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Thesis Abstract

Most practical combustion systems, including; boilers, furnaces and jet engines work
under turbulent flow conditions, where recirculating flows play a significant role in
flame stabilisation, pollutants’ emission mitigation and enhanced mixing. Our
current understanding of soot evolution in turbulent circulating reacting flows is still
limited, due to the complex flow dynamics, mixing characteristics and wide range of
strain rates. Axi-symmetric bluff-body turbulent non-premixed flames have been
used to study such flows in the past, because they feature a strong recirculation zone
at the base of the flames. They are also relevant to practical applications, simple in
design, have well defined boundary and initial conditions and are optically accessible.
Their use has contributed to our understanding of the impact of mixing, strain rate

and kinetics on soot evolution, transport and oxidation.

The current thesis reports an investigation of soot evolution in a series of turbulent
non-premixed bluff-body flames, with a focus on the nexus between soot and flow
field features in these flames. Two different fuels were utilised in this study: ethylene
blended with nitrogen (4:1, by volume), and pure methane. Three bluff-body burners
were used in the experiments, comprising the same 4.6 mm diameter central tube
(Dy), but with a different outer bluff-body diameter; 38, 50, and 64 mm. All burners
were mounted centrally in a contraction delivering the co-flow air. All other
specifications and features of the burners were identical. The mean residence time
within the recirculation zone of each flame were estimated computationally using a
validated CFD model, whilst the soot volume fraction (f,) and flow field features
were simultaneously measured employing planar laser-induced incandescence (P-LIT)
and 2D polarised particle image velocimetry (2D-P-PIV), respectively. For all
studied cases, the time-averaged and instantaneous scalars including soot volume
fraction, axial and radial velocity components, strain rate, and turbulence intensity

are presented.

The impact of the bluff body diameter on the structure of the ethylene/nitrogen
flames (ENB series) with a constant Reynold number of 15,000, was investigated
experimentally and computationally. It was found that, the temperature and the
mixture fraction non-dimensional distribution, within the flames, particularly in the
recirculation zone, remains the same irrespective of the bluff body diameter.

However, as the bluff-body dimeter increases from 38mm to 64mm, the residence



time within the recirculation zone increases by a factor of two to three, and the

length of the flame decreases accordingly, by ~20%. The effect on soot, however,
was pronounced with the total integrated soot in the flame increasing by 35% when
using a larger-diameter burner, and by a factor of four within the recirculation zone.
Also, low local strain rates, below 1000 s!, were measured at different regions within
the recirculation zone which favours the inception of soot in all three flames.
Analyses of the mean and instantaneous soot volume fraction and strain rate images,
within the recirculation zone, reveal that soot is formed in the low-strain high
residence time inner vortex and transported to the outer vortex where it peaks closer
to the outer shear layer. In the neck zone, relatively small amount of soot, less than
30 ppb, was observed which is deduced from the instantaneous images as having
been transported from the recirculation zone, mostly from the inner vortex, closest
to the fuel jet. In the recirculation zone, the most probable soot is found in the high-
strain region (up to 6000 s'), and believed to have been transported to this zone
from the low strain rate region. The strain rate associated with the most probable
soot in the neck zone and jet-propagation region is found to be around 1000 s'! and
500 s'1, respectively. The strain rate in the jet region is not found to be significantly
correlated with the axial or radial location. However, the strain rate of 500 s! in the
jet region of the bluff-body flames is found to be consistent with those reported
previously for turbulent simple jet flames (600 s™! to 700 s1). Joint statistical analysis
of the local instantaneous soot and strain rate reveals that there is no clear trend to
link these two parameters since the instantaneous results of local soot volume
fraction and strain rate are not well-correlated. Quantitatively, the correlation of
coefficient, R2, between the local instantaneous SVF and the inverse of the strain
rate (1/S) in the recirculation zone and the jet region, indicates a low to weak
correlation, where 0.3 < R? < 0.6, which is consistent with the calculated joint PDFs.
This provides further evidence that the time scales for SVF are much longer than
those for local strain rate. In other word, the variations induced by previous times

or locations, dominate over the influence of the values of the local strain rate.

The effect of fuel type was investigated by contrasting the ethylene /nitrogen flames
with those burning pure methane as the fuel. Three flames (MB-1, MB-2 and MB-
3) with different operating conditions have been investigated. Flames MB-1 and MB-
2 have a coflow velocity of 14.1 m/s and Reynolds numbers of 8000 and 15000,
respectively. Flame MB-3 has a Reynolds number of 15000 and a coflow velocity of
20 m/s. A strong dependence between the SVF and the momentum flux ratio (fuel
to coflow air) in the recirculation zone of these flames was observed. Increasing the

momentum flux ratio shifts the location of the mean stoichiometric mixture fraction
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to the rich inner vortex which substantially increases the SVF in the recirculation
zone. The impact of the momentum flux ratio is evident on soot formation, transport
and oxidation within the RZ, and that also impacts on soot in the rest of the flame.
Furthermore, the calculated mean mixture fraction profiles show a clear intersection
with the mean stoichiometric mixture value, in the vicinity of the jet in MB-2 flames,
resulting in a narrower reaction zone. Conversely, in the other two flames, MB-1
and MB-3, the mixture fraction profiles are broadly distributed in the outer vortex,
and close to the coflowing air side. As a result, less soot is found in the recirculation
zones of the MB-1 and MB-3 flames in comparison to MB-2 flame, mostly due to

more favourable oxidation conditions.

The interdependency of the soot, strain rate and turbulence intensity exhibit
similarities between methane and ethylene/nitrogen flames. Nonetheless, an almost
one order of magnitude lower soot concentration is found in methane flames, when
compared with the ethylene/nitrogen flame operated under the same conditions.
This reduction is primarily attributed to the differences in molecular structure
between methane and the ethylene fuels and its propensity to generate the precursors

for soot formation.

The improved understandings and key findings of the current thesis have been
configured in the format of four journal articles, presenting results from a
combination of experimental and computational studies. The experimental dataset
is available on the International Sooting Flame Workshop (ISF) website for model

validation purposes.
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Acronyms

CCD charge-coupled device

CW  continuous wave

DPSS diode-pumped-solid-state laser
ENB ethylene nitrogen bluff-body flame
ENH ethylene nitrogen hydrogen jet flame
FWHM full width at half maximum
HAB height above the burner

HHV  Higher heating value

ICCD intensified charge-coupled device
IML  inner mixing layer

ISF  International Sooting Flame workshop
IS inner shear layer

v Inner vortex

JZ jet zone

LRZ length of recirculation zone

LHS left-hand side

LII Laser Induced Incandescence

MB  methane bluff-body flame

NZ neck zone

OSL  outer shear layer

OV outer vortex

PAH polyaromatic hydrocarbon

PDF probability density function

PIV  Particle Image Velocimetry

ppm  part per million

ppb  part per billion

RHS right-hand side
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RMS root mean square
RZ recirculation zone
SP stagnation point

SVE  soot volume fraction
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Chapter 1 Introduction
1.1 Combustion and Energy

The combustion of flammable material is traced back to the Stone Age where the
early humans used the energy from biomass for their primary needs such as heating,
cooking, and lighting [1]. Over time and with advances in technology and industry,
combustion has been employed in an industrial scale for applications such as power
generation, manufacturing, chemicals’ production, automotive, and aviation. The
evolution of combustion technology was coincident with the replacement of the
traditional biomass-based fuels such as charcoal, wood, and dried crops with fossil
based fuels due to their higher energy density, abundance and low production cost
[2]. Fossil fuels, amongst all energy resources, have dominated energy generation in
all sectors and throughout the globe. While alternative energy sources have been
developed and utilized such as biofuels, nuclear energy, and renewable sources, fossil
fuels and in particular coal, oil and natural gas, still supply the highest share in the
global energy generation [3, 4]. The World Energy Council (WEC) and the
international energy outlook report (2019) have predicted that the combustion of
fossil fuels will still provide around 50-70% of the world energy supply by the end of
2050. Figure 1.1 depicts the projected global energy consumption to 2050, per energy
resources type, which shows that combustion of fossil fuels will remain a major source

of the world energy demand for decades to come [5].
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Figure 1.1: Global energy production by fuel type and its projection to 2050. Data
is taken from [5].
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The combustion of fossil fuel, while has been instrumental for the industrial
revolution and in advancing human development, it is also known to produce
undesired by-products such as carbon oxides (CO and COs3), nitrogen oxides (NOy),
unburnt hydrocarbons (UHC), sulphur oxides (SOx) and solid particles (including
soot). Carbon dioxide (COz2), which is one of the main greenhouse gases, is always
emitted into the atmosphere as a result of burning hydrocarbon fuels. In 2019, the
global CO2 emissions from hydrocarbon fuels reached a high of 30.5 Gt, driven by

population growth and industrialisation of new economies [5-7].

Abatement techniques have been proposed over the years to mitigate the harmful
impact of these pollutants on the atmosphere and the environment. For example,
COg2 reduction may be in the form of increased energy generation and utilization
efficiency, using less carbon intensive fuels, or CO2 capture, use or storage. Carbon
monoxide (CO), which is a toxic gas, is produced when partial oxidation of the fuel
happens due to poor mixing, deficient supply of oxygen or short residence time.
Notably, the CO equilibrium concentration is substantially dependent on the burned
gas temperature in such a manner that at temperatures ranged up to 2300 K, the
CO production is greater than 1% [8]. The oxides of nitrogen, known as NOy, are
amongst the worst air polluting combustion products. The main constituents of NOy
are the nitrogen oxide, NO, which is known to form through different mechanisms
and in most flames, and the nitrogen dioxide, NOj; a by-product that forms at
particular temperatures in the range of 700-800K [9]. These products adversely affect
the environment and contribute to photochemical smog and acid rain. Aside from
the nitrogen oxides chemistry, the oxide of sulphur (SOx) could have worse effects
on the environment when the fuel contains sulphur such as coal and oils. During the
devolatilization and char oxidation process, the sulphur content is released, mostly
in the form of SOy (more than 99%) and the rest is converted to SO3 when the
temperature is quite high (above 1150K). SO3 then could be converted to sulfuric
acid (H2S04) at lower temperature (below 700K). The condensate of the sulfuric
acid as well as the sulphur salt are extremely corrosive products and can damage
the combustion system and cause serious environmental effects. In addition to NOy
and SOy, the incomplete combustion of hydrocarbon fuels can result in soot
production [10, 11]. Soot particles are black carbonaceous particulate matters which
are produced by the pyrolysis and combustion of hydrocarbon fuels at high
temperature and fuel-rich conditions. These fine particles, when emitted to the
environment, can be the source of a variety of pulmonary and cardiovascular diseases

as well as negative environmental impacts. Nonetheless, the presence of soot particles
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in flames has the added benefit of increasing the radiation heat transfer from flames
and as long as it burns before exiting the combustion chamber it is highly desirables
in applications such as steam boilers and industrial furnaces because it enhances the
thermal radiation from the flame. An added benefit of soot in flames is the use as a
commodity, known as carbon black, in the manufacturing of tires, plastics and filters.
Hence, the understanding and control of soot evolution in flames has been a topic of
research for many decades [12] due to its environmental impact when released to the
atmosphere and its beneficial quality to enhance heat transfer and production of
high value commodity. Soot formation, growth and oxidation in flames are very
complex processes. It involves multiple and simultaneous chemical and physical
processes with many interdependent parameters that affect it; such as temperature,
pressure, mixing rate, strain rate, and fuel type. This thesis reports on a study that
is concerned with deepening our understanding of soot and these dependencies under

turbulent recirculating non-premixed flame conditions.

1.2 Motivations of soot studies

In the combustion process of hydrocarbon fuels, condensed-phase nanoparticle
substances are formed and suspended in combustion gases of industrial systems such
as in internal combustion engines, cement kilns, furnaces, boilers, and jet engines.
One of the main nanoparticle materials is soot which is important for a variety of
reasons. Soot particles are generated under high-temperature fuel-rich conditions,
and the presence of a large amount of soot in a combustion device can indicate poor
fuel-oxidiser mixing, leading to rich fuel pockets that favours the formation of soot
particulates. Soot particulates with less than 2.5 pm diameter (PM2.5), where PM
refers to particulate matter, are classified as fine particles. In some applications, the
particle size is found to be less than 100 nm. This category of particles is defined as
ultra-fine particles. Exposure to these particles is extremely hazardous for humans’
health and could cause various diseases among which the pulmonary diseases and
cardiovascular illnesses are of the main cause for morbidity and early deaths [6, 7,
13-15]. Moreover, soot emission can adversely affect the earth’s climate by absorbing
solar radiation and can contribute to the heating of the Earth’s surface [16]. On the
environmental effects, soot particles affect the Earth’s climate system by absorbing
sunlight and consequently reduces the radiation which is reflected to space. This
phenomenon is known as direct radiative forcing. Additionally, soot emission to the

environment could modify the properties of the ice clouds and liquid by changing
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the number of ice particles and the cloud extend. Finally, soot deposition on ice,
which is known as positive climate forcing, could warm the earth by affecting the
troposphere and cryosphere [16, 17]. Due to health and environmental concerns,
many countries have placed restricting regulations on particulate emissions,

including the Australian government [18].

Noteworthy is that some of the produced soot in practical combustion devices is
oxidized and consequently not emitted to the atmosphere. Consequently, the
presence of soot in the flames is known to have advantages in enhancing thermal
radiation heat transfer especially in boilers, cement kilns, and furnaces. The high
emissivity of the solid soot particles helps to enhance the thermal efficiency and
reduce the flame gaseous temperature which has positive effects on reducing thermal
NOx from flames [9].

1.3 Overview of soot particles

Soot is a black carbonaceous solid material and is composed of carbon particles with
various sizes and fractal dimensions. In the literature, a unique definition of soot
cannot be found as its composition and morphology vary with the type of fuel and
the combustion process. Soot is mainly comprised of carbon, and around 10% by
mole [19] or 1% of the weight of this compound is hydrogen [20]. Soot particles
initially contain more hydrogen, but through the soot formation process, this
hydrogen is abstracted and replaced by a carbon atom. This process is called
Hydrogen Abstraction Carbon Addition (HACA) [21] and is detailed in Chapter 2.
Soot particles are almost spherical in shape and is composed of several hundred
individual sphere-like particles known as nascent (primary) soot particles. The size
(diameter) of the primary soot particles fall in the range of 10 nm to 80 nm that
most of which range between 10 to 50 nm [22-25|. Nascent soot particles are ultra-
fine particles, based on their sizes, and through agglomeration, they grow larger to
form mature soot particles [26, 27]. Figure 1.2 shows a scanning electron microscopy

image of soot particles with their size.
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Figure 1.2: Spherical shaped soot particles adapted from [28].

1.4 Diagnostic techniques

Advances in laser diagnostic techniques have provided unrivalled new insights into
soot in flames that were not possible through the use of intrusive measurement
techniques such as soot probing [29, 30|, chemiluminescence and soot luminosity [31],
shadowgraph [32, 33|, and acoustic sensors [34, 35]. Laser based techniques have
offered numerous advantages over the intrusive techniques such as spatial and
temporal resolution, spectral selectivity, and the most important of which the
capability of simultaneous measurements of several scalars in the flames. Laser
techniques have aided the measurement of innumerable parameters including but
not limited to flow field features (velocity, strain rate, turbulence length and time
scales, and turbulence intensity, etc.), scalar field (temperature, species
concentration, mixture fraction, heat release rate, etc.), and particulates (particle
size, volume fraction, number density, etc.). A summary of the various combustion
diagnostic techniques is presented in Figure 1.3. The major diagnostic techniques
that are broadly employed in both reacting and non-reacting flows are laser Doppler
anemometry [36, 37| (LDA), particle image velocimetry (PIV) [38-41], and particle
tracking velocimetry (PTV) for gas velocity measurements [42-44], laser absorption
spectroscopy (LAS) [45-47], laser-induced fluorescence (LIF) [48-51], laser Rayleigh
scattering (LRS) [52, 53], spontaneous Raman scattering (SRS) [54, 55|, and
coherent anti-Stokes Raman spectroscopy (CARS) for gas temperature and species
measurements [56-61], laser scattering/absorption, and laser-induced incandescence
(LII) for soot measurements [62-65|, and phase Doppler anemometry (PDA) [66-68],
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tracer LIF [69], structured laser illumination planar imaging (SLIPI) [70, 71|, and

ballistic imaging and X-ray imaging for droplet and spray measurements |72, 73].

| Combustion diagnostics |
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L— + Molecular absorption + Shadowgraph —
Natural emission ) |+ Schlieren

Figure 1.3: Classification of the combustion diagnostic techniques [28-35].

While previous studies into turbulent simple jet flames provided important insight
onto the interaction between soot and the dynamics of the flow, given the importance
of the recirculating flow on flame stabilisation in practical combustors, axisymmetric
bluff-body flames are used to explicitly identify the effect of recirculating flow on
soot formation, oxidation, and transport. Moreover, there is a clear need for a robust
experimental dataset for model validation purposes for these flames. This thesis will
therefore analyse the soot formation and flow field in turbulent bluff-body flames in
order to deepen our current understanding of the interactions between soot and
flowfield characteristics in turbulent bluff-body flames and to provide experimental

data to support model development and verification.
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1.5 Thesis outline

This thesis is formatted as a collection of four manuscripts, two of which have been
published and two are under review in peer-reviewed journals. These papers form
the basis of this thesis and constitute its chapters which sequentially show the
progress of the current study. These papers include data analyses of the soot and
the flowfield in order to explore the effects of residence time on soot formation and
to develop qualitative and quantitative correlations between the soot and flowfield
features in turbulent non-premixed bluff-body flames.

Chapter 2 contains background literature that is relevant to soot measurement in
turbulent flames, and the existing correlations between soot and flowfield
characteristics such as mean and instantaneous velocities, strain rate, turbulence
kinetic energy, and turbulence intensity. The chapter concludes by identifying the
research gap and formulating the scientific aim and objectives.

Chapter 3-6 present results from a systematic study of the effect of residence time
on soot formation and oxidation, and the correlations between soot and flowfield
features such as residence time, velocity, and strain rate in a series of turbulent non-
premixed bluff-body flames of ethylene/nitrogen (80:20 by Vol.), as well as pure
methane.

Chapter 3 investigates the effect of bluff-body diameter on the flow field
characteristics of reacting and non-reacting flows. This chapter particularly assesses
the feasibility of conducting particle image velocimetry (PIV) technique for flow
visualisation in turbulent flames containing high soot loadings. The influence of
increased bluff-body diameter on the residence time distribution of simulated
particles in the recirculation zone of these flames was also estimated
computationally. The contents of this chapter have been published in the journal of
“Combustion Science and Technology”.

Chapter 4 presents the experimental finding of the simultaneous measurements of
soot and flowfield features in the recirculation zone and the neck zone of the bluff-
body flames. Time-averaged and instantaneous velocity, strain rate, and soot volume
fraction together with the underlying correlations between these scalars are
discussed. The results and discussion were published in the “38" Proceeding of the
Combustion Institute”.

Chapter 5 expands the information in Chapter 4 to further explore the nexus
between the instantaneous soot and strain rate and to enhance our understanding of
the formation and oxidation of soot throughout the flame length. This chapter closely

looks at the relationship between the inception of soot in the jet flames and its
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transport and oxidation in the neck region. The results and discussion have been
submitted to the “Combustion and Flame” journal and is currently under review.
Chapter 6 investigates the sensitivity of soot propensity, formation, and oxidation
to the fuel type in a series of turbulent methane flames. Using the 64 mm diameter
bluff body burner, the soot volume fraction was measured and compared with those
of ethylene-based fuels burning under similar operating flame conditions. Also
presented in this chapter is the effect of varying the fuel jet and co-flow velocities
which impacts on the mixture strength within the recirculation zone and soot
formation and oxidation. The findings of this chapter have been submitted to the
journal of "Combustion and Flame" and the paper is currently under review.
Chapter 7 summarises the findings of this study and provides overall conclusions to
the thesis by addressing the scientific research questions paused. The chapter ends

with suggested directions for future work.
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2.1 Soot formation and oxidation mechanism

The processes of soot formation and destruction in flames are intricate phenomena
that despite the enormous research contributions in the past few decades, the
detailed understanding of these complex processes have remained rather limited. The
interests in exploring the underlying physical and chemical processes driving the
formation and evolution of these ultra-fine carbonaceous particles have inspired a
wide spectrum of research to discover the interdependency of the soot controlling
parameters in flames. The importance and role of these parameters on the evolution
of soot will be detailed in this chapter, focusing on different types of flames including
the laminar flames [1-7], acoustically-forced laminar flames [8-12|, turbulent simple
jet flames [13-20], bluff-body flames [17, 21, 22|, swirling flames [23-26], and spray
flames [27-29]. While various pathways have been proposed to best describe the
evolution of soot particles in flames, the prevailing consensus is that the overall
process comprises four main steps: soot inception (nucleation), surface growth,
coagulation, and agglomeration in conjunction with soot oxidation [30]. A schematic
of the soot formation and oxidation mechanism in a laminar flame is depicted in

Figure 2.1. The different steps are briefly discussed in the following subsections.
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Figure 2.1: A schematic of soot formation in a co-flow laminar diffusion flame
adopted from [31].
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2.1.1 Formation of Aromatics

Different pivotal species responsible for soot inception have been proposed in the
literature including polyacetylenes [32], ionic species [33], or polycyclic aromatic
hydrocarbons (PAH) [34]. Nonetheless, the majority of experimental and numerical
research concur on the importance of PAH species as the main precursors that drive
soot particles to form. Hence, a profound understanding of gas-phase kinetics of the
PAH and their formation following fuel pyrolysis and within the flame is critically
important. The formation of the PAH as the most plausible soot precursor is
initiated from the formation of the first aromatic rings, such as phenyl and benzene,
by the pyrolysis of the hydrocarbon fuels. It is perceived by many researchers that
the potential roots for the formation of the aromatic rings involve the addition of
the small aliphatic, such as acetylene (C2Hz), to the even-atom-carbon molecules
such as poly-butadienyl (n-C4Hj3) and poly- cyclopropylmethylene (n-C4Hs) to form
phenyl and benzene, respectively [35-38|.

n-C4Hs + CoHy & phenyl
n-C4Hs + CoHs = benzene - H

Others argue that due to the rapid transformation of n-C4Hs and n-C4Hj5 to their
corresponding resonantly stabilised isomer, iso-C4H3 and iso-C4Hj, the concentration
of n-C4H3 and n-C4Hj; are insufficient [39-42]. Instead, they suggested an odd-carbon-

atom pathway via a combination of propargyl radicals:
CsHs + CsHz = benzene or phenyl + H

The propargyl radicals is a stable hydrocarbon radical, and its impact on aromatics
formation is extensively supported [38, 43]. It is noteworthy that the formation of
the single aromatic ring is not the rate-limiting step [2] and the PAH growth can be
initiated by the multi-ring PAH formation.

Another possible pathway, which supports the aromatic ring formation route, is the
formation of the cyclopentadienyl radical as a result of the reaction between

propargyl and acetylene [38|:
CsHs + CoHy 2 -CsHjp

This reaction consists of the most abundant building block of the aromatic

formation, acetylene, and the aforementioned highly stable radial, propargyl. Once
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this reaction happens, the naphthalene is formed from a pair of cyclopentadienyl
radicals [38, 44-46]. A detailed explanation of the role of these radicals in the
aromatic formation can be found in [47]. The chemical structures of the species
referred to in this section are depicted in Figure 2.2. The next step involves the
growth of these aromatic rings to larger compounds and eventually soot particles.

The soot growth mechanism is detailed in section 2.1.4.
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Figure 2.2: Structure of the chemical species adopted from [48]. The dot on the
species represents the radical.

2.1.2 Growth of Aromatics

Different pathways for the growth of the PAH have been proposed and those
primarily include; (a) the hydrogen-abstraction-acetylene-addition (HACA)
mechanism; (b) the addition of radicals such as methyl (CHjs), vinyl (C2Hs), and
propargyl (C3Hs); (c) and the addition of PAH/PAH radicals over each other and
the forming of biaryls. In all the aforementioned pathways, the mitigation of H atoms
on the PAH edge, and shifting the positions of the radicals, plays a crucial role in
the growth of the aromatics. Amongst all the mechanisms listed above, it is broadly
accepted that the HACA mechanism described by Frenklach et al., is the most
accepted and has been extensively used in explaining the soot growth mechanism
[35-38, 43, 47]. Please note that the letter C in the HACA acronym is used
interchangeably to mean acetylene and carbon. The term “HACA” which is used as
an acronym for “Hydrogen-abstraction-acetylene-addition” mechanism involves two
principal stages: (a) a gaseous hydrogen atom abstracts a hydrogen atom from a
reacting hydrocarbon in the reaction (A; + H = A;- + Hj), where the A; is the
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aromatic molecule. This reaction willingly continues to grow aiding acetylene and
forms larger PAH. This reaction is followed by (b) the addition of gaseous acetylene
molecule to the radical (A, + CoHz 2 products), where the A;- is the aromatic
radical. This reaction needs another hydrogen abstraction to become a radical first,
and further grow with acetylene. It is worth mentioning that acetylene is not the
only species driving the PAH growth, and several studies have suggested that
methyl, propargyl, and cyclopentadienyl are also involved in this process [49-54]|.
The PAH growth mechanism is affected by flame characteristics such as temperature
and the concentration of hydrogen and acetylene which are influenced by the fuel
type. While, dependent on the fuel type and the experimental conditions, the
formation of the aromatic rings may proceed through different reactions, and these

initial pathways turn to the acetylene-addition path [35, 38|.

2.1.3 Soot nucleation (Inception)

The transition of PAH to soot particles is a poorly-understood step of the soot
formation mechanism albeit a large number of studies have been carried out to
explore the soot evolution in various flames over the last few decades. Two main
pathways have been presented in the literature which describe the soot inception:
chemical growth and physical coagulation. The chemical growth of soot was
explained in the experimental investigation of a low-sooting flame [50]. The
transmission electron microscopy (TEM) images of soot particles demonstrate the
two-dimensional PAH growth into a curved-liked structure, which suggests the
physical growth process of soot particles. In the coagulation process, the moderate-
sized PAHs grow into stacked-clustered, and in turn, the PAH coagulate into cross-
linked three-dimensional structures. Quite a large number of studies argue that the
PAH coagulation process does not play a major role in their reaction mechanism
which could largely be attributed to the low coagulation efficiencies assumed for
radicals larger than pyrene (CigHjp). The investigation of the soot models, on the
other side, showed that with the shift in collision quality, substantial variance in the
expected particulate volume fraction can be obtained and is thus an important factor
for the theoretical analysis of soot nucleation. The details of the soot inception

process can be found in recent work performed by D’Anna [55].

21



Chapter 2 Background Literature
2.1.4 Soot growth

The growth pathways of soot particles are related to those found for the PAH
namely: (a) chemical growth pathways by either acetylene (C2H2) or PAH; (b) PAH
condensation; and (c) soot particle coagulation. The first two pathways are involved
in increasing the soot mass while the ultimate size of the soot particles is determined
by the coagulation of the particulates which form their chain-like structure.
Simulations revealed that more than 60% of the carbon present in the PAH comes
from the addition of acetylene (CaHgz), irrespective of the fuel type, and the rest
comes from the PAH [47, 56, 57]. It has been experimentally shown that the rate of
soot surface growth is directly proportional to the hydrogen atom concentration in
the reaction zone [47]. Noting too that the coagulation of soot particles is described
by coalescence and agglomeration processes. Coalescence occurs when small
molecules collide with other particles. The smaller particles will be embedded inside
the bigger particles and maintain their spherical shape. The collision of bigger
particles with the species aggregates into chain-like structures, which maintain their
shape because the surface growth rate is too small to reshape the structures. The
next step involves the reaction of soot mass with oxidants in the reaction

environment.

2.1.5 Soot oxidation

The oxygen molecule (O2) and the hydroxyl radical (OH) are the primary oxidants
that are responsible for soot surface oxidation. Other possible species such as COo,
H>0, and O radical are considered as soot oxidants [58-64]. Soot formation and
growth of the particles are competing processes with the oxidation process, in the
reaction zone. When the soot particles are formed, depending on the combustion
chamber conditions, they can be either oxidized or converted to graphite-like
material. The latter usually happens at high temperatures and low oxygen conditions
when the residence time is long enough, while in the fuel-lean conditions, surface
oxidation of soot particles happens by either the OH radical or the O3 molecule. In
fuel-lean conditions, OH contributes the most to the oxidation whilst O3 contributes
to the oxidation in fuel-rich combustion conditions [65]. Xu et al. [66] also found
that in the temperature range of 1570 K to 1870 K, and O2 mole fraction range of
10 to 3x102, the OH radical is the primary oxidant of soot particles and its
precursors. A small part of the soot which is not oxidized in the combustion system
is emitted to the environment [57]. Although both OH radical and O2 can oxidise

both the aromatics and soot particles, in the case of aromatic rings and before soot
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nucleation, as deduced from the numerical simulations of laminar premixed flames
[37], the O oxidation of the aromatics is more dominant rather than the OH. The
oxidation of the aromatics affects largely their growth due to the rapidly decreasing
O3 concentration, which is consistent with the depletion of Oy during the HACA
progression. This also justifies why the soot inception occurs in the vicinity of the
reaction zone with rich hydrogen atoms and insufficient O2 molecules. The role of
OH in the oxidation of aromatic rings is not very well understood. During the soot
oxidation under the fuel-lean condition, the aggregated soot particles break apart
into small fragments which is known as soot fragmentation. The soot fragmentation
process is a consequence of the combined effect of internal burning in soot by O2 and
surface regression due to external oxidation [67]. However, it was proposed that
internal burning is dependent on particle size and is possible for particles larger than
10 nm. Also, the fragmentation extent is inversely proportional to the peak

temperature, since soot burnout occurs rapidly at higher flame temperatures [68, 69].

2.2 Parameters affecting soot in flames

The challenges in understanding soot formation and oxidation primarily arise from
the complex multi-scale and multi-phase chemical and physical interactions which
are largely controlled by temperature, strain rate, pressure, mixture fraction,
residence time, and fuel type. When turbulence exists, these dependencies are non-
linearly coupled, since the mixing and the soot formation are of the same time scales,
and this makes the soot evolution process further complicated. Nonetheless, past
research has focused on both laminar and turbulent flames to understand how the
relevant parameters influence the soot evolution process. The following sub-sections,
briefly discuss and identify the gaps in knowledge of the effects of pressure,
temperature, mixing, and fuel type on the evolution of soot in laminar and turbulent

flames.

2.2.1 Pressure

A large number of practical combustion systems operate at elevated pressure, up to
more than 200 bar, in some applications to increase the device efficiency. In gas
turbines and diesel engines, for instance, the pressure increases up to 60 bar and 225

bar, respectively. Therefore, a detailed investigation of soot-pressure coupling is
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essential to enable controlling the soot production in high-pressure combustors. To
investigate the pressure effect, a large body of the literature has excluded the effects
of turbulence and focused on the pressure effects on soot formation in diffusion-
controlled flames in the laminar regime [70-73]. Presumably, the investigation of
Smith et al. [74] was among the first pieces of evidence suggesting that elevated
pressure results in increasing the soot yield in a laminar counterflow flame fuelled
with ethylene and ethylene/hydrogen blends. Even in ethylene-lean non-sooting
flames, increasing the pressure caused soot to be formed after reaching a specific
pressure. Noteworthy is that the soot formation mechanism at high pressures may
be different from that at atmospheric pressure. That is, soot removal by oxidation
decreases while the soot formation is enhanced at elevated pressures. Although the
sophistication of soot evolution at elevated pressure is still elusive, it is agreed that
at increased pressure the reaction rate would be changed as a result of higher flame
temperatures and sharper concentration gradients which lead to the formation of
more soot under high-pressure conditions [70]. The dependence of the soot yield (%)
on the pressure (atm) is presented in Fig. 2.3. To correlate the soot volume fraction
(f,) with the ambient pressure, a power-law function, f, ~ P% was proposed, where
a is a scaling factor, typically in the range 1 to 3. The scaling factor is dependent
on the fuel type since different fuels exhibit different sensitivity to pressure, and
hence, the power-law functions show different scaling factors. The larger scaling
factor was commonly used in the literature to characterise a lower pressure.
Comprehensive reviews of the effect of elevated pressure on the formation and
oxidation of soot in laminar flames can be found in the review papers written by
McArragher and Tan [70] as well as Giilder et al. [72]. In the turbulent regime, a
mostly linear relationship between the rate of soot formation and pressure was
reported in a series of turbulent non-premixed jet flames burning kerosene [75|. In
contrast, a study of turbulent methane flames with pressures ranging from 1 bar to
3 bar, revealed larger dependency, more than one order of magnitude, of soot volume
fraction on pressure [76]. The effect of increased pressure up to 20 bar was also
experimentally investigated using the DLR swirl burner operated on kerosene as the
fuel. Due to the complex configuration of the DLR gas turbine model combustor and
the differences in the equivalence ratio of the flames, it was difficult to isolate the
pressure effects in the turbulent regime |24, 26, 77|. Boyette et al. [78] experimentally
investigated a series of turbulent non-premixed CoHy/Ny (65%/35% by volume)
flames (KEN flames) with Reynolds number between 10,000 to 50,000 and pressures
of 1, 3 and 5 bar. It was observed that for the constant Reynolds number series of
flames, consistent with laminar diffusion flames, the peak mean soot volume fraction

and volume-integrated mean soot volume fraction scale with the pressure as P22
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While for the constant velocity series of flames, the peak mean soot volume fraction
experiences the same pressure sensitivity as in the other series and the volume-
integrated mean soot volume fraction on a per fuel mass basis scales with the
pressure as P19 [78]. The current thesis is focused on soot evolution in flames at

atmospheric pressure and will not consider the effect of pressure.
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Figure 2.3: Maximum soot yield in a series of co-flow laminar flames of methane,
ethane, and propane as a function of pressure at different mass flow rates adopted
from [72].

2.2.2 Temperature

There is an established interdependence between soot concentration and the flame
temperature in various flames, hence, it is essential to examine the temperature
effect and its correlations with soot volume fraction. Soot, when formed in flames,
can significantly increase the radiative heat transfer due to the fourth power
dependency on the flame temperature. Increasing the soot loading can relatively
enhance the radiation and in turn, ‘cool’ the flame. On the other side, temperature
characterises the enthalpy of the reaction which controls many chemical and physical
processes within the flame and consequently influences soot concentration. The

chemical reaction rate, K, which affects soot formation in flames is exponentially
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dependent on the flame temperature, which indicates the smallest change in the
temperature would substantially affect the soot yield. The exponential correlation,

known as the Arrhenius equation, is expressed as
K(T) = A.T" e Ea/RuT (2.1)

where A is the pre-exponential factor, F,is the activation energy, R, is the universal
gas constant equal to 8.314 J/mol.K, and n is the rate constant which is between -
1 < n < 1. Noting that the reaction rate for soot nucleation and soot mass growth

is estimated by:
Th = Zkl(T)[CzHZ]Ms + 6k2(T)[C6H6]Ms (2'2)
1y = 2k3(T) f(A)[CoHR M (2.3)

where 7, is nucleation rate, r; is growth rate, and M, is soot molar mass, taken to
be 12.011 kg/kmol. The chemical reaction rates (Kj i=1:8) which are dependent on
the activation energy for soot formation and oxidation is taken to be between 3.6
x10 to 0.75 x10° (kg.mol/m3.s) [79].

Hence, a thorough understanding of the soot evolution in flames involves the
systematic investigating of soot-temperature interaction in both laminar and
turbulent regimes. The temperature dependence of soot differs significantly in
premixed and diffusion flames. In premixed flames, the C/O ratio plays a vital role
in soot formation [34, 56, 80, 81|. The C/O ratio, which is highly dependent on the
flame temperature, should be less than unity, except for the detonation case, for soot
formation to begins. At a constant C/O ratio, it was shown that soot formation is
governed by the chemical kinetics and occurs under oxidation conditions. When the
flame temperature decreases in the lower-temperature region of the flames, below
1350 K — 1400 K, the value of the C/O is increased, which results in enhancing the
soot volume fraction. Ciajolo et al. [82] also showed that at the low-temperature
threshold, on one hand, PAH and other pyrolytic species are largely formed, but on
the other side, the low temperature, below 1520 K, inhibits the PAH coagulation,
and in turn, soot does not form. At higher temperature regions, due to the high
oxidation rate and destroying the PAH, the soot inception is decreased. While in
non-premixed flames, the flame temperature is inversely correlated with the soot
volume fraction, whereby the lower temperature promotes soot to form [83]. At
regions where the temperature is around 1300 K, early soot inception is identified,
which then is transported to the higher-temperature zones where surface growth is

maintained. Noticeably, at higher temperature regions, the soot oxidation is
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enhanced. Figure 2.4 represents the dependence of the flame temperature (K) on the
soot yield (%) obtained during the pyrolysis of hydrocarbons including acetylene,
allene, and 1,3-butadiene. It shows that the peaks of the temperature profiles are

dependent by the observation time and the extinction mode even though the local
position of the peak soot yields are dissimilar.
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Figure 2.4: Soot yield versus temperature in acetylene pyrolysis adopted from [43].

To measure the flame temperature, several laser-based thermometry techniques have
been developed and employed in flames, however, some are limited to a clean
combustion environment. A summary of various thermometry techniques is
presented in Table 2.1. Some of these techniques rely on elastic and none-elastic

scatter from the molecules and others work on fluorescence signal from species,
radicals or dopants seeded into the flame.

Rayleigh scattering, for instance, which is a relatively simple thermometry technique,
is a form of elastic scattering of light from molecules that allows the flame
temperature to be deduced from the ideal gas law by measuring the total molecule
number density [84-86|. This method is highly vulnerable to the Mie scattering,
elastic-scattered of light from the particles, therefore unfit to be applicable in sooting
flames. To overcome the interference of the elastic Mie scattering in the Rayleigh
scattering technique, Miles et al. [87] utilised a narrowband filter at the centre-

frequency of a single-mode laser to allow thermometry in the presence of strong
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elastic scattering, and reject the interference of the scatted light from the particles
in the flame which are identical to the incident beam. This technique, known as
Filtered Rayleigh scattering (FRS), was broadly employed in the thermography of
flames [85, 88-91|, however, the variation in Rayleigh cross-section across the
reaction zone, remains an obstacle in turbulent flame measurements. Moreover, the
FSR is not applicable in sooting flames due to the degradation of the molecular filter

performance with pulsed-lasers [92, 93].

Table 2.1: Thermometry techniques applicable in reacting environment [94-126].

Method Minimum Maximum Response Accuracy Ref.
Temp. (°C)  Temp. (°C)
Thermocouple -270 2300 Very fast +0.5-2°C [94-99]
Thermographic ~250 2000 Very fast  0.1-5°C  [100-102]
phosphors
Infrared thermometer -40 2000 Very fast +2 °C (103, 104]
Shadowgraph 0 2000 Fast N/A [105, 106]
Absorption 20 2500 Very fast 15% [107-109]
spectroscopy
Emission spectroscopy 20 2700 Very fast 15% [110-112]
Rayleigh scattering 20 2500 Very fast 1% [113-115]
Raman scattering 20 2227 Very fast 7% [116, 117]
CARS 20 2000 Fast 5% 118, 119]
LIF 0 2700 Very fast ~ 10% [120-122]
TLAF 530%* 2530 Very fast 5% [123-126]

*This temperature range is achieved using indium for seeding the flame.

Another approach that has been developed to get around the problems stemmed
from the elastic scattering interference in the Rayleigh scattering technique is the
Raman scattering [127]. Unlike Rayleigh scattering, the Raman technique is an
inelastic-scattered of light that can shift the frequency to either longer or shorter
wavelengths: i.e. Stokes and anti-Stokes. The Stoke to anti-Stoke ratio method
requires the measurement of the Stokes to anti-Stokes signal strength, and then
deduce the temperature utilising the Boltzman occupation factor for the lines in
question [128]. However, the inherently-low signal intensity is insufficient for planar
thermometry and is merely limited to point or line measurements [116, 129]. Notable
too that the Raman scattering technique is capable to measure the flame

temperature approximately in the range of 293 K to 2500 K with 7% accuracy [130].

The aforementioned techniques are not applicable in particle-laden flows and harsh
combustion environments such as sooting flames in turbulent regimes. Other

approaches such as Coherent Anti-Stokes Raman Spectroscopy (CARS) and Two-
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Line Atomic Fluorescence (TLAF) are also used for thermography and do not suffer
from particles or droplets interferences [131, 132]. CARS is proven to be a useful
non-invasive tool for thermometry as well as the measurement of major-species
concentration in reacting flows. This technique utilises two collinear laser beams to
induce Raman coherence in the target molecule, which produces a coherent laser-
like signal at a blue-shifted wavelength in the phase-matching direction when
measured by a third laser. The temperature then is identified from the spectral shape
obtained from scanning the Stokes beam across the Raman transitions of the
molecules [118]. CARS has several advantages over the other thermography
techniques such as spectral selectivity, laser-like directional signal, low absorption,
and excellent spatial resolution. Conversely, CARS also suffer from some
disadvantages, when employed in turbulent flames, the most important of which is
the lack of high spatial fidelity which limits the technique to single-point
measurement, rather than planar. Ultimately, CARS is prone to beam steering and
attenuation, in sooting flames in particular, due to its reliance on the three laser
beams. In addition, the nitrogen molecule has been used in almost all of the CARS
measurements and hence its presence in the flame is essential for this technique to
work. The accuracy of this method is reported to be approximately 5% and is capable
of measuring the temperature in the range of 293 K to 2273 k [103, 133]. Shifted
vibrational coherent anti-Stoke Raman spectroscopy (SC-CARS) was employed by
Kohler et al. [18] for the measurement of temperature in a lifted turbulent jet flame.
Although single-point measurements provided valuable data, the simultaneous
planar measurement of the soot and the temperature is desired due to the three-

dimensional nature of the turbulent flames.

Another thermometry technique that is not affected by molecular collisions, and
therefore is suitable for sooty and spray flames, especially where the planar
measurement is desired, is two-line atomic fluorescence (TLAF). The fundamentals
of the TLAF technique follow the other two-line fluorescence techniques, whereby
the atomic species, such as indium and gallium, utilised in TLAF inhibits
sophistication relative to the rotational-vibrational structure of the molecular
spectra. Chan et al. [134], for the very first time, simultaneously measured the soot
concentration and temperature in premixed and non-premixed laminar and wrinkled
flames with a view towards its application in turbulent flames. Despite the limited
operating range in this technique (T > 800 K), the temperature range was found to

be sufficient in the regions where soot exist.
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Simultaneous measurement of temperature and soot volume fraction, SVF, in
turbulent non-premixed jet flames was also conducted by Mahmoud et al. [15]. They
employed a non-linear excitation regime two-line atomic fluorescence (NTLAF) and
LIT for temperature and SVF measurement, respectively. The NTLAF technique,
which was developed by Medwell et al. [125], provides stronger signals and higher
precision in comparison to the TLAF technique. The details of the NTLAF can be
found in [125]. The strong influence of temperature on SVF, which was consistent
with the previous understanding of the soot-temperature interaction, was reported.
Although Mahmoud’s recent work [15] has simultaneously measured the soot-
temperature interaction in a series of well-characterised turbulent flames, there is
still a need to assess the nexus between temperature and soot in flames where

recirculating flows exist, such as bluff-body and swirl flames.

2.2.3 Mixing

The process of mixing the base fuel and the oxidiser is one of the primary governing
mechanisms that affects the flame structure, temperature, residence time, as well as
soot evolution. Enormous efforts have been undertaken to realise and quantify the
effects of mixing on soot in different flames such as steady /un-steady laminar flames
and turbulent flames [8-12, 14, 16-19|. In laminar flames, mixing is dominant by
convection and diffusion on a molecular level, while in turbulent flames, mixing is
largely influenced by the dynamics of the flow. Mixing can be characterised by the
residence time and consequently the strain rate. These two parameters, which are
dependent to each other, are widely approached in the field. In the following sub-
sections, an overview of these two parameters is presented and the relevance of strain

rate and residence time to soot are discussed.

2.2.3.1 Strain rate

Strain rate is defined as the local deformation rate of the fluid elements in the
presence of velocity gradient. It affects the mixture distribution (mixing) in the
flames, and consequently influences the flame temperature and soot formation. The
strain rate is calculated from the velocity derivatives obtained from the flow field

measurements, i.e. axial and radial velocity components as shown in Equation 2.4.
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1 au av
152y | = 5 1G, + 391 (2.4)

where U and V are the axial and radial velocity components, respectively. In the
non-reacting /reacting flow fields, the velocity components (U, V, W) and the
velocity fluctuations (uw’v’,w’) can be obtained through both invasive and non-
intrusive techniques. The most well-established and commonly-used techniques are
laser doppler velocimetry (LDV) [135-138|, and particle imaging velocimetry (PIV)
[138-141]. LDV is a well-investigated and commercially available measurement
technique that determines the spatially and temporally resolved velocity components
and higher moments in flames on a point-wise basis. In this method, small particles
(usually less than 10 microns) such as Al,O3, MgO, TiO2, and SiO seeded into and
passed through the flame [142, 143]. In this technique, a monochromatic laser beam
is sent toward a target and collects a reflected radiation. The two beams meet and
create a pattern called Doppler shift. As the particles pass through this pattern, they
emit light at different frequencies. This frequency depends on the pattern and hence,
the velocity of the target can be evaluated. The error associated with this technique
is reported to be 3% for mean velocity and 6% for the fluctuations [144]. In reacting
environments, Dally et al. [145, 146] used the LDV in a series of turbulent non-
premixed bluff-body non-sooting flames fuelled with Hy/CNG and provided
invaluable information relevant to the mixing in the recirculation zone in their
flames. Although the LDV can effectively measure all velocity components in three-
dimensional space, it is only applied for a point (small volume) measurement and is
not capable of measuring velocity gradients and large-scale flow structures. It is also
unsuitable for flow environments with high spatial velocity gradients and has limited
spatial resolutions. This has led to the emergence of other techniques to be applied
for 2D and 3D planar measurements such as; PIV and tomographic-PIV [135, 147,
148]. PIV is a non-intrusive laser diagnostic technique that visualises the fluid flow
by providing a quantitative measurement of the instantaneous velocity distribution
across the flow field. Additionally, PIV offers the advantages of visualisation in a
2D or 3D (tomographic PIV) field over the single point LDV. As with the LDV, the
flow is seeded with sufficiently small particles, and illuminated with two consecutive
laser beams, usually fired at 532 nm, and separated with a delay depending on the
flow condition. The Mie scattering light from the particles seeded to the flow is
captured by a CCD camera. Post-processing the image pair provides the velocity
components in the field of view. The main source of error in the PIV measurements
arises from the regions with high-velocity gradients, where there is a need for
interrogation windows. Although the PIV measurements are found to overestimate

the true values of the velocity, it is as accurate as 2% of the maximum flow velocity
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[139]. PIV has been extensively used in flow visualisation, particularly in clean
flames, however, the presence of high concentration of soot makes the application of
the PIV technique challenging, due to soot interference on the Mie scattering from
the seed particles. Hence, in the current thesis, a novel optical arrangement has been
developed and employed in the sooting flame which enables the minimisation of the

interference from soot on the PIV signal in flames with high soot loading.

2.2.3.2 Residence time

The residence time of the fuel and fuel-pyrolysed species in the combustion zone,
which is defined as the time duration that these fuel parcels spent inside a particular
region, can significantly affect the soot formation in various flames. However,
measuring the distribution of the particles in a specified zone of a reacting
environment and the residence time is quite complex. A few attempts have been
made by researchers to evaluate the residence time distribution (RTD) in non-
reacting and reacting environments. The residence time distribution (RTD)
measurement in reacting flows is challenging due to the high temperature under a
reacting environment, thermophoresis effects, and the presence of soot particles. To
reduce such complexity, some researchers investigated the RTD in non-reacting flows
[6-9]. The RTDs have been evaluated by the measurement of the concentration of a
tracer that can be solid or gaseous, employing a technique like laser-induced
fluorescence (LIF) or gas analysis methods. For instance, Cheng et al. [149] measured
the residence time using a time-resolved planar laser-induced fluorescence (P-LIF)
combined with particle image velocimetry (PIV) technique to evaluate the fuel
concentration-response to a sudden cut-off in the injection of the fuel stream. They
used this system for the residence time measurement in a single-phase isothermal
flow, although this technique can also be adapted to a reacting environment. A
relatively costly method of radioactive gaseous tracers was developed and used for
the solid particles injected in flames [150, 151]. It is important to note that it is
unlikely to measure the residence time of soot particles in a flame since they are
regularly and quickly formed and destroyed within the flames. In other words, these
particles are not conserved within the flame, and hence only the gaseous flow
residence time is attempted. Due to complexities and uncertainties found in the
literature when attempting the RTD measurements of the reacting flows containing
soot particles, in this thesis, the distribution of the particles and the residence time

were estimated using validated numerical models.
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2.2 Parameters affecting soot in flames

Molecular structure of the fuel is a major contribution to the soot evolution in flames
[152-154]. Calcote and Manos [155] introduced the rational threshold soot index

(TSI) and found that the molecular structure plays a major and significant role in

the onset of soot formation and is independent of the experimental setup: i.e.

premixed or non-premixed mode of combustion. Table 2.2 summarises a series of

fuel and the correspondent soot yield in both premixed and non-premixed regimes.

Table 2.2: Summary of the mean soot threshold index measured for different

hydrocarbon fuels in both non-premixed and premixed regimes adopted form [155].

Fuel Formula Mol. C/H Mean soot index
Wit. Premixed Non-premixed
Methane CH4 16 0.250 - -
Ethane CoHs 30 0.333 357 0+1.2
Propane CsHs 44 0.375 50 + 2 0.6 £ 0.7
n-Butane CsHio 58 0.400 57 +4 1.4 £0.2
n-Pentane CsHi2 72 0.417 - 1.3 £0.2
Isopentane CsHi2 72 0.417 - -
n-Hexane CesHia 86 0.429 64+ 1 2.5+ 0.2
2-Methyl pentane CeHi4 86 0.429 - 2.9 £ 0.0
Cyclohexane CeHi2 84 0.500 56 =3 3.2£0.1
n-Octane CsHig 114 0.444 62 + 10 3.2+ 0.0
Isooctane CsHig 114 0.444 - -
Decalin CioHis 138 0.556 - 13+ 0.5
Isododecane Ci2Has 170 0.462 - -
n-Cetane Ci6Hs4 226 0471 - -
Ethylene CoHy 28 0.500 30+ 6 1.3+ 0.0
Propylene CsHs 42 0.500 40+ 3 48 £ 2.2
n-Butene C4Hsg 56 0.500 50 +14 -
Isobutene C4Hsg 56 0.500 65+ 3 -
n-Pentene CsHio 70 0.500 - -
n-Heptene C7His 98 0.500 60 =5 2.7+0.2
1,3-Butadiene C4Hs 54 0.667 - 25 £ 1.0
Acetylene CoHo 26 1.00  0.00 £ 1.5 3.7+ 1.0
Benzene CsHs 78 1.00 80+£9 31 +0.5
Toluene CrHg 92 0.875 83+ 7 50 £ 2.0
Xylenes CsHio 106 0.800 91 +5 51 £ 8.0
Cumene CoHi2 120 0.750 80 + 4 -
Dicyclopentadiene CioHio 130 1.00 8 +0 -
Tetralin CioHi2 132 0.833 98+ 7 -
1-Methylnaphthalene  CiiHio 142 1.10 100 = 9 89 + 0.0
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It was noted that the sooting tendency is strongly affected by the C/H ratio in both
pre-mixed and non-premixed flames. Increasing the number of carbon atoms in
aromatic compounds leads to the production of more soot, than alkanes and alkenes.
Based on these measurements, the tendency of soot in premixed flames is found to

follow the order of:

Acetylene < Alkenes < Isoalkanes < n-alkanes < Aromatic hydrocarbons <
Naphtalenes

This behaviour is applicable for both alkane and alkene fuels in non-premixed flames,
which means alkenes produce more soot than alkanes. Moreover, the soot tendency
in aromatic fuels is greater than the alkanes and alkenes with single and double C-
H bonds. In multi-ring structures, including saturated rings, the soot tendency is
higher in comparison to other aromatics. Therefore, in this thesis, two different types
of fuels are used; ethylene, categorised as Alkenes, and methane, categorised as
Alkanes, and the sooting tendency under turbulent conditions with increased

residence time are investigated.

2.2.5 Soot-flowfield interaction

The nexus between the flowfield features and soot formation, oxidation, and
transport in various laminar and turbulent flames have been investigated by few
researchers in the past, and correlations were established between residence time,
strain rate, and soot volume fraction [13, 17, 26]. Laminar counter-flow diffusion
flames have been utilised in the investigation of diverse combustion phenomena
owing to their unique features, namely: one-dimensional stable flames with well-
defined initial and boundary conditions that produce shorter residence time,
compared to laminar simple jet flames, and exhibit closer characteristics to turbulent
non-premixed jet flames. In an early work, Glassman et al. [154, 156] discovered an
inverse relationship between the residence time and the strain rate in a counter-flow
flame. They reported that at elevated strain rate regions, the reaction zone is
compressed, and consequently, the residence time is reduced which leads to
suppression of the soot formation. Decroix and Roberts [157] assessed the effects of
fuel type by using natural gas (NG) and propane in a counterflow burner
configuration and confirmed that the inverse correlation between the strain rate and

the soot volume fraction, irrespective of the fuel composition. Similar correlations
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between the local instantaneous soot volume fraction and strain rate were also

reported in other counter-flow diffusion flames’ studies [158, 159].

Laminar flames have been further utilised to investigate the formation and oxidation
of soot mostly because they are better controlled and characterised, and they lend
themselves to the use of laser diagnostic techniques to measure soot volume fraction,
particle size distribution, number densities, and morphology in laminar
configurations. Santoro et al. [3, 160, 161] conducted an extensive investigation of
the effects of different parameters such as temperature and flow dynamics on soot
formation and oxidation in laminar flames. They used an Argon Ion dual-beam laser
velocimetry technique to obtain the axial and radial velocity components and
observed an ascending trend in soot concentration against increasing the residence
time in their flames similar to counter-flow flames. The outcomes of the
investigations in laminar flames all agreed that increasing the flame strain rate
resulted in a decrease in both the soot volume fraction and the soot zone thickness
[157-159, 162].

Turbulent flames, on the other hand, are the building blocks of combustion studies
because they resemble those flames found in practical combustion systems. The
latest advancements in non-intrusive measurement techniques have motivated much
of the latest work to understand the soot-turbulence interaction in highly-turbulent
flames. Kent and Bastin [163] performed a pioneering parametric study of sooting
turbulent acetylene diffusion flame, using a laser extinction method for soot
measurement, and revealed an inverse relationship between the strain rate and soot
volume fraction, consistent with laminar flames. It was noted that soot formation is
controlled by fuel-air mixing at low strain rates, while at regions with high strain
rates, the formation of soot is dominated by finite-rate chemistry. It was also found
that there was a slight decrease in the peak soot concentrations at low strain rate
values, whilst at high strain values, a sharp drop in the peak soot was observed. The
relationship between the soot volume fraction, particle size, and distribution in a
turbulent ethylene flame was measured by Geitlinger et al. [164] and Bockhorn et
al. [165], and a wide range of similarities was observed with the trends in laminar
sooting flames. Kent and Honnery [166] showed that at low strain rates, the mean
soot volume fraction is only a function of the mixture fraction, while at high strains,
the soot volume fraction is influenced by both the mixture fraction and the bulk
strain rate. These studies confirmed that the inverse correlation which exists between
the soot and strain rate in turbulent flames is consistent with observations in the

earlier investigations in the laminar flames.
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Research in turbulent flames with high soot loading was limited to the investigation
of the correlations and trends of global scalars, rather than local, due to the barriers
that existed in the diagnostic techniques. The effect of global mixing rate, defined
as the ratio of axial jet velocity and jet nozzle diameter (U/Dj), on soot volume
fractions was investigated in three different turbulent non-premixed flames including
simple jet flames, precessing jet flames, and bluff-body flames with variable global
mixing rates [16, 17]|. Despite the discrepancies in the mixing characteristics in these
flames, an inverse relationship between the total soot and the global mixing, inverse
of the global residence time, in the three turbulent flames was reported. This work,
however, suffers from the lack of direct comparability owing to the different burner
configurations and flow patterns. Additionally, the utilisation of industrial liquefied
petroleum gas, LPG (mostly propane) as fuel, is another drawback of this work since
the kinetics of the LPG under sooting conditions was unfamiliar for the modellers.
Kohler et al. [18-20] investigated the soot-turbulence interaction in a series of
turbulent lifted jet flames. In these flames, soot formation is inhibited due to the
partial premixing in the lift off region at the base of the flame. Also, such flames are
difficult to model due to the premixing induced at the flames base and its effect of
soot inception. To solve this issue, Lee et al. [167] used a piloted turbulent non-
premixed jet flame and studied the effect of the exit Reynolds number on SVF.
These measurements revealed that in turbulent jet flames, while soot volume fraction
scales inversely with the global strain rate, which is broadly consistent with previous
findings [168|, the volume-integrated SVF, scales as an inverse exponential function
of the global strain rate. Although they simultaneously measured the SVF, OH
radical, and polycyclic aromatic hydrocarbons (PAH) concentrations, they did not
isolate the effect of the Reynolds number from strain rate changes. To address this
gap, Mahmoud et al. [13-15], in a comprehensive parametric investigation, isolated
the effects of global strain rate and Reynolds number and provided detailed insight
into the soot-turbulence interactions in well-characterised turbulent non-premixed
simple jet flames fuelled with a mixture of CoH4/H2/Ny (40:41:19 by vol.). They
confirmed the existence of the inverse relationship between the soot volume fraction
and the global exit strain rate. The total soot yield linearly scaled with both the jet
diameter and the fuel flow rate and was found to be a function of the exit strain rate
and the flame volume. Additionally, they assessed the effects of the Reynolds number
while keeping the exit strain rate unchanged. Measurements of the mean,
instantaneous and integrated soot volume fraction revealed a weak inverse

dependence on the exit Reynolds number.

These studies, despite their significance, are mostly limited to the global values

rather than local instantaneous correlations. On an instantaneous local basis, soot
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and velocity fields were simultaneously measured in the soot inception region of a
series of simple jet flames, and the correlations between the instantaneous soot, axial
velocity, and strain rate have been extracted [169]. It was observed that increasing
the Reynolds number resulted in higher soot intermittency. Furthermore, at higher
strain rates, soot was found to form closer to the reaction zone than previously
thought. Deduced from the joint statistical calculations, a preferred velocity of 3
m/s and the strain rate of 700 s were reported as the most favourable for soot
formation. Nonetheless, their findings were only confined to the soot inception region

close to the flame base, which cannot be extended to all regions of the flame.

The above-mentioned investigations conducted in turbulent simple, attached and
lifted, jet flames represent parabolic flows where no recirculating flows exist. The
complex recirculating flows which can be produced by means of swirlers or bluff-
bodies are broadly used in practical combustion applications. To bridge this gap,
few investigations have been carried out in modelled gas turbines to study soot and
flowfield interactions in flames with recirculating flows. It was shown that the
recirculating flows can significantly increase the residence time and create regions of
enhanced soot formation and transport [170]. Meyer et al. [171] carried out
simultaneous soot and OH radical measurements utilising LIl and OH-PLIF in swirl-
stabilised flames. They found spotty, irregular, and intermittent soot pockets formed
in the inner cone region between the inner recirculation zone (IRZ) and the conical
spray, and then transported to the outside of the spray region. However, no velocity
measurements were conducted, and these findings were deduced only based on the
soot data. The gas turbine model combustor fuelled with ethylene was extensively
investigated by Geigle et al. [23-26], and soot volume fraction, temperature, velocity,
and OH radicals have been measured using LII, CARS, tomographic PIV, and OH-
PLIF diagnostic techniques to further expand the knowledge of the soot formation,
oxidation, and transport in these flames. They noted that soot is not detected in the
high velocity and high strain rate regions, and was mainly found in the inner
recirculation zone where the strain rate is relatively low (below 1000 s!). Stohr et
al. [172] utilised joint high-speed measurements and large eddy simulation (LES)
and found that soot is formed where the rich burned gas succeeded in the inner
recirculation zone (IRZ) with low flow velocity and strain rate. Also, they noted that
the soot intermittency in these flames was mainly driven by the intermittent flow
field of lean burned gas in the IRZ. Although gas turbine model combustors can be
useful to study many turbulent phenomena in a flame, laboratory-scale bluff-body
flames, on the other side, can easily emulate the recirculating flows which are broadly

employed for flame stabilization. Additionally, bluff-body flames have better defined
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initial and boundary conditions when compared with swirl-stabilised flames, which
are highly-desired by modellers. The stabilisation mechanism and recirculation of a
hot mixture of reactants and products to the exit plane allows for increasing the
Reynolds number to very high values (above 50,000) which are not easily achievable
in other burner configurations. Mueller et al. [22] used a joint experimental and
computational investigation to further assess the soot formation and oxidation in
Adelaide bluff-body ISF workshop target flame 4 [172]|. Experimentally, using the
LIT technique, to measure soot volume fraction, they found out that soot formation
in the jet-propagation region of the bluff-body flames is similar to that of turbulent
simple jet flames, however, in the recirculation zone, the residence time plays a
dominant role in the amount of soot which is formed in this region. In the neck zone,
where the recirculation zone is connected to the jet-like region, only a small amount
of soot is found in the neck zone which has survived from the recirculation zone and
is transported to the neck, since the high strain rate in the neck zone inhibits soot
formation in this region. Computationally, using an advanced LES model, they found
a unique feature of the soot formation and growth mechanism in non-premixed bluff-
body flames. Unlike the simple jet flames in which the PAH-based growth
(nucleation and oxidation) is dominant over the surface growth, in bluff-body flames,
the mixture fraction cannot support the PAH-based model and hence, the acetylene-
based surface growth was found to be the dominant surface process by a factor of
more than five. Figure 2.5 compares the two different growth mechanisms together
with a typical soot volume fraction contour for a bluff-body flame [22]. The bi-modal
soot structure in the recirculation zone shows the inner peak was due to the soot

inception, while the second maxima represent the acetylene-based surface growth.
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Figure 2.5: (a) Time-averaged stream lines; (b) time-averaged soot volume fraction;
(c) PAH-based source includes nucleation and condensation; and (d) the acetylene-
based source includes surface growth only in the recirculation zone obtained from
the LES adopted from [22].

While aforesaid studies provide important insight into the interaction between soot
and flowfield features in turbulent flames, there are structural differences in the soot
formation and growth mechanism in the flames where recirculating flows are
employed as a flame stabilisation mechanism. In these flames, the soot formation
and destruction is significantly affected by the increased residence time created as a
result of the recirculating flows in the combustion domain. Due to the extensive
application of such flames, including bluff-body flames and swirl-stabilised flames in
practical combusting devices, and lack of sufficient dataset to validate computational
models, there remains a necessity to perform a systematic study on the effect of
residence time on soot evolution in turbulent flames in order to improve the
understanding of the soot formation, oxidation, and transport mechanism in these

flames.
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2.3 Aim and objectives of the thesis

Substantial progress has been made, over many decades, to improve the
understanding of the complex process of soot formation and oxidation in both
laminar and turbulent flames. Many of these studies employed simplified boundary
conditions such as simple jet flames. Limited number of studies reporting on flames
with more complex fluid dynamics while isolating one or more of controlling
parameters. The reviewed literature, in the previous section, revealed that very few
available studies divulge structural differences in the soot inception and growth
mechanism in flames with strong recirculating flows. Although efforts have been
devoted to understanding the soot-turbulence interactions in model gas turbines, the

following gaps have been identified in the literature and are yet to be answered:

1. The effects of increased residence time and the mixture strength on soot inception
and growth in the turbulent flames with recirculating flows have not been

systematically investigated.

2. Simultaneous measurements of flow field and soot volume fraction under high
soot loading is not available for flames with strong recirculating flows. From the
literature it is clear that the flow field measurement in turbulent flames with
high soot loading has been a challenge for quite some time. The complexity
primarily arises from the interference of soot particles at the PIV excitation
wavelength, e.g. 532 nm. Previous flow field measurements were confined to
either the upstream region of the simple jet flames, where instantaneous soot
volume fraction was reported to be less than 60 ppb [169] or model gas turbines
with relatively low soot load (below 10 ppb) [23, 24, 57|. In order to eliminate
this obstacle in the simultaneous measurement of the soot-flow field in flames
with a high soot concentration and high soot intermittency, there is a pressing
need to develop the current flow field measurement techniques to allow
measurements of the flow-field across the entire flame length, as well as the

regions with relatively high residence time and soot volume fraction.

3. The statistical data relevant to the flow field features such as axial and radial
velocity components as well as the strain rate, and also the soot volume fraction
in the turbulent bluff-body flames is scarcely found in the literature for turbulent
flames with high soot load. Additionally, there is a lack of sufficient joint
statistical analyses in the literature to understand the correlations between local
instantaneous soot volume fraction and turbulence field in different regions of

the bluff-body flames.
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4. Soot evolution differs for different fuels under the same operating conditions
mainly due to the molecular structure of the chemical compounds. It is yet to be
investigated how soot evolution differs for different fuels under increased
residence time conditions in the recirculation zone and further evolution in the
jet-propagation region in bluff-body flames. Most of the past research has mainly
focused on ethylene because of its simple well-known chemistry, as well as its
high soot yield. However, more practical fuels, such as methane due to its broad
application in industry, particularly in gas turbines, are of crucial importance.
Hence, there is a necessity to resolve the sensitivity of the fuel type to the soot

volume fraction in turbulent recirculating flames.

Based on the aforementioned gaps in the context of soot formation, the current study
aims to develop a new understanding of the interaction between flow-field features
(velocity, strain rate, residence time) and soot evolution in turbulent flames with
complex fluid dynamics (Bluff body flames), and advance the understanding of the

sensitivity of soot evolution to the fuel composition under turbulent conditions.
To achieve this aim, the objectives of the thesis are as follows:

e To understand the flowfield characteristics, using non-intrusive advanced PIV
technique, in highly-sooting flames by measuring the mean and instantaneous
axial and radial components of the velocity, and calculating the strain rate in

various zones of the non-premixed bluff-body flames;

e To isolate the effect of residence time via increasing the bluff-body diameter while
keeping other dimensions and operating conditions the same, on soot volume

fraction and flow field features;

e To realize the soot evolution sensitivity to the fuel type through using two

different fuel compositions: ethylene/nitrogen (80:20 by Vol.) and pure methane;

e To investigate the correlations between the mean and instantaneous soot volume

fraction and the strain rate for various operating conditions and fuels.
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3.1 Abstract

3.1 Abstract

This paper presents a joint experimental and computational study on the effect of
the bluff-body diameter on the flow field and residence time distribution (RTD) in
a set of turbulent non-premixed ethylene/nitrogen flames with a high soot load. A
novel optical design to undertake the PIV measurements successfully in highly-
sooting turbulent flames has been developed, using polarizing filters. The mean
velocity components and turbulent intensity are reported for three bluff-body
burners with different bluff-body diameters (38, 50, and 64 mm), but which are
otherwise identical in all other dimensions. The central jet diameter of 4.6 mm was
supplied with a mixture of ethylene and nitrogen (4:1, by volume) to achieve a bulk
Reynolds number of 15,000 for the reacting cases. Isothermal cases were also
investigated to isolate the effect of heat release on the flow field. Pure nitrogen was
utilized in the isothermal cases where the Reynolds number was kept the same as
the reacting cases. The annular bulk velocity of the co-flowing air was kept constant
at 20 m/s for all experiments. Computationally, a 2-D RANS model was developed,
validated against the experimental data, and was mainly used to investigate the
effect of the bluff body diameter on the residence time in the recirculation zone. The
flow structure for both isothermal and reacting cases was found to be consistent with
the literature, exhibiting similar vortical structures of the recirculating zone and
mixture fraction distribution, for similar momentum flux ratios. The flame length
and volume decreased by 20% and 9%, respectively, as the bluff diameter increased
from 38mm to 64mm. The length of the recirculation zone for the isothermal cases
was found to be ~1.2 Dpp while for the reacting cases it was ~1.5-1.75 Dpp. A
stochastic tracking model was employed to estimate the pseudo-particles’ residence
time distribution in the recirculation region. The model revealed that an increase in
the bluff body diameter from 38mm to 64 mm leads to tripling of the mean residence
time within the recirculation zone. Thermal radiation measurements from the
recirculation zone show a 35% increase as the bluff body diameter is increased from
38 mm to 64 mm, whilst the total radiation from the whole flame drops by 15%,
believed to be mainly due to the decrease in flame volume. The effect of these
differences on soot propensity and transport are described briefly and will be the

subject of future investigations.

Keywords: Bluff-body flame; Particle Image Velocimetry (PIV); Residence time;

soot; recirculation zone

63



Chapter 3 Effect of Bluff Body Diameter

3.2 Introduction

Turbulent non-premixed flames with recirculating flows are used in many industrial
combustors such as gas turbines, afterburners, and industrial furnaces. They are
typically generated by means of either bluff-bodies or swirlers to enhance the mixing
of the fuel and the oxidizer, as well as to stabilize the flame by recirculating the
reactants and hot products to the exit plane and providing a continuous ignition
source [1-3]. A recirculation zone also creates a homogeneous hot mixture close to
the exit plane, which contributes to increased flame stability, reduced strain rate,
and, at some conditions, rich fuel mixtures, which lead to the formation of soot. This
is undesirable in gas turbines and propulsion devices but can be desirable in furnaces
and boilers where radiation heat transfer is important. Hence, a better understanding
of the formation and destruction of soot in non-premixed flames with more complex
fluid dynamics is of great importance in order to design high-performance and low-
emission combustion devices. To do so, laboratory-scale bluff-body burners are well
suited to studying recirculating flames, since they provide well-characterised
recirculation zones that are relevant to those in the more complex environments of
practical combustion systems. However, most previous work on bluff-body flames
has been performed in non-sooting environments and included both premixed and
non-premixed flames. Hence, the aim of this work is to generate new and detailed
understanding from high-fidelity measurements of bluff-body flames in a highly-

sooting environment.

The aerodynamics of the flows past various bluff-body geometries and the effects of
bluff-body configurations have been studied in the past [4-6]. It is well known that
the length of the recirculation zone in such flows plays a significant role in the flame
stabilization mechanism and the residence time distribution, which can subsequently
affect soot and NOx formation in the flame [7]. Different parameters can influence
the structure of the flow and consequently the recirculation zone length. Those
include the bluff-body shape, position, confinement ratio of the burner and the
combustor, and the blockage ratio of the burner or the co-flowing channel. For
instance, the effect of the blockage ratio was investigated by Taylor and Whitelaw
[8], and it was revealed that the recirculation zone length was increased by increasing
the blockage ratio. Furthermore, Schefer et al. [3] demonstrated that changing the
confinement ratio—the area that is blocked by the bluff-body from the approaching
co-flow stream—did not significantly impact the recirculation zone length or the

flame structure. Yang et al. [9] stated that increasing the blockage ratio would shift
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the reaction zone to the inner side of the recirculation zone, similar to the effect of
increasing the momentum flux ratio of the fuel and air. The dependency of the
recirculation zone structure on the jet to co-flow momentum ratio was investigated
by Li et al. [10] and Danlos et al. [11]. It was found that increasing the Reynolds
number slightly affects the recirculation zone length at a constant blockage ratio.
The structure is more dependent on the change in the blockage ratio, while the
Reynolds number has little influence on the length of the recirculation zone. The
shape and the position of the bluff-body flame holders on the flame structure were

also investigated and their effects were reported, for example [12-15].

The flow structure downstream of an unconfined annular bluff-body burner in both
isothermal and reacting regimes was investigated extensively by Dally et al. [1, 16].
In their experiments, a bluff-body burner consisting of a central tube with a diameter
of 3.6 mm, surrounded by a larger tube with an external diameter of 50 mm, was
used. The area between the exit planes of the two tubes was covered with a flat
ceramic disc. In bluff-body flames, the momentum flux ratio affects the flame
structure, and that most turbulent flames contain three distinct zones, namely; (1)
the low-strain recirculation zone, which is the most complex part of the flow, (2) the
downstream jet-like region, which behaves in a similar manner to turbulent jet
flames, and a (3) the high-strain neck zone, which connects the recirculation zone to
the jet zone [1, 16]. There are two shear layers in the recirculation zone: one closer
to the region between the co-flow and the outer vortex and one between the central
jet and the inner vortex. Increasing the momentum flux ratio (jet to co-flow)
decreases the mixture strength in the outer vortex and increase it in the inner vortex.
However, the flames investigated by Dally et al. [1, 16] were free of soot and were
measured using a single point LDV technique. The effects of momentum flux ratio
have major effects on the resulting vortical structure of the recirculation zone, the
strength of its semi-uniform mixture, and the appearance of soot particulates [16].
To the authors’ best knowledge, no systematic study is available that investigates
the effects of bluff-body diameter alone on the structure of the bluff body flames. It
is hypothesized that changing the bluff-body diameter only while keeping all other
geometrical and operating conditions the same, will result in a similar vortical
structure of the recirculation zone, a similar mixture fraction distribution, and a
different length and hence residence time. Such a feature will be of interest to the
investigation of soot in these complex flames, where the effect of residence time is
isolated while all the other parameters are kept almost constant. A few non-intrusive
in-situ measurements have been reported on turbulent sooting flames. The majority
of these flames are either piloted jet flames, lifted jet flames, or simple jet flames

with fuel blends. Such flames are insightful to study soot, except that they provide
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additional challenges for modelers due to the complexity of the boundary conditions
and the kinetic effects of the blended mixtures. Furthermore, due to the difficulties
in measuring the velocity and turbulence in highly-sooting flames, most of the past
studies focused on flames with a low soot loading. For instance, Kohler et al. [17,
18] simultaneously measured the flow field and soot concentration in a turbulent
ethylene flame. Despite their significance, these measurements were performed for
lifted turbulent jet flames, which makes the boundary conditions quite challenging
for modelers. In another work [19], simultaneous PIV and LII measurements were
undertaken in turbulent attached jet flames. These measurements were carried out
solely at the downstream of the jet flame. Mahmoud et al. [20-22] reported
systematic measurements of the soot volume fraction in a series of turbulent attached
ethylene /nitrogen/hydrogen flames, but no data was provided for the instantaneous
velocity and turbulence levels in their flames, and only the global strain rate was
investigated. The velocity field of a series of gas turbines’ relevant laboratory-scale
burners, using ethylene as well as n-heptane as fuels, were also measured in a swirl
burner [23, 24]. These measurements, despite their significance, were only performed
in a limited set of flames with a specific equivalence ratio in order to ensure feasible
and successful PIV measurements due to soot scattering interference with the PIV
flow markers. Nathan et al. [25] investigated a wrinkled, pseudo-laminar ethylene
diffusion flame at a low Reynolds number. They successfully measured the velocity
in the presence of soot in the flame and verified the possibility of undertaking the
PIV in a range of flames containing soot. Their investigation was limited to a series
of laminar sooting flames but not turbulent flames. To the best of the authors’
knowledge, only a limited number of studies are documented in the literature
reporting sooting flame velocity data. Such data, in most cases, have been collected
for a single flame that suffers from either a lack of comparability or the presence of
turbulence. Hence, the main objective of this work is to measure the flow field in a
turbulent bluff-body flame with high soot loading. A bluff-body flame has relatively
simpler boundary conditions than lifted or piloted jet flames and is also stable for a

wider range of co-flow and fuel jet Reynolds numbers.

Residence time, as noted above, is one of the key controlling parameters influencing
soot formation, growth and oxidation in flames. The amount of soot that is formed
during the combustion process depends strongly on the residence time [26]. Although
the method suggested by Turns and Myhr [27] to estimate the global residence time
is a useful indicator of the characteristic strain rate in a jet flame, the distribution
of the pseudo-particles’ residence time is required since the flame spans over an

extended range of local strain. A few attempts have been made in the past to
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evaluate the residence time distribution (RTD) in different non-reacting/reacting
systems [28, 29]. However, no measurement or calculations of RTDs in a turbulent
axisymmetric bluff-body flame have been reported before. This gap forms the second
objective of the paper, which is to assess the effect of bluff-body diameter on the

residence time distribution, particularly for the recirculation zone in each flame.

3.3 Methodology

3.3.1 Bluff-body burner

The schematic diagram of the bluff-body burner used in this work is presented in
Figure 3.1. The burner is similar to that of Dally et al. [1, 16], with an inner tube
(dy=4.6 mm) centred within a larger outer tube (Dpp) with a length of 1.0 m. Three
different burners with different Dpp were used, namely 38, 50 and 64 mm. The entire
burner is made of brass, except for the top surface that is manufactured from ceramic
to be resistant to high temperatures and reduce heat loss. An air contractor with a
round shape at the exit plane is used to deliver the co-flow air, as shown in Figure
3.1. The round contractor has an internal diameter of 190 mm and has been selected
to avoid the formation of corner vortices. The bluff body burner is mounted 10mm
above the height of the contractor in order to allow optical access. The burner,
together with the contractor, was vertically traversed through a fixed laser sheet to
enable measurements of the entire length of the flame. The distance of the flame tip
and the extraction hood was kept unaltered by traversing the hood with the burner

in order to minimize any interaction between the exhaust and the unconfined flame.

3.3.2 Flame cases

In this set of experiments, six different cases comprising of three non-reacting as well
as three reacting cases with similar bulk Reynolds number of 15,000 have been
investigated. For the reacting cases, the fuel stream contained a mixture of high-
purity ethylene (99%) and ultra-high purity nitrogen (99.99%) at the volume fraction
of 4:1, at ambient temperature and atmospheric pressure. These flames were selected
because they were stable on all bluff-body burners with identical fuel and co-flowing
air flow rates. Ethylene (CoHa) was selected due to its high soot yield, as well as its

relatively-simpler chemical kinetics when compared with other hydrocarbon fuels.
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The nitrogen (N2) addition to the fuel stream helped reduce the soot concentration

in order to reduce the interference from soot particles on the PIV measurements.
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Figure 3.1: Bluff body burner and co-flow air contractor setup: Top view (left), Side
view (middle) and Flame photo (right). (BB — Bluff-body tube; J — Fuel jet tube; M
— screen mesh; H — Aluminium honeycomb; dje; — Fuel jet diameter; Dpp — Bluff-
body diameter; DC — Air contractor).

For non-reacting cases, pure nitrogen was used instead of the ethylene/nitrogen
mixture. It is worth noting that the density of ethylene and nitrogen is similar, while
the viscosity of the CoHy/Ny mixture is 1.21E-5 (kg/m/s) and that of Ny is 1.81E-5
(kg/m/s). The full details of the experimental conditions are shown in Table 3.1.
The photographs of the flames were taken with a standard Nikon D3500 DSLR
camera with /32 and ISO 100 sensitivity and an exposure time of 0.25 seconds and

are presented in Figure 3.2.

Table 3.1: Baseline experimental conditions for cold/reacting flows.

Bluff-body Fuel jet Bulk jet Jet exit Bulk  Bulk Mean
Designation  gjameter composition exit Reynolds  fuel co-flow  flame
(% by vol.) Velocity flow  air length”
(£2%) rate  velocity  (Ly)
(£5%)
(mm) - (m/s) - (g/s) (m/s)  (mm)
NB-1 38 100 No 51.8 15,000 0.97 20 -
NB-2 50 100 No 51.8 15,000 0.97 20 -
NB-3 64 100 Ng 51.8 15,000 0.97 20 -
ENB-1 38 80 CoHy: 20 Ny 32.1 15,000 0.61 20 1215
ENB-2 50 80 CoHy: 20 Ny 32.1 15,000 0.61 20 1070
ENB-3 64 80 CoHy: 20 Ny 32.1 15,000 0.61 20 972

* The flame length, obtained from averaged of 20 images, is considered as the distance between the burner exit plane up to
the most visible flamelet downstream of the flame.
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Figure 3.2: Photographs of the ENB-1 (left), ENB-2 (middle), and ENB-3 (right)
flames.

3.3.3 Radiant intensity measurement

The total radiation from the bluff-body flames was measured using a Schmidt-
Boelter heat flux factory-calibrated sensor. The sensor was placed at a radial distance
of 250 mm from the flame axis and traversed vertically with 30 equi-spaced heights.
The starting point was at the fuel jet exit similar to the bluff-body surface. For each
point, 20,000 samples were collected at 1000Hz, which was found to be sufficient for
statistical convergence [30, 31|. The mean values of the radiation heat flux, as well
as the radiant fractions for three flames, have been compared. The uncertainties
associated with the radiation measurements are attributed to the increment of the
equal-spaced sampling points, which are within £2%. Also, the heat flux gauge has
an estimated +3% error. Hence the total uncertainties of the radiation measurement
are estimated to be +5%.

3.3.4 Velocity measurement: Optical diagnostic setup

Particle image velocimetry (PIV) was performed to measure the flow field. The
schematic diagram of the PIV setup is shown in Figure 3.3. The light source for the
PIV was a frequency-doubled beam from a dual-head Nd:YAG laser (Quantel
BrilliantB/Twins). Two laser pulses at 532 nm, 140 mJ energy per pulse, a pulse
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duration of 5ns and a pulse rate of 10 Hz were used. A temporal separation of 15—
60 us between the two pulses was chosen, depending on the local flow conditions.
The laser beam passed through a wave-plate and sheet forming optics and finally
collimated to a sheet with dimensions of 70 x 1 mm?. Titanium oxide (TiO2) particles
with a nominal diameter of 1 ym were fed as flow tracers for both the jet and co-
flow streams through an in-house built fluidized-bed particle seed generator. The
Mie scattering from the TiO3 particles was captured with a Kodak Megaplus IT CCD
camera (1920 x 1080 pixels?, 16 bit) equipped with a Sigma lens 105 mm, f-
number2.8 and equipped with a 532 nm bandpass filter (Andover) with an FWHM
of 1 nm for suppressing both laser-induced and natural incandescence. The novelty
of this system comes from the use of two additional polarizing components. A half
wave-plate at 29 degrees to the vertical was placed in front of the laser beam to
direct the beam horizontally. In addition, a second linear polarizer was attached to
the 1 nm bandpass filter to capture vertically-polarized scattering signals. Such an
optical arrangement significantly suppresses the scattering signals from soot (which
are relatively small) to very low levels but only reduces scattering from PIV particles
(which are large) by a factor of approximately two. Thus, soot interference on the
PIV images was much reduced when compared with a conventional PIV setup. The
field of view was set to a 70 mm x 40 mm window positioned at the centreline of the
flame, which gives a resolution of 29.25 pixels per millimetre. XCAP imaging
software was used to capture the images. A total of 2000 image pairs were collected
with an acquisition rate of 5 Hz. The PIV images were processed by a PIV software
package, PIVLab 2.20 [32, 33|, and the mean velocity vector fields were calculated.
The interrogation window was sequentially reduced to 64x64 pixels and then to
32x32 pixels with a 50% overlap. This leads to a corresponding spatial resolution of
2.56 x 2.56 mm? and 1.28 x 1.28 mm?, respectively. Standard Fast Fourier transform

(FFT) was then used to calculate the displacements of the particles in the field.
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Figure 3.3: PIV experimental layout. (P1 — A/2 wave plate at 29°; P2 — 532 nm
film polarizer @45°; M — Mirror; P3 — Prism; SL#1/#2 — Spherical lenses; CL —
Cylindrical lens; BD — Beam dump; F — 532 nm bandpass filter (FWHM) and P3 —
Linear polariser).

3.3.4.1 Accuracy of the PIV measurements

The Stokes number (Sk) criterion for particles to follow the flow path is Sk<< 0.1.
In these experiments, the Stokes number was calculated for the 1-micron TiO,
particles and ranged from 10 to 1073, which satisfied the Stokes number criterion.
This indicates that the particle lagging for the mean velocity is not significant, and
for turbulent fluctuations is around 1% of the mean values. A sensitivity analysis
was performed to find out an adequate number of pair images, such that the results
are statistically independent. A total of 5000 image pairs were taken and processed.
It was concluded that the results did not change more than 1% for more than 2000
image pairs. The optics utilized in the current setup prevent the system from
suffering from the system-inherent long exposure time of the second frame of the
CCD camera. Since the polarizers can substantially reduce the line-of-sight
integrated luminosity, both images are almost free of soot scattering. The small
amount of scattering caused by the flame brush in the second exposure can be
removed in the image pre-processing step. The total error can be determined by the
ratio of the nominal correlation peak value, which is 0.1 pixel [34], to the maximum
displacement of the particles. The maximum displacement should not be more than
one-third of the smallest interrogation window size, which is 32x32 pixels?.
Therefore, the accuracy of the velocity component measurement is estimated to be
+0.95 m/s.

71



Chapter 3 Effect of Bluff Body Diameter

3.3.5 Computational method

A 2-D axisymmetric model was generated in Ansys Fluent 19. The dimensions of
the model were based on the bluff-body setup used in the experimental section. In
order to minimize the effect of the surrounding environment on the flame, the
domain was extended to 10Dpp towards the downstream, and 5Dpp in the radial
direction. Mesh structure plays an important role in obtaining high accuracy and
cost-efficient numerical results. A mesh sensitivity study was performed to find out
the dependency of the results on the mesh resolution. A comparison of the axial and
radial velocity distribution at four specific axial distances for 220,000, 470,000, and
770,000 cells revealed that increasing the number of meshes to 770,000 does not
change the results by more than 2% in comparison with the 440,000 case, so the
440,000-cell mesh was selected. The steady, incompressible Reynolds-averaged
Navier—Stokes (RANS) equations were used for the turbulent bluff-body flame, and
the conservation equations of mass, momentum, and energy were solved numerically.
The standard k-eé model was selected owing to its well-known capability for
predicting recirculating flows. Dally et al. [35] suggested a modification for the
standard k-¢ turbulence model in order to improve the prediction of the axial velocity
decay rate of a round jet, therefore the c; coefficient in the dissipation equation was
modified to 1.6. The steady flamelet model, coupled with the DRM-22 reduced
kinetic mechanism (22 species and 104 reactions), was used for the combustion
model. The DRM-22 has been shown to give a reasonable prediction of a bluff-body
flame with fewer computational costs in comparison with other detailed mechanisms.
The SIMPLE pressure velocity coupling with a standard pressure scheme was used.
All equations were discretized using a second-order upwind scheme. The convergence
criteria were set to 1E-6 for all equations. The residence time of the pseudo-particles
was estimated by calculating the trajectory of the particles in a Lagrangian frame.
This method was recently employed by Chinnici et al. [36] to calculate the particle
residence time and trajectories in a solar vortex particle reactor. The trajectory of
the pseudo-particles is computed based on the integration of the particle force
balance equation. Turbulent dispersion of the particles was calculated using a
standard stochastic eddy lifetime tracking model. Inert pseudo-particles with a
diameter of Inm were injected into the domain from the air and fuel inlet boundaries
and measured at the exit plane from the recirculation zone, where the axial velocity
components are positive. Since, in turbulent flows, the species transport is mainly
dominated by turbulent diffusion rather than molecular diffusion, it is possible to

track these inert pseudo-particles.
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A comparison of the axial and radial velocity components at 15 mm and 65 mm
above the burner (HAB) in the axial direction is shown in Figure 3.4. A good
agreement is seen in the axial velocity components for both heights at almost all the
radial locations (less than 5% difference). A small discrepancy is seen in the outer
shear layer, which can be attributed to the high-velocity gradient in the shear layers,
which can cause the centre of the recirculation zone (RZ) to vary at any instance.
These results can lead to an inaccuracy in the radial velocity components. However,
the length of the recirculation zone obtained from the PIV is less than 2% different
from the predicted RZ length. This gives confidence that the model can be used to
predict the residence time of the pseudo particles in the RZ reliably, since the
trajectory of the particles is calculated by integrating the particle force balance
equation, which is a function of the relative velocity components. The uncertainties
associated with CFD arise from the simplifications in the turbulence model, mesh
resolution, and the boundary conditions (B.C.) of the inlets, which assumed Dirichlet

(fixed-value) boundary conditions.
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Figure 3.4: Comparison of the axial velocities (top) and radial velocities (bottom)

at a height of x/Dpp=0.3 (left column) and x/Dpp=0.6 (right column) above the
burner obtained from the PIV using CFD.
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3.4 Results and discussion

3.4.1 Overall flame structure

The structure of the flames, as shown in Figure 3.2, has been found to be similar to
those reported previously [37, 38|. These flames are characterized by three distinct
regions: a highly-sooting recirculation zone in the upstream, a high-strain neck zone,
and a jet-like region downstream of the neck zone. Comparing the photographs of
the three flames reveals a few differences, noting that all operating conditions are
identical. Firstly, increasing the bluff-body diameter leads to an increase in the
recirculation zone length. Secondly, the overall flame length is slightly decreased
(20%) by increasing the bluff-body diameter, since more fuel is burnt in the
recirculation zone. Finally, it is inferred from the photographs that the soot
concentration in the neck zone is considerably increased in the larger burner, while
it is observed that the neck zone in the smallest bluff-body is almost free of soot.
The flame length, Ly, was obtained from 20 instantaneous images. The flame length
is considered as the distance between the bluff-body exit plane up to the most visible
flamelet downstream of the flame. The length of the recirculation zone was also
measured for the three flames. This length is the distance from the jet exit up to the
stagnation point where the mean axial velocity of the flame is zero. Both the flame
length and the recirculation zone length have been compared for the three burners
on the left side of Figure 3.5. The length of the recirculation zone was measured
from the bluff-body surface to the stagnation point. As expected, increasing the bluff-
body diameter resulted in an increase in the length of the recirculation zone. The
RZ lengths for all three cases are compared on the right side of Figure 3.5. It can be
seen that the smallest RZ length, which is 60+1 mm, belongs to the smallest bluff-
body (38 mm), while the largest RZ is for the 64-mm burner and is 110+1 mm in
length.
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Figure 3.5: Measured average flame length (left) and measured length of the
recirculation zone (right) for the three burners.

3.4.2 Radiation heat flux and radiation fraction

Soot formation in the flame affects the radiation heat flux and, as a consequence,
the flame temperature and NOx formation [30]. A comparison of the radiation heat
flux measurements for the three bluff-body flames is presented in Figure 3.6a. This
Figure shows the measured axial radiation distribution at a fixed radial distance of
250 mm from the flame axis. The radiation in the recirculation zone is increased by
almost 32% when the bluff-body diameter is increased to 64mm. In this region, since
the flame is less strained in the 64-mm burner and has more time to recirculate,
more soot is formed, and consequently the radiation is increased. In the jet-like
region, the radiation peaks are found at x,/Ls of 0.43, 0.47, and 0.50 for the 38-mm,
50-mm, and the 64mm burners respectively, which are in the range 0.4 < z, / Ly <
0.5 for all three bluff-body burners. Here, the Lyis the average flame length, and the
7 is the axial distance to the peak heat flux. The radiation peak corresponds to the
maximum soot volume fraction in each flame. This trend is consistent with our
previous measurements in turbulent jet flames [30]. The radiant heat fraction y. is

calculated from equation 1 following [39]:

B ZnR.fgqu(x')dx
= | mf xHHV ] (1)

where R is the radial distance from the flame axis to the radiation gauge, q" is the
measured radiant heat flux, my is the fuel mass flow rate (kg/s), and HHV is the
higher heating value of the fuel. Figure 3.6b shows the radiant heat fraction plotted
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as a function of the bluff-body diameter. It can be seen that increasing the bluff-

body diameter leads to a linear reduction in the radiation fraction by ~15%, which
can be partly related to the increased radiation losses from the RZ to the bluff body

burner itself. It can also be related to the decrease in the estimated total volume of

the flame stabilized on the larger burner by ~9%.
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Figure 3.6: a) Radiant heat flux distribution measured along the flame length for
three bluff-body flames, and b) radiant fraction as a function of the burner diameter,
calculated for the entire flame (blue), as well as the recirculation zone (red).

3.4.3 Mean flow field of non-reacting cases

The non-reacting flow streamline overlaid on the mean velocity contour for half of
the domain is visualized in Figure 3.7 for all three cases. Pure nitrogen with an exit
jet velocity of 51.8 m /s was issued through the central jet in order to create a similar
flow to the reacting case at a Reynolds number of 15,000. The co-flowing air velocity
was kept constant at 20 m/s for all cases. All three cases exhibit similar
characteristics: the outer vortex (OV), which is adjacent to the co-flowing air, and
a pronounced inner vortex (IV), which is sandwiched between the jet and the OV.
Increasing the bluff-body diameter from 38mm to 64mm doubled the recirculation
zone length. The RZ length for the smallest bluff-body burner is 29+1 mm, while
this length is increased to 51+1 mm and 694+1mm for the 50 mm and the 64 mm
burners, respectively. As the bluff-body diameter increases, it may also be seen that

the centre of the toroidal vortex and the stagnation points are shifted downstream
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of the flow. It is clear that the non-reacting flows exhibit much shorter RZ with a
length closer to the bluff-body diameter (0.8-1.1), while the reacting cases have much
longer RZ and measure (1.5-1.75) for the bluff body diameters. This discrepancy is
discussed further in the next section. It is noteworthy that the momentum flux ratio
of the jet to the co-flow for the reacting and non-reacting cases is similar. This ratio

was found to control the vortical structure and length of the RZ [1, 16].
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Figure 3.7: Streamline plot overlaid on the mean flow field contour of the isothermal
nitrogen flow past the bluff-body burners, Dpp=38 (left), Dpp=50mm (middle) and

Dpp=64mm (right). The dashed line indicates the stagnation point and the RZ
length.

3.4.4 Mean flow field of reacting cases

The flow characteristics in the reacting cases have been revealed by calculating the
time-averaged flow fields from the instantaneous flow features. The same
characteristics are observed for all three bluff-body burners, similar to the cold flow
conditions. Figure 3.8 shows the mean velocity distribution. The colours denote the
velocity magnitude, and the white lines represent the streamlines. The stagnation
points, where the flame propagated to the neck and jet region, are shown and the
recirculation zone lengths can be compared. The peak velocity occurs at the trailing
edges for all three burners at a Reynolds number of 15,000. The maximum co-flow
velocity can be seen close to the shear layer. This indicates that both the IV and
OV have been surrounded by the high-velocity fuel jet and co-flowing air streams.
The OV serves to return the hot products to the inflow and stabilize the flame.

77



Chapter 3 Effect of Bluff Body Diameter

U,, (m/s)
45

40
i5
30
25 |
20 |
15

w
-
=

I

o
rJ
(=]

I

Axial height above the burner (mm
[=a)
=

o
I

' |
20 10 0 30 15 o0 32 16 0
Radial position (r) (mm)

Figure 3.8: Measured streamline plot overlaid on the mean flow field contour of the
reacting ethylene/nitrogen flow past the bluff-body burners, Dpp=38 (left),
Dpp=50mm (middle) and Dpp=64mm (right).

The flow features of the non-reacting cases are similar to the reacting cases; the
highest velocities are found at the centerline of the flame. However, the recirculation
zones differ in the non-reacting and reacting flows. The non-reacting case exhibits a
narrower inner vortex, as well as a wider outer vortex, regardless of the bluff-body
diameter. In reacting cases, since the jet penetrates through a high-temperature low-
density medium, the stagnation point is shifted further downstream, and causes the
centre of the toroidal vortex to move outwards. This is consistent with previous

trends in non-sooting bluff-body flames [1, 2, 16].

Figures 3.9 and 3.10 show the radial profile of the mean and rms of the axial and
radial velocity components at three different locations within the recirculation zone
and the neck zone for all three flames. The axial locations above the burners have
been normalized by the bluff-body diameter (Dpp), and represent the flow both in
the recirculation zone (X/Dpp= 0.3, 0.9) and further upstream in the neck zone
(X/Dpp=1.8). The maximum velocity gradient and the peak of the fluctuations
coincide with the inner and outer shear layers. Overall, the trend of the mean axial
velocity and the fluctuations for the current cases are in good agreement with what
Dally et al. [1, 16] measured for non-sooting methane/hydrogen flames on the same
bluff-body burner. The maximum fluctuation is seen in the inner sheer layers

between the outer and inner vortices for all three cases.
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Figure 3.9: Radial profile of the mean axial velocity (first row), and the mean radial
velocity (second row) at three heights above the burner; X/Dpp=0.3 (left),
X/Dpp=0.9 (middle), and X/Dpp=1.8 (right).
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Figure 3.10: Radial profile of the mean axial velocity fluctuations (first row), and
the mean radial velocity fluctuations (second row) at three heights above the burner;
X/DBB:0.3 (left), X/DBB:0.9 (middle), and X/DBB:I.S (right).
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3.4.5 Residence Time Distribution Prediction

Shown in Figure 3.11 are the calculated streamlines from the recirculation zone of
three flames, each with a different bluff-body diameter burner. Also indicated in the
Figure is the length of the recirculation zone, defined by the furthest axial profile
with a zero-axial velocity. It was observed that, as discussed earlier, increasing the
bluff-body diameter resulted in increasing the length of the recirculation zone. This
increase is attributed to the level of mixing and interaction between the jet and the
co-flow and was found in the past [1] to be governed by the momentum flux ratio
and the diameter of the bluff-body burner. Since this ratio of both the jet and the
co-flow was kept the same for all three burners, the length is only controlled by the
change in the bluff-body diameter. Here, it can be seen that increasing the diameter
from 38 mm to 50 mm and 64 mm, resulted in an increase in the recirculation zone
length by almost 40% and 85% respectively (from 61 mm to 86.0 and 110.7 mm).
Hence, it is expected that this increase in the length of the recirculation zone will
increase the residence time in this zone and consequently affect soot formation in

this region.
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Figure 3.11: Computed flow field for three bluff-body burners: 38 mm (left), 50 mm
(middle), and 64 mm (right). Red lines indicate the length of the recirculation zone.
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The residence time distribution for the three burners is compared in Figure 3.12.
The different distributions indicate that fewer than 10% of the pseudo-particles
originating in the fuel jet do not enter the circulating zone and escape out to the
neck zone. The distribution of the rest of the pseudo-particles can be observed in
this Figure. The mean residence time of the particles is almost doubled when the
diameter increases from 38 mm to 64 mm. Since there is an overlap of the timescales
between turbulent mixing and soot formation in turbulent flames, which is in the
order of few milliseconds to 10 milliseconds, it is inferred that the residence time of
the pseudo-particles can affect soot formation in the recirculation zone. A
comparison of the mean residence time along with the length of the recirculation
zone for three burners is shown in right side of Figure 3.12. It is clear that there is
a direct correlation between the recirculation zone length and the average residence

time.
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Figure 3.12: Residence Time Distribution (RTD) of the particles in the recirculation
zone (left). Calculated mean residence time of the particles inside the recirculation
zone, and the length of the zone (right).

The calculated mixture fraction distribution within the recirculation zone, RZ, for
all three bluff-body burners and at three axial locations is shown in Figure 3.13. It
can be observed that the mixture fraction and location of the reaction zone are
almost identical on the outer part of the RZ, irrespective of the bluff-body diameter.
Also noticeable is that increasing the bluff-body diameter induces a larger amount
of the fuel to enter into the inner part of the RZ, creating richer mixtures that are

favourable for soot formation.
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Figure 3.13: Effect of the bluff-body diameter on the mixture fraction distribution
at X/Dpp=0.3 (top), X/Dpp=0.6 (middle), and X/Dpp=1.3 (bottom). A
stoichiometric mixture fraction of 0.0636 is shown on all the Figures.

3.5 Conclusion

Experimental and computational tools were used to investigate the flow field and
residence time distribution (RTD) of the reactants within the recirculation zone in
a set of turbulent non-premixed ethylene/nitrogen bluff-body flames. Three identical
burners except of the diameter of the bluff-body (38mm, 50mm and 64mm) were
considered in this study. Successful PIV in a highly-sooting turbulent environment,
as well as the radiation heat flux measurements, have been conducted. A novel
optical design was applied to a conventional PIV system to suppress interference
from soot, in the recirculation zone of flames with a fuel comprising 80% ethylene
and 20% nitrogen by volume, and make the velocity measurement feasible in such
flames. Commercial CFD code running a 2-D RANS model, was used to investigate
the effect of bluff-body diameter on the recirculation zone characteristics, and to
predict the distribution of the residence time of pseudo-particles within the
recirculation zones of those flames. The radiation measurements show that increasing
the bluff-body diameter would increase the radiation in the recirculation zone by
32%, whilst the total radiation from the flame decrease by 15% believed due to the
decrease in flame volume. It was observed that increasing the bluff-body diameter

increases the recirculation zone length with measured length of ~1.5-1.75 Dpp, while

the length of recirculation zone for the non-reacting cases is ~1.2 Dpp. This difference
is believed to be attributed to the thermal effects. The CFD results have revealed a
similar increase in recirculation length in reacting cases with the largest burner

showing a length of 1.7 Dpp. This increase in the size and length of the recirculation
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zone leads to an increase in the residence time of the reactants inside the
recirculation zone by a factor of three, which can considerably influence the soot
formation in this region. It can also be observed that neither the mixture fraction
nor the reaction zone in the recirculation region structure are significantly influenced
by increasing the bluff-body diameter. Further research is underway to conduct
simultaneous measurements of the soot concentrations and the flow fields of these

flames.

3.6 Nomenclature

Dpp Bluff-body diameter

dy Jet diameter

HHV Higher heating value

1 Turbulence intensity

v Inner vortex

K Turbulent kinetic energy
oV Outer vortex

R Radius of the bluff-body burner
r Radial locations

RMS Root mean square

Un Velocity magnitude

U Axial velocity component
V Radial velocity component
x Axial locations

Yr Radiant fraction
Subscripts

BB Bluff-body

C Contractor

f Flame

J Jet

m Mean
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4.1 Abstract

4.1 Abstract

Simultaneous measurements of soot concentrations and the velocity flowfields are
used to better understand soot evolution and its correlation with the strain rate and
residence time in a series of turbulent non-premixed bluff-body flames. Laser-induced
incandescence (LII) and planar Particle Image Velocimetry (PIV) were applied
simultaneously to measure the soot volume fraction (SVF) and the velocity field,
respectively. Three flames were stabilised on axisymmetric bluff-body burners with
different bluff-body diameters (38, 50, and 64 mm) but which are otherwise identical
in dimension. A mixture of ethylene/nitrogen (4:1 by volume) was issued from a 4.6
mm central round jet at a bulk Reynolds number of 15,000. The annular co-flowing
air velocity was kept constant at 20 m/s for all cases. In agreement with previous
work, the highest SVF was found in the recirculation zone within the outer vortex,
adjacent to the co-flowing air. The maximum SVF almost doubled, from 140 ppb to
250 ppb, when using the 64 mm burner, as compared with the 38 mm burner.
Relatively small amounts of soot, around 30 ppb, were observed in the highly-
strained neck zone. This was deduced from the instantaneous images as having been
transported there from the recirculation zone, mostly from the inner vortex. The
SVF in the jet region decreased with the increase in bluff-body diameter, which was
found to be related to the decrease in the estimated total volume of the flame of
almost 9%. The instantaneous images reveal the roller vortices between the co-flow

and the recirculation zone suppress soot and cause it to oxidize.

Keywords: Soot, Bluff-body flames, Particle Image Velocimetry (PIV), Laser-

induced Incandescence (LII), Turbulence
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4.2 Introduction

Research into the impact of gas-phase dynamics on the evolution of soot in turbulent
flames has recently been the subject of renewed interest [1]. The new research effort
is motivated by the interest in alternative bio-oil fuels [2, 3], advancements in non-
intrusive measurement techniques [4-7] and the need for better predictive soot
models [8]. The challenges associated with the prediction of turbulent sooting flames,
of complex geometries and industrial fuels, are mostly related to the multi-phase,
non-linear and localised inter-dependency of many controlling parameters [9]. Those
include, but are not limited to, the flame temperature and thermal radiation
dependency, turbulence scale, strain rate (S) and residence time, turbulence intensity
and mixing, and the type of fuel. Hence, the advancement of soot research under
turbulent conditions requires simultaneous and systematic measurements of these
parameters to help deepen understanding of their relationship and to provide
additional correlations for model validation and development. Studies into turbulent
sooting flames stabilised on simple geometries have provided important insights into
some of the issues mentioned above, and correlations between soot and the flowfield
have been proposed on a global basis. Qamar et al. [10] demonstrated an inverse
relationship between the global mixing rate, defined as the inverse of the global
residence time, and both the total amount of soot in the flame and local
instantaneous soot volume fractions, broadly consistent with trends in laminar
flames. However, probability density functions revealed that the relationship
between local instantaneous and time-averaged soot volume fractions differ in the
lower and upper regions of each flame. Later, Kohler et al. [11] found that the
unconditional SVF is a function of both the radial and axial locations of turbulent
jet flames. All these measurements, despite their significance, were made in lifted jet
flames, which are more challenging to model, leading to delayed soot formation
through partial pre-mixing at the base of the flame. Investigated using the Adelaide
simple jet flames [1, 12, 13|, it was found that while the SVF scales inversely with
the global strain, U/D, consistent with [10], the volume-integrated SVF, scales as an
inverse exponential function of U/D. On a local basis, simultaneous PIV/LII in jet
flames revealed that soot formation happens predominantly at a combination of a
flow velocity above 3 m/s and a strain rate of 700 s [14]. Geigle et al [15],
investigating a model combustor, confirmed the role and significance of residence
time and the localised strain condition on soot formation and evolution. Mueller et
al. [16, 17] and Deng et al. [18] reported joint experimental and computational work

(using LES) of soot evolution in axisymmetric bluff-body stabilised turbulent flames.
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4.2 Introduction

Using ethylene as the main fuel, their work revealed that, unlike jet flames, the
mechanism of soot evolution in bluff-body stabilized flames is dominated by
acetylene-based surface growth processes, whilst in jet flames, the PAH-based
growth (nucleation and condensation) dominates over the surface growth. They also
found that in bluff-body flames, most of the soot is nucleated near the inner shear
layer and a portion of the soot is backed to the bluff-body by the recirculating flows.
The growth rate in the recirculation zone (RZ) is low since the mixture fraction in
this region does not support either PAH formation or acetylene-based surface
growth. Subsequently, the soot particles are transported by the outer vortex,
downstream of the flame. While this work has provided important insights, it did
not include any measurements of the impact of strain and residence time on soot. It
was also not clear about the mechanism of soot oxidation and soot transportation
to the neck zone. Given the importance of recirculating flows, axi-symmetric bluff-
body flames are considered in the current study as this helps bridge the gap between
the simple jet and more practical swirling flames. In our recent work [19], we
demonstrated that when the bluff-body diameter changes while all other parameters
are identical, the residence time inside the recirculation zone is the only parameter
that changes, whereas the mean mixture fraction and the mean temperature are
almost unaltered. The calculated temperature and mixture fraction distribution for
these flames are compared in the supplementary material (Fig. A.S1). The current
study uses the same configuration in [19] with the aim of investigating in depth the
flow structure in the recirculation zone and its impact on flame features and soot in
ethylene-nitrogen turbulent flames. In particular, the paper examines the impact of
flow dynamics within the RZ on soot formation, transport and oxidation through
simultaneous measurements of the soot volume fraction and flowfield. The mean and
instantaneous results from the three flames, operating under the same conditions,
are compared in this study. The relationship between the soot, flow and strain fields

are also presented and discussed for all flames.
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4.3 Experimental methods

4.3.1 Burner and flames

Three bluff-body burners, similar in geometry to the Sydney bluff-body burner [20],
were used in this study. In brief, each burner comprises of the same 4.6 mm diameter
(Dj) central tube, from which the fuel stream issues, but with a different diameter
of the outer bluff-body: 38, 50 and 64 mm. All other specifications and features of
the burners are identical. The burners were made of brass, with a heat-resistant
ceramic coating on the bluff-body surface to reduce heat loss to the burner. The
burner was surrounded by co-flowing air from a contraction with a round cross
section and an internal diameter of 190 mm at the exit plane. The round shape has
been selected to avoid the formation of corner vortices. For optical access, each bluff-
body rises above the co-flow air contractor edge by approximately 10 mm. The entire
burner, together with its associated components, was mounted on an electrical
traverse to allow measurements to be performed throughout the entire length of the
flame, whilst keeping the optical system fixed in place. An exhaust hood was kept
at a fixed distance from the flame tip, by traversing it with the burner assembly, to
minimize any interaction between the exhaust extraction and the flame. Three cases
with a similar bulk Reynolds number of 15,000 have been investigated and labelled
as ENB-1, ENB-2, and ENB-3. The fuel stream is a fixed mixture of high-purity
ethylene (99%) and ultra-high purity nitrogen (99.99%) at a volume fraction of 4:1,
at atmospheric pressure and ambient temperature. The bulk co-flowing air velocity
was kept constant at 20 m/s for all cases. The details of the three flames are
summarised in Table 1. The flame length (Lf) has been estimated from 10
instantaneous images and measured as the distance between the bluff-body surface
and the most visible downstream flamelet. The mean recirculation zone length was
determined by the highest axial distance above the burner, where the mean axial
and radial velocities are zero. The residence time was obtained using CFD after

validation [19]. The calculation method is summarized in the supplementary material

(A.S2).
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Table 4.1: Summary of the flow conditions. (Dpp — bluff-body diameter; Dy — Fuel
jet diameter; Uy — Bulk jet exit velocity; Rey — Jet exit Reynolds; m; — Fuel flow

rate; Uc — Bulk co-flowing air velocity; Ly — Mean flame length; Lrz — Mean

recirculation zone length; T — Mean residence time).

Flame CoHy:N;  Dgp D; U; Rey my Uc L¢ Lrz T
case (%Vol.)  (mm) (mm) (m/s) ) (g/s)  (m/s)  (mm)(+5%)  (mm)(+1%) (ms)[19]
ENB-1 4:1 38 4.6 32.1 15,000 0.61 20 920 61 8.57
ENB-2 4:1 50 4.6 32.1 15,000 0.61 20 855 86 15.5
ENB-3 4:1 64 4.6 32.1 15,000 0.61 20 780 114 24.4

4.3.2 Planar Polarised Particle Image Velocimetry (2D-P-PIV)

The two-dimensional velocity field was obtained through a planar PIV system, using
a 10 Hz dual-head Nd:YAG laser (Quantel BrilliantB/Twins) operated at 532 nm
and a maximum energy of 140 mJ /pulse. An inter-pulse period of 14 ps to 60 ps was
chosen, depending on the flow conditions between the PIV laser pulses. The laser
beam passed through a wave-plate and sheet forming optics and finally collimated
to a sheet with dimensions of 70 x 1 mm?. Both the jet and the co-flow were seeded
with 1 ym titanium oxide (TiO2) particles as flow markers with an in-house built
fluidised-bed particle seed generator. The Mie scattering from the TiO2 particles was
detected by a Kodak Megaplus IT CCD camera (1920 x 1080 pixels?, 16 bit) equipped
with a Sigma lens 105 mm, f-number 2.8 and equipped with a 532 nm bandpass filter
(Andover) with an FWHM of 1 nm, for suppressing both laser-induced and natural
incandescence. To overcome the soot interference with the Mie scattering from the
flow tracers at 532 nm excitation, a novel optical design has been developed using
two additional polarising filters to a conventional PIV system. A half-waveplate at
29 degrees to the vertical was placed in front of the incident beam to direct the beam
horizontally. A second linear polarizer was attached to the 1 nm bandpass filter to
capture the vertically-polarised scattering signals. This optical arrangement can
significantly suppress the scattered interference from soot to very low levels. The
large scattering from the PIV particles is only reduced by a factor of approximately
two. Thus, soot interference on the PIV images was much reduced compared with a
conventional PIV system. It is noteworthy that the influence of PIV seeding on the
LIT signal has been found to be 4.7%. The PIV vectors were obtained by cross-
correlation of the 2000 pairs of raw images with the smallest interrogation window
of 16x16 pixels? with a 50% overlap. This leads to a minimum spatial resolution of
0.74x0.74 mm?.
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4.3.3 Planar Laser-induced incandescence (P-LII)

The soot imaging method is the same as in our previous studies [12, 13, 17], so only
briefly described here. The planar laser-induced incandescence (LII) technique was
employed to measure the soot volume fraction, using a pulsed (10 Hz) Nd:YAG laser
(Q-smart 850, Quantel) with the fundamental output (1064 nm). The LII excitation
pulse was temporally interlaced between the first and second PIV pulses, with a 5
us delay between the first PIV pulse and the LII pulse to avoid affecting the LII
signals. The induced incandescence was collected with an intensified CCD (ICCD)
camera (PI-Max 4 Princeton Instruments, 1024 x 1024 pixels?). A 430-nm bandpass
filter (10 nm FWHM) was used to suppress the Cs laser-induced emissions, together
with minimising the flame radiation interface. The gate-width of the ICCD was set
to 50 ns. To reduce the effects of laser fluence variations from the beam steering and
attenuation on the LII signals, the laser fluence was kept above 0.50 J/cm?, in the
plateau region of the LII response curve [21]. Sun et al. [22] found a 2 mrad beam
steering in turbulent non-premixed jet flames, which accounts for the 50% increase
in the laser sheet width, and consequent up to 750 pm out-of-plane direction
throughout the flame. To minimize these effects, since they have not been quantified
in our flames, the data was only obtained from the beam entrance side of the flame.
Quantification of the recorded LII signals was achieved by calibration against the
CoHy/air premixed flat-flame with ® = 2.34, using a Mckenna burner [1] to obtain
the calibration constant. The 532 nm beam, with a thickness of 1 mm, was
overlapped with the 1064 nm LII laser beam, with a thickness of 500 pm, using a
dichroic mirror and passed through a combination of two cylindrical lenses and one
spherical lens, collimated and directed to the flame. A schematic of the experimental
setup, including the burner, optical arrangements for the simultaneous PIV and LII,
and the pulse diagram, is depicted in Fig. 4.1. A detailed view of the burner can be
found in the supplementary material (Fig. A.S3).
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Figure 4.1: Simultaneous LII and PIV setup. (DM — Dichroic mirror; F; — 532 nm

bandpass filter (FWHM); F3 — 430 nm interference filter; HWP —%
29°; M — 532 nm mirror; P1— 532 nm film polarizer @45°; P — Prism; P3 — Linear

wave plate at

polarizer and SFO — Sheet-forming Optics).

4.4 Results and discussions

4.4.1 Global flame features

The global appearance of the three turbulent non-premixed bluff-body flames is
presented on the left-hand-side (LHS) of Fig. 4.2. The flow features on all three
burners, including the axial and radial velocity profiles, together with the fluctuating
components and mixture strength, exhibit similar features to those reported
previously in non-sooting [20, 23| and sooting bluff-body flames [17-19]. Each flame
consists of a low-strain, highly-sooting recirculation zone immediately downstream
from the exit plane (x/Dpp < 1.6); a jet-like region downstream of the flame; and a
high-strain neck zone, which connects the recirculation zone to the jet region (1.6 <
x/Dpp < 2.2). The total flame length of ENB-3 is ~15% shorter than ENB-1, since

a greater fraction of the fuel is burnt in the relatively larger recirculation zone.

Shown on the right-hand-side (RHS) of Fig. 4.2, is a collage of the measured mean
soot volume fraction at all sections of the flames, corresponding to the flame
photographs on the left. The collage clearly shows the soot concentration in each

zone of the flames for all three burners. The larger RZ in ENB-3 leads to an increase

in the maximum SVF by ~60%, as well as in the thermal radiation by ~32% [19].
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The maximum soot concentration of 240 ppb is found in the recirculation zone of
the ENB-3 flame due to the relatively long residence time, whilst this maximum
decreases by 40%, to approximately 150 ppb, for flame ENB-1. The neck zone is
found to have reduced amounts of soot with a slight increase in the measured SVF
as the bluff-body diameter increases. The high strain rate in the neck zone inhibits
the formation of soot and is likely to promote soot oxidation due to mixing with
oxygen from the co-flow. The jet-like region, downstream of the neck zone, shows a
similar trend to that of turbulent non-premixed jet flames [12, 13]. Comparing the
soot concentration in the jet regions reveals that the lowest SVF in an EBN-3 flame
could be attributed to the 9% reduction in the flame length, the smallest percentage
of fuel burnt in this region, leading to a lowering of the SVF in the jet of 12%.
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Figure 4.2: Photographs (LHS) of ENB-1 (a), ENB-2 (b), and ENB-3 (c) flames.
Collage of the measured mean SVF (RHS), along the full length of the same flames.

Fig. 4.3 shows the axial profile of the radially integrated mean soot volume fraction
for each of the flames. The distance above the exit plane is normalized by the bluff-
body diameter. For all flames, the total soot inside the RZ increases sharply with
the axial distance and peaks at 1.7 ;1.1 and 0.8 bluff-body diameters for ENB-1,
ENB-2 and ENB-3, respectively. The soot concentration then drops sharply to a

minimum value of around 2.0 Dpp. This sharp decrease is deduced to be caused by
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enhanced oxidation of the mixture of hot products from the RZ and the fresh oxygen
from the co-flow. The accumulated amount of soot inside the RZ almost doubles in
flame ENB-2 relative to ENB-1 and doubles again in ENB-3. The amount of soot in
the neck zone and the rest of the flames is approximately one-third of the maximum
measured in the RZ for each case. In the rest of the flame, the soot production rate
is much higher for the smaller bluff-body flames, since more fuel is burned
downstream than in the RZ. Interestingly, all flames peak at a downstream position,
> 0.7 z/Ly. Mahmoud et al. [12] showed that the soot distribution is markedly
different for a similar flame stabilised on a simple jet burner, with an I.D.=4.4 mm,
Re=15,000 and C2H4/N2/Hy fuel mixture. The maximum concentration of soot is
found at z/L; =0.6 and the maximum radially integrated soot concentration is 1500
ppm.mm?, compared with ~900 ppm.mm? in our flames. Despite the fact that the
Mahmoud flame has a lower ethylene mass flow rate and the presence of hydrogen
in the fuel mixture, more soot is found at the peak in their flames than for our bluff-
body flames. This seems to be attributed to the burning of fuel in the RZ and the

consumption of soot in the neck zone.
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Figure 4.3: Axial profile of radially integrated SVF, in ppm.m?2, throughout the flame
height. The fitted dotted lines are Gaussian functions.
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4.4.2 Mean SVF and flow field in the RZ

The mean flowfield, strain rate and soot volume fraction in the respective
recirculation zones of the three flames, are shown in Fig. 4.4. The flow streamlines
exhibit two distinct vortical structures within the recirculation zones. An ‘inner
vortex’ (IV), which is driven by the fuel jet momentum and an adjacent ‘outer
vortex” (OV), which is driven by the co-flowing stream on the edge of the bluff-
body. The size, shape and number of the toroidal structures formed in the RZ are
mostly influenced by the momentum flux ratio (jet to co-flow) and the burner
geometry. Dally et al. [23] demonstrated that the momentum flux ratio between the
jet and the co-flow stream is the dominant parameter that dictates the features,
mixture strength and turbulence intensity of the vortices within the RZ. Increasing
the momentum flux ratio to above a certain threshold leads to shifting of the inner
vortex core downstream, until it becomes part of the expanding fuel jet and is then
transported into the neck zone. The threshold of transition between the two regimes
was found to be at a ratio of 13 to 15. Since all of the present flames have a constant
momentum flux ratio of ~2.47, two distinct vortical structures are found in the RZ
of each. Nevertheless, the size of the RZ in each flame differs since this scales with
the diameter of the bluff-body. As indicated above, the length of the RZ, which also
influences the residence time, is defined by the location of the stagnation point where
both the u, and u, are equal to zero. The length of the RZ increases by a factor of
two for the larger burner, as compared with the smallest bluff-body burner. The
measured mean length of the recirculation zone can be seen from Fig. 4.4 and is
listed in Table 1. The instantaneous velocity field points to a dynamic interaction
between the large vortices shed behind the bluff-body and the momentum-driven
jet. This interaction leads to large fluctuations in the size of the recirculation zones
and the location of the stagnation points. The effect of these dynamics on soot
transport and oxidation is given below. In a recent work [19], we estimated from
numerical calculations that increasing the diameter to a 64-mm burner increases the
residence time of the pseudo-particles within the RZ by a factor of three. This means
that increasing the bluff-body diameter from 38 mm to 64 mm leads to an increase
in the mean residence time from 8.57 msec to 24.4 msec. This increase can be deduced
to be the primary driver of the measured 60% increase in soot volume inside the
recirculation zone. Flow field measurements reveal two strong shear layers at either
edge of the RZ, which produce high turbulence intensity. The inner shear layer (ISL)
is formed between the fuel jet and the inner vortex, while the outer shear layer
(OSL) is formed between the larger outer vortex and the edge of the co-flowing air

stream. The interrogation window of the PIV has a spatial resolution of 0.74x0.74
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mm?, which is sufficient to resolve the positions of both shear layers. The locations
of the shear layers (ISL, OSL) are shown by a black dashed-lines in the Figure.

The mean 2D shear-strain rate, S;,, has been calculated from the velocity

components obtained from the PIV, using the formula |Sxy| = E |( Z—; + Z—Z)

> , where

u and v are the axial and radial velocity components, respectively. The two highest
strain rates are found at the edge of the RZ, specifically at the interaction between
the jet and the inner vortex, and the co-flow and the outer vortex. At the shear
layers, the strain rate is ~5000 s*!, while inside the RZ the strain rate has a much
lower magnitude, typically ~400 s'!, which is well below that needed for extinction.
Since there is no swirl in these flows, any out-of-plane motions are expected to be
relatively minor. Nevertheless, the present 2D measurements may underestimate
somewhat the true 3D shear-strain rate. The lower strain found in the RZ is
favourable for soot formation and growth, since the mixture is also rich and at a

sufficiently high temperature.
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Figure 4.4 Ensemble-averaged S contour overlaid on the streamlines on the RHS of
each image and the corresponding mean SVF on the LHS for ENB-1 (left), ENB-2
(middle) and ENB-3 (right) flames. (IV — Inner Vortex; OV — Outer Vortex; ISL —
Inner Shear Layer; OSL — Outer Shear Layer; IML — Intermediate Mixing Layer;
Lrz — Recirculation zone length).

103



Chapter 4 Soot-Flowfield Interactions-Mean/Instantaneous Analyses

4.4.3 Instantaneous images of the soot and flowfield

Deeper understanding of soot formation and oxidation beyond the mean and rms
values requires the consideration of the instantaneous flow features, together with
other parameters, such as temperature and the OH. Representative simultaneous
images of instantaneous soot volume fractions and the shear-strain rate along the
streamlines are shown in Fig. 4.5. For clarity, coloured-streamlines indicating the
shear-strain rate magnitudes are superimposed on the soot volume fraction contours

for each flame.

S [s] 6000 0

Radial distance [mm]

Figure 4.5: Typical instantaneous images of the SVF and the S are superimposed on
the flow streamlines for ENB-1 (left), ENB-2 (middle), and ENB-3 (right) flames.
The coloured streamlines indicate the strain rate magnitudes.

The instantaneous images of the SVF in the RZ reveal a complex structure that is
affected by the flow patterns and the mixing with air from the co-flow. Soot filaments
(sheets) can mostly be found in the outer vortex and in the vicinity of the co-flowing
air. In some instances, soot filaments are found in a high-strain, high-velocity region
within the outer shear layer, where the shear-strain rate exceeds 5000 s-!. These high
strain rates suggest that the soot has been transported to these regions from a low-
strain high-residence time region, i.e. from within the inner vortex, into the outer
shear layer. Consistent with the findings of Mueller et al. [16, 17|, soot appears to

form in the inner vortex and close to the bluff-body surface. As the diameter of the
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bluff-body is increased, more soot is also formed in the vicinity of the jet and closer
to the bluff-body surface. This observation is consistent with the longer residence
time and reduced strain rate. It is noteworthy that the validated CFD calculations
for non-reacting cases show a similar mean mixture fraction distribution for all three

flames, ruling out the effect of mixture strength [19].
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Figure 4.6: Typical time-series of the instantaneous S and SVF for ENB-1 flame,
representing the roll-down vortices that affect soot oxidation. The black arrows show
the fuel jet entry side. The magenta arrows indicate the vortex location.

Multiple small-scale localised circulation zones are also observed in most images. A
typical time series of the rolling vortex is shown in Fig. 4.6. These vortices appear
to transport a mixture of air and fuel, together with some products, upstream
towards the bluff-body surface in all three cases. Close to the bluff-body surface, the
residence time is large, and the turbulence intensity is low, so that more soot is likely
to form before it is transported to the outer edge of the OV and towards the outer
shear layer. This feature is consistent with the higher mean SVF found in the plots
shown earlier in Fig. 4.4. Notable too, is that most of the soot from the outer region
is oxidised by the entrained air from the co-flow, so that less than a third reaches

the neck zone.
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Figure 4.7: Profiles of instantaneous SVF and S at a normalized height of (x/Dpp =
0.4) above the burner for the three flames.

A typical instantaneous radial profile of the soot volume fraction and the shear strain
rate obtained at a normalized height of 0.4 (x/Dpp =0.4) above the burner for three
flames are compared in Fig. 4.7. The strain rate is shown by blue lines and markers,
while the SVF is represented in red. It is clear from this Figure that the
instantaneous local strain rate and the SVF vary along the radial direction. It can
also be observed that the SVF and local strain rate reveal a trend of being inversely
correlated. Two maxima can be found for the strain rate, one in the boundary
between the IV and the jet, where the strain is greater than 5000 s°!, for the smallest
burner, and the other with a strain rate of 4500 s for the larger bluff-body flame.
At this location, the soot volume fraction reaches a minimum of about 0.2 ppm. At
the position where the strain rate reaches a plateau of < 500 s, several peaks for
the SVF are observed, with values of about 0.6 ppm for flames stabilised on both
the 38-mm and the 50-mm burners. The low-strain region appearing in 0.1 < x/Dpp
< 0.4 has a high temperature (around 2000 K which is deduced from previous
computations) that is favourable for soot formation. The second maximum of the
strain rate is observed in the outer shear layer, where the strain reaches
approximately 3000 s!. These data provide strong evidence that the peak of SVF
is associated with the low-strain, high temperature regions of the flame, while the
advection processes can explain the presence of soot in the regions of high local strain

in the shear layers.

When comparing the three flames in Fig. 4.5, the following observation can be made:
(1) increasing the bluff-body diameter leads to a more uniform soot distribution and
lower strain-rate inside the RZ; (2) soot appears to form in the inner vortex (IV)

and is transported to the OV where most of the soot growth seems to happen
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(consistent with Mueller et al. [16]); (3) increasing the bluff-body diameter leads to
a less distinct localised recirculation zone, which is larger and less intense to provide
more time for soot formation and growth; (4) large-diameter burners exhibit less
intermittency, perhaps due to the reduced strain rate; (5) most of the soot that ends
up in the neck zone appears to originate in the IV. It is noteworthy mentioning that
the images in Figure 4.5 is only a sample image and the conclusion were drawn from
several images and is not limited to a single image. While it is impossible to
determine the age of the soot from the current data, the strain rate and flow patterns
help to provide new insights that have not been fully understood before. Further
planned measurements of temperatures, OH, PAH and soot particle size will be very
helpful to complement our current findings and further help in generating statistical

data for these flames.

4.5 Conclusion

Measurements of the soot volume fractions and flowfields are reported in this paper
from three flames burning a mixture of ethylene and nitrogen (4:1 by vol.) and
stabilized on three axisymmetric bluff-body burners. All of the flames had the same
Reynolds number and co-flow velocity. The burners had an outer diameter of 38mm,
50mm and 64mm but were otherwise identical. It has been found that, while the
overall flame features are the same, the total integrated soot in the flame increases
by 35% when using the larger diameter burner, while it increases by a factor of four
inside the recirculation zone. Low local strain rates were measured in the
recirculation zone for all the flames, leading to higher soot concentrations increasing
preferentially with the burner diameter. The total integrated SVF in the
recirculation zone is greater by a factor of three in the larger burner, whilst more
soot is found in the jet-like region of the smallest burner. A comparison of the mean
SVF and the mean strain rate reveals that soot is mostly formed in the inner vortex
in the low strain rate region and is transported to the outer vortex where it peaks
closer to the outer shear layer for all three cases. Multiple small vortical structures
appear to roll upstream and oxidise the soot at the edge of the recirculation zone.
Soot transported to the neck zone appears to originate in the inner vortex, rather
than being produced in the neck zone, where the strain rate is typically above 1000
sl which is unfavourable for soot to form. Further interpretation requires the
simultaneous measurements of the OH, PAH or acetylene in the recirculation zone,

together with the temperature field.
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5.1 Abstract

In this paper, the simultaneous measurements of the local velocity, using Polarised
Particle Image Velocimetry (P-PIV) and soot volume fraction, SVF, using Planar
Laser-Induced Incandescence (LII) are reported for turbulent non-premixed
ethylene-nitrogen bluff-body flames. The measured data were used to assess the
correlation between soot volume fraction, and the shear-strain rate (5), both mean
and instantaneous, in different regions of the bluff-body flames. In the recirculation
zone, an exponential function was found to reasonably describe the relationship
between total SVpz and S. It was also observed that the strain rate associated with
the maximum SVF in the recirculation zone and the jet region are < 1000 s
consistent with the soot inception region of simple jet flames. The joint PDFs show
that the SVF is not well-correlated with the local instantaneous strain rate in either
the recirculation zone or the jet region of these flames. Qualitatively, the correlation
of coefficient, R? between the local instantaneous SVF and inverse of the strain rate
(1/85) reveals a low to weak correlation, 0.3 < R?< 0.6, in the recirculation zone and
the jet region, which is consistent with the joint PDF's. This suggests that the time-
scales for SVF are significantly greater than those driving local fluctuations. In
addition, a high-fidelity experimental dataset has been provided for model

development and validations.

Keywords: soot, strain rate, simultaneous measurement, bluff-body
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5.2 Introduction

The study of the evolution of carbon nano-particles in turbulent, reducing and
oxidising environments remains relevant to the emerging carbon-constrained
economy, despite primarily being driven historically by the need to mitigate
pollution from the use of fossil fuels [1]. This is due, in-part, to society’s long term
need for carbon products, spanning tyres and plastics to high-value carbon nano-
materials, via materials such as Carbon Black, which is produced from fuel-rich
flames [2, 3]. It is also driven, in part, by the anticipated long-term availability of
fuels derived from the residues of other processes, such as refuse-derived fuels and
biomass, in the emerging more circular economy. Furthermore, soot is desirable in
high-temperature flames used to produce materials such as glass, iron pellets and
alumina, to enhance thermal radiation, and can be promoted by small fractions of
hydrocarbons seeded into hydrogen flames [4]. In addition to its practical relevance,
the formation of carbon nano-materials, such as soot, in these environments is also
highly non-linear and difficult to predict. Hence, a deeper understanding of the
formation and evolution of soot in flames is needed.

Soot evolution in flames is a complex process that is governed by interdependent
parameters, including temperature [5, 6], mixture fraction [7], strain rate [8] and fuel
type |9, 10]. The localised dependency and the non-linearity of these controlling
parameters require advanced, simultaneous and non-intrusive measurement
techniques to quantify these interactions. Mixing, quantified by the local flame strain
rate, is a crucial effective parameter in soot formation since sufficiently-fast mixing
can suppress soot growth by lowering the soot residence time [11, 12]. Hence, deep
understanding of the mixing effects by quantifying the global and local strain rate
on soot evolution in different flames.

A large body of the literature has engaged to the global correlations between soot
volume fraction and strain rate in laminar and turbulent regimes. It is generally well
accepted that the increased strain rate reduces the local soot concentration in both
regimes [13-15]. That is, the soot volume fraction scales inversely with either the
global residence time (1/7), or the characteristic exit strain rate, U;/D;, where U;
and Dy are jet velocity and jet diameter |21, 24]. For simple jet flames the mean soot
volume fraction decreases with increasing the characteristic strain rate [16]. An
inverse correlation for one or more of these strain measures has been found to
characterise three different types of turbulent flames, spanning simple lifted jet
flames [17-19] attached jet flames [20-22|, precessing jets, and bluff-body flames [23,
24].
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However, the local instantaneous measurement of flowfield features is quite
challenging in sooting flames due to substantial interference from elastic scattering
and spontaneous flame radiation [25-27]. Due to the complexity in local
measurements, only a limited number of studies report local correlations of soot and
flow field parameters. In a narrow soot inception region in simple jet flames, a
preferred velocity of 3 m/s and the strain rate of 700 s! was found as most favourable
for soot formation |7, 28]. In a series of turbulent swirling flames [29-32],
simultaneous soot-flow measurement reveals that soot is formed in the inner
recirculation zone and partly transported to the high-velocity in-flow region.
However, these measurements have not systematically investigated the local mixing
effects by measuring the local strain rates on SVF in their flames.

While previous studies have provided important insights into the relationships
between global soot and strain rate, a direct comparison between local strain rate
and SVF in different zones of the flames (recirculation zone, neck, and jet region)
has not been reported previously. The lack of data in the literature could stem from
the complexity of the simultaneous measurement in a highly-sooting environment.
Notwithstanding that, we have recently developed a novel technique that uses
polarisers to reduce the interference from soot on the signal from a flow tracer,
thereby enabling reliable measurements of local flowfield [33]. In earlier work [4], we
quantified the effect of bluff-body diameter on the soot and flowfield within the
recirculation zone in a series of bluff-body flames. The present paper, however, has
extended the previous work, aiming to quantify the relationships between local strain
rate and SVF in the recirculation zone and the jet region of the bluff-body flames.
A high-fidelity data set including the time-averaged and statistical data is also
provided for model validation [34].

5.3 Experimental methods

5.3.1 Burners and flames

Three non-premixed bluff-body burners were used for these measurements. All
burners are identical to our recent work, so a brief is presented here [4, 33|. All
burners specifications are identical except for the outer bluff-body diameter, which
was varied between the values of 38, 50, and 64 mm. The bluff-body burners, made
from brass, were surrounded by a co-flowing air stream with a round cross-section
air flow contraction (D, = 190 mm). To allow optical access, the burner was mounted

10 mm above the edge of the air contractor. Three turbulent flames were used in
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this study, each with a bulk mean Reynolds number of 15,000 (m; = 0.61 g/s)
burning an identical mixture of high-purity ethylene (99%) and ultra-high purity
nitrogen (99.99%), CoH4/N2 (80:20 by volume) and emerging from a central fuel
nozzle of 4.6 mm. A uniform co-flow of air with a constant velocity of 20 m/s at
ambient temperature surrounded the burner. The flames stabilised on the 38 mm,
50 mm, and 64 mm bluff-bodies were labelled as FNB-1, ENB-2, and ENB-3 flames,
respectively, to denote and Ethylene-Nitrogen-Bluff-body series [4, 33]. Full details
of the flow conditions are presented in Table 1. The “mean residence time” refers to
the averaged time for a flow-tracer to pass through the recirculation zone. Here we
have estimated it by calculating the trajectory of the pseudo-particles in a

Lagrangian frame as previously reported [33].

Table 5.1: Experimental flow conditions for the flames reported in this study [4].

Flame  Bluff- Central Mean Exit Fuel Bulk Mean Mean Mean
body jet jet exit Reynold flow  Co-flow flame Recirculation residence
diameter diameter velocity number rate air length  zone length time
(Dss) (D)) (U  (Re))  (mj) velocity (L)  (Lrz) @)

(£2%) (£2%) (Uc) (#5%) (£1%)
(mm) (mm) (m/s) G (/s) (m/s) (mm)  (mm) (ms)

ENB-1 38 4.6 32.1 15,000 0.61 20 920 61 8.57

ENB-2 50 4.6 32.1 15,000 0.61 20 855 86 15.5

ENB-3 64 4.6 32.1 15,000 0.61 20 780 114 4

“The mean residence time was obtained from CFD [30].

5.3.2 Measurement techniques and data processing

The turbulent bluff-body flames were simultaneously probed with two laser pulses
to conduct the planar laser-induced incandescence (LII) and polarised two-
dimensional Particle Image Velocimetry (PIV) measurements. The LII system
employed to measure soot volume fraction comprised an Nd:YAG laser (Q-smart
850, Quantel) with the fundamental output (1064 nm) and a frequency of 10 Hz.
The LIT laser fluence was kept above 0.50 J/cm?, in the plateau region of the LII
response curve to minimise the effects of laser fluence variations (e.g. from any beam
steering and attenuation) on the LII signals [35]. The induced incandescence was
collected with an ICCD (intensified CCD) camera (PI-Max 4 Princeton Instruments,
1024 x 1024 pixels?) equipped with a 430-nm bandpass filter (10 nm FWHM) to
suppress the Cq laser-induced emissions, together with interference from the flame
radiation. A 50-ns gate width was set for all the LII measurements. Quantification

of the recorded LII signals was achieved by calibration against one of the
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International Sooting Flame (ISF) McKenna target flames (® = 2.34) [34]. Briefly,
a line-of-sight laser extinction setup was used to calibrate the recorded LII signals
to convert to soot volume fraction, SVF. Soot extinction measurements in the
McKenna flame was performed using a 1064-nm continuous-wave (CW) diode-
pumped-solid-state laser (DPSS). To calculate the soot volume fraction, values of
5.66 and 0.340.06 were selected for the dimensionless extinction coefficient, K., and
soot absorption function, E(m), respectively, noting that the E(m) was assumed to
be constant throughout the visible to near-IR region of the spectrum [35]. Further
details of the calibration can be found elsewhere [21, 22]. The minimum detection
limit in the collected data is 1 ppb. The shot-to-shot variation in the LII signal was
estimated from the LII signal obtained from the laminar McKenna flame. The shot-
to-shot variation of the 1000 consecutive LII images has a standard deviation of
11.3%. In addition, the laser fluence was measured in the plateau region and the LII
data was only obtained from the laser-in side and central region of the images to
ensure that the deviation in the LII signal was kept within 12%. Furthermore, to
reduce beam steering effects, data was only obtained in the beam entrance side of
the flame. Sun et al. [36] assessed the beam steering effects in a turbulent jet flame
of similar size to be 2 mrad which accounts for 50% increase in the laser sheet width
and 750 pm out-of-plane direction throughout the flame. Signal trapping has
previously been shown to be negligible in ethylene flames, even with higher soot
loading than the current turbulent flames [37].

Simultaneously with the LII system, a 10-Hz pulsed dual-head Nd:YAG laser
(Quantel BrilliantB/Twins) with a second harmonic generator performed P-PIV
measurements. Depending on the flow velocities, the PIV pulses were separated by
times of between 14 ps and 60 ps, depending on the flow velocities. The LII excitation
pulse was temporally interlaced between the first and second PIV pulses and was
delayed by 5 ps after the first PIV pulse to avoid affecting the LII signals. Titanium
oxide (TiOy) particles with a nominal 1 pm were used in both the jet and the co-
flow sides as flow markers. The Mie scattering from these particles was collected
using a Kodak Megaplus IT CCD camera (1920 x 1080 pixels?, 16 bit) equipped with
a Sigma lens (105 mm, f = 2.8). A novel optical modification to a conventional PIV
system was developed by adding two additional polarising filters to substantially
suppress the scattered interference from soot particles [4]. A 532 nm film polariser
oriented at 45° to the laser beam axis was placed in front of the vertical YAG output
to clean up the incident beam polarisation. It was found that the polariser plate has
the minimum reflection when its normal has a 45° to the beam propagation. A second

high-transmission linear polariser was placed in front of the CCD camera to cut the

121



Chapter 5 Soot-Flowfield Interactions-Statistical Analyses

PIV signal. Both laser beams with a thickness of 500 pm (1064 nm beam) and 1 mm
(532 nm beam) were directed to the flame, passing through the sheet forming optics.
One thousand LII and 2000 pairs of PIV images were simultaneously recorded. The
PIV raw images were processed by removing the background and then employing
the commercial PIVLab 2.20 software [38, 39]. The interrogation window was
sequentially reduced from 64x64, to 32x32, and ultimately to 16x16 pixels? with 50%
overlap, to provide a minimum spatial resolution of 1.48 x 1.48 mm?2. The total
uncertainty was determined from the ratio of the nominal peak value of the
correlation, whose size is 0.1 pixel, to the maximum displacement of the particles
which is not more than one-third of the smallest interrogation window size, 16x16
pixels?. On this basis, the accuracy of each measured velocity component is estimated
to be +1.09 m/s. A schematic diagram of the experimental apparatus is shown in
Fig. 5.1.

532nm film

532nm Nd:YAG polarizer 532 CCD
- iy nm .
3 &wLaV e 532nm Bandpass filter
2 P (I Polarize Linear (high-transmission) polarizer
PIV-Pulse 2 1064nm Nd:YAG
.................. = 1l P
Lil-Pulse | Dichroic mirror T'; Beam dump flame
ens
.................. H p\'&ir contractor
A PC from camera 430nm filter m 1 ft
— controllers E=l] Bluff-body
A R burner
Signal generator o
“Side view

Figure 5.1: A schematic experimental layout showing the bluff-body burner and co-
flow air contraction as well as the simultaneous LII and PIV systems adapted from
earlier work [4].
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5.4 Results and discussion

5.4.1 Characteristic of bluff-body flames

Figure 5.2 presents three images of flame ENB-2 as a key reference, a photograph of
the natural radiation (Figure 2a), the mean and Root-Mean Square (RMS) of the
soot volume fraction (Figure 2b), and the mean velocity (left) and strain-rate (right)
(Figure 2c). The 2D shear-strain rate, Sy, has been calculated from the velocity

components obtained from the PIV, using the following formula:

= 1|2 %)
|Srxl = 2|( ox T or

where u and v are the axial and radial velocity components, respectively [4]. Figure

(1)

5.2 exhibits all the key features of a classical bluff-body flame which are a low-strain
recirculation zone close to the bluff-body surface with a high soot concentration
(z/Dpp S 1.6), a jet-like region downstream (x/Dpp = 2.2), and a highly-strained
neck zone, which connects the recirculation zone to the jet-like region (1.6 < z/Dpp
< 2.2) [4, 40-45]. The bluff-body flames are symmetrical; hence, the dataset obtained
from this work are suitable for model validation purposes. Consistent with previous
findings 28], the recirculation zone's high temperature and low strain region favour
soot inception and growth. The other two flames exhibit the same general flow
features to the ENB-2 flame, but the details differ because of their differently-sized
recirculation zones. The progressive increase in bluff body diameter from flames
ENB-1 to ENB-3 leads to increased residence times of 3 msec for ENB-1 flame, 15
msec for ENB-2 flame, and 24 msec for ENB-3 flame [4]. This, in turn, leads to a

progressive increase in soot volume fraction.
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Figure 5.2: (a) A collage of images from the turbulent bluff-body flame stabilised on
the 50mm diameter burner (ENB-2), showing a photograph of the natural radiation
from the flame, together with the three distinct zones: the Recirculation Zone (RZ),
the Neck Zone (NZ) and the Jet Zone (JZ). (b) Pseudo colour images of mean soot
volume fraction (LHS) and the corresponding RMS (RHS); (c¢) Time-averaged
velocity vectors superimposed on the mean velocity pseudo-colour values (left) and
time-averaged shear-strain rate (right). A close-up of the recirculation zone (RZ)
indicating the shear layers is presented on the right-hand side of the figure. The

(Zmaz) Ted line shows the end of the recirculation zone.

5.4.2 Effect of Bluff-Body diameter on the axial distribution of

SVF

The axial profiles of SVF along the burner centreline are presented for the three
flames in Figure 5.3 and compared with ENH-3 flames. The axial height above the
jet exit plane is normalised by the mean length of the visible flame (L)) to enable
the direct comparison with the simple jet flames. [21, 22]. The symbols in the figure

represent the experimental data, whilst the dotted line presents the Gaussian fit.
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Figure 5.3: Axial profiles of centreline mean soot volume fraction SVF' as a function
of flame length for ENB-1 (Dpp = 38 mm), ENB-2 (Dpp = 50 mm), and ENB-3
(Dpp = 64 mm) covering the recirculation zone (LHS) and the jet-like region (RHS).
The dotted lines indicate Gaussian fits to the experimental data. *The EHN-1 simple
jet flame [21, 22| is shown with red in order to compare with ENB flame series. Note
that only the EHN-1 flame is scaled on the RHS red axis.

The SVF distribution along the centreline was found to exhibit two distinct peaks,
one in the recirculation zone and the other in the jet-like region. The peak in the RZ
is found at a similar axial location, z/Ls~ 0.04, for the three flames. The increase in
bluff-body diameter from 38 mm to 64 mm increases the magnitude of the peak
mean SVF at the centreline by a factor of three. This is attributed to the increased
residence time of the larger recirculation zone. In the jet-like region, the ENB-1 and
ENB-2 flames exhibit similar trends to the simple jet flames of the same Reynolds
number (15,000) [21, 22] with the SVF peaking at 0.48 < z/L; < 0.6. However, the
relative magnitude of the peaks depends strongly on Dpp. That is, an increase in
Dpp causes both the magnitude of the first peak to increase and the second peak to
decrease until, for ENB-3, the first peak is greater than the second. More specifically,
the peak of SVF in the jet-like region of ENB-2 and ENB-3 flames drops by almost
23% and 47% and shifts to the upstream location at around z/Ly~ 0.40. These trends
are consistent with the 15% and 9% reduction in the flame length for ENB-2 and
ENB-3 flames relative to ENB-1, respectively [33]. These profiles are also consistent
with the radially-integrated SVF axial profiles [1] in their general features and reveal
a consistent trend that larger bluff-body diameter burners produce more soot in the

recirculation zone and result in shorter flames.
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The reduction of SVF through the neck zone, 0.8 < z/Ly < 1.5 implies high rates of
soot oxidation through intense mixing with co-flowing air. A closer look at the soot
profile reveals that the level of SVF' in the neck zone also increases with Dpp. That
is, the amount of soot in the neck zone scales with the amount of soot produced in
the bluff-body zone. Since the fuel and air momentum fluxes are the same for all
flames, this suggests that the overall mixing rates in the three flames are also similar.
Hence, overall, these trends indicate that an increase in Dpp results in a more
significant overall fraction of partial fuel conversion in the RZ, a similar degree of
partial oxidation in the neck zone and a reduced level of both reaction and soot
production in the jet zone. That is, the amount of soot in the jet flame can be
deduced to be controlled by the extent to which the fuel composition in the jet zone
contains soot precursors or other fuels with a strong sooting propensity, some of
which are produced in the recirculation zone through the pyrolysis process, but are

oxidised partially through the neck zone.

5.4.3 Radial distribution of SVF in Flames

5.4.3.1 SVF distribution in the recirculation zone (RZ)

Figures 5.4 compares the time-averaged and the RMS radial profiles of soot volume
fraction in the recirculation zone for all three flames. The profiles are plotted at two
different axial locations above the jet exit plane within the recirculation zone. More
axial heights are provided in the supplementary material (Fig. B.S1 and Fig. B.S2).
The red, blue, and black symbols represent the experimental data for ENB-1, ENB-
2, and ENB-3 flames, respectively. The corresponding lines were obtained from the
best Gaussian fit (with three terms) to the experimental data. Due to interference
from elastic scattering from the bluff-body surface and the LII signal variation at
the very lowest part of the laser sheet, results are only reported at normalised
locations of 0.4 < z/Dpp < 1.4. The corresponding bluff-body diameter normalises

both axial and radial distances.
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Figure 5.4: Radial profiles of the time-averaged (top) and RMS (bottom) soot volume
fraction within the recirculation zone at two different heights above the burner
(z/Dpp = 0.4, 0.8). The symbols are experimental data, while the lines indicate the
best fits. Consistent with the entire paper, the blue, red, and black colours
correspond to ENB-1, ENB-2, and ENB-3 flames, respectively.

The normalised mean radial profiles of SVF exhibit similar features at all axial
locations. A dominant outer peak is found at z/Dpp < 1 for all three cases near to
the stream of coflowing air (inside the outer vortex at r/Dpp = 0.35-0.42) from which
it declines smoothly toward the centreline. However, the magnitude of this outer
peak soot depends on both the diameter of the RZ and the strength of the inner
vortex. At axial locations above 1.0 (z/Dpp > 1.0), no explicit peak is observed due
to the high rate of soot oxidation. It is also notable that the gradient is steep in the
outer shear layer, r/Dpp > 0.42, for all profiles. This can be attributed to the high
rates of oxidation by air, and possibly too, the OH radical [33].

A closer examination of these flames shows that while some differences can be
observed, all flames share similar trends. Increasing Dpp from the smallest case
causes a noticeable increase in the highest peaks of SVF by almost 50% to around =~
280 ppb for the ENB-2, but no further change for FNB-3. The normalised radial
location at which the peak occurs is relatively closer to the edge of each bluff-body
burner, so that a slight radial shift in the normalised position is observed compared
to the ENB-1 flame. The corresponding radial profiles of RMS SVF shown in Figure
4. The RMS SVF profiles exhibit broadly similar trends to the mean counterparts,
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with the peaks occurring at similar locations. However, the highest values of RMS
are found for the ENB-1 flame, which is attributed to the higher rates of shear

relative to the other two flames.

5.4.3.2 SVF distribution in the jet-like region

The radial profiles of mean and RMS SVF in the neck zone (z/Ly = 0.1) and in the
jet region (0.1 < z/L; < 0.75) for the three flames are compared in Fig. 5.5. Three
axial locations are presented here, although more data within the jet zone is provided
in the supplementary material (Fig. B.S3). Symbols represent the experimental data,
and the dotted lines are the best Gaussian fits. Each row represents data at the same
normalised axial location above the burner, which is normalised by each flame's
mean visible flame length (Lj). The radial distance is normalised by the jet nozzle
diameter (D).
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Figure 5.5: Radial profile of the time-averaged (left) and the RMS (right) of soot
volume fraction at different heights in the downstream of the flame, spanning the
neck and jet zones. The symbols represent experimental data whilst the dotted lines
indicate the best Gaussian fits. *The EHN-1 simple jet flame [21, 22| is shown in
light blue from a previous flame series.
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Figure 5 shows that a similar distribution occurs for all three flames at a given
normalised axial location above the burner. Each has a maximum value of SVF on
the centreline at /Ly > 0.45 followed by a smooth decrease toward the reaction zone
where most of the soot is oxidised. This trend in the jet region of the bluff-body
flames follows the same trend as simple jet flames, although the peaks in simple jet
flames are considerably higher by a factor of two to three [21]. While the maximum
soot in the recirculation zone was found to be around 300 ppb, it drops to ~100 ppb
in the jet zone, which is almost one-third that of the RZ. At z/L; < 0.45, the
maximum soot is found for the ENB-3 (~80 ppb). However, the trend is reversed at
higher locations z/Ls> 0.45._In the upper half of the flame, the larger burner (ENB-
3 flame) has the lowest soot concentration, consistent with a 9% reduction in the

total flame volume and 15% reduction in total radiation from this flame [33].

The RMS data in the jet-like region, shown on the RHS of Figure 5, follow some
similar trends to the mean SVF and the RMS profiles of simple jet flames, although
the profiles tend to be flatter or to peak further from the axis. Similar to simple jet
flames, the ratio of the peaks of mean to the RMS, are close to unity in the upstream
region of the flame (z/Ly < 0.25), where the lower soot fluctuations were reported
[21, 22]. Higher fluctuations in the jet region are observed close to the flame tip (0.45
< z/Ly < 0.60). It is noticeable that in the lower jet-like region (0.1 < z/Ly < 0.45),
soot fluctuations for all three flames are similar. However, towards the flame tip
(z/Ly > 0.45), the RMS for ENB-1 is almost twice that for the ENB-2 and ENB-3

flames, with the maximum (~300 ppb) found at z/L; = 0.60.

5.4.4 Soot intermittency

The intermittency of soot—defined as the probability of finding no soot at any given
spatial location— is presented in Figs. 5.6 and 5.7 for the recirculation zone and the
jet region, respectively. The intermittency is zero for almost the entire width of RZ,
particularly in the lower regions, implying that soot is constantly present throughout
this zone for all three flames. The width of the region of zero intermittency scales
with the size of the RZ so that it decreases with axial height. The normalised size of
this zero-intermittency region is the smallest for ENB-1 flame. This is consistent
with the RMS plots here. That is, lower values of intermittency in the recirculation
zone correlate with lower values of RMS. At the edge of the recirculation zone, z/Dpp
> 1.2, the RMS drops to below 50 ppb (Fig. 5.4) and even less at z/Dpp= 1.4. This
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is consistent with the earlier observation that the soot filaments align within the
recirculation zone [4]. Soot structures in the ENB-3 flame are uniformly distributed
and are present in multiple interlaced sheets and the whole area of the recirculation
zone due to the long residence time in this flame. In the ENB-1 flame with the
shortest residence time amongst the three flames, the probability of having no soot
at radial locations of 0.2 < r/Dpp < 0.4 is decreased to almost half of intermittency
values at the end of the recirculation zone. The intermittency in the ENB-2 flame is
similar to FNB-3 close to the burner and becomes closer to ENB-1 at higher axial
positions. These trends are consistent with trends in SVF fluctuations observed in

Figure 4.

Intermittency

Figure 5.6: Radial profile of soot intermittency at different heights in the
recirculation zone. The symbols represent experimental data whilst the solid lines

indicate the best fits with Gaussian functions.
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Soot intermittency in the jet region of the bluff-body flames is presented in Fig. 5.7.
The intermittency increases with radial distance from a minimum on the axis to

unity at the edge of the flame for each axial height.

Along the centreline (r/Dj= 0), the soot intermittency increases with distance from
the burner until at the axial location of z/L; = 0.75, soot is rarely found, and the
probability of having no soot is close to unity for all the three flames. At the
upstream region of the jet zone, 0.1 < z/Ls < 0.45, the probability of having no soot
is greater for ENB-1 flame. However, the trend reverses at z/L; = 0.45, beyond
which the intermittency is found to be lower for FNB-3 flame. This transition is
consistent with the trends in the maximum of the mean and the RMS of the SVF
profiles. This provides further evidence that the soot which survives the neck zone
plays little or no role in the formation of soot in the jet zone. Instead, the surviving
soot is progressively burned out to become of secondary significance for z/L; < 0.45.
Instead, the new soot formed within the jet flame dominates the intermittency in

this region of the flame.

Intermittency

Figure 5.7: Radial profile of soot intermittency at different heights in the jet zone.
The symbols represent experimental data whilst the solid lines indicate the best fits

with Gaussian functions.
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5.4.5 Soot and strain-rate statistics

Fig. 5.8 presents an image of the positions in a typical bluff-body flame (ENB-1)
where Probability Density Functions (PDFs) of SVF and S were calculated. The
PDFs were calculated from 5 x 5 pixels? (0.17 mm?) arrays from 1000 instantaneous
image pairs. The data from within the RZ were obtained at six different axial heights
above the burner, ranging from 0.4 < z/Dpp < 1.4. Three radial positions were
selected for each axial position, namely in the Inner Shear Layer (ISL), in the
Intermediate Mixing Layer (IML), and in the Outer Shear Layer (OSL). These
locations were selected based on our previous study [4], which highlighted the
importance of the interactions between inner and outer vortices in generating and
transporting soot as well as the entrainment of fresh air into the recirculation zone.
In the jet-like zone, five axial locations above the burner (2.2 < z/Dpp < 10.0) and
three radial positions on the 0%, 50%, and 90% of the soot field widths (Ry.5) were
selected at which to calculate the statistical correlations. For brevity, one axial
height in the RZ and one in the jet region has been presented here. More data is
provided in the supplementary material (Fig. B.S4) to cover different axial heights

above the burner.
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Figure 5.8: Image of the time-averaged soot volume fraction, presented as a grey-
scale, overlaid with the selected locations (red dots) at which the statistics for strain
rate have been calculated for the FNB-1 flame. A close-up of the recirculation zone
is presented on the right-hand side of the figure.
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Figure 5.9 presents the PDFs of both the SVF and of the strain rate at z/Dpp =
0.6. A general trend can be seen in which the flame with the highest probability of
low strain (/ML) also has the highest probability of high SVF, while that the highest
probability of high strain (ISL) also has the highest probability of low SVF. The
values for the OSL are intermediate, both for strain and for SVF. These trends are
consistent with those from earlier studies in simple jet flames [21,24]. More
specifically, for the ENB-1, regardless of the radial location, soot is found the range
1 ppb < SVF < 50 ppb. No events greater than 50 ppb can be found, while the
maximum value is almost double this for the ENB-2 and ENB-3 flames. In the IML,
where the strain rate is lower than the other shear layers (ISL and OSL), range of

soot concentration is the widest.

Increasing the bluff-body diameter caused the soot distribution to become wider in
the OSL and the IML. The maximum probable soot in ENB-3 is increased by a
factor of three, ~160 ppb, comparing to ENB-1. This is attributed to the increased
residence time. It is worth mentioning that the maximum soot found in these flames
is almost one order of magnitude less than the SVF measured in laminar diffusion

flames, 3400 ppb, fuelled with the same ratio of ethylene/nitrogen blend [46].

Similarly, the PDF's of strain rate show that the strain is below 1000 s! in the IML
of all flames, whilst in the shear layers, the strain rate extends up to 6000 s*! and
4500 s for the ISL and OSL, respectively. It is also observed that increasing the
bluff-body diameter results in a decrease in the strain rate so that the maximum
probable strain rate is reduced by almost 25-30% in the shear layers. However, no
significant change is observed in the strain rate distribution in the IML. Consistent
with the findings of Mueller et al. [41], the width of the PDFs is increased in the
OSL, which is associated with the low-strain and high-residence time favours
acetylene-based surface growth mechanism. The narrower profiles in the ISL account
for the soot inception region in this location. Also, on the OSL, the high strain rate
hinders soot inception and most likely that soot is transported to this zone, as

discussed in Rowhani et al. [4].
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Figure 5.9: Axial distribution of probability density functions (PDFs) of soot volume
fraction within the recirculation zone at a series of radial locations. The solid
magenta, blue and cyan lines represent the pdfs for ENB-1, ENB-2 and ENB-3
flames corresponding to Dpp=38 mm, 50 mm, and 64 mm, respectively.

Figure 5.10 compares the PDFs of soot volume fraction at z/Dpp = 4.4 in the jet-
like region of all flames. Since a similar trend was observed at certain axial locations
in the jet region, only one height is presented in this section. A comparison of the
different axial heights is shown in the supplementary material (Fig. B.S5). Close to
the flame edge (r/Ry.5— 0.9), the PDF profiles behave quite similarly in the number
of occurrences and the maximum probable soot for all three flames. The most
probable SVF is found below 20 ppb, and no events greater than 35 ppb can be
found. The profile shape at this location resembles a log-normal distribution, which
seems to be independent of the bluff-body diameter. Interestingly, the width of the
PDFs is found to be the widest at the flame centreline. In the ENB-3 flame, the
PDF width is highest, which suggests more soot is transported from the recirculation
zone. Also, the most probable SVF greater than 60 ppb is rarely observed, and the
maximum measured SVF' is less than 100 ppb. It is worth mentioning that there is
a significant drop in the most probable soot in the jet zone (70 ppb) compared with
the recirculation zone (300 ppb). This trend in the jet region of the bluff-body flames
is consistent with the simple jet flames of CaHs/No/Ha, with the similar Reynolds

134



5.4 Results and discussion

number of 15,000, which reported that at the axial locations of z/L; < 0.6 most
probable value of the local instantaneous soot volume fraction increases with

increasing the global strain rate [21].
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Figure 5.10: Probability density functions (PDFs) of soot volume fraction
distributions in the jet zone at radial locations at 0%, 50%, and 90% of the half-
width of the flame (Rg5). The solid magenta, blue and cyan lines represent the pdfs
for ENB-1, ENB-2 and ENB-3 flames corresponding to Dpp=38 mm, 50 mm, and
64 mm, respectively.

5.4.6 Correlations between total soot (SVgz) and mean

flowfield features in the recirculation zone

The correlations between total soot in the recirculation zone (SVgz), and both the

mean strain rate (S) and mean residence time (7) within the recirculation zone have

been presented in Fig.5.11. The total soot volume can be expressed as
SV rz= 2nr foxmax formax SVF (r,x) dr.dx (2)

where SVF (r,x) is the local soot volume fraction at a certain height above the
burner, x, and a radial distance from the axis, r. For the recirculation zone, the Z,q,
equals the length of the recirculation zone for each flame defined by the distance

from the jet exit plane up the stagnation point where the mean axial velocity of the

135



Chapter 5 Soot-Flowfield Interactions-Statistical Analyses

flame is zero. The strain rate, S, is calculated based on the formula presented in
section 3.1 of the current paper. The mean strain rate is calculated based on the
averaged values of strain in the recirculation zone obtained from equitation (2). The
mean residence time (T), defined as the time required for pseudo-particles to pass
through the RZ, has been estimated computationally and presented in earlier work
[33, 47]. The dependence between total SVzzon both the mean residence time and
mean strain rate can be characterised for the present measurements with an
exponential function following previous work [21]; SVpz= a; x exp (b1 x T), where
coefficients a; and b; are 8.23x102 and 5.54x1072, respectively. Nevertheless, more
data are needed to determine the most appropriate function. Another exponential
function characterises the total SVgz from the mean strain rate in the recirculation
zone of these flames, namely SVpz = ag x exp (by x 5), where coefficients as and by
are 5.22x10! and -3.1x103, respectively. This trend between the mean strain rate
and SVgzin the present flames is similar to that measured previously for simple jet

flames, where the global strain rate was defined as U;/D;|[21].
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Figure 5.11: The total soot in the recirculation zone, SVgz plotted as a function of
mean residence time (top) and mean strain rate (bottom) in this zone. Symbols
represent integrated values obtained from the experiments. Solid lines show the best

exponential fits.
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5.4.7 Joint statistics of soot (SVF) and strain rate (S)

The axial and radial sampling positions are consistent with the locations explained
in Fig. 5.8 in section 3.5. The statistics were compiled from the average pixel values

in an area of 5x5 pixels? at each location from 1000 instantaneous images.

Figure 5.12 presents the joint PDF of SVF and strain rate (S) for the ENB-1 flame
at two axial and three locations within the recirculation zone. A comparison of five
axial heights is presented in the supplementary material (Fig. B.S6). The most
probable combination of strain rate and soot at z/Dpp = 0.6 is found to have a
similar value of SVF (~30 ppb) even though the corresponding values of most
probably strain are quite different at be 3700 s! and 2000 s! in the ISL and OSL,
respectively, and with a much lower value of 500 s in the IML. This suggests that
the effect of transport dominate over those of the local conditions in controlling this
parameter. Similarly, the local values of strain do not appear to dominate the
magnitude of the peak values of SVF, although they do have an influence as already
noted above. That is, the peak values of SVF are similar for the IML and the OSL,
despite significant differences in strain, while those in the ISL are lower. This is
likely to be due to the soot in the ISL being at an earlier stage of evolution, which
gives further evidence of the strong influence of transport over that of the local
strain.

The influence of axial distance has little influence on the most probable combination
of SVF and strain in the RZ, except for a slight shift toward lower strain in the ISL.
However, it has a significant influence on the magnitude of SVF. Also, the
distribution of the SVF in the OSL and IML are about the same, even though the
strain rates in these two zones are very different (~2000 s'! for the OSL and near
zero for the ISL). It is also observed that the PDF's of SVF in the ISL do not change
much with axial distance even though the strain increases by a factor of two from
2000 s to 4000 s'1. Together these give further evidence that the effects of transport
history of the soot through the RZ are very important drivers of the local values of
SVF.
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Figure 5.12: Joint probability distribution of SVF and S along for two axial and
three radial locations (ISL, IML, and OSL) in the recirculation zone for ENB-1 flame
(Dpp=38mm).

Figure 5.13 presents the joint statistics between soot and strain rate in the jet region
of the ENB-1 flame at the axial height of z/Dpp = 4.4. More axial heights (2.2 <
z/Dpp < 8.1) have been analysed, and the data is presented in the supplementary
material (Fig. B.S7). It can be seen that most probable values of SVF in the jet
region are some 70% lower (~40 ppb) than those in the RZ, despite relatively low
values of local strain (~50 s!). This can be attributed to the role of the partial
oxidation of the fuel prior to entering the jet zone, showing the additional influences

of parameters other than strain that are not measured here.
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Figure 5.13: Joint probability distribution of SVF and strain rate for three radial
locations (r/Rps = 0, 0.5, and 0.9), where Ry is half-width of the flame in the jet
zone for ENB-1 flame (Dpp=38mm).
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5.4.8 Effects of the bluff-body diameter on joint PDF's between

SVF and S

Figures 5.14 presence the effect of bluff-body diameter on the joint statistics between
SVF and the strain rate at the axial height of z/Dpp= 0.6 for three radial locations
within the RZ (shear layers and the RZ core).
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Figure 5.14: Joint probability distributions of SVF and strain rate for three values
of bluff-body diameter and radial locations at z/Dpp = 0.6, which is within the
recirculation zone. The bottom row corresponds to ENB-1, the middle to ENB-2,
and the top row to the ENB-3 flame.

It can be seen that the general shapes of the distributions do not change much with
Dpp for a given region of the RZ, although increasing Dpp trends both to decrease
the most probable value of strain and increase the most probable value of SVF. This
trend is, perhaps, most obvious in the ISL, and confirms the importance of local
strain rate in influencing SVF. The effect of bluff-body diameter on the SVF and
strain rate correlations at z/Dpp = 1.2 have been investigated, and similar trends to
z/Dpp = 0.6 are observed. Barring a slight increase in the SVF range on the OSL of
the ENB-3 flame, the other axial and radial positions at z/Dpp = 1.2 share similar
trends to z/Dpp = 0.6. The joint PDFs between SVF and strain rate at the axial
height of z/Dpp = 1.2 is presented in the supplementary material (Fig.B.S8).

Qualitatively, the joint PDFs show that the instantaneous SVF and the strain rate

(5) in the recirculation zone and in the jet region are not well correlated. For
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example, the ridge of most probable values in the OSL and IML is approximately
vertical, implying it is independent of the local strain, while that in the ISL lies
along a line of constant SVF, which also implies no dependence on S. Table 5.2
presents the correlation coefficient, R?, for each data set in Figures 13 and 14 against
the function SVF = 1/S. This function is chosen because SVF is well known to
depend inversely on local strain rate in a laminar flame [14, 15| and on global strain
rate in a turbulent flame [21, 24]. It can be seen that the value of the (R?) varies
between 0.33 and 0.68 in the RZ, corresponding to the ISL and IML, respectively,
while in the jet region it is found to be between 0.29 to 0.37 at r/Ry s = 0, 0.5 and
0.9. The strength of the correlations is considered as low when the R?is below 0.5,
while a correlation can be considered to be high when the R?is between 0.9 and 1.0
[48]. Hence, these data show that the local instantaneous SVF is poorly correlated
to the inverse of the local strain rate in the jet zone and weakly correlated in the
RZ. This is consistent with our qualitative assessment of the joint PDFs.
Furthermore, these measurements are consistent with the numerical work of Couci
et al. [8, 49|, who found that the flame response to strain rate oscillation is influenced
by past history, so that the formation of soot and PAH species depends on the initial
strain. Overall, these trends imply that the time-scales for soot formation in these
flames are typically longer than those associated with the local strain rate, so that
the variations induced by different histories at different times or places effects

dominate over the influence of the values of the local strain rate.

Table 5.2: The values of R?of the function SVF = 1/S obtained at different axial
and radial locations. The axial locations of z/Dpp = 0.6 and 1.0 are related to the

recirculation zone, while the z/Dpp = 4.4 and 8.1 are corresponded to the jet region.
:c/DBB: 0.6 I/DBB = 1.0 I/DBB = 4.4 I/DBB = 8.1

ISL 0.33 0.34 - -
IML 0.68 0.67 - -
0SL 0.52 0.64 - -
r/Ro.s= 0.0 - - 0.30 0.31
r/Ros= 0.5 - - 0.37 0.31
r/Ros= 0.9 - - 0.34 0.29
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5.5 Conclusion

Measurements in a series of turbulent non- premixed bluff-body flames of
ethylene /nitrogen (80:20 by vol.) have revealed that, while local values of strain rate
do have an influence on local soot volume fraction, the effects of transport and
history are greater than those of the local strain rate in both the RZ and the jet
regions of the present flames. This is consistent with the time-scales for soot
evolution in these regions being significantly longer than those associated with the

local strain rate. In addition:

e The joint PDFs between the local instantaneous SVF and S reveal little
qualitative correlation between these two parameters, while the correlation of
the data to the function SVF =1/ is found to be poor in the jet zone (R? ~
0.3) and weak in the recirculation zone (0.3 < R? < 0.6).

e Probability density functions of the SVF and strain rate reveals a generic
trend in which the most probable soot is found in the low-strain core of the
recirculation zone at all measured radial locations in the flame. This provides
further evidence that the high concentration of soot in the OSL, where the

strain rate is high, is attributed to the transport of soot through this zone.

e An exponential function was found to reasonably characterise the relationship
between total soot in the recirculation zone, SVxz and both the mean strain
rate and the mean residence time. This trend is similar to that from earlier

measurements in simple jet flames [21].

In the jet region, the value of strain rate corresponding to the most probable soot is
not substantially dependent on either the axial and radial locations. The strain rate
value associated with the maximum soot is found to be around 500 s' which is

consistent with earlier findings in simple jet flames [28|.
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6.1 Abstract

6.1 Abstract

The current study presents detailed measurements of the soot and flowfield
characteristics of three turbulent non-premixed pure methane bluff-body flames.
Planar laser-induced incandescence (P-LII) and 2D-polarised particle image
velocimetry (P-PIV) were simultaneously employed to measure soot volume fraction
(SVF) and the flowfield features. The measured mean and instantaneous scalar data
for all three flames are presented and analysed along with the computed mean
mixture fraction, temperature and species concentration (OH and CsHs), utilizing
previously validated CFD model. Results show that the SVF in the recirculation
zone (RZ) have strong dependency on the momentum flux ratio of fuel jet and
coflowing air. Increasing the momentum flux ratio shifts the location of the mean
stoichiometric mixture fraction to the rich inner vortex, leading to a significant
increase in SVF' in the RZ. The results reveal that the impact of the momentum flux
ratio is evident on soot formation, transport and oxidation within the RZ, and that
also impacts on soot in the rest of the flame. Comparison with ethylene/nitrogen
bluff-body flame, with the same operating conditions reveal that the equivalent
methane flame produces significantly less soot in both the recirculation zone and the
jet region. Also, instantaneous images of the SVF' in the recirculation zone, in both
flames, highlight significant differences in soot sheet structures for each flame,
consistent with known soot formation pathways for ethylene and methane. In
addition, the study has generated a database of soot and flowfield results, which can

be helpful for future model development.

Keywords: soot, methane, bluff-body, turbulence, simultaneous measurement, PIV,

LII

151



Chapter 6 Soot-Flow Interaction in Methane Flames

Nomenclature

Ac
BD
CL
CW
Dggp
DC
D,
DPSS
DM
ENB
f

f,
FWHM
G
HAB
ICCD
IML
ISF
ISL

LHS

OSL
PAH
PDF
ppm
P-LII
P-PIV
QLHV
r

ReJ
RHS
RZ

S

SL
SVF

u

ucC

U;

Um

v

X

Greek Symbols

Air contractor

beam dump

cylindrical lens

continuous wave

bluff-body diameter — m

co-flow contractor inner diameter — m
jet inner diameter — m
diode-pumped-solid-state laser
dichroic mirror

ethylene nitrogen bluff-body flame
focal length — m

soot volume fraction — ppb

full width at half maximum
momentum flux ratio

height above the burner — m
intensified charge-coupled device
inner mixing layer

International Sooting Flame workshop
inner shear layer

jet zone

mean flame length — m

mean recirculation zone length — m

left-hand side

methane bluff-body flame
fuel mass flow rate — g/s
neck zone

outer shear layer
polyaromatic hydrocarbon
probability density function
part per million

Polarised Laser Induced Incandescence
Polarised Particle Image elocimetry
low-heating value of the fuel
radial distance — m

jet Reynolds number
right-hand side

recirculation zone

strain rate — 1/s

spherical lens

soot volume fraction — ppb
axial velocity — m/s

co-flow velocity — m/s

fuel jet velocity — m/s

mean velocity — m/s

radial velocity — m/s

axial height — m

P equivalence ratio
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6.2 Introduction

6.2 Introduction

Research into the control of soot formation and the mitigation of its emission from
flames has been ongoing for decades due to ever-increasing environmental and health
concerns. The primary fuel used in most of these studies is ethylene due to its high
soot propensity as the simplest alkene and the relatively simple chemistry, which is
desirable for modelling purposes. Consequently, a detailed understanding of ethylene
kinetics and soot formation and oxidation mechanisms were developed over the years
[1-3]. On the other hand, as the main constituent of natural gas, methane fuel is
widely used in domestic and industrial applications, such as gas turbines, furnaces,
and kilns. The use of natural gas as a transitional fuel to replace other fossil-based
fuels, such as coal, has increased over the last two decades due to its lower carbon
intensity. It is projected that by 2035, natural gas will contribute ~26% of the global
energy requirement worldwide [4]. Hence, further research into the combustion of
methane and its emission characteristics (soot in particular) under practical

operating conditions is warranted.

It is well known that the molecular structure of fuels plays a significant role in the
onset of soot formation [5, 6]. In non-premixed mode, the sooting tendency for
alkenes is higher than alkanes. The differences between soot formation in C1 and C2
fuels stem from the makeup of the radical pool, acetylene concentrations, PAH
formation pathways, and the residence time [7-10]. In the laminar regime, methane
is only slightly sooting at atmospheric pressure, making it difficult to measure on
the lab scale. However, increasing the pressure (up to 60 bar) accelerates the PAH
condensation rate followed by acetylene addition, which enhances soot by a factor
of five to six [11-13|. In methane flames, inception is the dominant mechanism with
no measurable soot growth after inception [14]. In ethylene flame, the inception
phase is relatively short, and the surface growth and agglomeration dominate the
soot formation mechanism [15]. Additionally, the stronger soot propensity of
ethylene is attributed to the faster reaction as compared to methane. For instance,
while the soot graphitisation starts at 2.5 ns for CyHy, for CH4 such time is within
the surface growth and coalescence period. In addition, the CsHs concentration,
which is a key species in the soot surface growth mechanism, is found to be higher
in CoHy when compared to CHy [16]. Such differences result in additional difficulties
in predicting soot in methane-based flames where the inception mechanism is poorly
understood. In this context, flames with well-defined initial and boundary conditions

and sufficiently long residence time, favouring soot inception, are needed to better
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understand the formation of alkanes-based flames. Bluff body flames offer such

conditions and hence are the target in this study.

Several groups have investigated the soot-flowfield interaction to quantify the mixing
and strain rate effects using different fuels in turbulent flames. Global correlations
have been established for a range of turbulent flames, including simple jets [17-24],
bluff-body [25, 26|, and swirling burners relevant to gas turbines [27]. These global
parameters are characterised mainly by the global fuel exit strain rate, U/D;, and
the global mixing rate, defined as the inverse of the residence time, 1,/7;. Mahmoud
et al. [19-21] reported a linear correlation between the exit strain rate and the global
mixing rate in momentum-dominated jet flames fuelled with ethylene, nitrogen and
hydrogen fuel mixture. Qamar et al. [17, 18] investigated natural gas combustion in
the turbulent regime and provided detailed correlations between the global mixing
rate and soot formation for different burner geometries. Other flames, including
swirl-stabilised flames, were also investigated using ethylene [27, 28] and Jet A-1 [29]
fuels to provide further insight into the soot-flowfield interactions in flames with the
recirculating flow. Our study on bluff-body turbulent flames fuelled by ethylene-
nitrogen mixture has shown that there are no clear correlations between the local
instantaneous SVF' and strain rate within the recirculation zone and the bluff-body
flames’ jet region, which suggests that the time-scales for SVF' are significantly
greater than those driving local fluctuations [30]. While these studies provide an
insightful understanding of the soot-flowfield interactions for flames fuelled with
ethylene, there is only limited to similar studies for methane flames.

In this work, a series of non-premixed methane flames stabilised on a bluff-body are
used to experimentally investigate the soot formation and oxidation under different
operating conditions. These flames feature a recirculation zone at the base of the
flame, which helps stabilise the flames at a higher strain rate. Moreover, such flames
provide a measure of control on average mixture strength and residence time, in RZ,
while maintaining a jet-like zone in the downstream part of the flame. Using this
burner, the study aims to better understand the impact of the mean mixture fraction
and residence time in the recirculation zone by systematically changing the jet and
coflow velocities and the momentum flux ratio, for constant fuel nozzle diameter.
The simultaneous measurements also provide statistical correlations between soot
and the flow characteristics to better understand the local strain rate's dependency
and impact on soot formation and transport. The high-fidelity data will also be

beneficial as a benchmark for model validation.
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6.3 Experimental setup
6.3.1 Bluff-body burner

An axisymmetric bluff-body burner that has been employed in earlier work [30, 31],
with a fixed outer diameter of 64 mm, was used in this experimental campaign. With
a central jet diameter of 4.6 mm, the capped brass tube is surrounded by a co-flowing
air stream introduced through a round cross-section air contractor with an inner
diameter of 190 mm. The round contractor helps avoid the formation of corner
vortices that occur in square cross-section contractions. To allow optical access, the
bluff-body was mounted 10 mm above the exit plane of the air contractor. The
burner tunnel assembly was translated vertically, using an electrically powered
traverse to measure the entire flame length. A large extraction hood (800 mm
diameter) was also traversed with the burner tunnel assembly, such that a fixed
distance of 300 mm from the flame tip to the hood inlet was kept, and where the
hot combustion products were extracted. This arrangement reduces any effect from
the exhaust hood on the flame as the burner and contraction assembly is traversed

vertically.

6.3.2 Flow conditions

Table 1 shows a summary of the flow parameters investigated in this study. Methane
with a purity of 99.99% was used as fuel. The co-flowing air and the fuel were at
ambient temperature and atmospheric pressure. The resulting flames are labelled as
MB series flames, where M and B stand for methane and bluff-body. The fuel flow
rate was set to 0.32 g/s for the MB-1 flame, giving a bulk mean exit Reynolds
number, based on the jet inner diameter, of 8,000, while the coflow air velocity was
set to 14.1 m/s. The Reynolds number for flames MB-2 and MB-3 was increased to
15,000 (methane flow rate of 0.61 g/s) while the coflow was set to 14.1 and 20 m/s,
respectively. The increase in the coflow air velocity aims to investigate the effect of
mixture strength in the recirculation zone corresponding to the reduction in

momentum flux ratio of jet to coflow [32, 33|, defined as, G = (PU?)pyer/ (PU?) 4ir-
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Table 6.1: Summary of the flow conditions of the bluff-body flames. (Dpp — bluff-

body diameter; Dy — Fuel jet diameter; G —momentum flux ratio; Ly — Mean visible
flame length; mf — Fuel flow rate; QLHV— Heat input by fuel; Rej — Jet exit Reynold;
Uc — Bulk co-flowing air velocity; Uy — Bulk jet exit velocity).

Flame CHgy Dgs Dj U; Rey mf Quuv Uc L Lrz G

case (%Vol.) (mm) (mm) (m/s) (-) (g/s) (kW) (m/s) (mm) (mm ()
(%) )

MB-1 99.99 64 4.6 31.8 8,000 0.34 17 14.1 736 92.4 2.63

MB-2 99.99 64 4.6 59.6 15,000  0.61 30.5 14.1 928 1114 9.21

MB-3 99.99 64 4.6 59.6 15,000  0.61 30.5 20 806 106.1  4.57

6.3.3 LII and PIV setup

The diagnostic system is identical to earlier research and the details can be found in
the publications by the same authors [31]. A schematic of the experimental apparatus
is also shown in Figure 6.1. In brief, the apparatus comprises planar laser-induced
incandescence, P-LII, aligned with a 2D-polarised particle image velocimetry system.
A pulsed Nd:YAG laser (Q-smart 850, Quantel) with the fundamental output (1064
nm) operating at 10 Hz is used for the P-LII measurements. The incandescence from
soot particles was collected through an intensified (ICCD) camera through a 430 nm
(10 nm bandwidth) filter to suppress interference from the Cs laser-induced emissions
and flame radiation [31]. The gate width of the LII camera was set to 50 ns with
prompt timing relative to the LII excitation. The LII beam was formed into a sheet
by passing it through the sheet-forming lenses, with the dimensions of 0.5 mm x 70
mm. The LIT laser fluence was kept above 0.5 J/cm?, in the plateau region of the
LII response curve to minimise the laser energy variation effects from the beam
steering and attenuation on the resulting LII signals [32]. The P-LII signal was
converted to soot volume fraction (SVF) by calibration against one of the flat
premixed McKenna burner target flames (¢ = 2.34) from the International Sooting
Flame Workshop (ISF) [33]. A 1064-nm continuous-wave (CW) diode-pumped-solid-
state laser (DPSS) was utilised to perform the laser extinction calibration
measurements in the McKenna target flames. The minimum detection limit in the
collected data was determined to be 1 ppb. The details of the calibration were
reported previously [19, 20]. The P-LII data was only extracted from the core of the
images due to the signal variation in the upper and lower sides of the laser sheet. A
standard deviation of 13% was observed in P-LII data extracted from the laminar
McKenna burner flame. Also, the data was only processed in the beam entrance side
of the flame to avoid beam steering effects. Sun et al. [34] reported a 2 mrad and
consequently 50% increase in the laser sheet width and 750 pm out-of-plane direction
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throughout the flame. Signal trapping has been previously quantified in a series of
ethylene flames and is considered negligible. Since the soot concentration in the
methane flames is significantly lower than the ethylene counterparts, the signal
trapping is assumed to be minor [35].

The PIV measurements were performed using a 10 Hz pulsed dual-head Nd:YAG
laser (Quantel BrilliantB/Twins) frequency-doubled (532 nm). The PIV pulses were
offset by 10 ps to 60 ps, depending on the exit jet and co-flow velocities. The Mie
scattering from the 1-micron titanium oxide (TiO2) seeding particles were collected
using a CCD Kodak Megaplus II camera (1920 x 1080 pixels?, 16 bit), equipped with
a Sigma lens (105 mm, f = 2.8). Two additional polarisers to a conventional PIV
system were utilised to significantly suppress the scattered interference from soot
particles [31, 36]. A 532 nm bandpass filter (Andover) with an FWHM of 1 nm was
fitted to the camera lens to suppress laser-induced natural incandescence. One
thousand PIV image pairs were recorded and processed using commercial software,
PIVLab 2.20 [37]. Background noise was removed from raw images in the post-
processing step. The interrogation window was sequentially reduced from 64x64 to
32x32, and ultimately to 16x16 pixels? with 50% overlap, to provide a minimum
spatial resolution of 1.48 x 1.48 mm?2. The total error of the PIV measurements was
estimated to be £1.16 m/s [31].
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DM  SL,SL,CL, ~-— BD
Sheet-forming e f;
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Figure 6.1: Experimental layout adopted from earlier work [30]. (AC — Air
contractor; BB — Bluff-body burner; BD — Beam dump; CCD — Charged-coupled
device; CL; — Cylindrical lens; DM — Dichroic mirror; f; — 430 nm filter; f; — 532 nm
bandpass filter; [CCD — Intensified charged-coupled device; M1 — 532 nm mirror; P
— 7/2 wave plate; P2 — 532 nm film polariser; P3 — Linear polariser; P4 — linear
polariser and SL;/ SLs — Spherical lenses).
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Chapter 6 Soot-Flow Interaction in Methane Flames

6.3.4 Numerical model

The CFD method was used in this work to assist in better interpreting the observed
trends using the same model from our earlier work [31]. The MB-1, MB-2, and MB-
3 flames were modelled using ANSYS Fluent 21 R1 [38]. A 2-D axisymmetric model
of the bluff-body burner was developed, with a fuel jet in the centre surrounded by
a concentric coflow air. Following a mesh-independence study, a structured mesh
with 550,000 cells was generated [27]. The governing equations for mass, momentum
and energy were solved wusing steady, incompressible Reynolds-averaged
Navier—Stokes (RANS) equations. The standard k-e¢ model with modified coefficients
[39, 40] was selected for turbulence closures. The steady flamelet model, coupled
with the DRM-22 reduced kinetic mechanism (22 species and 104 reactions), was
used for the combustion model. The COUPLED algorithm was employed to solve
the flowfield, with second-order spatial discretisation for all variables. The CFD was
validated against the current velocity measurements with a very good agreement
(less than 4% differences). To validate the model, a comparison of the predicted and
measured mixture fraction, temperature, and velocity components have been
performed in a similar version of non-sooting bluff-body flames. Additionally, a
comparison of the current work's measured axial and radial velocity components
with the calculated values have been performed. The validation data is presented in

the supplementary material (Fig. D.S1 and Fig. D.S2).

6.4 Results and discussion
6.4.1 Global flame structure

The global appearance of the three methane flames stabilised on the bluff-body
burner, shown in Figure 6.2, is similar to earlier studied non-premixed bluff-body
flames (25, 31, 39-41]. Regardless of the fuel type, these flames typically feature a
recirculation zone at the upstream and close to the bluff-body surface, a jet-
propagation region in the downstream, and a soot-free neck zone, which connects
these two regions. The blue length of the region above the recirculation zone
increases with both the increase in the jet (MB-2) and co-flow (MB-3) velocities,
where MB-3 shows the largest soot-free zone. The neck zone region is characterised
by a high strain rate, enhanced mixing with the coflowing air and the hot products

from the recirculation zone, and a central fuel stream [41]. The mean flame visible
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6.4 Results and discussion

length (L), which is estimated from 10 binarised instantaneous flame images, is
found to be 736 mm, 928 mm, and 806 mm for MB-1, MB-2, and MB-3 flames,
respectively. As expected, the maximum flame length corresponds to the MB-2 flame
with the highest fuel jet velocity (59.6 m/s) and the lowest co-flow air velocity (14.1
m/s). Increasing the co-flow velocity to 20 m/s, in MB-3 flame, helps induce more
fuel into the recirculation zone, reducing the amount of fuel reaching the rest of the
flame, and leading to a reduction in the overall length by 13%, as compared with
MB-2. This is found to be directly linked with the momentum flux ratio, as shown
in Fig. 6.3.
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Figure 6.2: Photographs of the pure methane flames stabilised on the bluff-body
burner; MB-1 (left), MB-2 (middle), and MB-3 (right).
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Chapter 6 Soot-Flow Interaction in Methane Flames

The momentum flux ratio (G), defined as G = (PU?)pyer/(PU?) 4ir is calculated for
the three flames and presented in Table 6.1. This ratio is found to be 2.63, 9.21, and
4.57 for the MB-1, MB-2, and MB-3 flames, respectively. Dally et al. [41] showed
that for a series of flames operating with various fuels, including Hy, CNG, LPG,
and CoHy, the transitional momentum flux ratio between the single and double
vortex structure in the bluff-body flames happens at G between 13 — 15. Consistent
with this, the momentum flux ratio calculated for these flames is below the transition
threshold to a single vortex flame. Hence, all three flames include two vortices, an

inner and an outer vortex within the recirculation zone. The correlations between

the momentum flux ratio (G) and both the mean flame length (Ly) and total soot in
the recirculation zone (SVgz) are presented in Fig. 6.3. The total soot volume can
be expressed as

SV gz = 2ar [, [ SVF (r,x) dr.dx (1)

where SVF (r,x) is the local soot volume fraction at a certain height above the
burner, z, and a radial distance from the axis, r. For the recirculation zone, the
parameter Ty is set to the length of the recirculation zone (Lgz), as defined in
Section 3.2. The dependence on the momentum flux ratio of both mean flame length
and the total soot in the recirculation zone can be reasonably characterised for the
present flames with exponential fits. It is notable too that more data points are

needed to establish a generic correlation for these flames, and the current fit appears

plausible for the range of conditions considered in this work.
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Figure 6.3: The momentum flux ratio, G, plotted as a function of mean total flame

length (L)) in blue and total soot in the recirculation zone (SVgz) in green. The
symbols present the measured data and the dashed-lines show the best exponential
fits

160



6.5 Time-averaged flowfield features

6.5 Time-averaged flowfield features

The mean flowfield features for the three flames were calculated from 1000
instantaneous image pairs obtained from the PIV measurements. Figure 6.4 presents
the typical mean vector field overlaid on the mean velocity and mean shear strain
rate for MB-1 flame, as a reference flame, at axial locations up to z/Dpp=2.0. The

2D shear-strain rate, S, has been calculated from the velocity components obtained

from the PIV, using the following formula:

(2)

= 1|( 2% %)
|Srx| = 2 |( dx + ar

where u and v are the axial and radial velocity components, respectively. Since all
three flames exhibit similar characteristics within the recirculation zone, namely two
vortices between the inner and outer shear layers, only the MB-1 flame is represented

in Fig. 6.4.
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Figure 6.4: Ensemble-averaged mean velocity contour (left) and mean strain rate
contour (right) overlaid on the vector field for a typical methane bluff-body flame
(MB-1). The dashed-lines show the inner shear layer (ISL), intermediate mixing
layer (IML) and outer shear layer (OSL).
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Chapter 6 Soot-Flow Interaction in Methane Flames

The length of the recirculation zone (Lgz) is defined by the distance from the jet
exit plane to the stagnation point, where the mean axial velocity of the flame is zero.
The Lgzfor each flame is presented in Table 1. The recirculation zone length for the
MB-1 flame is measured to be 87.7 mm. Increasing the fuel jet velocity, and
consequently, the jet Reynolds number to 15,000, while the co-flow velocity is kept
constant, results in an increase in the recirculation zone length by ~21% to 105.1
mm, in MB-2 flame. This is the largest recirculation zone amongst the three flames.
In MB-3 flame, where the co-flow air velocity increases to 20 m/s, the recirculation
zone length is ~91.5 mm, due to a stronger outer shear layer (OSL) leading to an
outer vortex restricting the extension of the recirculating upwards. For all three
flames, the ratio of the recirculation zone length to the bluff-body diameter (Lrz/Dpp
< 1.65) is 1.37, 1.63, and 1.49 for MB-1 MB-2 MB-3 flames, respectively. This is
consistent with earlier investigations in non-premixed bluff-body flames [30], which
further shows that mixing and flow dynamics have more significant effects than the

heat release on the recirculation zone length.

The mean profiles of axial velocity, u, and radial velocity, v, together with the strain
rate (S5) and turbulence intensity are presented in Fig. 6.5 at z/Dpp = 0.4 for the
MB-1 flame as a reference. Due to the similarities between the mean flowfield profiles
of the three flames, one axial location is presented here. However, more locations
including in the RZ and the jet region are presented in the supplementary material
(Fig C.S3 and C.S4). The axial and radial mean velocity profiles show the two
counter-rotating vortices in the recirculation zone, with a negative axial velocity
between r/Dpp = 0.13 and r/Dpp = 0.42 and radial velocity changing sign at the
point of interaction of the two vortices. Also noticeable in Figure 6.5, is the large
nearly homogeneous region with constant strain rate and minimal turbulent mixing.
This feature in turbulent bluff-body flames provides relatively long residence time
for soot to form at an almost uniform mean mixture fraction and temperature, as

we will see later from the computational study.

162



6.6 Time-averaged soot volume fraction

N
[#a]
o

- (% - Axial Velocity [m's] 167
Radial Velocity [m's] 112z
Turbulent Intensity =
“3 - Strain rate [1/s]

)
o

[#.a]
Strain rate = 107[1/s]
S ,
Turbulence Intensity

=)

=
—
h

o
===
N

Axial Velocity [m/s]

)

Radial Velocity [m/s]
o

1
LA

0.2 0.3 04 0.3
Radial distance (1/Dgg) [ - ]

Figure 6.5: Measured radial profile of time-averaged axial (u) and radial (v) velocity
components, strain rate (S) and turbulent intensity (/) at the axial location of
z/Dpp= 0.4 in the recirculation zone of the MB-1 flame

6.6 Time-averaged soot volume fraction
6.6.1 Radially-integrated SVF

Figure 6.6 presents a collage of the measured time-averaged soot volume fraction
(left) for all three flames together with the axial profiles of radially integrated soot
volume fraction, in ppm.mm? (right). Soot concentrations in the three flames exhibit
significant differences in quantity and trends. In MB-1 and MB-3 flames, minimal
soot is observed in the recirculation zone, while a distinct peak appears in the jet-
like zone. However, in MB-2 flame, two peaks are found; one in the recirculation
zone and the other one in the jet-like region. The maximum radially integrated soot
in the recirculation zone is 130 ppm.mm? for MB-2 flame while it drops to almost
18 to 20 ppm.mm? for MB-1 and MB-3 flames. In the jet region, however, the

maximum total soot in MB-1 flame is around 175 ppm.mm? while in the MB-2 and

MB-3 flames, it drops to less than a third of the MB-1, (~50 ppm.mm? and 34
ppm.mm?). Noteworthy is that MB-1 has the lowest jet Reynolds number and air
coflow velocity and more fuel burns in the jet-like zone.

Contrasting the methane bluff-body flames (MB flames) with ethylene/nitrogen
bluff-body flames (ENB flames) [30] as well as the simple jet flames [19, 20] reveal
that the maximum radially integrated soot volume fraction in the jet region is found
at similar axial location (normalised by the flame length) above the burner of
between 0.6 < x/Ls < 0.7. Also noticeable is that while the methane (MB-3) and

ethylene /nitrogen flames (ENB-3) are stabilised on the same burner and operating
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Chapter 6 Soot-Flow Interaction in Methane Flames

conditions, the maximum radially-integrated soot in the recirculation zone for the
MB-3 (~20 ppm.mm?) flame is reduced by more than one order of magnitude, as
compared to ENB-3 (~300 ppm.mm?). It is deduced that this difference is related to
the difference in the oxidation level and the mean mixture fraction distribution in

two flames. This difference is further discussed in Section 3.4.
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Figure 6.6: A collage of the measured time-averaged soot volume fraction (left) for
the three flames, together with the axial profiles of radially integrated soot volume
fraction, in ppm.mm?, along the flames’ length (right). Please note the different
colour scales for MB-1 and the one for both MB-2 and MB-3.

6.6.2 Axial distribution of SVF

The axial profile of soot volume fraction (SVF) at the flame centreline of each flame
is presented in Figure 6.7. The symbols represent the experimental data, and the
dashed lines provide reasonable Gaussian fits. The axial height is normalised by the
overall flame length (x/Ls), which enables us to compare the results with the
ethylene/nitrogen flame (ENB-3) and the simple jet flames [20].
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Figure 6.7: Axial profiles of centreline distribution of mean soot volume fraction as
a function of normalised flame length. The dashed lines indicate Gaussian fits to the
experimental data. The ENB-3 ethylene/nitrogen bluff-body flame is shown with
solid green line from a previous flame series [30].

The SVF distribution along the centreline has two distinct peaks in the MB-2 flame:
one in the recirculation zone, at z/Ly = 0.093, and the other in the jet-like region,
found at z/L; = 0.59. This trend is similar to ENB flames. On the other hand, MB-
1 and MB-3 flame exhibit only one peak in the jet region. The SVF in the jet region
peaks to around 17 ppb in the MB-1 flame, which is greater than those in MB-2 and
MB-3 flames by a factor of almost three. It is also observed that the peak of SVF in
MB-2 and MB-3 flames is shifted axially as the Reynolds number is increased in
these two flames. The axial location of the maximum SVF in the jet region is found
to be at x/Ly = 0.48, while this location is shifted to x/L; =0.59 and 0.63 for MB-2
and MB-3 flames, respectively.

When comparing MB-3 flame with ENB-3 flame [27], noticeable differences are
observed. For ENB-3 flame, the axial location of the peak of the SVF profiles on the
flame centreline is closer to the upstream region of the flame (at x/L; =0.38), valued
at 45 ppb. On the other side, in methane flame (MB-3), the peak is shifted
downstream and found at around x/L; =0.63, and the value dropped by a factor of
more than eight to around 5 ppb. Interestingly, the peak soot in the methane flame
is coincident at a similar position, x/L; =0.60, in the simple jet flames with the same
Reynolds number (15,000) [19, 20]. This indicates that the axial location of the
maximum measured SVF on the flames centre line is primarily controlled by the

flowfield in these turbulent flames while the fuel chemistry has a secondary effect.
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6.6.3 Radial distribution of SVF

Figure 6.8 compares the mean radial profiles of SVF' in the recirculation zone for the
three flames. The profiles are plotted at four different axial locations above the jet
exit plane within the recirculation zone (z/Dpp - (0.6, 0.8, 1.2, 1.4). The symbols
represent the experimental data. The solid lines were obtained from the best
Gaussian fit (with three terms) to the measured data. The bluff-body diameter is
used to normalise both axial and radial distances. Consistent with ethylene/nitrogen
flames (ENB-1, ENB-2, and ENB-3 flames) [30], a dominant outer peak is found at
z/Dpp < 1 for all three methane flames near to the coflowing air (inside the outer
vortex at 7/Dpp =~ 0.35-0.42) from which it decreases smoothly toward the centreline.
An explicit peak is observed at lower axial heights, where the mixture fraction is
rich compared with the end of the RZ. At higher locations, xz/Dpp > 1.0, no distinct
peak can be identified, and that is attributed to the high rate of oxidation due to
the intense coflow air entrainment and higher temperatures from products leaving
the recirculation zone. Such similarities highlight the role of soot transport within
the recirculation zone irrespective of the difference in soot inception and chemical
effects between the two fuels. The three flames share similar trends in the mean SVF

profiles, albeit with different peaks.
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Figure 6.8: Radial profiles of mean soot volume fraction of the a) MB-1, b) MB-2,
and ¢) MB-3 flames within the recirculation zone at different heights above the
burner (HAB). The ENB-3 ethylene/nitrogen bluff-body flame is shown with solid

green line from a previous flame series [30].

The radial profiles of mean SVF in the jet region (0.25 < x/L; < 0.65) for the three
flames are compared in Fig. 6.9. The heights are normalised by the overall flame
length (Ly). The three flames exhibit similar trends showing a maximum for SVF on
the flame centreline (r = 0 mm), followed by a smooth decrease towards the flame

edge, where most of the soot is oxidised. In MB-1 flame, the maximum soot volume
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fraction SVF),. in the jet region is around 22 ppb which is one order of magnitude
greater than the maximum SVF in the recirculation zone. Similarly, in the MB-3
flame, where the jet and co-flow velocities are maximum among the three flames,
the SVFy,.; in the jet region is around 16 ppb which is greater than the SVFy,. in
the RZ by a factor of two to three. Conversely, the MB-2 flame behaves differently.
The SVF,. in the recirculation zone is found to be around 13 ppb, while a 30%
drop in the max SVF is observed for this flame in the jet region (7 ppb). Based on
this observation in the SVF values as well as the flame photos, it is deduced that
more PAH is transported from the recirculation zone to the jet-like region through
the neck zone, which initiates the soot inception in the jet region. Also, it is deduced
that soot inception in the MB-2 flame starts earlier comparing to the other flames,
and therefore, there is sufficient time for soot to be formed in the recirculation zone.
These observations require further experimental evidence to examine the PAH in
the neck zone of the three flames and correlate them with the trends found in these

flames.
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Figure 6.9: Radial profiles of mean soot volume fraction a) MB-1, b) MB-2, and c)
MB-3 flames in the jet zone at different normalised heights above the burner. Note
that the y-axis values differ in each profile. The ENB-3 ethylene/nitrogen bluff-body
flame is shown with solid green line from a previous flame series [30].

6.6.4 Soot intermittency

Fig. 6.10 presents the profiles of soot intermittency, defined as the probability of
finding no soot at any given spatial location, along with flames centreline [17, 20].
The intermittency profiles exhibit two distinct minima for each flame; one in the
recirculation zone and a second one in the jet-like region. As expected, at the jet
exit, x/L; = 0, the intermittency equals 1.0, and then the profile follows a sharp

decrease to around 0.32 for MB-1 and MB-3 flames within the recirculation zone.
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For MB-2 flames, the intermittency reaches less than 0.1, consistent with a higher
concentration of soot found in the recirculation zone of this flame. The sharp
decrease observed in the intermittency profile and the SVF measured on the flame
centreline highlights the effect of transport of soot from the vortices into the central

jet and further downstream to the rest of the flame. At z/Lf~ 0.12, it is surprising
that the intermittency for all three flames is almost identical at (~0.42). This

location is identified as the transition from the recirculation zone to the jet-like
region.

In the jet region, the minimum of the intermittency profile, which corresponds to
the maximum axial soot volume fraction on the centreline, is found to be at x/Ly=
0.48 for MB-1 flame and at x/L; = 0.59-0.63 for MB-2 and MB-3 flames. The
locations of maximum soot, which are related to the minimum intermittency in the
MB-1 and MB-2 flames, are similar to simple jet flames (0.4 < x/L; < 0.55) [20]. In
MB-3, although similar to the other two flames, the minimum intermittency is
shifted downstream and found at x/L; = 0.62. Noteworthy, is that the difference
shown earlier in the appearance and behaviour of soot in MB-2 flame, compared
with MB-1 and MB-3 flames, can be explained by the intermittency in the neck
zone. It is clear that more soot (and its precursors) is transported through the neck
zone in MB-2 flame than the other two flames, leading to a higher amount of soot

in the jet-like region.
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Figure 6.10: Axial Profile of soot intermittency along the burner axis. The black
arrow specifies the recirculation zone (RZ), and the blue arrows show the jet-like

region.
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6.6.5 Calculated mixture fraction and temperature

In order to better interpret the differences in soot concentration measured in the
three flames, the mixture fraction together with the temperature profile is estimated
numerically and presented in Fig. 6.11. The flame temperature and mixture fraction
are reported at axial heights of z/Dpp = (0.6, 0.9, 1.2), as presented in Fig. 6.11. It
is noted that soot and its impact on thermal radiation from the flame is not
computed in this study. The objective is to better understand the differences in flame
structure and temperature, rather than to ‘predict’ soot. The mixture fraction
profiles exhibit similar features for the MB-1 and MB-3 flames. That is, a rich
mixture is found at almost all locations r/Dpp < 0.42 and axial height of z/Dpp =
0.6. However, for MB-2 flame, the mixture fraction profile crosses the stoichiometric
value at r/Dpp = 0.24 at all heights, suggesting a leaner outer vortex, and a shift of
the mean stoichiometric mixture to a distinct location closer to the centreline. The
calculated peak mean temperature for the MB-2 flames at the axial height of z/Dpp
= 0.6 is found at r/Dpp ~ 0.19, within the ISL, at around 1600 K, which is almost
14% lower than those found in the MB-1 and MB-3 flames. The radial location at
which the mean temperature peaks are found in MB-1 and MB-3 flames is r/Dpp ~
0.38, within the OSL, and the computed values are found to be 1880 K and 1870 K,

respectively. A similar trend was observed for the calculated OH profile. That is,
the OH peak is found at r/Dpp ~ 0.2 for MB-2 flame, while the peak is shifted
toward the OSL at r/Dpp ~ 0.39 for the MB-1 and MB-3 flames. The lower

concentration of OH in MB-2 flames is consistent with a lower temperature peak in
this flame. Furthermore, a sharp decline is seen in the OH profiles for MB-1 and
MB-3, which shows the high rate of oxidation. Notable too is that the calculated OH
concentration in MB-1 and MB-3 flames is almost 40% greater than that of MB-2.
Although we do not expect that a simplified DRM-22 mechanism may be enough to
accurately predict the intermediate species, such as acetylene, it provides trends in
the anticipated CoHy concentration in all three cases. In MB-2 flame, the peak of
calculated acetylene is almost 40% lower than those of MB-1 and MB-3 flames which
again is expected to lead to lower soot, instead of the observed higher soot in MB-
2. Based on these observations, it is clear that in MB-2 soot is formed and circulated
within the inner vortex and then transported further downstream through the neck
zone to the jet-like zone. While in MB-1 and MB-3 the soot is formed in the outer
vortex where it has a higher chance to be oxidised and not reach the central jet and
the neck zone. The trend found in section 3.3.3, where higher soot in the recirculation

zone is recorded in MB-2, while is inconsistent with the lower temperature, and lower
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CqoH» found there, is consistent with the lower oxidation rate expected in the rich
inner vortex. Worth noting is that the photographs of the flames, presented in Figure
6.2, while showing faint soot in the recirculation zone of MB-1 and MB-3 flames, are
long term exposure images and the blue colour from regions of the flame does not

necessarily imply the absence of soot.
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Figure 6.11: Calculated mean radial profile of temperature and mixture fraction (top
row) together with the OH and acetylene mole fraction (bottom row) for the three

flames and at three axial locations.

6.6.6 Relations between instantaneous soot and strain rate

Fig. 6.12 presents a typical instantaneous P-LII soot sheet from a methane flame
(MB-3) on the RHS and another from the ethylene/nitrogen flame (ENB-3) on the
LHS. As noted earlier, these two flames run under identical operating conditions.
Although the flowfield behaves similarly for both fuels, the distribution of soot is
different. In the ENB-3 flame, soot filaments are chaotic and found almost in the
entire recirculation zone length, whilst in the MB-1 flame, the soot filaments are
more concentrated in the outer shear layer close to the outer flame edge and rarely
in the inner vortex. The maximum instantaneous soot in methane is almost one
order of magnitude lower than the ethylene/nitrogen (ENB-3) flame. Given that the
mixing is similar for the two flames, it is evident that differences in fuel composition
and subsequent reaction chemistry is dominant and appears to impact the formation

and growth of soot particulates.
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Figure 6.12: Comparison of a typical instantaneous soot filament of the (LHS) ENB-
3 [30] and (RHS) MB-3 flame. Note that the colour bars scale differently for two
flames. Dotted lines indicated the inner (ISL) and outer (OSL) shear layers.

Figure 6.13 presents a typical instantaneous radial profile of SVF and strain rate at
one axial height above the burner (z/Dpp = 0.6) for the three flames. The SVF and

strain rate are shown in orange and blue colours, respectively.
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Figure 6.13: Profiles of instantaneous SVF and S at the axial height of z/Dpp = 0.6
above the burner for the MB-2 flame.
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It is clear from this figure that the local instantaneous SVF and S peak at the inner
and outer locations while shows a plateau distribution in the middle of the profiles.
A noticeable amount of soot is found in the low strain region (S <5000 s!') with a
soot concentration of 10 ppb. In contrast, in MB-3 flame, a peak of = 30 ppb is
observed at r/Dpp = 0.38 at the same strain rate compared to the other two flames.
The lack of direct correlation between the instantaneous soot volume fraction and
instantaneous strain provides further evidence of the impact of transport in the

recirculation zone.

6.6.7 Soot statistics

The probability density functions (PDFs) of SVF have been calculated in the
recirculation zone of the three flames. The axial and radial positions at which the
PDF's have been calculated are shown in Fig. 6.14. The PDFs were calculated from
arrays of 5 x 5 pixels? (0.17 mm?) from 1500 instantaneous image pairs. The data
used are from two axial heights above the burner within the recirculation zone
(z/Dpp=0.6, 1.0) and at three radial positions, two of which are on the high-strain
inner and outer shear layers (ISL and OSL), and the third one is in the core of the
recirculation zone between the ISL and the OSL.

SVF [ppb]
15

Figure 6.14: Image of the time-averaged soot volume fraction, presented as a
coloured-scale, overlaid with the selected locations (magenta dots) at which the
statistics for SVF have been calculated for the MB-2 flame adopted from earlier
work [29].
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Figure 6.15 presents the PDFs of the SVF at z/Dpp = 0.6 and x/Dpp = 1.0. The
shapes of the PDF's indicate different soot concentrations for the three flames. The
width of the pdfs for the MB-2 flames is significantly broader than the other two
flames, which is deduced to be the oxidation effects, while only a peak following a
sharp decrease is seen in MB-1 and MB-3 flames. While the probability of finding
soot in the MB-1 is the least, increasing the Reynolds to 15,000 (MB-2) increases
the maximum probable soot to 7 ppb. For the MB-2 flame, no events higher than
25 ppb are found.

In contrast, in MB-1 and MB-3 flames, the maximum probable soot is reduced by a
factor of more than two, to less than 10 ppb. This is consistent with the total soot
calculated for the recirculation zone of each flame in Fig.6.15. It is also deduced that
the effect of soot oxidation is significant at lower momentum flux ratio. Noting that
the MB-2 flame has the higher momentum flux ratio amongst the three flames, it
can be deduced that the lower momentum flux ratio correlates with higher soot
oxidation and less probability of having soot in a specific region. Comparing the soot
PDFs in methane with the ethylene flame (not shown) operating on the same burner
and initial conditions (ENB-3) [30] indicate that the soot distribution in the ISL for
ethylene flame is similar to the methane (MB-3); except that the core of the
recirculation zone has a wide range of soot extending up to 200 ppb. However, in

methane flames, maximum instantaneous soot is found to be less than 10 ppb.
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Figure 6.15: Axial distribution of probability density functions (PDFs) of soot
volume fraction within the recirculation zone at a series of radial locations and at
two axial locations above the burner z/Dpp = 0.6 (bottom row) and z/Dpp = 1.0
(top row).
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6.7 Conclusion

A joint experimental and computational work was performed to investigate the soot
formation and oxidation in a series of turbulent non-premixed bluff-body flames
burning pure methane. Simultaneous planar laser-induced incandescence (P-LII) and
2D polarised particle image velocimetry (P-PIV) techniques have been employed to
measure soot and flowfield features, respectively. Three flames stabilised on the 4.1
mm fuel jet and 64 mm bluff body diameters burner using a combination of the jet
Reynolds number, 8,000 and 15,000, and co-flowing air velocity, 14 m/s and 20 m/s
are presented in this paper.

Although all flames exhibit similar features, namely two vortices within the
recirculation zone, a significant increase is observed in the mean SVF and the soot
intermittency profiles for the MB-2 flame. The difference mainly arises from the
mixture fraction distribution resulting in a mean stoichiometric mixture in the inner
vortex, closer to the jet, in MB-2, while for the MB-1 and MB-3 flames a broader
distribution of the mixture fraction is found in the outer vortex. This difference
results in less soot concentration in the MB-1 and MB-3 flames as compared with
MB-2. Also, the leaner mixture fraction in the inner recirculation zone for the MB-
1 and MB-3 flames results in less soot being formed and a higher probability of it
being oxidised in the neck zone.

The total integrated soot exhibited two maxima in the recirculation zone of the MB-
2 flame versus one peak in the other two flames. This difference could be attributed
to the mean mixture fraction in the recirculation zone of MB-2 flame, which is
relatively higher than those in MB-1 and MB-3 flames considering the similar mean
residence time within this region. All soot events were found to be in the range of 1
ppb < SVF < 6 ppb in the MB-1 and MB-3 flame, while a uniform SVF distribution
is observed for the MB-2 flame with the maximum number of events found in the
range 1 ppb < SVF < 25 ppb. It is observed that although the maximum local
instantaneous soot is around 25 ppb, the time-averaged soot is less than 10 ppb
which could be related to the high soot intermittency and turbulence fluctuations.
The high intermittency is evident in the local instantaneous soot sheets. The soot
and flowfield data presented in this work is expected to be useful for further model

validations and development.
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7.1 Summary and conclusions

The findings of the current research have improved our understanding of the effects
of local and regional strain rate, and residence time on soot formation and oxidation
in a series of non-premixed bluff-body flames in the turbulent regime. These findings
were deduced through the investigation of flames stabilized on three bluff-body
burners with a central fuel jet of 4.6 mm and an out bluff body diameter of 38, 50
and 64 mm. Each burner was mounted centrally in a contraction; 190 mm dimeter,
where the conditioned coflow air was introduced at a velocity of 20 m/s. Two fuel
mixtures; ethylene/nitrogen (80:20 by vol.) and pure methane, were used to
investigate the soot evolution sensitivity to the fuel chemistry when burning under

similar operating conditions, stabilized on the same bluff-body burners.

The first part of the research, which comprised a joint experimental and
computational work, investigated the effect of the bluff-body diameter on the
flowfield and residence time, in a series of non-premixed bluff-body flamed fuelled
with ethylene/nitrogen, whilst every other aspect of the experiments was unchanged.
Computationally, using steady RANS model, it was shown that increasing the bluff-
body diameter from 38mm to 64mm substantially increased the mean residence time
(by a factor of two to three) of the pseudo particles within the recirculation zone of
the bluff-body flames. However, it was also shown that the diameter did not affect
any other soot controlling parameter, including temperature and mixture fraction
who exhibited similar profiles especially in the recirculation zone. These two features,
change in residence time while all other parameter remain the same, help in isolating
the effect of residence time. Noteworthy, is that the fuel and coflow velocities
remained constant. In order to better understand the impact of flowfield features on
the soot volume fraction in these flames, a novel optical arrangement was developed
and employed in a conventional PIV system to enable a high fidelity PIV
measurements in a highly sooting environment, particularly in the recirculation zone
of the bluff-body flames. This modification included a half wave-plate in front of the
incident beam to polarize the beam horizontally and a second linear polarizer
attached to the 1 nm bandpass filter to capture vertically-polarized scattering
signals. This optical arrangement substantially suppresses the scattering signals from
soot to very low levels and only reduces scattering from relatively large PIV signals
by a factor of approximately two. Having established a feasible PIV technique in
flames with high soot loads, new measurements were conducted and analysed in

these turbulent non-premixed bluff-body flames. Simultaneous measurements of soot
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and flowfield features were also performed and correlation with strain rate was

deduced and analysed.

The time-averaged soot volume fraction within the recirculation zone was found to
increase from 160 ppb in ENB-1(Dpp=38mm) flame to 250 ppb in ENB-3 flame
(Dpp=64 mm), which is attributed to the effect of increased residence time in the
recirculation zone with increase of bluff body diameter. All measured flames
exhibited low local strain rates in the recirculation zone, leading to higher soot
concentrations that increased preferentially with burner diameter. A comparison of
the mean SVF and strain rate for the three flames provided further evidence that
soot is mostly formed in the inner vortex, in the low strain rate region, and is
transported to the outer vortex where it peaks closer to the outer shear layer for all
three cases. It was observed that in the recirculation zone, several small vortices roll
upstream from the air side and help oxidise the soot within the outer vortex of the
recirculation zone. Soot carried to the neck zone appears to originate in the inner
vortex rather than in the neck zone, where the measured strain rate is found to be

above 1000 s'!, which is unfavourable for soot to form.

Further analysing the instantaneous correlations between the SVF and the strain
rate throughout the flame revealed that the formation and growth of soot is primarily
controlled by the residence time in these flames rather than the local strain rates.
Given that the entire recirculation zone is a low-strain region (except for the shear
layers where the strain rate exceeds 10,000 s!), it is deduced that the regional strain
governed by the residence time is the soot controlling parameter than the local

strain.

The joint statistics between the SVF and the strain rate were found to be not well-
correlated. That is, the local instantaneous soot is poorly correlated to the inverse
of the local strain rate in the jet propagation region and weakly correlated in the
recirculation zone. A quantitative assessment of the correlation coefficient, R?, is
found to range from 0.33 to 0.68 in the RZ, and 0.29 to 0.37 at r/Rg5 = 0, 0.5 and
0.9 in the jet region, which is consistent with our observation in the joint PDFs.
This provided further evidence that soot is mostly affected by transport and history
of strain rate, rather than the local strain. The statistical analyses also showed that
the strain rate associated with the maximum SVF, which varies along the axial and
radial directions, was found to be around 500 s at the intermediate mixing layer
(IML). Soot is not formed in the high-strain regions (inner and outer shear layers),
so less soot is found in these radial locations. Further downstream, in the neck zone

and the jet-propagation region, the range of strain rate that can be found is
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significantly lower than the recirculation zone; 1000 s is typical of the neck zone
and 500 s is common in the jet region. This finding has direct implication on the
design of these flows and the realisation that soot can survive very high strain rate
and some of it will be transported further downstream, even in highly diluted

mixtures.

Flames with pure methane as the fuel were used to investigate soot formation,
oxidation and transport under increased residence time condition in the turbulent
regime, and to contrast the findings with the previously measured ethylene based
flames. Three flames (MB-1, MB-2 and MB-3) with different operating conditions
have been investigated. Flames MB-1 and MB-2 have a coflow velocity of 14.1 m/s
and Reynolds numbers of 8000 and 15000, respectively. Flame MB-3 has a Reynolds
number of 15000 and a coflow velocity of 20 m/s. The measured methane flames
exhibited similar characteristics to the previously-studied ethylene/nitrogen bluff-
body flames, however with one order of magnitude lower soot loading. Among the
methane flames, substantial differences in the mean SVF and the soot intermittency
profiles for the MB-2 flame was observed. The difference was mainly associated with
the higher mean mixture fraction (calculated) in the recirculation zone comparing in
MB-2 as compared to the MB-1 and MB-3 flames. The leaner mixture fraction in
the MB-1 and MB-3 flames resulted in less soot concentration and higher oxidation
rate. Furthermore, the total integrated soot showed two peaks in the profiles for the
MB-2 flame; one in the RZ and the second one in the jet region. In contrast, only
one maximum was found in the other two flames. Similar to the ethylene/nitrogen
flames it was found that soot in methane fuelled flames in the high strain region
(shear layers) and within the recirculation zone, is transported from the low-strain
core region of the RZ. This reveals that although fuel chemistry has a primary effect
on soot formation, the dynamics of the flow and transport in particular play a pivotal
controlling role that affects soot inception, growth and oxidation in strongly

circulation flow.

The experimental data for all flames are available on the International Sooting

Flames Workshop website for use in model development and validation.
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7.2 Recommendations for future work

Soot formation is a complex process and further interpretation of the soot controlling
parameters requires the simultaneous measurements of the combination of
parameters including SVF, flowfield features, temperature field, OH radicals, PAH,
acetylene, and mixture fraction under conditions relevant to practical combustion

conditions.

In this thesis, simultaneous measurements of SVF and velocity components, were
conducted in order to shed more light on the formation, growth, oxidation and
transport of soot particles in turbulent flames with recirculating regions, bluff-body
flames. The following recommendations are made to further expand our knowledge

in the context of soot formation in such flames:

e Understanding the effect of residence time on soot particles’ size distribution
will be of interest to the community and our understanding of soot growth
and the mechanism that controls it. Therefore, soot particle size measurement
is one the key future activity that can help understand the history of soot
growth under increased residence time;

e It was shown that the formation and growth mechanism of soot particles in
bluff-body flames are acetylene-based whereas in simple jet flames the PAH-
growth is dominant. Hence, quantification of PAH and acetylene is quite
beneficial to better understand the growth mechanism in bluff-body flames;

e The temperature is a key controlling parameter which is inter-correlated with
soot formation and growth in flames. The simultaneous measurements of soot
and temperature for these flames, where the residence time is systematically
increased can develop our understanding of the correlations between soot and
temperature fields under these operating conditions;

e Mixing and the mixture strength, especially in the recirculation zone, are
other key parameters to understand soot formation in these flows. Knowledge
of the instantaneous mixture fraction distribution and its correlation with
soot can help interpret the soot evolution in bluff-body flames;

e Many practical combustion systems operate at elevated pressure higher than
the atmosphere. Since in this research we only dealt with the atmospheric
pressure, and due to the non-linear correlations between soot and pressure,
soot measurement at high pressure is a stepping stage toward practical

applications;
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7.2 Recommendations for future work

Although we have examined two different fuel mixtures in this thesis in order
to assess the soot sensitivity to fuel composition in the turbulent regime, more
complex and practical fuels which are used in the technically-relevant
conditions including n-heptane and DME (Dimethyl ether) are beneficial to

be assessed under different operating conditions.
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Figure A.S1: Calculated temperature together with the mixture fraction distribution

at certain heights above the burner: x/Dpp = 0.3 (left), x/Dpp = 0.6 (middle), and
x/Dpp = 0.9 (right) [19]. The magenta dashed line indicates the stoichiometric

mixture fraction which is 0.078 for the used fuel mixture.

187



A.S2. The residence time calculation

A lagrangian particle tracking method was used to calculate the trajectory of the 1-

nm pseudo-particles injected to the domain from the fuel jet inlet. The exit plane

was selected at the end of the recirculation zone (RZ) where the axial velocity

components are positive. The path was calculated by solving the following equation:
du -

(P — PF) %

_=FD+

dt Pp g

where u is the particle velocity, Fp is the drag force which is a function of velocity,
p and f denoted for the particles and the fluid, respectively [19].
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Figure A.S3: Detailed view of the bluff-body burner surrounded by the air
contractor. (A — Co-flowing air from the wind tunnel; AC — Air contractor; BB —
Bluff-body burner; CP — Heat resistant ceramic plate; Dpp— Bluff-body diameter
(38, 50 and 64 mm); D¢ — Inner diameter of the air contractor (190 mm); dj — Fuel
jet diameter (4.6 m); F— Fuel inlet; H — Honeycomb; M — Mesh screen; t — Thickness
of the air contractor (5mm) and ¥ — Divergence angle of the contractor (14.7°) ).
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Figure B.S1: Radial profiles of the time-averaged soot volume fraction within the
recirculation zone at different heights above the burner (z/Dpp). The symbols are
experimental data while the lines indicate the best fits. Consistent with the entire
paper, the blue, red, and black colours correspond to ENB-1, ENB-2, and ENB-3
flames, respectively.
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Figure B.S2: Radial profiles of the RMS soot volume fraction within the recirculation
zone at different heights above the burner (x/Dpp). The symbols are experimental
data while the lines indicate the best fits. Consistent with the entire paper, the blue,
red, and black colours correspond to ENB-1, ENB-2, and ENB-3 flames, respectively.
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Figure B.S3: Radial profile of the time-averaged (left) and the RMS (right) of soot
volume fraction at different heights in the downstream covering the neck and jet
zones. The symbols represent experimental data whilst the dotted lines indicate the
best Gaussian fits. *The EHN-1 simple jet flame [21, 22] is shown with light blue in
order to compare with ENB flame series.
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Figure B.S4: Axial distribution of probability density functions (PDFs) of soot
volume fraction (top), and shear-strain rate (bottom) within the recirculation zone
at radial locations at 0%, 50%, and 90% of the half-width of the flame (W). The
solid blue, red, and black lines represent the pdfs for ENB-1, ENB-2 and ENB-3
flames corresponding to Dpp = 38mm, 50 mm, and 64 mm, respectively.

Figure B.S5: Probability density functions (PDFs) of soot volume fraction (top), and
shear-strain rate (bottom) distributions in the jet zone at radial locations at 0%,
50%, and 90% of the half-width of the flame (W). The solid blue, red, and black
lines represent the pdfs for ENB-1, ENB-2 and ENB-3 flames corresponding to
Dpp=38 mm, 50 mm, and 64 mm, respectively.

193



o 400 OSL IML ISL =
o Il
S 200 R
“ - S
0 e _ | "
400
o) =
£ 200 s
' = Qm
B e == B
~ T’ Q(D_
2 I
= = &
. N B
It
= T
o )
= )
< g
— =
= T
= 5
S &)
0 4000 8000 0 4000 8000
S [s1] S [s1]
Min EEE s Max
Probability

Figure B.S6: Joint histograms of event probability between SVF and strain rate (S)
along with the different axial and radial locations in the recirculation zone for ENB-
1 flame (Dpp=38mm).
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Figure B.S7: Joint histograms of event probability between SVF and strain rate
along with the different axial and radial locations (0%, 50%, and 90% of the half-
width of the flame, W) in the neck and jet zones for ENB-1 flame (Dpp=38mm).
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Figure B.S8: Joint histograms of event probability between SVF and strain rate
depending on the bluff-body diameter along with the different radial locations at
x/Dpp = 1.2 in the recirculation zones for three flames. Bottom row, ENB-1, middle,
ENB-2, and the top row is the ENB-3 flames.
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Fig. C.S1. Comparison of the axial (U) and radial velocity (V), mixture fraction and
the temperature profiles of CFD results with the experimental data for a non-sooting
bluff-body HM1 flame [41].

198



50
= 30
E/ 20 © Experiment

— CFD

— 10

0t 3

_]0 L 1 L _5 L 1 L 1

0 01 02 03 04 05 06 0 01 02 0.3 0.4 0.5

0 01 02 03 04 05 06 0 01 02 0.3 0.4 0.5
7/Dgs [ -] /Dgg [ -]

Fig. C.S2. Comparison of the axial (U) and radial velocity (V) profiles of CFD results
with the experimental data for the sooting bluff-body MB-1 flame (measured in the

current study).

199



. 80r : :

2 4 =gl - < - Axial Velocity [m/s]
2 3 %/ Den = Radial Velocity [m/s]
. 2 EE07 e =10 Turbulent Intensity
.%‘ 1 ;-po' =+~ Strain rate [1/s]

S ol 8 Hhecasa,

ﬂ -1 »% 30;& }:dM‘:qk'*da}cfsmn‘.-u:og«r?'-k:d.r-""ﬂ“‘ radaes
=

= 4 .gl10fr

o -3

#al & op

?qas ;F{e.‘,:'cq:v_\‘_

B
H *’-.55 ladaqaadqered

5 =1.0

Ygq,
g g
vad g,
e 3

g =1.0
%\;c! _rﬁ‘ﬁ'?i"":““"m\‘]!
) > g
1Y hl A
o L T
T % G0aaqaade™

0.15

o

0.15

0.15 0.3 045

o

=3 Dgg = 0.6 %/Dgg = 0.6 16000
g 3 b B 114000
= 2 1 ' 112000
g1 5 2 ssapan,, L0000
::41; 0 N “(_M‘K‘Nﬂ;ﬁm‘u.u\ra(.-:,,‘wq‘ :ﬁsd xw‘:q‘-"}nh-umm‘MK‘HV(QNSOUU
5 ' R PP 46000
8 [ 20%
=H PRy oo 14000
3 >
& a5 2000
-5 g
_ 3 s0p 16000
i+ = =04 =04
23 B Zg *Dgg P ¥Dgg 14000
1 12000
» 2 50 '
] %’4% o 10000
=) 8, e, 1 SR, a
= 0 % 30 e eI o J $ o sa0a T e
s e 20 E <A‘T:4p:u:r?‘f‘- "F‘g . Fq\fﬁ'ﬁfw- 465000
= —_ [ ) o H n‘@;.‘m"*
=2 Siote Rl By b & 14000
5 - é ) oW .
[~} 0 e . . it 12000
T 4 coe , ‘ Seoeeg
) 0 03 4 045 0

Radial distance (r/Dgg) [ - ]-

Radial distance (1/Dgg) [ -]

Radial distance (1/Dgg) [ - ]

Shear-strain rate [1/s] Shear-strain rate

Shear-strain rate [1/s]

Fig. C.S3: Radial profile of axial velocity, radial velocity, turbulent intensity and
the strain rate for the axial height of x/Dpp= 0.4 (bottom row), x/Dpp= 0.6 (middle
row), and x/Dpp= 1.0 (top row) in the recirculation zone of the MB-1 (left), MB-2
(middle), and MB-3 (right) flames.

200

18
16
14
12
10

18
16
14
12

[SJrap—y

Turbulence Intensity [?]  Turbulence Intensity [?]

Turbulence Intensity [?]



- 5 === Axial Velocity [m/s] _ _ VL.=0.60 B
] 4 gfg, Radial Velocity [m/s) /L= 0.60 ‘ﬂzf 0.60 AT 2000
23 - - = Turbulent Intensity
= 16-
o2 = 140~ & Stain rate [1/s) _1600
5 1 iy 12+ 0000 200
=3 E fe GORade: Fladage leadaakraadaaqaedaesdadaasaddadiitdiddeddandagy
= 2 10
- -1 5 8F
=2 g 6t
g3 89
S 258
-5 0 0
S a0r xEJ,:OAO gmf:040 ‘wf/I,f:O.tIO 000
T oab @isf
g3 R 1600
% 0 % IQNWWWM R ] RIS ae e eI aaadidaqdddedaddadadddddaad
N I | 1800
é 3 5 4 "“:400
[~ 2 4
P 0 0
sp_a0r
WA @18
B3 Els
o 2 14
2 &
51 o 12
< 0 % 10k
b e Hil
g _: % 4 "c“m:ﬂmnﬁwwcﬁa@ewﬂw%
é :1 2 =Soascasooscoanoanaasd
z 0o ' L ' L L '

Radial distance (r/D;) [ - ]
(MB-1 flame)

0 1 2 3 4 5 6 7

Radial distance (r/Dy) [ - ]
(MB-2 flame)

0 1 2 3 4 5 6 7
Radial distance (1/Dy) [ - ]
(MB-3 flame)

—_—

Shear-strain rate [1/s

Shear-strain rate [1/s]

Shear-strain rate [1/s]

Fig. C.S4: Radial profile of axial velocity, radial velocity, turbulent intensity and
the strain rate for the axial height of z/L;= 0.25 (bottom row), z/L;= 0.4 (middle
row), and z/L;= 0.6 (top row) in the jet zone of the MB-1 (left), MB-2 (middle),
and MB-3 (right) flames.
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