same conditions. This
means that the flame heights are similar at the same conditions, and therefore the OFB has a

higher OH signal in cases with dilution air.
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Figure 7-8 Relative OH intensity across the height of 10 mm in the Z-axis against the radial position
for (left) cases with fuel mass flow rate of 630 g/h, and (right) cases with fuel mass flow rate of 700
g/h. Solid lines represent cases with no dilution air, and the discontinues lines represent cases with
dilution air.

7.34.3 CH0-PLIF

The CH2O-PLIF images are used to mark the low-temperature HRR regions in the flame.
Figure 7-9 shows the instantaneous and averaged images of CH>O-PLIF for NN_L, ND L,
SN_L, SD_L, and SD_L. Unlike the OH-PLIF signal, CH2O-PLIF instantaneous images show
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less CH20 signal in the OFB in the cases with dilution air (i.e., ND_L and SD_L), indicating

low HRR in the region above the bluff-body in between the OFB and IFB. In the cases with

dilution air, most of the CH2O signal is confined in the IRZ. The concentration of CH.O signal
in the IRZ is higher in SD_L (5% added air dilution) case than in SN_L (no air dilution). This

is mainly because the radial introduction of air dilution interferes with the motion of the

swirling air and makes the flow of air and fuel to recirculate more in the IRZ. The intense

degrees of mixing and turbulence within the IRZ may enable the fuel to remain in the flame

for more time. This will give it more opportunity to react with the oxygen and promote the

production of CH20. The mean images in Figure 7-9 suggest less CH2O signal in the cases

with dilution air than those with no addition of dilution air.
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Figure 7-9 Instantaneous and mean images of CH,O-PLIF for NN_L, ND_L,SN_L,ND_L, SD_L,
and SD_L. The combustion chamber's bottom surface is shown in blue, and the surface of the bluff
body is shown in red.

167




7.3.5 Local Extinction & Lift-off

Local extinction and lift-off characteristics of the flame sheets were investigated through the
OH-PLIF results. Figure 7-10 illustrates the probability density function (PDF) against the
number of local extinction events for all cases. Generally, all cases with dilution air added
exhibited higher PDF of local extinction events than those without dilution air. The addition of
dilution air (5% of air co-flow) to the cases with a lower fuel mass flow rate of 630 g/h resulted
in increasing the occurrence of local extinction by 6-7.5%, regardless of the flame condition
(i.e., at quenching, near blow-off, or stable condition). Whereas adding dilution air (5% of air
co-flow) to the cases with a higher fuel mass flow rate of 700 g/h increased the occurrence of
local extinction by 3.9%. The addition of dilution air by 2% of the air co-flow (i.e. SD1 H
case) had negligible impact on the amount of local extinction occurrence. These percentages

are calculated based on the difference of the areas under the curves.

The increase in the degree of local extinction with the addition of dilution air is due to the
high turbulence flow. Local extinction occurrences were likely caused by the enormous air
strain that the extremely high turbulence levels put on the flame front. The rate of diffusive
mixing is accelerated by turbulence, which raises the flame surface area and scalar gradients
[224]. Rapid mixing makes higher heat release rates (HRR) possible. Nevertheless, the rise in
mixing rates could result in quenching the flame. The current cases studied in this work showed
more stability when more dilution air was added to the flame despite the fact that local
extinction events also increased. This could mean that the rates of heat diffusion did not outpace

the rate of combustion's heat release in the current cases.

PDF

Local Extinction Local Extinction

Figure 7-10 PDF of local extinction of (left) cases with fuel mass flow rate of 630 g/h, and (right)
cases with fuel mass flow rate of 700 g/h.
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Figure 7-11 shows the PDF of the lift-off height for all cases. The lift-off height decreased
on moving from the stable condition towards the blow-off condition. Overall, the mean lift-off
height reduces only slightly with the addition of dilution air. The addition of dilution air (5%
of air co-flow) decreased the mean lift-off heights by about 0.007-0.01%. The lift-off heights
were reduced by roughly 0.0145% when dilution air (10% of the air co-flow) was added.
Therefore, there is almost no impact of the dilution air on the lift-off heights at the flow
conditions tested. This is possibly due to the current location of the dilution air ports (30 mm
above the burner surface) and the direction of dilution air injection (towards the burner central
axis). The flame sheets were found to be confined further toward the burner's centre by the high

air strain caused by the air dilution, as shown in SD1_H in Figure 7-7.

10 12 14 16 18 20
Lift-off height, mm Lift-off height, mm

Figure 7-11 PDF of lift-off height of (left) cases with fuel mass flow rate of 630 g/h, and (right) cases
with fuel mass flow rate of 700 g/h.

7.3.6 Chemiluminescence

OH* Chemiluminescence is well known as a heat release indicator. Figure 7-12 displays
averaged inverse Abel transformed OH* Chemiluminescence images for QN_L, QD L,
NN_L, ND L, SN_L, and SD_L cases. The two flame branches (IFB & OFB) are shown
clearly in Figure 7-12 in the flame cases with no air dilution (QN_L, NN_L, and SN_L). Similar
to what was observed earlier in the OH-PLIF results, OH* Chemiluminescence also confirms
that the addition of dilution air confines the OFB further toward the center of the flame due to
the high air strain caused by the air dilution. At all three flow conditions, the addition of dilution
air increased the OH* signal (i.e., heat release rate) by 148%, 128%, and 47% for blow-off,

near blow-off, and stable conditions, respectively, compared with the counterparts without
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dilution. This increase is because of the rapid mixing between air and fuel, hence more
recirculation of hot combustion products inside the IRZ. The results presented in Figure 7-12
show that the inner recirculation zone is where the OH* signals are at their greatest. More
details on the flow field motion can be observed from a PIV study in the future. The addition
of dilution air by 2% of the air co-flow (i.e., SD1_H) did not cause any increase in the HRR,
as shown in Figure 7-12. Whereas adding dilution air by 5% and 10% (i.e., SD2_H & SD3_H)

of the air co-flow increased the heat release rate by about 132% and 247%, respectively.
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Figure 7-12 Averaged inverse Abel transformed images of OH* Chemiluminescence for QN_L,
QD_L,NN_L,ND_L,SN_L,SD_L SN_H, SD1_H, SD2_H, and SD3_H cases.
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7.4 Conclusion

This chapter has focused mainly on the impact of dilution air strategy on the stability, HRR
and flame structure of n-heptane bluff-body swirl spray flames. N-heptane bluff-body swirl
spray flame was studied in this chapter under different flow conditions including at quenching
(global blow-off), near to blow-off, and stable conditions. In addition, simulations of 1D
n-heptane non-premixed laminar counter flow flames were performed to gain a preliminary

understanding of the behaviour and flame structure when adding air to heated products.

The results of a 1D simulation demonstrated that the addition of 10% more air to the oxidiser
side increased the maximum temperature, OH mole fraction, and heat release rate. Direct
images of n-heptane bluff-body swirl spray flames showed that adding dilution air removed
almost all the dominant yellow color appearance (luminosity from the soot particles) in the
flame. In addition, the flame branch in the IRZ appeared to cover a larger area in the case with
added dilution air. The flame's stability limit increased when adding dilution air, and a 2%
addition made the flame persist longer. The flame became completely steady with the addition
of 5% dilution air at the blow-off co-flow conditions of the non-diluted flames. The addition
of dilution air evidenced more efficient spray breakups closer to the nozzle, and visible droplets
spread more widely into the IRZ. Cases without dilution air exhibited continuous OH flame
sheets, overall thin, with the flame sheet extending from one edge of the bluff-body to the other.
Whereas OH appears more cloud-shaped, wrinkled, and disturbed in the dilution cases. More
local extinction occurred in the flame sheet in the dilute air cases due to the increased
turbulence. OH-PLIF results showed that the addition of dilution air increases the relative OH
intensity in the OFB at the same horizontal plane downstream. The concentration of the CH20O
signal in the IRZ became higher with the addition of air dilution. The impact of dilution air
addition is very small on the lift-off height of the flame. A similar OH* (HRR) signal level was
observed after adding dilution air at a rate of 2% of the air co-flow. While OH* intensity was
raised by about 132% and 247% when dilution air was added to the air co-flow at 5% and 10%,
respectively. The increase shown in OH (reaction zone), CH20, and OH* (HRR) agree with
the observation of extended stability (blow-off limit) when adding dilution air studied in this

chapter.
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Chapter 8: Conclusions and Recommendations
for Future Work

8.1 Conclusions from this Thesis

This thesis presents an experimental and numerical investigation of the combustion and
emission characteristics of two key biofuels (DME & iso-pentanol) and their mixtures in
different flame configurations and conditions. The primary aims of this thesis were to assess
the effects of DME fuel addition on soot formation, heat release rate, and flame structure in
co-flow laminar diffusion flames of hydrocarbon fuels, including methane and ethylene. In
addition, to investigate the influence of iso-pentanol fuel addition on flame stability, soot
formation, NOx emission, heat release rate, and flame structure in n-heptane turbulent
bluff-body swirl spray flames under different conditions, such as when the flame is far from

blow-off and when it is close to blow-off.

1D laminar non-premixed flame calculations of DME/ methane/ ethylene flame mixtures,
n-heptane flame, and iso-pentanol flame were conducted to obtain preliminary information on
the mixtures flame structures and species profiles including OH*, OH, CH*, CH, HRR, CHs,

CsHs, CoH2, and flame temperature. The formation pathways of soot precursors were also

173



investigated from these simulations. The impact of adding DME to hydrocarbon fuels on
combustion heat release and reaction zone was determined and investigated using CH*, OH*,
and C>* Chemiluminescence imaging systems over a wide range of DME mixing ratios. The
OH-PLIF diagnostic method was used to determine how adding iso-pentanol fuel to n-heptane
bluff-body swirl spray flames affect the structure of the flames, namely the lift-off heights and
the amount of local extinction, at three different operating conditions including, stable, near
blow-off, and far away from blow-off. Far away from blow-off conditions are also stable
conditions, but with lower fuel and air flow rates than the others to examine the soot behaviours.
Quantitative soot volume fraction and soot temperatures, measured using the 2C-LI1 technique,
were also presented for DME flames and its mixtures as well as for iso-pentanol/ n-heptane
flames. Additionally, the soot effective primary particle diameter was measured in n-heptane
and n-heptane/ iso-pentanol swirl spray flames. Qualitative measurements of NO emissions
were conducted using NO-PLIF for the iso-pentanol/ n-heptane flames. The results are

summarised in the following subsections.

This thesis also included further investigations on the diagnostic methods and flame
stability, which are helpful for current and future works. The feasibility of utilising OH*, CH*,
or C>* chemiluminescence as an HRR and equivalence ratio marker in non-premixed flames
has been investigated on the DME/ hydrocarbon flames. For the 2C-LI1 diagnostic method, the
impact of the laser fluence level, acquisition delay, and duration times on the calculated soot
concentration was investigated, and its effect on the measurements was evaluated. A dilution
air strategy was implemented in the n-heptane bluff-body swirl spray flame to investigate its

effect on flame stability, HRR, and flame structure.

The subsequent sections of this chapter conclude the main outcomes of this thesis on the
combustion and emission characteristics of DME & iso-pentanol and their mixtures. The last

section (8.2) of this Chapter provides a few suggestions for future work.

8.1.1 Dimethyl Ether (DME) Fuel

Counter flow flame type along with a detailed chemical kinetic mechanism were used for the
laminar flame calculations to study the characteristics of the flame structure, soot emission,
and HRR of the DME/CH4 and DME/C,H4 flames. Soot precursors (C2H2 and CsHs) were

found to have a decreasing concentration in the CH4 flame as the DME mixture ratio increased.
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While 25% DME addition to a CoHa/N, flame raised C3Hs concentration, this effect was
decreased when more DME was introduced into the flame. At 50% DME addition, the CsH3
concentration is lower than the C,H4/N> flame case. The reduction in net CHs concentration is
directly connected to the decrease in net C2H, and C3H3 production in DME/CH4 flame mixes,
but in DME/C2H4/N> flame mixtures, CHz had a positive impact on C3H3 net production at low
DME mixing ratios (25%). Peak values of flame temperature (T) and OH were found to steadily
increase with increasing DME mixture ratio in a CH4 flame, while HRR, CH*, OH*, and CH
mole fractions are found to decrease with increasing DME mixture ratio in CHs and CaHs
flames. As more DME and N2 were introduced concurrently to methane and ethylene flames
in equal power output conditions, the HRR and soot concentration peak values decreased.

Adding DME to CH4 and C7H3e increased the required strain rate for quenching.

Experimentally, with a 25% addition of DME to CH4 co-flow laminar diffusion flame, soot
radiation appearance became more noticeable in C>* chemiluminescence. On the contrary,
increasing the DME mixture ratio by more than 25% weakened the soot radiation appearance,
indicating either a lower soot concentration or a lower soot temperature. In conditions of equal
power output, adding DME and N2 concurrently caused a decrease in the OH* signal (HRR)
and soot, in agreement with numerical observations. 2C-LIl measurements showed that adding
DME to CH4 flame, at various fuel blending ratios reduces the planar soot volume fraction in
the flame. However, the addition of DME to CHs flame increases the ePPDs, in which the
ePPDs are equal to 33.7 nm, 33.7 nm, 48.1 nm, and 112 nm for DME mixing ratios (molar ratio
of the DME/methane mixture) of 0, 0.25, 0.50, and 0.75, respectively.

The acquisition delay time affected the SVFs measurement from the 2C-LII technique. In
methane—air diffusion flame, the observed SVF increased for the first 150 ns after the laser
pulse ended, and subsequently, the variations in SVFs reached a plateau regime at longer delay
durations (>500 ns). In addition, a small inverse relationship was observed at laser energy
greater than 10% between incident laser fluence and measured soot concentration, with soot
volume fractions differing by less than 1%. At less than 10% laser energy, however, the impact
on SVFs is negligible. For DME/C>H4/N> flame mixture, when comparing the calculated SVFs
at a delay time of > 20 ns to the pure ethylene/N> flame, the DME addition decreased SVFs.
Nevertheless, an opposite conclusion was obtained when compared at delay times < 20 ns. In
both DME/C2H4/N2 and ethylene/N> flame mixtures, the observed SVF increased during the
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first 100 ns after the laser pulse ended and reached a plateau regime after 150 ns. The addition

of DME to C,H4/N> flame was also found to increase the ePPDs.

8.1.2 Iso-pentanol Fuel

The 1D laminar non-premixed flame calculations showed that pure iso-pentanol flame has a
lower flame temperature than the pure n-heptane flame. The production of CzH. occurs
primarily via two routes: one via CH; - C,H¢, » C,Hs -» C,H, - C,H; —» C,H, and the
other via C;Hg — C,H3; — C,H,. The contribution of n-heptane to the production of Co.Hs was

greater than that of iso-pentanol.

Investigations on reaction zone characteristics and soot emission of the pure iso-pentanol,
pure n-heptane fuels, and their 50:50 volume ratio mixtures were also carried out
experimentally using a bluff-body swirl spray burner. This study also tested the pure ethanol
flame and a 50:50 volume ratio mixture of ethanol/n-heptane to compare their reaction zone
characteristics to iso-pentanol and n-heptane flames. All bluff-body swirl spray flames
investigated in this study showed clear double flame sheet structures (inner and outer). It was
observed that the atomisation of iso-pentanol is less efficient than heptane under the same flow

conditions studied.

Far away from blow-off (sooting) and stable conditions, the n-heptane/iso-pentanol flame
exhibited a lower overall lift-off height than the pure iso-pentanol flame. Pure iso-pentanol at
near blow-off conditions showed the highest average lift-off amongst the pure iso-pentanol at
stable and near blow-off cases. Iso-pentanol /n-heptane blend at near blow-off condition
showed the lowest mean lift-off height amongst all near blow-off cases, including pure
iso-pentanol, n-heptane, ethanol flames, and 50:50 volume ratio mixture of ethanol/n-heptane

flame.

Regarding local extinction, pure iso-pentanol far away from the blow-off condition was
found to have fewer local extinctions than n-heptane/iso-pentanol. In stable flame conditions,
the highest occurrence of local extinctions was found in pure iso-pentanol compared to other
flames and the lowest in the n-heptane/ethanol mixture. In near blow-off conditions, the
number of local extinction events was highest in pure iso-pentanol and lowest in pure ethanol.

In addition, the local extinctions increased when iso-pentanol was added to n-heptane.
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In terms of heat release, adding iso-pentanol to the n-heptane flame increased the OH*
chemiluminescence signal, which likely indicates the greater rate of heat release than pure
n-heptane flame. 2C-LII measurements showed that adding iso-pentanol to n-heptane fuel
resulted in a lower soot volume fraction overall and a greater soot peak temperature under the

same laser fluence input. Furthermore, adding iso-pentanol to n-heptane reduces the ePPD.

The addition of dilution air downstream the chamber in n-heptane bluff-body swirl spray
flame increased the flame's stability limit. Spray breakups were more effective near the nozzle
area once dilution air was added, and visible droplets were observed to disperse more
widely into the IRZ. In the dilute air cases, more local extinction was observed in the flame
sheet, whereas the impact of dilution air addition on the flame's lift-off height was almost

negligible.

8.2 Recommendations for Future Work

In this thesis, DME gaseous fuel demonstrated good combustion characteristics and the ability
to reduce soot emissions when mixed with hydrocarbon fuels. From the combustion and
emission side, DME showed to be a great potential alternative clean fuel. However, there still
needs to be DME spray combustion studies in fundamental rigs. DME is a gas at room
temperature (25 °C), and thus in a fuel system, it requires to be pressurized to remain in the
liquid state [225]. It is very difficult to fulfil the requirement of having a system that can
pressurise or cool the DME (also very expensive), which may explain there is no research on
DME spray combustion in atmospheric rigs. However, despite the difficulties, studying DME
in a spray flame configuration is necessary for collecting information about the atomization
process. Such data is essential for multiple factors; this includes improving the burning
efficiency as well as engine performance. In addition, thorough research on DME in a spray
flame configuration can aid in producing and developing accurate models of DME fuel

combustion.

A quantitative measurement of OH-PLIF and NO-PLIF can be achieved for the DME
co-flow laminar diffusion flame. This can be done using the quantitative OH study
methodology explained by Hughes et al. [226]. It is extremely hard to quantitative one LIF
signal as it may cause lots of errors, but the question can be simplified with collecting two LIF
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signals with the same detection equipment. Apart of DME, a referenced fuel such as CHa,
where the mechanism is relatively validated by the community, can be considered as a second
LIF signal. And, if accurate flame temperature profiles are available for both fuels (i.e., DME
and CHj4), one of the ways that can help in obtaining a quantitative concentration profile of OH
from the DME flame is to use both temperature profiles and back-calculate an OH fraction for
DME. Boltzmann fraction and quenching rate are another important factors in the quantitative
study, which are both temperature dependent. Boltzmann fraction population can be obtained
from the LIFBASE simulation, whereas quenching rate can be obtained from previous
experimental or theoretical investigations. For turbulent flames, this method remains a

challenge, and further research is needed to apply this methodology.

Iso-pentanol fuel combustion studies in this thesis showed that it could enhance flame
stability and reduce soot and NOx emissions when added to the n-heptane bluff-body swirl
spray flame. However, there was difficulty in obtaining some of the quantitative measurements,
such as flame temperature and OH mole fractions from OH-PLIF, because of the inherent
complexity of turbulent bluff-body swirl spray flames. The turbulence nature made it very
difficult to precisely record and process the fluorescence signals. Nevertheless, despite these
challenges, conducting further combustion studies on iso-pentanol and obtaining some
quantitative measurements is essential and suggested. This will provide more important data
on the combustion characteristics of iso-pentanol, even if it is through point-wise and not laser

diagnostic methods.

Soot particles are not actually considered or categorised as GHGs. However, soot particles
contribute to global warming. Soot particles can absorb the radiation coming from the sun and
convert it into heat, which can affect the surrounding atmosphere. This little climatic impact
on the atmosphere can play a role in changing the temperature. Therefore, soot has global
warming potential, so the decarbonisation reduction effect by adding iso-pentanol needs to be
evaluated further. In addition, a life-cycle assessment, including fuel production pathways and
supply chain analysis, may be necessary for the next step to quantify CO2 equivalent emissions
further.

In Chapter 6, it was shown that there is a variation in measured SVFs that may be related to

the uncertainty associated with the soot volume fraction Equation 2.18 (Chapter 2), in which
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the soot temperature was used to obtain the SVF. Therefore, further investigations are also

required in the next step to understand the source of uncertainty.
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