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Abstract

Optical visualisation of flames plays an important role in the in-depth understanding
of complex combustion phenomena. In particular, a high-speed camera can provide
nonintrusive and continuous monitoring of flames. Through the recorded images, further
analysis on colour, temperature, flame dynamics, and a variety of other information can
be achieved, which is essential for physical study and numerical modelling. The main
objectives of the present work are to apply visualisation monitoring to different
combustion conditions, quantitatively analyse the combustion performance, and
integrate these analyses with their inherent nature to achieve physical insights into these

combustion phenomena.

First, with the rapid development and popularisation of computer and multimedia
technology, digital image processing technology has received unprecedented attention,
and many new application fields and processing methods have emerged. In the present
work, suitable methods for combustion diagnostics, including schlieren, digital flame
colour discrimination method, a self-developed de-noising method, boundary detection
methods, and a flame chemiluminescence measurement method are introduced and
compared with the general methods. Then, a complementary analysis on the limitations
and the validation of the flame chemiluminescence measuring method are
experimentally examined. The relationship between the chemiluminescence and
equivalence ratio is discussed from the effects of the flame region, fuels types, and

camera sensors via two measuring methods.

Second, in the visualisation application on acoustically perturbed gaseous fuel
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combustion study, the nonlinear coupling interaction effect between a variation of
external excitation and the vortex structure of a lifted jet flame under acoustic excitation
is investigated utilising a high-speed optical system combined with the image processing
approaches in this experiment. The results of the flame structure and dilution behaviour
show how the flame responds to hydrodynamic instability. The harmonics and coupling
frequency peaks of the flame flicking are observed for the combustion instability under
an external forcing frequency. In addition, the turbulent stretching at the shear layer
generated by the excitation lead to flame lift-off. Kelvin—Helmholtz vortices in the

unburnt part play a key role in preventing flame lift-off.

Third, in the visualisation application on gas turbine liquid fuel combustion study,
arange of tests were conducted on a Rolls—Royce Tay combustor test rig. Visual images
of the flame at lean blowout (LBO) were captured by a high-speed camera and analysed
to develop a new model for the evaluation of the LBO performance of alternative fuels.
The results show that the LBO equivalence ratio and soot formation always exhibit
opposite responses, whereby low LBO equivalence ratios and low soot content cannot
be achieved at the same time. The fuel’s derived cetane number (DCN) was observed to
have a considerable effect on the optimisation of the LBO equivalence ratio and was
shown to induce the formation of soot in an acceptable manner. Meanwhile, the
particulate emission results support the hypotheses that not all aromatic species produce

the same levels of smoke and emissions.

Overall, this work improves the understanding of combustion, and contributes
towards the development of tools for flame performance analysis and evaluation. These

benefits could be crucial for future fuels and engines.
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Chapter 1 Introduction

1. Introduction

1.1. Motivation

Although the exploitation and utilisation of renewable energy is on the rise and
developing, a large portion of the global energy requirements still rely on combustion.
In particular, in the transportation sector, increasing population and economic growth
have boosted traffic levels markedly. The tremendous expansion in global energy
demand combined with the energy crisis and the stringent limitations on environmental
pollution has been the challenge and the driving force for combustion research. In
addition to developing new energy sources, using fuel effectively and reducing
emissions are the primary objectives of such research. A thorough understanding of the
mechanism of combustion, comprehensive monitoring, and integrated assessment are

essential for the improvement of combustion performance.

Combustion has been a fundamental research topic in recent centuries. Since
Mallard and LeChatelier first applied the photographic method to flame measurements
in 1883, optical equipment has become indispensable in various fields of combustion
research. The modality of the camera application developed from film to digital and the

recorded image data progressed from generalised to quantitative.

Optical visualisation of flames plays an important role in the in-depth understanding
of complex combustion phenomena. In particular, a high-speed camera can provide
nonintrusive and continuous monitoring of flames. Through the recorded images, further

analysis on colour, temperature, flame dynamics, and a tremendous variety of other
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information can be achieved, which is essential for physical study and numerical

modelling.

In terms of practical applications, consider the endoscope of the engine as an
example. Diagnosis can be performed without demolition through the recording of
images on the ignition states, gas dynamic characteristic, and flame oscillation, which
also enables the detection, recognition, and quantitative assessment of the occurring
damage and material defects. However, each diagnostic technique has its drawbacks.
For example, the borescope is a useful tool for the engine chamber detection. But the
flame images are always blurry due to the violent vibration, the flame fast oscillation.
The selection of the frame rate and shutter speed has a significant effect on the accuracy
of the flame measurement. Low frame rates cause a loss in detail, whereas high frame
rates may lead to signal drop-out. The balancing of these two factors is of importance

during recording.

Therefore, the aim of the research work is to provide instructions on how to
effectively apply the visualisation technique to different combustion conditions and

obtain valuable combustion knowledge with the aid of optical monitoring.

1.2. Objectives

According to the motivations in the previous section, the main objective of the
present work is to apply the visualisation monitoring to different combustion conditions
and acquire new combustion phenomena, integrate these findings with their inherent
nature, and achieve new combustion knowledge. The sub-objectives of the research

carried out in this study are listed below:

e To develop a suitable imaging processing method for combustion diagnostics,



Chapter 1 Introduction

including noise removal, boundary detection, colour selection, and
chemiluminescence measuring.

e To explore the relationships between the chemiluminescence and equivalence
ratio with the effects of flame regions, different fuels, camera sensor sensitivity,
and measurement methods.

e To compare the accuracy of novel and conventional measurement methods.

e To identify the experimental validation of equivalence ratio range for the

different measurement methods, fuels, and cameras.

Apply the visualisation monitoring to gaseous fuel combustion under acoustic

excitation condition:

e To investigate the response of flame features to acoustic excitation, from the
perspective of flame flicking and configuration.

e To explore the principle of acoustically induced dilution behaviour.

e To study the cause and consequences of the acoustically induced lift-off

phenomenon.

Apply the visualisation monitoring to liquid fuel combustion in a gas turbine:

e To evaluate the fuel performance in the transient lean blowout (LBO) and stable
combustion condition on a small spray gas turbine combustor.

e To characterise effects of the physical and chemical fuel properties on the LBO
equivalence ratio and soot formation.

e To examine the air flow rate effect on the LBO performance of the different
fuels.

e To propose a potential method to optimise fuel LBO performance, such as by

blending additives.
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1.3. Outline of the Thesis

The thesis includes three main sections, pertaining to the knowledge and
methodology of the visualisation monitoring, and the application of these methods to
gaseous fuel and liquid fuel combustion. The main structure is shown in the flow chart
Figure 1. Each of the three main chapters includes an introduction, background

knowledge, main body, and conclusion.

Visualization Monitoring

Methodology
&
Validation and limitation

| |

Gaseous fuel application Liquid fuel application

Figure 1 Structure of the thesis

The thesis consists of seven chapters:

Chapter 1 introduces the motivation and objectives of the research and outlines the

structure of the thesis.

Chapter 2 provides the basic knowledge of combustion and cameras.

Chapter 3 presents the imaging processing methodology for combustion purposes.
It also compares the suitable self-developed flame diagnostic methods with the generally

applied conventional methods.
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Chapter 4 presents a complementary analysis to experimentally examine the
methods introduced in the previous chapter. It proves the validation of the colour

modelled chemiluminescence measuring method and limited the validation range.

Chapter 5 applies the visualisation approaches to observe the flame/acoustic
interaction on the premixed flame front dynamic structure. It combines the schlieren and
other image processing techniques to understand the perturbation effect on fuel/air

mixing, particularly the dynamic character of the dilution behaviour.

Chapter 6 applies the visualisation approaches to characterise the effects of the
physical and chemical fuel properties on the LBO equivalence ratio and soot formation.
Furthermore, it evaluates the combustion performance of the alternative fuels from the
aspects of LBO, soot emission, different operating conditions, and blending with

additives.

Chapter 7 concludes the methods and applications of visualisation monitoring on
combustion and presents perspectives of further work that could or should be carried out

in the future.
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2. Basic Background
Knowledge

Combustion is a vast and complex topic and has penetrated into every corner of our
daily life, including energy, transportation, environment, safety, and so on. Moreover,
with the rapid development of digital and computational techniques, many complicated
optical diagnostic systems have been exploited to provide monitoring for combustion
researches. Even only in terms of optical combustion diagnostic, the applications, flame
types, operating conditions, and monitoring purposes are diverse from each other and

it’s impossible to mention all the details in one chapter.

As in this work, the main discussion is the application the visualisation monitoring
to gaseous fuel and liquid fuel combustion and acquire new combustion phenomena.
Therefore, in the section, only basic concept of combustion and optical diagnostic will
be introduced. More details of literature review for each application will be discussed in

its relative chapter.

2.1. General Concept of Hydrocarbon

Combustion

Combustion is a chemical reaction between fuels and an oxidant at high temperature.

The final products of ideally complete combustion are water and CO», but this is hardly
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practical. The instantaneous reaction includes complex procedures. During the reaction,
atoms and free radicals are generated, and electromagnetic radiation and other active
intermediates are released in the forms of light and heat. After the reaction, taking the
most common fuel, hydrocarbon combustion, as an example, the exhaust gas contains

nontoxic gas (N2, H>0O, and CO») and toxic substances (CO, CxHy, CxHyOz, NOx, etc.).

2.1.1. Types of Hydrocarbons

Pure hydrocarbon fuels are compounds of carbon and hydrogen only. They can be
solid, liquid, or gaseous at normal pressure and temperature. The state of these
hydrocarbons is mainly dependent on the number of carbon atoms and their molecular
structure. The gaseous hydrocarbons have fewer than four carbon atoms. Those with a
range between five and nineteen carbon atoms are liquid, while those with twenty or
more are solid. Hydrocarbons have been divided into three main categories: Saturated,

Unsaturated hydrocarbons and Aromatic hydrocarbons, shown in Figure 2.

Saturated —— Alkenes

Acyclic
: i Alkenes
— (aliphatic)
Unsaturated Alkynes
Hyd rocarbon < Alkadienes
Alicyclic
\__Cyclic
(ring)

Aromatic (arenas)

Figure 2. Main categories of hydrocarbons
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2.1.1.1. Saturated Hydrocarbons

Saturated hydrocarbons are also called alkanes, the molecules which contain pure

single carbon—carbon bonds. No additional atoms can be incorporated into their structure.

Hence, these saturated molecules are stable and not very reactive.

Table 1 shows the samples of alkanes. The general formula of an alkane is defined

as CnHon+2, in which the subscripts n represents the number of carbon atoms in the

molecule.

Table. 1: Saturated hydrocarbon naming convention and formulae.

Carbons | Name Molecular Formula Formula Structural
H
|
1 Methane CH4 H=C—H
o
H H
| |
2 Ethane C2He H—C—C—H
| |
H H
Ho 7 \ _H
C (o]
3 Propane CsHs 2N
7/ N\
H H
H
H \C/ \C/
4 Butane C4Hio \C/ \C/ ~H
HT N\ /N
H H
H H
H \C/ \c/ H
5 Pentane CsHiz Il W
> b
H \ 7 N\ / H
H H
"
Y H\C/ H\C/ \c _H
6 Hexane CeHi4 NN T e Y
HT N /N /N
H H H
H H
H\C/ H\C/H H\C/H \C/H
7 Heptane C7Hi6 NN N
H /7 \ 7 '\ L N\ H
H H H H
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n CnH2n+2

2.1.1.2. Unsaturated Hydrocarbons

The molecules of unsaturated hydrocarbons, such as alkenes and alkynes, contain
double or triple carbon—carbon bond(s) in their structure. These molecules are highly

reactive to incorporate other atoms into their structure.

The alkenes and alkynes share a similar general pattern. However, alkenes (CnH2n)
have a double bond between two carbon atoms, whereas alkynes (CnH2n—2) contain a
triple bond instead. The different bonding structures of ethane (saturated hydrocarbon),

ethene, and ethyne (unsaturated hydrocarbons) are shown in Table 2.

Table. 2 Unsaturated hydrocarbon bonds.

Ethane Ethene Ethyne
CH3-CH; CH>=CH» CH=CH
2.1.1.3.Alicyclic

An alicyclic compound is an organic compound that is both aliphatic and cyclic.
Alicyclic compounds can be attached with one or more aliphatic side chains. They
contain one or several pure carbon rings, which may be either saturated or unsaturated,

but do not have aromatic character.

Cycloparaffins, or naphthenes, are saturated hydrocarbons, in which the carbon
atoms are linked to form rings instead of chains as in the case of paraffin. They have the

same base names as paraffins of the same number of carbon atoms but with the addition
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of the prefix ‘cyclo’ as below:

gz H,
N AN
HC  cH, M GH.

L HC  CH,
Hy H, H,
Cyclopentane Cyclohexane

Usually jet fuels contain 25-35% of naphthenes. These are close to paraffins in their

chemical stability, soot-forming tendencies, and high heat of combustion

2.1.1.4. Aromatic

In organic chemistry, the term aromaticity is used to describe a cyclic (ring-shaped),
planar (flat) molecule with a ring of resonance bonds. Compared with the other
geometric or connective arrangements with the same set of atoms, aromatic molecules
have a very stable structure, and hardly break apart to react with other substances.
Certain organic compounds with cyclic structure are classified as aliphatic compounds.
An aromatic hydrocarbon is a cyclic hydrocarbon with alternating double and single
bonds and (4n + 2) & electrons, which have special stability and low reactivity. Benzene

is the most common example (n = 1).

Aromatic hydrocarbons are much more stable than their noncyclic counterparts. The

carbon—carbon bonds in aromatic hydrocarbons are equivalent. They are not alternating

10
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double and single bonds with different lengths. They are all the same length and
equivalent to each other. To show this symmetry, the formulas of aromatic hydrocarbons

often use a circle to represent the m electrons.

2.1.2. Gaseous Combustion

Flames can be classified into three categories: premixed, partial premixed, and
diffusion, depending on whether the fuel and oxidiser have been mixed or not and the

level of mixture prior to the reaction.

1/2000 s

Premixed flame Partial Premixed Diffusion flame
flame

Figure 3 Flame categories: diffusion, premixed, and partial premixed flame

2.1.2.1. Diffusion Flames

For a diffusion flame, the fuel and oxidant are not mixed homogeneously before the

11
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combustion. Normally, the burning of pure fuel directly reacts with the surrounding air.
In this situation, the mixing rate is far lower than the chemical stoichiometric reaction
rate [1]. Thus, mixing rate controls the combustion process and limits the flame speed.
Generally, due to the insufficient oxidiser, the diffusion flame generates soot and burns
slower than a premixed flame. The soot particles are heated to high temperature and

exhibit an orange-yellow colour. A candle flame is a classic example of a diffusion flame.

The Bunsen burner, invented by Robert Bunsen in 1985 [1], is a common piece of
lab equipment to heat up, sterilize, and burn [2]. t can produce both diffusion and
premixed flames by adjusting the amount of the input air and the fuel rate. A schematic
of a Bunsen burner is shown in Figure 4. The left subfigure (a) illustrates a diffusion
flame with a closed air hole, which means only fuel flow is available, as indicated by
the red arrow. The flame colour in the luminous reaction zone is bright orange-yellow

owing to the incandescent soot particles.

|

|
; i
'\

IR !
[ A Ji
/ #— Burned products —*

Diffusion
envelope

Air hole

A .

Fuel inlet

AN

= Air flow

—p Fuel flow

N

(a) Diffusion flames (b) Premixed flames

12
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Figure 4 Schematic of Bunsen burner flames: (a) diffusion flames and (b)

2.1.2.2.Premixed Flames

premixed flames

To produce a premixed flame, the fuel and air are homogeneously mixed in advance

of combustion. The reaction mainly occurs at the interfacial layer between the unburned

and the burned gases. The chemical reaction dominates the reaction rate. The flame

speed is equal to premixed flame propagation speed, which is determined by the balance

of the convection-diffusion-reaction. Figure 4(b) shows a schematic premixed flame in

a Bunsen burner with the addition of the air flow (blue line). The air enters the pipe of

the burner and mixes with the fuel. The flame colour in the luminous reaction zone is

blue-green owing to the chemiluminescence. The details of the chemical reaction

structure and products are shown in Figure 5.

Oxidation
Layer

Inner Layer

Preheat
Zone

preheat zone ; !oxidation layer 2000
1 0

i e
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Figure 5 Structure of propane premixed flame

* Preheat zone: heating up the reactants

* Inner-layer: radical formation
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* Ocxidation-layer: finishing the remaining reactions

2.1.2.3. Partially Premixed Flame

fuel-pyrolysis zone
soot-inception zone

soot-growth zone

soot-oxidation zone

CaH,

©©©©©

Figure 6 The structure of partially premixed flame [3]

Before burning at the nozzle, the fuel and part of the stoichiometrically required

oxidiser have been mixed. However, the supplied oxidiser is insufficient to support the

completed reaction; thus, the further reaction of the residual unburned fuel and the

intermediates of the oxidation reaction will rely on surrounding air in the space and

continuously burn as a diffusion flame. That will cause the combustion to generate a

flame with the characteristic of both premixed and diffusion flame features, as shown in

Figure 6. This flame is a so-called partially premixed flame.

14
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2.1.3. Liquid Combustion

Liquid fuel is considered as the life blood of the industry. Modern vehicles such as
cars, diesel locomotives, airplanes, and ships use liquid fuel to generate the driving
power. The ubiquity of liquid fuels is due to their many advantages. For example, for a
given mass of fuel, the volume of liquid and solid fuels is similar, which is far smaller
than that of gas. However, liquid fuel has double the calorific value of coal. In addition,
the liquid fuel has the characteristics of fast burning, easy control of combustion process,

sufficient burning, and no residuals.

Liquid fuel combustion is mainly carried out in the gaseous state. Namely, the liquid
fuel needs to vaporise to form a fuel vapor, then mixes with oxygen in the air to burn.
Liquid fuel combustion is also a type of gaseous combustion, with the difference being
the additional evaporation gasification process. Obviously, the burning time of liquid
fuel consists of three parts: evaporation, diffusion mixing, and chemical reaction. The
chemical reaction is very rapid, whereas the evaporation process is the slowest part.
Therefore, the burning rate of liquid fuel mainly depends on the evaporation rate, which

is called the volatility.

In general, the rate of evaporation of a liquid fuel depends on factors such as the
contact surface area between it and the surrounding air, temperature differences,
concentration differences, and fuel diffusion coefficients. Among these factors,
increasing the contact surface area with air is a key factor. Atomisation devices are used
to atomise the droplets into a fine droplet group, which is an important method to
increase the evaporation surface area and improve the burning rate. It has been found
that smaller droplets can burn with a premixed flame, owing to complete evaporation

and burning [4]. In addition, this sufficient burning performance leads to reductions in

15
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the NOx and particulate matter (PM) [5].

Atomising combustion is a complex process involving simultaneous exchange of
heat, mass, and momentum, and chemical reactions. Owing to the complexity of the
process, it is difficult to obtain detailed and accurate information on the combustion of
liquid fuels by studying atomisation combustion. Therefore, two research methods are
commonly used for liquid fuel combustion: single droplet combustion and spray

combustion.

2.1.3.1. Liquid Fuel Spray Combustion

The basic principle of droplet separation is to use external forces to increase the
surface of the liquid until it becomes unstable and broken. The process of droplet
generation from a liquid depends on the flow properties (laminar or turbulent flow) of
the liquid in the atomising nozzle, the method for adding energy to the liquid, the
physical properties of the liquid, and the properties of the surrounding atmosphere. The
liquid jet itself is subjected to the initial turbulence and the action of the surrounding gas
on the jet (pulsation, friction, etc.), which causes the surface of the liquid to fluctuate,
wrinkle, and eventually separate into liquid fragments or filaments. Then, under the

influence of surface tension, liquid fragments or filaments shrink into spherical droplets

[6].

Pressure atomisation uses a pressure decrease at the nozzle inlet to achieve the
separation of liquid droplets from the liquid jet. Air blast atomisation uses air as an

atomising medium to separate droplets from the liquid fuel.

There are two important parameters that affect the atomisation process. One is the

relative velocity gradient between the liquid fuel jet and the surrounding gas. The other

16
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is the pressure difference before and after the atomising nozzle. The size of the droplet
group will be finer with a larger pressure difference, higher relative speed, and faster

atomisation process.

U cumpte o
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a) 0.10MPa b) 0.15MPa c) 0.20MPa d) 0.25MPa

E A E o4

h) 0.60MPa i) 0.70MPa i) 0.80MPa

Figure 7 Spray images at different injection pressures [7]

Several mechanisms have evolved into the fuel jet break-up process. Two
dimensionless numbers, Weber number and Ohnesorge number, are used to characterize

these mechanisms.

The Weber number is the ratio of the inertial force to the surface tension force. It
determines which is dominant between the kinetic and surface tension energy. It can be

expressed as:

_ pg(v — vg)zdl Equation 1
o

Weg

where, p: the density of the fluid in gas phase (kg/m?).
vy, Uy the velocities of liquid and gas phase (m/s).

d;: the characteristic length, typically the droplet diameter (m).
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o the surface tension (N/m).

The Ohnesorge number is a dimensionless number used in fluid mechanics to

measure the relationship among the viscous forces, inertial forces, and surface tensions.

Equation 2

23]

\Vp1di0

Ohd S

where p;: the viscosity of the liquid.

p1: the density of the liquid.

/"\_4/

b)First wind c)Second wind d) Incomplete Complete
a) Rayleigh induced induced ) ,tomlz‘:,ﬂon e)utomi'z,aiion

Figure 8. Scheme of spray structure for different atomisation regimes [§]

At the low velocity of the fluid condition, the break-up process is dominated by
Rayleigh mechanism, which is the competition between the surface tension and inertia.
With the increase in the jet velocity, the mechanism transitions to the first wind-induced
regime, where We is nearly 1. For high Weber number from 10 to 40, the jet can be

atomised completely right out of the nozzle.

2.1.3.2.Droplet Combustion
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The complex liquid spray combustion is assisted with multidimensional fluid
dynamics, diffusive processes, heat transfer, and combustion/emissions chemistry.
Droplet combustion is a simplified and basic sub-subject with the features of
unidimensionality, time-dependence, and easy manipulability, which is critical to

understanding, developing, testing, and validating the spray combustion performance.

The droplet combustion also reveals further details of the fuel burning performance
The first droplet study dates back to the 1950s by Godsave [9][10], Kumagai [11] and
Spalding [12]. They presented the D?-law which is the classical theory to describe the

droplet evaporation and combustion, shown in Equation 3.

D,? = Dy* — Kt Equation 3
where D;: temporal droplet size;
Dy: initial droplet size;
K: burning rate constant (mm?/s);

t: burning time.

Currently, with the development in experimental and numerical technology, our
understanding has deepened and more phenomena during the transient droplet burning
process have been tracked [13,14], especially for the optical diagnostic methods. Further

descriptions of these techniques are introduced below.

2.1.4. Fuel-Air Ratio

The fuel-air ratio (FAR) is the mass ratio of fuel to air in a combustible mixture and

commonly used in the gas turbine combustion.
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Myir

Meyer Equation 4

The FAR is an important parameter in the engine running. It has a great influence
on exhaust emissions, engine power, and economy. In the ideal situation, the supplied
air can be consumed completely by the available fuel, with a so-called stoichiometric
mixture. However, it can be hardly achieved in practical engine applications, which will
be affected by the atomisation degree, burning duration, pressure, dilution condition, etc.
The equivalence ratio is a dimensionless parameter defined to express the mixture degree
of the fuel and air. It is the ratio of the actual FAR to the stoichiometric FAR, as

mathematically described in Equation 5.

_ FARactual _ (mfuel/mair)actual _ (nfuel/nair)actual
FARstoichiometric (mfuel/mair)st (nfuel/nair)st

Equation 5

where m is the mass and # is the number of moles, the st is short for ‘stoichiometric’.

The value of the equivalence ratio is regarded as an indicator to determine the

combustion condition is fuel rich or fuel lean.

¢ >1 : fuelrich

¢ <1 : fuellean

The most common way to determine the stoichiometric ratio for the different fuel-
to-air combustion is through the balancing of the chemical equation to convert reactants
to exhaust products. For mixtures of hydrocarbon fuel and air constituents, the chemical

reaction can be balanced via [15]:
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79 y 79 )
CxHy+a(02+ﬁN2) - xC0, +§H20+aZN2 Equation 6

Thus, the stoichiometric ratio can be defined as:

m Mc,H
(—f> = <#> Equation 7
m, axm,

For example, when methane (CH4) reacts with oxygen (O2), the stoichiometric
chemical balance equation is given by:

CH, + 20, =C0, + H,0 Equation 8

which means 1 mole of propane consumes 2 moles of oxygen stoichiometrically

Ncy, :MNo, =1:2 Equation 9

Dry air contains 20.95% oxygen and rest of other gases, hence,

2 2
Vet Vair = 1:—V02 =1 ooy, = 1: 955 Equation 10
Vair

2.1.5. Flame Colour

Experimental spectroscopy is concerned with characterising the absorption,
emission, and/or scattering of electromagnetic radiation by atoms or molecules. The
most well-known region is associated with the wavelength range sensitive to human
vision. The human eye is sensitive to a broad band of wavelengths with the approximate
range 350750 nm (see Figure 9). The visible spectrum represents only a small fraction
of the full electromagnetic spectrum. Within the visible spectrum certain wavelengths
give rise to certain visual sensations. For example, the shorter wavelengths are perceived
to be violet and blue, and the longer wavelengths are perceived as red. The shorter-

wavelength photons with higher frequency carry higher energy.
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Figure 9 Visible light spectrum [16]

For the hydrocarbon flame, the oxygen supply and the pre-mixture level is the
dominant factor for flame colour, because they determine the combustion rate,

temperature, and reaction path, which lead to different colour generation.

The Bunsen burner diffusion flame consists of hot incompletely burned soot
particles at approximately 1000 °C. These particles produce a continuous band of light
with a peak dependent on the temperature, in accordance with the black-body radiation
spectrum. With the increase in the temperature, the diffusion flame colour changes from

red, transitioning through orange and yellow to white.
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Figure 10 Hydrocarbon fire typical emission spectrum [17]

With the increase in the oxygen supply, sufficient burning releases higher energy to
excite the molecules. When the atoms of a gas or vapor are excited, by heating or by
applying an electrical field, their electrons are able to move from their ground state to
higher energy levels. As they return to their ground state, they emit photons of very
specific energy, as represented by the schematic of the procedure shown in Figure 11.
These energies correspond to particular wavelengths of light, and thus produce particular

colours of light.
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Figure 11 Photons of light are emitted as an electron drops back to its ground

state after being excited

As mentioned in Chapter 1, the reaction mechanism for converting reactants to
products during combustion does not happen in a single step. Instead, it involves the
formation of many short-lived intermediate chemical species that carry the reaction from
one process to another. In combustion studies, the accompanied emission of photons as
excited species drop back to their stationary states is known as chemiluminescence. The
wavelength of radiation emitted is a characteristic of the particular fuel type and its
chemical transition process. Usually, the band spectral emissions from excited OH* CH*
and Cz*, in the UV-VIS spectrum are dominant emissive features in premixed

hydrocarbon—air flames.

Consequently, our perception of flame colour is based on this emissivity in the
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visible wavelength. For hydrocarbon flames, the visible emanating energy can be
attributed to the spectra of electronically excited combustion radicals of CH * (430
nm), C,” (C,” Swan system, dominant emissive band head at 473.71 nm and 516.52

nm), and the continuous spectrum from solid carbon/soot.
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Figure 12 Chemiluminescence spectra of premixed atmospheric methane—air

flames at different measured equivalence ratios [18]

Figure 12 illustrates a sample flame emission of a premixed flame in the UV-VIS
spectrum. Three main emissive systems are observable for the CH ¥ out of which, the
431 nm system is one of the most prominent with a characteristic degradation profile
towards the shorter wavelength. The other of the most dominant emissions is C,” with
prominent band heads at 474, 516, and 563 nm. For both CH *and C,”, their production
is known to be limited to the primary and secondary reaction zone. However, OH *
emission can be observed from both the primary and secondary reaction zone of the
flame, with the strongest emission from the 306 nm system. In terms of visual flame
colour perception, it is this mixing of chemiluminescent emissions in the VIS spectrum

that contributed to the classical human visual association of a ‘green-blue’ premixed
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flame colouration.

The intensity of the energy released by these spectra is related to a number of factors,
such as burning condition, fuel composition, and fuel-to-oxidiser ratio. Such variation
would consequently affect the colour perceived from a given flame. Thus, the colour of

a flame can be used to obtain information on its general spectrometric composition.

2.1.6. Emission

There are a wide range of gaseous pollutants, but with the increasing number of
vehicles and high demand for transportation, the fuel combustion is considered as the
most influential the source of pollutants. For hydrocarbon fuels, the main exhaust gas
contains nontoxic gases (N2, H.O, and CO,) and toxic substances (CO, CxHy, NOx,
etc.). Of these, CO» is also termed a greenhouse gas, which leads to global warming and
NOx comes from excessive temperature and smoke emission, normally known as PM.
CO; and PM have attracted extensive societal attention, because they are not only
harmful for human health, but also detrimental to the environment. CO2 is an
unavoidable product of sufficient burning, but PM is produced by incomplete
combustion, which is mostly made up of soot particles with irregular shapes, size,

chemical compositions [19,20].

PM can be easily controlled for gaseous fuels, but the elimination of residual
insufficient fuel particles in fossil fuels is still a challenging research goal. Soot exhibits
a bright yellowish sooty flame during combustion, owing the hot temperature. After
cooling down, it becomes very refined small black particles, suspended in the air or

settling on surfaces [21].

The statistics show [22-24], that there is a close relationship between the yearly
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increase in the morbidity and mortality of respiratory diseases and the PM emissions.
PM has been regarded as the one of the most serious respiratory health risks, leading to
cardiopulmonary complications [25,26] in both the short term and long term. Kelly’s
study [27] revealed that the effects of inhaled PM deposition on lung function are
depending on its toxic chemical properties and exposure duration. Heyder [28] reported

that the size, shape, and density of the particles also play an important role.

2.2. General Optical Methods for
Combustion Research

2.2.1. Shadowgraphy

The shadowgraph method was developed by Robert Hooke [29] and applied to flow
dynamics research by Vincenz Dvorak [30]. Since then, this method has been
extensively implemented in fluid dynamics [31-34], thermal dynamics, acoustic[35] and
combustion experimental research. Typical parallel shadowgraph setup and sample

image are shown in Figure 13.

Camera

Lens Lens

Lens

& @

Point light source

Test sample
(a) (b)
Figure 13 (a) Light shadowgraph setup; (b) sample shadowgraph of a bullet

moving in stagnant air [36]

With the help of the shadowgraph tracking method, Kobayasi [37] calculated the
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burning rate of different fuel blends. Ahmad observed different nucleation size and
location inside a burning water and diesel emulsion. Many other experimental works on
droplet evaporation and combustion have been carried out with the aid of shadowgraph

imaging for tracking droplet size and appearance [38].

2.2.2. Schlieren

Refraction occurred when the light rays travel through inhomogeneous media. The
original path of the rays is bent which led to Schlieren. Schlieren imaging relies on
deflection of light by a refractive index gradient. The refractive index gradient is related
to flow density gradient. The flow density gradient is vertical to the knife edge. The knife
edges which block some of the undisturbed light, then contribute to different degrees on
screen illumination [39]. In 1665, the first Schlieren system was composed of a convex
lens and two candles and observed by Robert Hooke. The candles were used to provide
a light source and air flow [40]. After improvement, schlieren systems are widely utilized
to explore the invisible phenomena and objective by hundred years. Until today,
schlieren are exerted in military field. Stealth planes are manufactured by the advanced
technique, reduced radar reflected waves. Even so, the air vortex path is non-removable
with existing technology. As a consequence, schlieren cameras are used as anti-stealthy

technology [41].

In physics, schlieren imaging was widely applied on fluid dynamics study. A
standard Z-configuration parallel-light schlieren system is a common setup in the
laboratory. It is composed of a point light source, two spherical concave mirrors in
parallel direction, a high-speed digital camera and a knife-edge placing ahead the camera
Figure 14. Generally, a condenser lens and a board with a small hole are exerted to

provide a bright slit of light source. The light source is placed one focal length away
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from the first mirror A. Then the light is bent by mirror A, the refracted ray passed

through the region of interest. Finally, the mirror B collimated the ray towards the

direction of the camera and knife-edge which will block some light. The knife-edge

which is placed at the focal point in order to view a light or dark area on the screen [40].

knife edge
camera

Mirror B Mirror A

L field
refracted ray of interest

\
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2PN slit
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SN

// ™ condenser lens
Vi
arc

Figure 14 A standard Z-configuration parallel-light schlieren system [40]

Schlieren imaging is sensitive to the density gradient change; hence, it is frequently

used aerodynamics and thermodynamics. Similar to shadowgraphy, it uses a point-light

and the convex lens to generate the parallel light rays passing through the test region.

The difference between schlieren and shadowgraphy are listed below:
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Shadowgraphy Schlieren

Displays a mere shadow Displays a focused image
Shows light ray displacement Shows ray refraction angle, €
No knife edge used No knife edge used

Second derivative of density First derivative of density

This technique was applied to study droplets by Kumagai et al. [42]. However, they
claimed the schlieren method was not suitable for droplet and flame boundary detection.
Later on, Reichenbach et al. [43] published experimental work on droplet ignition and
flame propagation based on a schlieren optical setup. Okajima and Kumagai [44] used
the schlieren method to observe the hot gas zone of the droplet under zero-gravity
condition. Recently, Ahmad released his study on emulsion droplet microexplosion with

schlieren imaging and shadowgraphy, as shown in Figure 15.

A £o-2

Schlieren Qtive diameter

(a) (b) (©) (@ ()

Figure 15 Comparison of the droplet microexplosion images obtained by

shadowgraph and schlieren methods

2.2.3. Backlighting Imaging

Backlighting imaging is now the most widely used droplet tracking method. This is

not only because the test platform is easy to set up, but also because it can detect very
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pronounced changes inside and outside the droplet with sharp boundary. Examples of
backlighting images are shown in Figure 16. Furthermore, the zoom in degrees can be
easily controlled, which means it can provide the most suitable magnification and

maximally yield the expected results.

370.4 ms 415.4 ms 422.9 ms

485.1 ms

544.9 ms 549.5 ms

Figure 16 Different nucleation sites inside burning water and diesel emulsions

droplet

Jain et al. observed the droplet breakup pattern at different Weber numbers [45],
Cheng [46] combined the direct imaging and backlighting to study the effect of initial
droplet diameter on combustion. Ahmad recently studies the bubble burst and puffing

behaviour with backlight imaging.

2.2.4. Self-illuminated Direct Imaging

Different from the methods introduced above, which focus on the study of the
droplet, self-illuminated direct imaging is mainly focussed on the flame region when the
droplet burns. In this method, the light of the flame is the only illumination. In addition,

it is best carried out in total darkness to avoid the background noise effect. Mikami et al.
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[47] implemented direct imaging to track the flame propagation and Marchese et al.
studied the emission of radicals. The intensity of the droplet flame have been studied by
Ambekar et al. [48]. The following studies in this work are based on this method applied
to water and diesel emulsion ignition, burning, and puffing performance. The bore scope
system is one of the self-illuminated direct imaging method has been used on
combustion chamber monitoring, samples [49] shown in Figure 17. It can give a direct
observation of combustion for further the spatial flame temperature and sooting profile

analysis [50].

5° ATDC 10° ATDC 15° ATDC 20° ATDC 25° ATDC 30° ATDC

Mz20

DIESEL

-
25

5° BTDC 5° ATDC 10° ATDC 15° ATDC 20° ATDC  2s5° ATDC  30° ATDC

Figure 17 Sample of combustion visualization in cylinder

2.2.5. Particle Image Velocimetry (P1V)

PIV has been applied to measure the velocity distribution of the flow with or without
the vortices. The principle of PIV measurement is to capture a moving object from two
photographs which the time between these two photos are measured. So, the speed and
direction of this object can be identified. The flow field is measured by a PIV system

which consists of a laser sheet generator, a laser pulse synchroniser, a seeding generator,
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a data acquisition system and data analysis software, as shown in Figure 18. Practically,
the tiny particles are applied in the measuring area represent as the moving object. These
particles are extremely fined, small, and light, they can easily follow the motion in the
flow velocity field. These tiny particles also can scatter the laser light. The camera can
easily capture the successional photos of these particles within a short time interval. The
camera and the laser pulse are synchronised. The flow trace of these particles in the two

successional images can be analysed by data post processing.

synchroniser
Camera Y

—

/ Laser sheet
IZ( ND:YAG Laser }———-

Seeding generator /\'> ND:YAG Laser

\ control system
T e

Figure 18 PIV system setup

2.2.6. Laser Induced Fluorescence

The laser induced fluorescence (LIF) was first implemented on flow measurement
was in 1982 and it has widely applied technically in flow dynamics research areas. LIF
techniques is based on the fluorescence the principle, in which the atoms or molecules
being excited to a higher energy level when absorb the specific electromagnetic radiation
form the laser light. The different number and types of the atoms and molecules exhibit

different level of fluorescence intensity. Therefore, the intensity variation can be utilised
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to measure the concentration, temperature, velocity and pressure distribution of the flow.
The Planar LIF is successfully implemented in combustion study to provide two-

dimensional radiations concentration and distribution.

2.2.77. Others

There are many other methods for different diagnostic purpose. Stereoscopic
imaging technique or it combined with other optical system can used for flame 3-D
reconstruction [51-53]. Tomgraphic PIV provides a cross-sectional structure and
velocity field of flame [54—56]. Mie scattering images is used to estimate fuel/air mixing

behaviours based on the mass fraction parameter [57,58].

2.3. General Concept of Vision Systems

2.3.1. Camera Evolution

Cameras evolved from the camera obscura and continued to change through many
generations of photographic technology, including daguerreotypes, calotypes, dry plates,

film, and digital cameras.

Daguerreotype camera, 1839 Dry plates, 1871
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Brownie box film camera, 1910 Sony digital camera, 1981

Figure 19 Camera development history

The camera has become an indispensable part of people's modern lives. It can be
utilised to record memorable moments, describe the little drops of life, help police solve
cases, and it also is a very powerful scientific research tool. Compared with tedious
written descriptions, images are more attractive, spreadable, and contain extensive

detailed evidences.

For photographic film, each film includes two basic components: a single or
multiple emulsion layer and a photosensitive emulsion layer support (substrate). The
photosensitive material suspended in gelatine is a silver halide grain. The particles are
so fine that they can only be observed under high magnification. An area of one square
inch of typical emulsion film contains approximately 40 billion silver halide crystals.
The film sensitivity is lower with smaller silver halide particles, but the resolution and

texture are better.

When the photosensitive layer of the film is exposed, a photon of energy hv acts on
the silver halide crystal. Halide ions first absorbs the light quantum, release a free,
electron, and becomes halogen atom. The halogen atoms make up the halogen molecules
and leave the crystal, and the lattice structure is absorbed by the gelatine. The free
electrons move to the photo centre and are fixed quickly. Thus, the photo concentration

centre has become a charged body with many negative electrons. Silver ions in the
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crystal lattice are driven to the electrons by the electric field, and silver ions in turn
capture the electrons gathered in the light-sensing centre. As consequence, the silver ions
are reduced to silver atoms. The reduced metal silver atoms are also fixed in the
photosensitive centre, and thus the photosensitive centre further expands the enlarged
photosensitive centre and continues to capture the photolysed electrons. As the cycle
repeats, the photographic centre continues to grow up to a certain extent until the
exposure is appropriate. Then, the photographic centre formed by the imaging centre of
the imaging core. The latent image is constituted by numerous developing centres and
undergoes a post-chemical development and the fixing process to form the required

images [59].

In 1975, Steven Sasson at Eastman Kodak invented digital camera. The
photosensitive element is based on electronic transfer instead of a chemical reaction.
This gives more opportunity to manipulate picture and acquire the optical information

under the appearance.

2.3.2. Digital Vision System

For digital image systems, the principal types of sensor are the charge-coupled
device (CCD) and complementary metal-oxide—semiconductor (CMOS). There are four
primary functions for the image sensor: photon conversion, charge accumulation/

collection/storage, charge transfer/readout, and signal measurement.

2.3.2.1.Image Sensors

In the late 1960s, Bell Laboratories in the United States proposed the concept of

solid-state imaging devices. Since then, it has developed rapidly and has become an
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important branch of sensing technology. It is an indispensable peripheral for PC

multimedia, but also a core device in monitoring.

The image sensor is the core system of a camera. For both CCD and CMOS image
sensors, the principle of the silicon photoelectric effect is used for the optical detection.
The photodiode structure receives incident light and converts it to an electrical signal.

The major differentiator is the pixel photo-induced charge readout method.

CCD

CcCD

Photodiode

(Pixel)
Charge Transfer Light
Register (V-CCD)
Outaut 81 : Amplifier .
utput Signa
(Voltage) e——edf Charge

Charge Transfer
Register (H-CCD)

Figure 20 CCD Sensor

After receiving light, the photosensitive element produces a corresponding current.
The power of the current corresponds to the light intensity, such that the photosensitive
element directly outputs the analogue electrical signal. In the CCD sensor, the
photosensitive elements do not further process the signal, but it is directly outputted to
the next photosensitive element of the storage unit, combined with the analogue signal
generated by the element and then outputted to the third photosensitive element, and so
on, until the last combined signal of a photosensitive element to form a unified output.
As the light-sensitive components of the electrical signal are too weak and cannot be
directly converted from analogue to digital. These output data require unified
amplification. After the amplifier processing, the electrical signal intensity of each pixel

is increased by the same amplitude.
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Figure 21 CMOS Sensor

In most CMOS devices, each pixel has several transistors, which can individually
function to amplify and convert the charges from the photodiode to digital signals. Signal
amplification in CMOS sensors is processed on the basis of each pixel. This method can
prevent invalid transfer operations. Therefore, CMOS can perform fast data scanning

with low energy consumption while reducing noise.

The characteristic of CCD is to keep the signal intact during the transmission
(exclusive channel design), and to maintain the integrity of the data through collection
from each pixel to a single amplifier for unified processing. The CMOS process is
relatively simple; there is no dedicated channel design, and thus the signal must be
amplified first before the various pixel data are integrated. Because CMOS has an
amplifier next to each photodiode, millions of pixels require more than a million
amplifiers, and even though they are made under uniform manufacturing, each amplifier
shows slight difference. Therefore, it is difficult to achieve synchronized amplification;

compared to a single-amplifier CCD, CMOS generates more noise.

The light sensitivity of a CMOS chip is relatively low, because each pixel is
accompanied by several transistors. Hence, when the photons hit the chip, some of them

hit the transistors instead of the photodiode.
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The main advantage of CMOS is its lower power consumption. Unlike CCDs, which
are composed of diodes, CMOS circuits have almost no static power consumption and
only consume power when the circuit is on. This makes the CMOS power consumption
only approximately 1/3 of that of a normal CCD, which helps to improve people's bad

impression on the digital camera.

In the study of combustion with visualisation, flame is a fast-moving process. A high
shutter speed is required to capture its instantaneous behaviour. A high resolution and
good sensitivity can yield a finer quality of images. The charge information stored in a
CCD needs be transferred under the control of the synchronisation signal before being
read. The charge information transfer and read output require the cooperation between
the circuit and three different power supplies. Hence, the entire circuit is more complex
and slower. A CMOS photoelectric sensor generates a voltage signal directly after the
photoelectric conversion. The signal reading is very simple, and it can simultaneously
process the image information of each unit. The working process is much faster than that

of the CCD. Thus, the CMOS sensor is more suitable than the CCD for this research.

2.3.2.2.Camera Sensor Response to the Spectrum

(a) (b)
Figure 22 Colour filter arrangement for film (a) and digital (b)
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The film colour sensor uses a three-layer structure. Their colours from top to bottom
are blue, green, and red, and each layer records one homologous colour. The layer
position arrangement is based on the principle that silicon absorbs different wavelengths

of light to different depths.

Most digital colour sensors use a Bayer filter mosaic, which is a colour filter array
for arranging RGB colour filters on a square grid of photosensors. Each pixel is covered
with a filter and records just one colour; four pixels are in one group including one red,
one blue, and two greens. Hence, it is also named a BGGR filter. The reason for the
uneven primary colour filter distribution is to match the human spectral sensitivity by
sampling the G signal at a higher rate than the other primary colours. The incoming light
beam is passed through the beam-splitters and the three filters. Each sensor gets an
identical image, but only responds to one of the primary colours according to its

particular filter.

2.3.2.3.Colour Model

RGB colour model

RGB colour space is based on three primary colours: red (R), green (G), and blue
(B), with different degrees of superimposition to produce rich and extensive colours,
with a so-called three-color model. RGB space is the most commonly used colour model,
with most televisions and CRT monitors using this model. Any colour in nature can be
represented by a mixture of red, green, and blue light components. In nature, there are
infinitely many different colours, but the human eye can only distinguish a limited
number of different colours. The RGB model can represent more than 16 million

different colours and is very close to nature's colour. It is also known as the natural colour
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model.

For image processing, RGB is the most important and common colour model. The
RGB colour model can be presented in a cartesian coordinate system with RGB as the
three axes, as shown in Figure 23. Eight common colours, black, blue, green, purple, red,
yellow, and white, are represented by the eight vertices of the cube. Black is usually
placed at the origin of the three-dimensional Cartesian coordinate system. The primary
colours red, green, and blue are along the x, y and z-axes, and the entire cube placed

within the first quadrant.
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Figure 23 3D display model of the RGB colour.

All the other colours can be presented by different combinations of these three

primary colours, as shown in Equation 11.

Colour = [Ig, Ig, Ip] Equation 11
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where [ refers to the value from darkness to brightness of each primary colour. The range
of each parameter follows the grey scale: R: 0-255; G: 0-255; B: 0-255 from black to
white. If value of three primary colours intensities are the same, the output colour is

along this grey scale axis.

HSYV colour model

Whereas RGB is defined in relation to primary colours, which is hard to describe
colour, HSV is a more understandable model to represent colour, as it is defined similarly
to how humans perceive colour [60]. HSV is an acronym for three components: hue,
saturation, and value, which stand for colour, brightness, and intensity, respectively. The
HSV colour model space describes colours in terms of their shade and brightness value,

and the colours are specified in a conical coordinate system, as depicted in Figure 24.

Figure 24 HSYV colour model

Within the colour wheel, the colour in the hue coordinates is expressed as the
angular degree from 0 to 360. For instance, reddish colour is in the angle range of 0°—

60°, greenish are located at 120°-180° and blueish are near 240°-300°. Saturation refers
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to the colour vividness, also known as colour purity. The degree of saturation depends
on the proportion of the colour-removing component (white or grey) in the colour. The
colour gradually fades out as its saturation decreases. The saturation is defined in the
range of 0 to 1 from the white centre of the panel to the primary colour at the panel edge
along the radial axis. The value is given as the depth along the achromatic line to describe
the brightness or intensity of the colour, from 0%—100%, where 0% at the bottom means
completely black and 100% is the brightest. Therefore, the HSV colour space is a
convenient model for colour selection by picking the range of the colour spaces and

adjusting the shape and brightness value for a certain hue range [61].

By take advantage of this, Smith [62] presented the standard transformation

algorithms to convert a colour from the RGB model into the HSV model:

(227 f R=M
Max — Min if - Max
! B—R Equation 12
H={2y_2"" _
2-I_Max—Min if G=Max
4+ k-G [ B=M
\" " Max — Min 2 - Hax
H' .
H' == % 360 Equation 13
6
= {H, if H'>0 Equation 14
H' +360 if H' <O
0 if Max =20 -
S = Min(R,G,B) oh . Equation 15
Max(R.G.B) erwise
V = Max(R’ G, B) Equatlon 16
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2.3.2.4.Shutter Speed

In photography, shutter speed defined as the length of time the camera's shutter is
open to let the sensor ‘see’ the scene. The amount of light that reaches the film or image
sensor is proportional to the exposure time. If the shutter speed is lower, more light will
enter into the camera with longer exposure time, and with higher shutter speed less light

will get through.

In addition to its effect on exposure, shutter speed can have a dramatic impact on
the appearance of moving objects. Very short shutter speeds can be used to freeze the
moment of fast-moving subjects, such as a flying bird. Very long shutter speeds are used

in very-low-light situations or intentionally to record the blurry trace of a moving subject.

For flame observation, fast shutter speeds can record more detail of the movement
of the flame dynamic. However, high shutter speed causes signal drop-out. In this
experiment, the effect of shutter speed has been tested against the V-shape premixed
flame. The results were compared qualitatively and quantitatively with the aid of image

processing, such as boundary tracking and intensity calculation.

Figure 25, the first column shows the results of a high-speed camera with different
frame rates from 50 fps to 5000 fps. It is obvious that with the increase in the frame rate,
the blue colour gradually fades out. The horizontal axis shows the times of enhancement
processing. Each image has been enhanced to the limit of overexposure. From the results,
the blue stains in each picture have been effectively selected and strengthened, even for
the image in the high-frame-rate condition, in which the blue stain cannot be recognised

by the naked eye in the original picture.
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Figure 25 Result of the flame picture after enhancement

Figure 25 presents one selected example of images in each time series taken at
different frame rate. It can be seen that with the increase in the frame rate, the visibility

of the flame is gradually weakened owing to the shortened exposure time. The flame is
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nearly invisible by naked eyes at a frame rate of 500 fps. After the enhancement by an
innovative digital imaging processing program, the entire flame is clearly shown in the
picture. At 50 fps, the flame is bright and smooth, which means the flame has a time-
averaged appearance. To enhance the image at shorter exposure time, the blue colour
flame pixels are identified and extracted. Then, these classified pixels will be selectively
enhanced for easy observation and analysis. By careful observation, it can be seen that
in the images taken at 500 fps, there are many black ‘holes’ in the image, although the
pattern of the flame is clear. The observability of details has decreased owing to signal
drop-out. From a frame rate of 1000 fps and higher, the whole flame cannot be visualised
with confidence, even after enhancement. At 3000 fps, the boundary of the flame is
obscured, and only the brightest part of the flame can be seen. At 4000 fps, the flame

fades into a flickering light spot.

The processing provides a great advantage of using a conventional camera for
monitoring flame properties based on the colour spectrum. It is easy to interface with a
computer, is cost-efficient, and has particular spatial resolution. Furthermore, it has been
demonstrated that a conventional digital camera can image flames not only in the visible

spectrum but also in the infrared.

2.3.2.5.Camera Noise

The noise of the digital camera mainly refers to the rough part of the image produced
by the CCD (CMOS) receiving and outputting the light as the received signal, and also
refers to the redundant erroneous pixel colour that should not appear in the image, which
are usually generated by electronic interference. The image appears to be corrupted and
covered with small rough spots. This seriously affects not only the beauty of images, but

also the image data validity.
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Svensson et al. [63] have classified the causes of noise in digital imaging into four
groups: read noise, shot noise, thermal dark noise, and fixed pattern noise. Payri et al.
claimed that for a scientific-grade camera, the read noise and fixed pattern noise can be

ignored.

The shot noise is derived from the statistical nature of light and the photoelectric
conversion process in the image sensor, especially in the low-light condition. To achieve
proper exposure, lower shutter speed and higher ISO sensitivity are required. However,
this operation renders the camera's sensor pixels unable to function properly and
enhances the false colour to complement the underexposure. In this case, a random

variable with Poisson's density distribution is used as a model of photoelectric noise.

Thermal noise, caused by the thermal shock of electrons in a conductor, is present
in all electronics and transmission media. It is the result of temperature changes, but not
affected by frequency changes. Thermal noise is distributed in the same form in all
frequency spectra and cannot be eliminated. Therefore, maintaining the validation and

cooling of a camera is an effective way to restrain the noise level.

In contrast to the dark condition, in over-exposure and high-contrast situations, the
signal drop-out and excessive noise can be observed simultaneously. Zhao and
Ladommatos [64] attributed this phenomenon to dust and soot deposition on the optical
window. Apart from these, the innate imperfection of the CMOS sensor workflow cannot

be ignored.

After the COMS exposure, a pixel transferring procedure will be performed; a signal
of the amplified charge of each pixel will be sequentially sent to a charge storage row
by row. The calculation of the amplification, transmission, and storage in this row will

be different from other rows. Therefore, in certain high-contrast shooting conditions, the
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uneven intensity amplification degrees can be notice in the row direction. An example

of this phenomenon is shown in Figure 26 (a).

Low sensitivity
area
(signal dropout)

High sensitivity
Area
(more noise)

s
e e

Original image Enhanced image Original image Enhanced image

Camera shooting direction: Normal Camera shooting direction: Turn left 90 °

(a) (b)

Figure 26 Sample of intensity feather

The signal of the row with high-intensity flame pixels has been barely amplified.
On the contrary, for the low intensity region, the sensitivity for those rows has been
adjusted to a very high level and the redundant noise signals have been amplified. The
noise can be removed by post processing, but the lost signals cannot be recovered.
Therefore, in order to acquire as much data from the image as possible, especially for
the information at the tail of the flame front, it can be addressed by physically changing
the camera shooting direction, as shown in Figure 26 (b). Although the problem of uneven
amplification cannot be completely solved, the signal information around the flame can

be preserved.

Based on experience, the image file format is an additional factor to generate noise,

owing to the compression. Different file types have their specialties and applications.
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The table below lists the common image file formats and their special suitability.

captured from a camera's sensor
Is not directly viewable and usable, and

requires an editing step first

Characteristic Applicability

JPEG | Lossy 8x8 pixels compression Ideal for web and
High level of noise nonprofessional prints
Very small file Limited space storage
The artefacts degrade and detract from | Very fast read and write
the original

PNG | Lossless compression Slower to read or write
8/16/24/48 bits and indexed colour Suitable for web images
Transparency and small distortion

TIF No compression High quality prints
No image quality or information loss Professional publications
Larger file sizes Image data research analysis
The most versatile Not incompatible with most of
8/16/24/48 bits and RGB, CMYK, LAB, | software
or indexed colour

RAW | Directly stores uncompressed data | Saves metadata, unprocessed

raw information
Offers substantial benefits for
image manipulation the image

(exposure and white balance)

According to these statements, all the analysed image data in this work are in the

TIF format.
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3. Image Processing
Methodology

With the rapid development and popularisation of computer and multimedia
technology, digital image processing technology has received unprecedented attention,

and many new application fields and processing methods have emerged.

3.1. Denoising Processing

Images are often disturbed and influenced by various types of noise in the of
generation and transmission processes. The noise deteriorates the image quality and
makes the image blurred, even without image features, which brings difficulties for the
following image segmentation, analysis, and diagnosis. Therefore, removing noise and
restoring the original image in the image pre-processing stage are important steps in
image processing. For flame monitoring, the yellow soot is bright and always
overexposed, whereas the blue flame is dim, often exhibits signal drop-out, or is
occasionally even removed as noise. Hence, it is necessary to find a suitable method for

flame image denoising.

Figure 27 presents a sample of a raw image of blue flame recorded by a high-speed
camera at a shutter speed of 1/2000 s. The original image is too dim to see the flame in

detail, but after improving the brightness, the noise also has been enhanced. Therefore,
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the procedure of denoising is essential before further analysis on the flame.

50 Times Enhanced
Original Image Colour Image Grayscale Image Binary Image

-

Figure 27 Sample of a raw image of blue flame

This section first introduces four image denoising functions in the Matlab image
processing toolbox: median filter, Wiener filter, adaptive filter, and averaging filter. Next,
I compare their advantages and disadvantages in an actual application of flame image
processing, which provided a theoretical basis for further image processing. Based on
the above research, I introduce two self-developed denoise programs (Gaussian filter

and centre point denoise) for flame research.

A good image denoising method should remove the noise without blurring the edges
and lines of the image. In the spatial domain, one of methods for noise removal is to first
determine whether a pixel is noise. If it is noise, it will be reassigned; if it is not, the
output keeps the original value. The other method is averaging, which averages the entire

image without relying on the identification and removal of noise.
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3.1.1. Averaging Filter

Averaging filter, also known as linear filtering, uses the neighbourhood averaging
method. The basic principle is to replace each pixel value in the original image with the
average value. In simpler terms, consider that the current pixel is (X, y). A template needs
to be selected which is composed of several pixels in its neighbourhood and the average
of all the pixels in this template is determined. The mean assigned to the current pixel is

the grayscale g (X, y) of the processed image at that point.

1
gx,y) = Ez f(x,y) Equation 17

where m is the total number of pixels in the template.

3.1.2. Median Filter

The median filter is a commonly used nonlinear noise filter, the principle of which
is similar to that of the average filter. The difference between these two is that the output
pixel value of the median filter is determined by the median of the neighbouring pixels

instead of the average value.

3.1.3. Adaptive Filter

Adaptive filter refers to the use of adaptive algorithms to change the filter
parameters and structure of the filter according to changes in the environment. The
adaptive filter coefficients are time-varying coefficients, updated by the adaptive
algorithm. In other words, its coefficients automatically and continuously adapt to a

given signal to obtain the desired response. The most important feature of an adaptive
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filter is that it can work effectively in an unknown environment and track the time-

varying signature of the input signal.

3.1.4. Wiener Filter

Wiener filtering is an optimal estimator of stationary processes based on the least
mean square error criterion. The mean square error between the output and the desired
output is minimised, and thus it is can be regarded as an optimal filtering system. It can

be used to extract signals that are contaminated by stationary noise.

3.1.5. Gaussian filter

Gaussian filter is a process of finding the weighted average of the entire image; the
value of each pixel value is obtained by the weighted average of itself and other pixels
in the neighbourhood. The specific operation of Gaussian filtering is to scan each pixel
in the image with a template (or convolution, mask) and replace the value of the pixel in
the centre of the template with the weighted average grey value of pixels in the

neighbourhood, as determined by the template.

3.1.6. Centre Point Denoise

Centre point denoise uses a 3x3 square kernel to determine whether the point in the
middle is noise or not. For example, setting the threshold as 3 means if more than three
out of the eight neighbours have a value of ‘1°, the pixel will be kept, otherwise the pixel
will be removed as noise. In the example shown in Figure 28, both ‘a’ and ‘b’ are noise

and they will be reassigned as ‘0’.
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Figure 28 3x3 averaging kernel often used in centre point denoise filtering
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Figure 29 Denoising result with different methods

Applying the denoising methods mentioned above to a raw flame image yields a

number of different results, as shown in Figure 29.

Wiener filter and averaging filter did not exhibit good performance for high-noise

level flame denoising, because they are prone to keeping too much redundant signals
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and blurring the boundary. Adaptive filter and median filter removed more noise and
maintained the boundary shaper, but some unwanted parts are still left and some of the
main body has been eliminated. The centre point denoise method and Gaussian filter are
the most suitable noise removal filters for flame diagnostics. They can effectively
remove the noise and preserve the integrity of the flame. This is especially true of the

Gaussian filter, which provides a very clear and sharp boundary for further studies.

3.2. Boundary Detection

Edges are the most important features of an image. The edge refers to the set of
pixels with step changes in pixel grey level. Edge detection mainly relies on the
measurement, detection, and positioning of grey-scale changes. There are many different
methods of edge detection, and individual methods can even apply different filters. In
the Matlab image processing toolbox, the edge function provides several operations to

detect the edges of a grayscale image.

To determine which operator gives the best performance for flame edge detection,
five operators have been examined on the greyscale flame image, which has been
denoised with Gaussian filter, as discussed in last section. In Figure 30, the top image is
the original greyscale flame image, and the results of processing by each operator are

shown in the bottom row.
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Original Greyscale
flame image

Log Prewitt Roberts Sobel

Figure 30 Boundary detection the results of processing by each operator

As the results show, the Canny method is less susceptible to noise and can detect
true weak edges. The advantage is that two different thresholds are used to detect the
strong and the weak edges. Weak edges are included in the output image only when they
are connected to strong edges. The Prewitt operator detection method is more effective
on image processing with more grey gradients and noise, but the edge is wide and
intermittent. The Roberts operator detection method is better for processing with sharp
and low-noise images. The extracted edge by applying Roberts operator is thick, such
that the location of the edge is not very accurate. The Sobel operator detection method
has good effect on grayscale gradation and noise with more image processing. However,

it is not very accurate for edge location, and the edge is represented by more than one
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pixel.

The boundary line is arranged by successive pixels; when zooming in, the
dislocation between the pixels appears a stair-step shape. For certain research needs,
sometimes more accurate and smoother boundary curves are required. The refinement,
characterised by a smoothing of the boundary, gained through the application of the 10-
point interpolation principle is clearly evident for the smooth boundary. Figure 31 s
shows the refined perimeter of a complex wrinkled flame front and the discrepancy

between the tentative and refined perimeters.

Figure 31 Refined smooth boundary of flame

3.3. Image Colour Selection and

Enhancement

As discussed earlier, by shooting at high shutter speeds, the obtained pictures are
always dim, and the objects cannot be seen evidently owing to the short exposure time.

Therefore, the picture needs to be properly adjusted and enhanced. A sample of a flame
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image at a shutter speed of 1/2000 s is shown in Figure 32. Without adjustment, only the
bright orange area can be seen by the naked eye. After an overall enhancement of 50
times, the structure and more colour areas of the whole flame show up. As shown in the
enhanced image, the dominant three colour sections of the hydrocarbon flame can be
clearly seen, including the orange sooty flame, the pinkish infrared emission, and the
chemiluminescence-induced blue flame. However, arbitrary enhancement not only
makes the noise appear, but also makes the original bright part overexposed and loses
its research value. Hence, to acquire a valid and visualised flame image, image

segmentation and colour-selective enhancement is inevitable.

Original Image at A Overall Image Directly
Shutter Speed of 1/2000 S Enhanced 50 Times

Orange

Infrared Soot Sooty Flame

\ \ Emission

Chemiluminescence
-induced Blue
Flame

Figure 32 Sample of the flame image without adjustment

Generally, image segmentation refers to the division of an image into several
nonoverlapping regions, according to the characteristics of grayscale, colour, texture,
and shape. These features in the same region show similarities, but in different regions
show obvious differences. The segmentation method used in this work is based on colour,

the principle of which is described as follows.
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Figure 33 presents the distribution of flame in the hue model. In the coordinates, the
X-axis of the histogram gives the range of the hue from 0° to 360°, which has been
divided into 16 bars corresponding to the chart listed on the right. The four rows in the
Y-axis represent the saturation degrees, which have been divided into four sections
within the range from 0 to 1. The Z-axis illustrates the statistical average pixel count in

each colour blocks.

IR H<=15 & H>345
[H2: 15¢H<=25
[CJH3: 25<H<=45
[CIH4: 45<H<=55
[CJHs: 55<H<=60
[ H6: 80<H<=108
[H7: 108<H<=140
[Hs: 140<H<=165
[CIHI: 185<H<=190
[ H10: 190<H<=220
11 220<H<=255
I H12: 255<H<=275
I H13: 275<H<=290
[ H14: 290<H<=316
I H15: 316<H<=330
I H16: 330<H<=345

5000

$1: 0.00< 5 <0.15
$2:0.15<5<0.40
$3:0.40<5<0.75
$4:0.75<5<1.00

Figure 33 Colour distribution histograms in hue space.

According to the colour distribution plot shown in Figure 33, the orange sooty flame
dominates from HI to H3 (10°-70°) in hue space, whereas the weak blue flame
dominates from H10 to H12 (180°-252°). In addition, there is emission captured from
H13 to H15 (252°-330°) which corresponds to the infrared. Therefore, the selection of
a specific hue value range can help to segment the image according to the colour region

and manipulate these regions individually.

Figure 34 shows the segmented colour sections enhanced by different degrees

according to its intrinsic visibility. The soot section has been enhanced five times and
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the barely visible infrared and chemiluminescence flame areas have been enhanced 30

and 50 times, respectively.

Chemiluminescence-
Orange Soot Flame Infrared Flame induced Blue Flame Image After Selective
Enhanced 5 Times Enhanced 30 Times Enhanced 50 Times Enhancement

Figure 34 (a) the orange sooty flame region; (b) the infrared soot emission

enhanced with 30 times enhancement; (¢) the chemiluminescence-induced blue
flame with 50 times enhancement; (d) the entire image after selective image

enhancement

3.4. Flame Chemiluminescence

Measurements

As in the RGB colour model, all colours are a combination of these three primary
colours. Thus, the colour information of visible light in each of the pixels is defined as

C =[Ir, I, Ig], which was introduced in Section 2.3.2.3 by Equation 11.

The intensity of the R, G, and B colours can be derived from the integration of the

radiation over their respective wavelength ranges. Therefore, Ir, Ig, and Iz can be
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expressed as:

( leax
IR = Z IRA
lein
Glmax
g = Z Ig, Equation 18
Glmin
Bimax
IB = Z IB/1
\ Bﬂmin

where A refers to the wavelength and the subscripts max and min indicate the maximum

and minimum sensitive wavelength range in that channel, respectively.
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Figure 35 Relationship between image colour and radiation emission [65]

The flame colour of a premixed hydrocarbon flame, which has been detailed in
Section 1.1.5, is mainly attributed to the radical emissions of CH* and C2*. Although
these two radicals are distributed over many wavelengths, various works have confirmed
that the dominated intensity of CH* and C2* emissions peak at wavelengths of 430 and

516 nm, respectively. For conventional chemiluminescence measurements, the narrow
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bandpass filters employed in research works are always based on these two wavelength
bands. The principle of intensity in each colour channel responding to the radiation at a
certain wavelength is illustrated in Figure 35. Therefore, the colour model based the
chemiluminescence measurement method will only consider the emission at these two

wavelengths for further analysis. Thus, Equation 18 can be simplified as:

Ip = 1R430 + IR516
IG = 16430 + 16516 Equation 19
Ig = 13430 + IBSI6

As mentioned in the previous section, for each channel, the light conversion rates o
at certain wavelength are different and they have been calculated by the calibration. At

the same incident intensity condition, the intensity value of each channel is:

Ig, =1Xag,; I, =1Xag,; Ig, =1Xag, Equation 20

where, a; is the spectral colour sensitivity rate of R, G and B at a specific wavelength.

Therefore, the following relationship exists between channels,

Equation 21

Applying the incident light only at the wavelength of 430 nm for CH* and 516 nm

for Co*, Equation 21 can be written as:

( _ IR430 _ 15430 _ 13430
I ICH* —_ —_ —_
ARy30 AGy30 B30

Equation 22

LI . = IR516 _ 10516 _ 13516
Cy - -
QRs;6 AGs16 ABsy6
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Combining Equation 19 and Equation 22 yields

{IG = ICH*aG430 + ICz*a6516 EquatiOIl 23

Iy = ICH*aB430 + ICz*aBsm

I; and Iy are the intensities in the G and B channels from the recorded flame
image; the values of ag,.,, @, > ®B,,,» and ap,, . have been determined by a
calibration procedure. Only Icy+ and I+ are unknown quantities. Thus, after solving
the binary quadratic system, the relationship between CH* and C>* emissions and colour

intensity can be established, expressed as:

(I _ IB“G430 - IGaB430
;"
aAg.. G, — AG., . Ap .
5;6 430 ; 516 2430 Equation 24
[ = B®Gs16 — 'GOBs16
CH* = —
k aB4_30a6516 aG430a8516

Compared with the equation given by Yang and Zhang [65], this is the generalised

equation that can be used for any calibrated camera. The intensity ratio of I¢cy+/Ic,* is
the final obtained colour mode CH*/C>* ratio expression, which will be used for

following study of flame chemiluminescence measurements of methane and propane

premixed flames.
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4. Validation of Flame
Chemiluminescence
Measurements

4.1. Introduction

Flame chemiluminescence refers to the process in which the excited chemical
radicals return to steady state, thereby releasing energy and emitting photons, which is
widely exploited for combustion monitoring and diagnostics. For flame produced by
hydrocarbon fuel premixed with air, CO*, OH*, CH*, and C>* are the main radicals in
the visible and ultraviolet emission spectrum [66]. Since 1958, these radicals have been
employed to detect the FAR [67], flame position [68], shape [69], structure and heat

release [ 70—72]for both gaseous and liquid fuel combustion [73-75].

H* emission responds in the UV spectrum, which cannot be captured by normal
digital cameras. Hence, for the camera visualisation measurement, only the radicals in
the visible wavelength band, CH* and C>*, are discussed in this work. Kojima et al. [76]
have linked the chemiluminescence emission of CH* and C2* with the equivalence ratio
in methane—air premixed flames. Later on, the linear relationship between the CH*/ C2*
ratio and equivalence ratio was confirmed by Huang [77] and Yang [78]. The

chemiluminescence-based equivalence ratio method has been applied to various flame
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monitoring conditions [79-85].

4.2. Camera Parameters Calibration

In general, digital images are stored and displayed in the RGB colour model. The
sensors of different cameras have different sensitivities to the colour spectral range.
Therefore, the camera parameter calibration is an essential procedure for determining

the relationship between image colour and flame chemiluminescence.

(@) (b) (©

Figure 36 Calibration equipment: (a) monochromator, (b) convex lens, (¢) fibre optic

illuminator.

The principle of the calibration procedure was introduced by Takeuchi et al. [86]
and Simonini et al. [87]. The general colour spectrum response of the digital camera was
plotted by capturing the monochromatic light. Monochromatic light consists primarily
of photons of a single frequency, which indicates that only a single colour is emitted.
The calibration setup includes a monochromator, convex lens, and fibre optic Illuminator,

as shown in Figure 36.

The MI-150 fibre optic illuminator is a light source with a 150 W EKE bulb. It can
generate light covering the entire wavelength range and the colour temperature is 3200

K, performing as a blackbody calibration source. The intensity of the illuminator can be
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adjusted, but it needs to be kept at a constant level throughout the calibration process to

ensure the uniform incident light intensity.

The convex lens is used to focus the dispersed light from the illuminator to the
entrance slit of the monochromator. A Newport manual mini monochromator is an
optical device that can produce a monotonic spectral range. The outer dimension and
inner construction are shown in Figure 37. It consists of a diffraction grating, slits, and
spherical mirrors. The diffraction grating can be adjusted to allow a specific wavelength
of light to exit the slit. The incident light via the entrance slit is scattered to all colours
over the wavelength range by the rotatable diffraction grating. The rotation angle of the
grating determines the particular wavelength to be reflected to the exit slit. After the light
1s separated, it passes through a slit to narrow the light beam and transmit the selected
narrow wavelength band of the light. The monochromatic light emerges from the exit

slit and is captured by a digital camera.

5.48 . . .
(1:&‘ Concave Mirror Exit Slit

Entrance Slit Grating

Figure 37 (a) Dimensions and (b) internal structure of the Newport manual mini

monochromator

Two types of cameras are calibrated in this work, a scientific-grade camera (Photron
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SA-4 high-speed camera) and domestic camera (Sony «77). Both cameras are equipped
with a CMOS sensor. The Photron high-speed camera setting default is ISO 4500
sensitivity, whereas the Sony a77 is set to its lowest setting of ISO 100 sensitivity to

avoid noise.

Figure 38 Calibrated cameras: Photron SA-4 high-speed camera (left) and Sony
77 (right)
The experiment was carried out in a dark room. To avoid unexpected light
interference with the experiment accuracy, a non-transparent black card board was used

to cover the entire light beam path, as shown in Figure 39.

Non-transparent black card board

Figure 39 Double insurance of dark condition setup for calibration

The overall experimental setup is shown in Figure 40. During the experiment, the
illuminator was maintained at a constant intensity level. The convex lens was fixed once

it reached the position to focus the light bean to a point exactly at the entrance slit of the
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monochromator. The monochromator was adjusted through the wavelength range from
350 nm to 750 nm with 5-nm intervals to cover the entire the range of the visible
spectrum. The light was captured directly from the slit and the camera recorded 50

images for each wavelength test point.

Monochromatic light Viewed
(at certain wavelength)

High-speed Camera Convex Lens
Light Path
Monochromator

‘ High-intensity illuminator

— = T

Platform  Stand

Computer Workstation

Tripod

Figure 40 Experimental setup for the camera sensor calibration

The captured image data for both camera are saved as 8-bit TIFF format. The images
were processed using Matlab. The average value of the RGB intensities was calculated
from the effective pixels for all 50 images. The average intensity of each colour channel

was plotted against the wavelength, yielding the colour response curves.

In Figure 41, the samples of colour images over the measured wavelength range are
shown below each plot of the results. In the plot, the intensities in the y-axis have been
normalised by dividing by the maximum pixel intensity value (28-1). The red, blue,
and green lines represent the spectral sensitivities for their corresponding colour
channels. As shown from the results, for both cameras, the overall spectral sensitivity
ranges are similar from 410 nm to 700 nm, but they show slightly different ranges in
each channel. The B and G channels of the high-speed camera are sensitive to the

wavelength range of 410-590 nm and 490-670 nm, respectively, whereas the ranges are
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slightly narrower for the Sony, with 405-540 nm and 470—620 nm. For the R channel,
the sensitivity ranges for the two cameras are similar, but for the Sony a77, the intensity
reaches the peak point at 595 nm and gradually decays with increasing wavelength. For
Photron camera, the intensity value is highly equalized, which is closer to the ideal
theoretical model. The camera sensor light conversion rates a at certain wavelengths,
430 nm and 516 nm, have been marked in the figures, which are used to link the colour
to the chemiluminescence parameters. This will be further discussed in the following

methodology section.

High-speed Colour Camera

a3516 = 0.657

0.3

Normalised Intensity

0.2

0.1

0

350 370 390 410 430 450 470 490 510 530 550 570 590 610 630 650 670 690 710 730 750
Wavelength (nm)
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Sonya 77 colourcamera (1SO 500, Shutter Speed 100 f/s)

0.9 QApazo = 0.529

0.8
07 Eessae=tE=
0.6

0.5

0.3

Normalised Intensity

0.2

0.1

0

350 370 390 410 430 450 470 490 510 530 550 570 590 610 630 650 670 690 710 730 750

Wavelength (nm)

(b)

Figure 41 Senor spectral responses for different cameras
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4.3. Experimental Setup

High-speed Camera

Flame Pressure Gauge
\
Burner
[ I 0
——
o
Gas Cylmders
Image recording Computer

Support Board

‘ Rotameter CH4/C3H8

Rotameter Air

Mixing Cylinder

Flashback

: Arrestor
Air Compressor

Valve

Figure 42 Schematic diagram of the flame measurement experimental setup

Figure 42 demonstrates the overview of the experimental setup, which consists of
three parts. Two different fuels, methane and propane, were used in this work to compare
the effect of fuels on the colour-modelled chemiluminescence measurement. The fuel
was supplied from cylinders on the roof and the air was supplied by an in-door air
compressor. The flow rates were adjusted by rotameters. Measured amounts of fuel and
air were mixed in a mixing chamber before the burner to ensure they were fully premixed.
The measured equivalence ratio range was from 0.8 to 1.55 with 0.05 intervals for both
fuels. The details of the fuel and air flow rates with their corresponding equivalence

ratios are shown in Table 1.

Table 1 Fuel and air flow rate for different equivalence ratios of CH4 and C3HS8

CH4 C3H8
Equivalence Ratio(®) | Air(l/min) CH4(L/min) | Air(l/min) | C3H8(L/min)
0.80 3.581 0.3 2.984 0.1
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0.85 3.371 0.3 2.809 0.1
0.90 3.183 0.3 2.653 0.1
0.95 3.016 0.3 2.513 0.1
1.00 2.865 0.3 2.388 0.1
1.05 2.729 0.3 2.274 0.1
1.10 2.605 0.3 2.170 0.1
1.15 2.491 0.3 2.076 0.1
1.20 2.388 0.3 1.990 0.1
1.25 2.292 0.3 1.910 0.1
1.30 2.204 0.3 1.837 0.1
1.35 2.122 0.3 1.769 0.1
1.40 2.046 0.3 1.705 0.1
1.45 1.976 0.3 1.647 0.1
1.50 1.910 0.3 1.592 0.1
1.55 1.848 0.3 1.540 0.1

Two tested cameras, a high-speed camera and Sony domestic camera, were
employed to record the flame images. Five-hundred images were captured at each
equivalence ratio for the high-speed camera, with a shutter speed 125 1/s and 10 images
for the Sony camera with a shutter speed 50 1/s. All the operation and sensor settings
were the same as those used in the calibration procedure to ensure the validity of the
measurements. The image data in this experiment were post-processed and analysed

using Matlab.

4.4. Conventional Method Comparison

In conventional flame chemiluminescence measurements, researchers employed
narrow-bandpass filters to achieve certain wavelength images. Migloirini [88] used the
CH* filter (420—440 nm) and C2* filter (505—-525 nm) to analyse the flame spectral band
features. However, images with different filters cannot be taken at the same time, which
is only suitable for very stable and continuous flame burning conditions. For certain

instantaneous flame features, this method would not be effective. To improve the
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synchronicity of the filter measuring, recently, Jin et al. [89] implemented a customised
double-channel bandpass filter to record the chemiluminescence emission intensities of
CH* and C2* with one shoot and conducted a post-processing algorithm to separate the
two wavelengths. However, the validity of the post-processing algorithm has not yet

been proven.

With the help of a stereo adapter, a new approach of simultaneously recording CH*
and C2* emission has been implemented in this work. The same experimental settings
and procedures were conducted using the conventional method with adding filters
mounted on the camera lens. The stereo adapter can optically split the physical high-
speed camera into two virtual cameras; the principle of the stereo function is illustrated

in Figure 43.

The stereo adapter is made up of four mirrors in two (left and right) regions. In each
imaging region, the inner mirror is placed at the adapter centre at a 45° angle to the
centre line. The parallel inner mirror and outer mirror are fixed with a discrepancy angle
of 3.5°. The outer mirror receives the incident light and reflects it to the inner mirrors.
Then, the camera sensor receives the reflected light from the inner mirrors. Consequently,
imaginary cameras get a pair views of the object, stereo vision 1 and 2, with a variation
angle. The adapter is typically used to establish a 3D construction [90], which may
demand elaborate calculations of the dimension and other parameters. However, for this
experiment, the objectives are focussed on the colour analysis. Hence, the details of the

position accuracy derivation are not described here.
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Camera with filter Stereo Adapter Lens Filters Resulted View of flame

Stereo Vision 1

— S KT
v \\\//,I‘ g /Shootingarea

Stereo Adapter

/ 430+5 nm Narrow Band Filter (CH*)

516+5nm Narrow Band Filter (C,* )

Stereo Vision 2

Figure 43 Principle and function of camera with the stereo adapter imaging

system

The two bandpass filters mounted on the two view slots of the stereo adapter were
516 nm (greenish) and 430 nm (bluish) filters. This stereo imaging system allows one to
determine the instantaneous CH*/C2* ratio of the flame simultaneously. Because only
light of a certain wavelength can pass the filter and the transparency rate of the filter can
also block part of the light, a low frame rate was preferred to ensure adequate light was
captured by the camera. Table. 3 shows the settings of the two cameras for different

measuring methods.
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Table. 3 Camera operation parameters

Propane Methane

High-Speed Sony High-Speed Sony

Colour | Filter | Colour | Filter | Colour | Filter | Colour | Filter
Frame rate (fps) | 125 50 50 10 125 50 50 1

he greyscale intensities of the CH* and C2* flame images were respectively

calculated by a Matlab program. The CH*/C2* ratio can be simply defined as in

Equation 25 and calculated for each equivalence ratio. The results are plotted against the

equivalence ratio and compared with results of the colour model-based measurement.

CH x _ flame image intensity from 430nm filter

C,*  flame image intensity from 516nm filter

Equation 25

4.5. Result and Discussion

The flame images samples of different cameras and methods after de-noising and

intensity enhancing are shown in Figure 44. The flame colour variation trend in the

measured equivalence ratio range can be clearly noticed.

Filter (430 nm) Filter (516 nm) Camera

AAAAAAAAA
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(a) Colour and filter images of propane premixed flame in Sony camera
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Filter (430 nm) Filter (516 nm) Camera

(a’) Colour and filter images of propane premixed flame in high-speed camera
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(b) Colour and filter images of methane premixed flame in Sony camera

Filter (430 nm) Filter (516 nm) Camera
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(b’) Colour and filter images of methane premixed flame in high-speed camera

Figure 44 Samples of CH4 and C3Hs premixed flame observed via different

cameras and methods in the measured equivalence range

Figure 44 (a) and (a’) illustrate the colour and filter images of propane premixed

flame in the Sony and high-speed cameras for the equivalence ratio from 0.9 to 1.55. It
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can be evidently noticed by the naked eye from the colour images, that with the increase
in the equivalence ratio, the colour of the premixed flame varied from blue to bright
greenish-blue. In the filter images, the flame intensity of both the green filter (516 nm)
images turn brighter with the increase in equivalence ratio and the change from the green

filter is more noticeable.

For methane, Figure 44 (b) and (b’) illustrate the colour and filter images of propane
premixed flame in the Sony and high-speed cameras for the equivalence ratio from 0.8
to 1.55. As shown in the high-speed camera with narrowband filters at 516 nm and 430
nm, there is an incomplete trend owing to the signal drop-out at this frame rate of 50 fps,
which is lowest flame rate level of the high-speed camera. The main reasons are the
limited luminosity of the methane and that the filter blocks a certain amount of light.
However, the trend of the methane flame can be captured by the Sony camera at frame

rate 1 fps, because longer exposure time allows more light to reach the sensor.

It is noteworthy that in the methane premixed flame, a double flame structure with
the inner primary reaction flame zone and outer secondary reaction flame can be
obviously distinguished. With the increase in the equivalence ratio, after $=1.35 the
two flame zones gradually merge together, which is called a hybrid structure. The
intermediate structure for methane always exists in the range 1.36<<$<<4.76, as reported
by Jeong et al. [91]. For $=4.76, the luminous sooty region appears at the flame tips.

Measured Flame Region Effect
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Figure 45 (a) Whole flame of propane and the separated inner flame and outer

flame, (b) colour model chemiluminescence CH*/C2* ratio map for the different
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regions of the flame, (c) comparison of calculated CH*/C2* ratio from different

flame sections to equivalence ratio

The chemiluminescence of a local point is very useful for understanding the
structure of the flame front. As mentioned in the previous section, in the lean premixed
condition, the double flame structure can be clearly observed for both fuels. The inner
flame is the primary combustion zone and the outer layer is the post-flame oxidation and
radiation zone. The colour of both layers is determined by the chemical reaction.
Therefore, to understand the effect of the equivalence ratio on the chemiluminescence
behaviour in each section, the flame front has been segmented into two sections by
Matlab imaging processing, as shown in Figure 45 (a) and analysed separately on the

trend of the colour modelled CH*/C,* intensity ratio against the equivalence ratio.

The corresponding colour map of the flame sections is shown in Figure 45 (b),
which can offer a 2D local CH*/C2* ratio distribution. The colour of the jet colourmap
from blue to red indicates the colour-modelled CH*/C2* ratio from 0 to 5. It can be
obviously noticed that with the increase in equivalence ratio, the colour of the inner layer
shows an evident change from red to blue, which indicates the equivalence ratio plays a
predominant role on the CH*/C2* intensity ratio at the inner layer. Furthermore, the
colour distribution of the flame at a certain equivalence ratio is almost uniform, which
demonstrates that the fuel and air are mixing well. On the contrary, there is no evident
distinct tendency of colour change in the post-reaction zone with the variance in the
equivalence ratio. At a certain equivalence ratio, the colour distribution of the outer layer
flame is not uniform, and it randomly mixes the high, medium, and low ratio together.
This indicates that the CH*/C2* intensity ratio of the outer layer flame responds

retardedly to the equivalence ratio.

A statistical investigation has been further analysed to assess the variation between
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the CH*/C2* intensity ratio of different flame regions and the equivalence ratio, and the
results are plotted in Figure 45 (c). The value of each point in the plot is the average
value of the selected region from 500 images. In the figure, the blue and orange dotted
lines indicate the results of the outer and inner flame layers, respectively. The black solid
line refers to the results of the whole flame region. As shown by the results, all three
lines begin with a high ratio value at the very lean premixed condition and show
decreasing trends with the increase in the fuel proportion. The CH*/C2* intensity ratio
from the inner layer flame drops faster than the other two from above 4.5 to near 0.5 in
the measured equivalence ratio range. As the decrement of the ratio value from the outer
layers to within 0.5 and value of the whole flame (black line) is located in the centre of
the inner and outer flame layers. The statistical results for the CH*/C2* intensity ratio

of the two sections are in agreement with the observation from the colour map.

As a consequence, the CH*/C2* intensity ratio of the flame shows a linear
relationship with the equivalence ratio, regardless the flame region. The decreasing trend
of the results measured from the inner flame layer presents a clear linear correlation with
the equivalence ratio. However, the result from outer flame does not have an obvious
changing trend, which may reduce the accuracy and sensitivity in practical applications.
Therefore, the inner layer is more suitable to be used as the equivalence ratio
measurement and the entire flame can be a complementary option when the inner and
outer flame layer are merged and difficult to segment. The following data analysis is
based on the inner flame layer measuring in a lean premixed condition and the whole

flame region in a partially premixed condition.
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4.5.1. Results Comparison
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Figure 46 Analysis results of the CH*/C2* based on colour-modelled and filter
with two cameras;

(a)(a’) Calculated CH*/C2* of C3HS8 flame with high-speed camera and the
consistency of the two methods;

(b)(b’) Calculated CH*/C2* of CH4 flame with high-speed camera and the
consistency of the two methods;

(¢)(c¢’) Calculated CH*/C2* of C3HS8 flame with SONY camera and the
consistency of the two methods;

(b)(b’) Calculated CH*/C2* of CH4 flame with SONY camera and the consistency
of the two methods;

In Figure 46, (a) (b) (c) (d) present the results of the calculated CH*/C,* intensity
ratio of propane and methane premixed flames measured by the novel colour-modelled
method and conventional filter method with both the laboratory-grade high-speed
camera and the commercial SONY camera. (a’) (b’) (¢’) (d”) give an overall view of
how the difference between proposed colour model and filter model varies with the
equivalence ratio. For ease of comparison between the results from the two methods,
they have been normalised the range from 0 to 1. The value of 0 indicates the lowest
CH*/Cy* ratio in the measured equivalence ratio range, and the value of 1 indicates the
highest value. The X-axis represents the results from colour-modelled method and the
Y-axis represents those from the filter method. The solid black 45°-inclined line is the
reference line. If the two sets of results were perfectly matched, all the data would be
located exactly on the line. Instead, the more points deviate from the reference line, the

larger the difference between the two sets of results.

As shown in the plots, the orange line refers to the results measured by filter and the
blue line represents the colour-modelled results. In general, the results of the CH*/C2*
intensity ratio from the two methods exhibit similar trends. In the C3HS tests, for the

results from either camera, both lines decrease monotonically with the increase in
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equivalence ratio. From the consistency plots for both camera, most of the points are
distributed along the reference line and the shifting of these points are in an acceptable
range. The experimental errors should be taken into the consideration of the divergence,
including the signal drop-out, transient changes of the flame, noise effects and so on. It
is also worth noting that the divergence from the SONY camera is larger than that from
the high-speed camera, which is mainly caused by the noncontiguous shooting, unstable

sensor sensitivity, and lower instantaneity due to the longer exposure time.

In the CH4 case, the CH*/C>* intensity ratio shows an unexpected nonmonotonic
tendency with the change in equivalence ratio. However, this outcome has been mutually
reinforced via the two methods and two cameras. It is worth noting that the filter-
measured result of the CH4 from the high-speed camera only has the front end. The
CH*/Co* ratio for filter model only continued up to ¢ = 1.25. Later, there is no
adequate light passing through filter to support the calculation. Therefore, the intensity
signals of the flame drop-out is an unavoidable drawback for filter-based measuring,
especially in the restricted-exposure-time condition. The SONY camera with a lower
shutter speed can capture the low-intensity light. The entire changing trend can be

presented clearly, and the results show better consistency with the colour-modelled result.

As aresult, in the equivalence ratio range 0.9 to 1.55, for the C3H8 premixed flame
results have a monotonic linear trend with increasing equivalence ratio and are suitable
for both measuring methods and cameras. However, matters are more complex for the
CH4 premixed flame. Apart from the nonmonotonic dependence on the equivalence

ratio, there is a large error between the two sets of data.

In addition, certain considerations regarding the unexpected results tendency of the
methane premixed flame have been proposed. First, as mentioned previously, the inner

and outer flame layers of the methane flame gradually merge and become difficult hard
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to calculate separately, which may affect the accuracy of the results. However, most
previous studies report a correlation between the chemiluminescence with lean premixed
flame and the approximately stoichiometric equivalence ratio. Therefore, further
investigation should be done to determine the variation tendency of the CH*/C2*

intensity ratio with further increase in the equivalence ratio for both fuels.

4.5.2. Validated Range

It has been proven on countless occasions that the chemiluminescence ratio
CH*/C,* provides a good index of the equivalence ratio. The discussion above has also
proved that the colour-modelled intensity ratio calculation are in good agreement with
conventional filter measured method and it can be a powerful tool to measure the

CH*/Cy* ratio.

In order to determine the validation range of the monotonic linear relationship
between the chemiluminescence ratio (CH*/C2*) and the equivalence ratio, an
experiment was conducted on the hybrid and partially premixed of flames methane and
propane. With the increase in the FAR, the sooty flame gradually appears on the flame
tip. The yellowish colour of the sooty flame is dominated by black-body radiation.
Therefore, for the chemiluminescence measuring, the sooty flame region needs be
eliminated from the measure region before further calculations, according to the colour

selection method introduced in Chapter 2.
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Figure 47 Relationship between the CH*/C2* intensity ratio and the equivalence

ratio from lean premixed to partially premixed flame

The colour-modelled intensity ratio of CH*/C2* as function of the equivalence ratio
is shown in Figure 47. In the present study, the correlations between the colour-modelled

CH*/C2* and the equivalence ratio are nonmonotonic for both fuels.

As shown from the results, the behaviours of colour-modelled intensity ratio
decrease gradually to the minimum value at approximately ¢ = 1 for methane and
¢ = 1.55 for propane. The colour model measured results show a similar trend as the
results from Jeong et al. [91] measured via an intensified charge coupled device (ICCD)

and photomultiplier tube (PMT), and the results reported by Migliorini et al. measured
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by ICCD and interference filters on the flame of methane. The CH*/C2* ratios and
equivalence ratio are nearly linear, while ¢ is less than approximately 1 for methane and
1.55 for propane. However, at ¢ > 1 for methane and ¢ > 1.55 for propane, the
CH*/C2* ratios increase to a certain point and remain constant regardless of changes in
the equivalence ratio. Therefore, it’s impossible to evaluate the equivalence ratio for
¢ =1 in methane and ¢ > 1.55 in propane. In other words, the chemiluminescence
ratio of CH*/C2* cannot be used to measure the equivalence ratio for hybrid premixed
and partially premixed flame. The validation ranges of the flame chemiluminescence

measurements are ¢ < 1 in methane and ¢ < 1.55 in propane.

4.6. Summary

In this experiment, the relationship between the chemiluminescence and
equivalence ratio has been investigated the flame region effect, the fuels effect, camera
sensors effect via two measuring methods. The conclusions from this study can be

summarized as follows:

e The accuracy of the results in the employed cameras was largely affected by their
sensors. Therefore, the camera sensitivity calibration is essential in the first step.
Comparing with the domestic camera, the high-speed camera sensor can produce the
intensity of each RGB channel more evenly for and perform much more reliably.

e For the propane flame, in equivalence ratio range 0.9 < ¢ < 1.55, the flame has
easily distinguished double flame structure, inner and outer flame. The CH*/Cy*
ratio of the inner layer shows best the linear correlation with equivalence ratio
variation, followed by whole flame region. The results from outer post reaction zone
is not sensitive to the equivalence ratio altering.

e In general, the results of the CH*/C,* intensity ratio from the colour-modelled and
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filter exhibit similar trend for both fuels. The consistency is negligible for Propane
cases, but there is considerable divergence in the methane tests. Furthermore, the
filter method is not suitable for measuring at low-light situations.

e The CH*/Cy* intensity ratio of propane flame decrease monotonically with the
increase of equivalence ratio within the range of 0.9 < ¢ < 1.55. While as the
result of methane decrease firstly and then increase. The bottom point is located at
about ¢ = 1.

e For hybrid premixed and partially premixed flame, the chemiluminescence ratio of
CH*/C2* cannot be used to associate with the equivalence ratio. The validation range
of the flame chemiluminescence measurementsis ¢ < 1 in methaneand ¢ < 1.55

in propane.
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S. Acoustic Impact on
Flame in An External
Excited Chamber

5.1. Introduction

In practical combustion circumstances, the acoustic perturbation is unavoidable,
triggered by self-driven and forced excitation. Many studies have been carried out to
observe the flame/acoustic wave interaction on the flame dynamics, heat release rate,
and dilution mixing [55,92-96]. Most of the random perturbation phenomena are
undesirable in a combustion device, such as flame lift-off [55], thermoacoustic
instabilities [97]. However, well-controlled acoustic excitation can be taken advantage
of on the chemical reaction level, which may contribute to achieving the target of
emission control [92]. Farhat et al. [98] noted that dramatic flame change occurred in
the reaction zone of an acoustically excited diffusion flame, which can be changed into
partial blue or completely blue. Jeongseog Oh’s experimental investigation concluded
that NOx emission was reduced and minimised at the resonance frequency [99]. In the
early 1980s, the character of dilution fuel and air by acoustic control was demonstrated
and Vermeulen et al. [100] applied it to a gas turbine combustor to increase the
combustion efficiency. Therefore, the acoustic forcing has been considered as an

alternative approach to enhancing the fuel/air mixing and widely applied owing to its
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ease of implementation and independent control of excitation frequency and amplitude

[58].

To achieve the clear observation of the dynamic vortex structure, flame front winkle,
dilution behaviour, and other instantaneous and complicated characteristics, researchers
had to resort to technical equipment, including particle image velocimetry (PIV) laser
[101], schlieren [102], photomultipliers [103] and so on. The optical-based imaging
method is highly suitable for diagnosis and analysis of both flame colour and movement
with reasonable spatial resolution. The data can be processed either in the frequency
domain to illustrate the compounding effect of the acoustic perturbation and flame
flicking frequency [103] or directly visualise the nonlinear diffusion flame structure
evolution in a cycle [104]. Huang et al. introduced an image processing methodology,
digital flame colour discrimination (DFCD), which has been successfully applied to
several hydrocarbon flames. On the basis of the visible spectra of the electronically
excited combustion radicals CH* and C2*, the distribution over a range of equivalence
ratios [105,106] and chemiluminescence emission behaviours under external excitation

[107] have been studied.

Many studies were employed for investigations of diffusion flame, vortex on the
flame boundary, flow velocity, and buoyancy effect. The flame front wrinkle is also one
of the most significant features under acoustic excitation, which is associated with heat
release [88,108,109]. Advanced visualisation approaches, such as schlieren, PIV, and
numerical simulation have been applied to analyse the fluctuation characteristics. The
flame instability induced by fuel flow oscillation has been studied theoretically and
numerically by many researchers [58,110,111]. Few reports have mentioned the
premixed flame front dynamics and the perturbation effect on fuel/air mixing,

particularly the dynamic character of dilution behaviour in response to external
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excitation. The objective of this research is to understand the wrinkle characteristics of
laminar premixed conical flame in response to the various sound intensities under
harmonically forced frequencies in a one-end open tube. The responses of laminar
premixed flame shape and colour to acoustic modulation are determined by the fast
Fourier transform (FFT) and DFCD methods. Here, we directly study the flame wrinkle
front, local fuel/air mixture, and dilution dynamic principle, which have not been well

explored to date.

5.2. Background Knowledge

5.2.1. Acoustic

Acoustics is an interdisciplinary science, concerned with vibrations propagated as a
pressure wave in a transmission medium. Sound waves are longitudinal waves
consisting of periodic compression and rarefaction of the medium in which the sound
wave is traveling. Sound propagates by molecules passing the wave on to neighbouring
molecules, and the coupling between molecules is the strongest in solids. In general, the
speed of sound is the highest in solids, then liquids, then gases. The speed of sound in

air is
v=331m/s+ 0.6m/(s-°C) X T, (T, istemperature in °C)  Equation 26

Humans are sensitive the frequencies ranging from 20 Hz to 20000 Hz. Whether
you can hear a sound also depends on its intensity. In three dimensions, the intensity of

a sound wave is its power/unit area,

_ P
A(r)  4mr?

Is(r) = Equation 27
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Where
P: the sound power
r: the distance from the sound source

A(r): the area of a sphere of radius r

The sound intensity level described in the familiar expression is dB, which is

the level relative to a reference value and defined as:

I
B = 10log,, <I—S) dB Equation 28
0

Where
Ls: the sound intensity;

Iy: the reference sound intensity;

Every 10 dB represents a change of one order of magnitude in intensity. 120 dB, 12
orders of magnitude higher than the threshold of hearing, has an intensity of 1 W/m?. A
60 dB sound has ten times the intensity of a 50 dB sound, and one-tenth the intensity of

a 70 dB sound.

5.2.2. Standing Wave

A standing wave occurs when the two similar waves move in opposite directions. It
most likely happens as a phenomenon of resonance due to the interference between the
incident and reflected waves. To demonstrate the phenomenon in a mathematical method,
the waves are simplified as sine waves in one dimension and the resonance is derived

by adding the two equations together.

Incident wave is defined as:
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21
Yin(x, 1) = ASin(T + wt) Equation 29

Reflected wave is defined as:

Vre(x, ) = Asin(z% + wt) Equation 30
Where
A: the wave amplitude
w: the angular frequency
A: the wavelength

x and t: longitudinal position and time

Hence, the resultant wave is

2m 21
Y(x; t) = Yin + Vre = Asin (7 - Wt) + Asin (7 + Wt)
Equation 31

21X
= 2Acos(wt)sin(T)

As result, any point on the x-axis constantly oscillated with sin(z%). Therefore,

the amplitudes at the location of even multiples of a quarter wavelength,

are always zero, which are called nodes.

the amplitudes at the location of odd multiples of a quarter wavelength,

_ (2n-14 54 32 A 13151 (2n-1)A

- _— - - = = " ,

4 4 4 4’4’ 4’ 2

) ) )
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are always the maximum value at that instant, which are called anti-nodes. These

are illustrated in the Figure 48.

Reflected Wave

A —

Incident Wave

—

Time

Figure 48 Two opposing waves combine to form a standing wave.

Whether the standing wave terminates in a node (minimum amplitude) or an
antinode (maximum amplitude) depends on whether the other end of the tube is open or
closed. There is a displacement node at the closed end, and an antinode at the open end.
By analogy, consider a string fixed at one end (node) and free at the other (antinode).

Arbitrarily make x = 0 the closed end, as shown in Figure 49
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Figure 49. Standing sound waves in one end closed and one end open tube

The standing waves can resonate with the system at any frequency (wavelength)
correlating to the node/antinode points of the system. In other words, there are multiple

resonant frequencies for any system supporting standing waves. The resonance

frequencies are given as:

_(@n-1v

fn L ,(n can only be odd integers) Equation 32

where
L: the length of the tube
v: the velocity of sound in air
f: the frequency of sound

n: the integer for the n™ harmonic

In the present study, the cross-section of the tube is square and non-constant. A
pyramidal structure is designed in the lower half of the tube to fit the size of a
loudspeaker. This acoustical system is more complex than that presented in Eq. 32.
Hence, the microphone has been applied for the actual standing wave measurement

presented in 6.2.3, and the following study is based on the experimental results.
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5.2.3. Reynolds Number

VD
Re — Pm

Equation 33
Hm
where
V, velocity of the mixture gas at the nozzle
D, the inner diameter of the nozzle
Um, the dynamic viscosity of the mixture gas
This is calculated from the Wilke equation as:
Xal Xell
U =2 i) Equation 34

C Xo+ Xepar  Xp+ Xabra

where X denotes the mole fraction of a component and ¢, is defined by:

L+ (a2 M MYV

af = Equation 35
[8 x (14 My/Mf)]1/?
and vice versa for ¢¢,
Pm 1s the density of the mixture gas:
PaVq + prV
P = %vj:f Equation 36
a

5.2.4. Flame Lifted Off

In most industrial applications, jet flame lifted off is always been regarded as the
most undesirable instability performance, as it is unstable and easy to blow-off abruptly.
Hence, the stabilisation and extinction mechanism has been subjected to numerical

simulation and experimental investigation.

The jet flame has a tendency to lift off from the burner nozzle position when the jet
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velocity of the flame reaches a critical value U, [54]. With the increasing of the jet
velocity, the lifted height will be increased beyond certain critical height [112].
Therefore, the stability of the lifted flame is an important parameter for basic combustor
design. Scholefield and Garside’s theory [113] laimed that the transition to turbulence is
a prerequisite for the lifted flame stabilisation and the flame anchors at a point where the
flow is turbulent. Gollahalli [114] argued that the flame will tend to stabilise at the
position where the local flow velocity balances the normal flame propagation velocity.
Navarro-Martinez and Kronenburg [115] determined that the excessive turbulent
stretching at the nozzle leads to the lift-off, but they also claimed that the turbulent
structure can be used to promote the flame sustainability. Recently, observations from
Kiran and Mishra’s [112] visual experiment proved that the flame lift-off height varies
linearly with jet exit velocity. They presented a semi-empirical correlation between the

normalised lift-off height and the global strain rate.

HL _ -3 Uf .
—=18x%x10""— Equation 37
Ds Dy

H; : lift-off height
Dy: diameter of the fuel tube

Uy fuel jet velocity

In addition to the velocity effect, the effect of stoichiometric burning on the physical
mechanism blowout has been investigated by Broadwell et al. [116] and Pitts [117].
According to their study, the re-entrained gases are mixed with non-flammable jet gases,

which cool down the hot products and hinder the continuous burning.

For the lifted flame, it has been proved by many research works that the rolling-up
processes of vortex structures generated by the bluff body or acoustic perturbation will

prevent the lifted flame from propagating downstream [55,56,118-120]. The flame
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response to specific external excitation in the terms of frequency and amplitude was
studied theoretically and experimentally by Demare and Baillot [121] They concluded
that secondary vortices are sufficiently powerful to make the flame propagate oppositely.
The study of flame stability mechanisms in the hysteresis region by acoustically exciting
the unburned components has been investigated by Lin et al. [122] and the most
significant effect was found when the acoustic frequency matched the fundamental
frequency of the vortex. Chao et al. demonstrated that the acoustic excitation at certain
frequencies could extend the blowout limit by more than 25% [119]. Moreover, the
stability method of acoustic excitation on lifted flame was also proven to be feasible for

soot suppression and emission control [58,123,124].

However, for a steady laminar flame, it is well-known that the external periodic
acoustic forcing acts on both the flame jet and the surrounding air. Kim et al. [92] and
Kartheekeyan et al. [95] observed that the flow oscillation varies the local strain rate at
the shear layers, which contributes to fluctuations of the heat release rate and mixing
rate. Additionally, the unsteady vorticial structure pass-by can stretch and quench the
flame [125]. Chen and Zhang experimentally investigated on the nonlinear coupling
characteristics on different equivalence ratios of propane/air flame [103]. They showed
the existence of complex nonlinear frequency components created by the coupling of

buoyancy and excitation.

Although the acoustic excitation has been widely investigated from two aspects:
namely, one where the acoustic stabilisation mechanism is studied and one where the
flame oscillation response of the excitation is examined. The mechanism behind the
transition of the flame lift-off and re-attachment procedures has not been clearly
described. The present work is performed on conical laminar premixed flame in a

rectangular tube excited by acoustic waves in different conditions. The oscillatory
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behaviour of the laminar flame dynamic structure and lifted height are experimentally

investigated with the high-speed image recording and contour line detection method.

5.2.5. Principle of Microphone

When the sound has been generated, the sound wave carries energy towards the
microphone. The wave hits the diaphragm, which is a very thin plastic film located at
the front side of the microphone. The coil, attached to the diaphragm and wound around
a permanent magnet, vibrated with the it. The back and forth movement of the coil
intersects the magnetic field generated by the magnet. Hence, the electric signal can be

generated and transmitted to the sound recorder device.

diaphragm permanent magnet

o
sound waves I electric signal
coil
S d vibrations Coil
oun in the diaphragm vibrations
Voltage Magnetic field

induces
a signal voltage

Pressure (Pa) = Sensitivity

Figure 50. Principle of Microphone

High-sensitivity microphones are not always better than low-sensitivity
microphones. The sensitivity refers to the characteristics of the microphone but not
necessarily its quality. In near-field applications, such as cellular phones, where the
microphone is close to the sound source, a microphone with higher sensitivity is more
likely to reach the maximum acoustic input, clip, and cause distortion. A higher
sensitivity may be desirable in far-field applications, such as conference phones and

security cameras, in which the sound is attenuated as the distance from the source to the
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microphone increases.

5.3. Experiment Setup

The experiment aims to diagnose the impact of external acoustic excitation on the
premixed conical flame characters in a one-end closed tube. A square transparent tube
with a loudspeaker at the bottom end of the tube is the main part of the test rig. The
acoustic generator system and the acquisition system are controlled by Labview. Colour
imaging and single-mirror schlieren system were applied to flame dynamics,

chemiluminescence emission, and vortices in the hysteresis region.

Figure 51 hows the experimental apparatus arrangement, which includes the burner,
image recording facilities, 3D position control, data acquisition system, and acoustic
generator. The details of the system functions and methodology are introduced in this

section.

Sound generating and Data Acquisition System Burner system

Rectangular Tube I

1000 (< Mixing
I
- | Chamber
]
i Nozzle
# Microphone - |

. K | //

Flow meten’g il
I =;I 400 [~

Signal NI data

conditioner acquisition = ik W —
T

h

Speaker i:‘

|

ey |
Amplifier 3D traverser Fi

Figure 51. Layout of the test rig arrangement
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5.3.1. Burner System

In the burner system, the gaseous fuel and air are supplied from a propane cylinder
and air compressor. The flow rate is controlled by a rotameter. The fuel and air are
connected to a mixing chamber to produce a premixed flame at the equivalence ratio of
1.4 (C3Hg 0.12L/min, air 2.05/min). The inner diameter of the burner nozzle is 3 mm
and the fuel was ignited with an electrical spark near the nozzle exit. The nozzle position
relative to the tube could be adjusted through the 3D traverse system controlled by
Labview. The tube is made with four glass panels and braced by four steel brackets with
an open top end. The dimensions of the tube are 1000 mm in length and 120 mm in width

of the square.

5.3.2. Sound Generating and Data Acquisition System

The sound generating system is used to produce the external acoustic excitation,
including a Labview control panel, an audio amplifier and a loudspeaker. The output
wave signal frequency is defined by Labview and the forcing amplitude is controlled by
the audio amplifier, based on the output voltage (V). The loudspeaker (BUMPER model

0848 RF) converts the electrical signals to sound via an electromagnetic transducer.

In the data acquisition system, the sound pressure readings were collected by a
microphone from PCB PIEZO model 377C10 (details shown in Appendix I). The
microphone is mounted at the nozzle and recorded by a National Instruments DAQ card.
The data acquisition card was an eight-slot NI cDAQ-9178 compact DAQ chassis with
NI 9205 32 channel analogue input module and NI 9264 16 channel analogue output
module. The maximum sampling rate of the card is 250 kHz. In this experiment, the

sampling rate was set to 10,000 samples per second.
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5.3.3. Standing Wave Measurement

The experimental measurements of the acoustic responses were made along the
length of the tube using a microphone. The pressure value has been recorded at different
position from 40 cm to 80 cm above the sound source with 2 mm intervals through the
whole tube and the measurement point was in the centre of the tube. The range of
excitation frequency was from 20 Hz to 600 Hz in increments of 5 Hz, with a voltage
amplitude of 5 V. The experimental observation in Figure 52 indicates that the first four

modes of the present rig are 90 Hz, 200 Hz, 380 Hz, and 500 Hz.

100

50

Amplitude

[
l
W////////////////,’//;////////

T

600hz

40cm QOhz

Position Frequency

Figure 52 Experimental measurement of pressure response to position and

frequency

101



Chapter 5 Acoustic Impact on Flame

5.3.4. Colour Imaging Setup
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Figure 53 The schematic layout of the Colour imaging experimental apparatus

setup

The optical colour imaging setup, shown in Figure 53, consists of a Photron-SA4
high-speed colour camera with a Sigma zoom 24-70 mm lens, as well as a computer
control and recording system. Merely setting the brightness will increase the noise and
other unwanted colour, which may increase the difficulty to acquire accurate analysis
results. To avoid redundant noise signals affecting the weak signal detection, the
experiments were carried out in completely dark room in addition to using a black
background behind the flame. To ensure accuracy and generalisability, 2000 images
were recorded at a frame rate of 2000 images per second for each condition. The data

were quantitatively analysed by Matlab image processing.
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Figure 54. Shutter speed selection

In order to capture a precise image of the flame dynamic structure, a variety of
shutter speeds were tested to choose the most suitable settings before collecting the data.
In the test, the external excitation wave frequency was set to 385 Hz with pressure 40
Pa and the shutter speed was varied from 50 fps to 2000 fps. The results are shown in
Figure 54. It is obvious that the flame boundary is blurry and there is no clear difference
between the flame structures at low shutter speeds. Chen [126] claimed in his previous
study that under the same acoustic excitation, a premixed flame is more stable than a

diffusion flame. This view is compatible with observations of the flame under the low
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shutter speed, shown in the first line. However, as the stutter speed increases, the
boundary line is sharper, and more details of the flame dynamic structure can be
identified. The higher shutter speed leads to poor visualisation on the bluish flame and
creates a barrier to further analysis due to the restriction of exposure time at the
instantaneous flame capture condition. Therefore, 2000 fps is selected for the following

imaging capture and study.

5.3.5. Single Schlieren System

. Point light source
2f of mirror

-
Mirror { :‘ ‘.\ | “‘ f:;;
- NG /

| Schlieren field Knife edge

Figure 55 Experimental setup of schlieren system

The experimental setup for the schlieren system is shown in Figure 55. A single
schlieren system has been applied to visualise the flow dynamic and vortex structure.
The single schlieren has a higher sensitivity than the Z-type system, because the light
passes through the density gradients object twice. Taking advantage of this, vortices in
both the hysteresis region and the self-illuminated flame are clearly shown in the

schlieren image. The schlieren system consists of a point light source and one A/10
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parabolic mirror with 75 mm diameter and 75 cm focal length. A knife edge was placed
at the focal point, just in front of camera, to adjust the brightness and contrast. The

schlieren images were recorded by a SA4 high-speed camera at the full frame resolution

of 1024x1024 pixels.

5.4. Results

5.4.1. Flame Flicking

10 Pa 25 Pa 40 Pa

Figure 56. The sample of series images under various excitation groups

Examples of sets of four consecutive images in 4/2000 s are shown in Figure 56,

The results show the changing trend of the shape of the flame front with sound pressure
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at 10 Pa, 25 Pa, and 40 Pa and at an external excitation frequency according to the first
four harmonic frequencies. It is clearly demonstrated that, at each external excitation
frequency, the flame front generated more evident wrinkles and separated flame bubbles
with increasing sound amplitude. For the lower-excitation-frequency case, the wave on
the flame front can barely be perceived in the 4/2000 s duration. With the increase in the
frequency, the wavelength on the flame front is shorter and the amplitude is larger. It is
also noteworthy that, in the low-frequency and high-pressure case, such as 90 Hz and
220 Hz under 40 Pa, more than one type of combined waves are exhibited on the flame
front. Moreover, severe deformation and flame lift-up can be noticed in the picture of
the flame under high sound pressure in the 500 Hz group. These phenomena on the flame
front have never been observed on a diffusion flame. In other words, the premixed flame
is prone to be disturbed by the external excitation. Further analysis of the flame

dynamics, wrinkle, acoustic dilution, and lifted flame are discussed in the following

section.
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Figure 57 Intensity frequency under the four harmonic frequencies and three

sound pressures
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Figure 57 illustrates the dynamics of flame intensity under the various acoustic
excitations corresponding to those in Figure 56. The frequency components are very
different at the different external excitation frequencies and intensities. For all the cases,
the excitation frequencies f, dominate the flame dynamics. No buoyancy-forced flame
flicking frequency can be determined, which indicates that the external perturbation is
sufficiently powerful to overshadow the buoyancy-induced flame flicker. At the low
excitation frequencies, 90 Hz and 200 Hz, several peaks of the harmonic frequencies
nf, can be clearly observed. With the increase in the pressure, the frequency components
are similar, but the amplitude of the harmonic response is more evident. Under severe
excitation condition, as shown in the cases of 380 Hz and 500 Hz, the chaotic front
exhibits an asymmetrically irregular geometry and leads to unexpected periodic motion,
which is similar to the results reported by Bourehla et al. [127]. By observing the result,
the nonconstant value of peaks f; have been seen at in the range 20-40 Hz, which are
caused by the flame lifted-off phenomenon. The sets of the fore and aft peaks that
accompany the dominant and harmonic frequencies f, + nf; have also been detected.
The particular frequencies are induced by the acoustic lift-up phenomenon [128], which
can be observed in the corresponding flame images in Figure 56. The flame bottom
partially lifted and gradually propagated downward and attached to the nozzle in the
following images. This acoustic induced flame lift-up behaviour will be thoroughly

analysed in Section 5.4.3.

5.4.2. Flame Configuration

A Matlab-based contour detection algorithm has been employed to define the
conical flame front. By carefully tuning the threshold and denoising process, the bright
primary reaction zone can be separated from the post-reaction zone and the boundary

line can be extracted. Figure 58 presents the three sequential samples of the flame front
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contour lines with 1/2000 s intervals for each of the external excitation frequency and

sound intensity groups.

90 HZ 200 HZ
10 Pa 25 Pa 40 Pa 10 Pa 25 Pa 40 Pa

Figure 58 Samples of boundary lines of the instantaneous flame

The contour lines exhibit that the amplitude of fluctuation keeps growing with the
increase in the excited sound intensity and resonance frequencies. The higher forcing
amplitudes, for all forcing resonance frequencies, restrain the height of the flame, which
is consistent with the observation of Karimi et al. [129]. Under severe excitation
condition, as shown in the group of 40 Pa at 500 Hz, the chaotic front exhibits an
asymmetrically irregular geometry and leads to unexpected periodic motion, which is
similar the results of Bourehla et al. [127]. The root segment of the front shows
noticeable a lift-off trend and the lift height oscillates, which can also be observed in
other excitation groups. With the increase in the perturbation level, the amplitude of the
lift-off oscillation is increased until blow-off finally occurs. Another noteworthy
phenomenon is that the separated flame bubble is formed on the top of the flame under
high forcing perturbation level, which considerably increases the flame front surface and

prompts the fresh mixture changing.
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5.4.2.1. Fluctuation of Single Point on Flame Wrinkle

Frequency of single point on flame wrinkle

1000,

500

Amplitude

07\‘*
600Hz

400Hz <

Time

Excitation 20qHz

Frequency : 7 = ] 400Hz-M

: 200Hz-M
10Hz
Displacement 10Hz-M Measured Frequency
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(a) (b)

Figure 59. Schematic of the single-point displacement on the flame wrinkle

Figure 59 (a) shows the time trace of the disturbing displacement for a single point
on the sample flame under three different forcing amplitudes at an excitation frequency
of 380 Hz. It is clear from this figure that the response of any picked-up single point on
the surface of the flame front to the acoustic excitation includes regular oscillation in the
time scale. Increasing the forcing pressure enlarges the wave amplitude of the flame
disturbance, but does not alter the wavelength, which results in a more wrinkled flame
with same frequency. In the following discussion of the single point, the selected point

is at the location of 200 pixels above the nozzle.

The following section aims at extending the identification of the excited flame
parameters submitted to FFT response to the excitation frequencies ranging from 10 Hz
to 600 Hz, the single point disturbed response amplitude of flame wrinkling, the surface

area disturbance under excitation along the standing wave, and the line configuration of
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the forcing flame wrinkle.

Apart from the displacement amplitude of the wrinkle changing with the excitation,
the wrinkle also shows different oscillation frequency peaks under the different
excitations. To examine the general relationship between the measured wrinkle point
displacement frequency and the excitation frequency, the flame images were captured
under a range of excitation frequencies from 10 Hz to 600 Hz in increments of 10 Hz,
with a voltage amplitude of 3 V. The nozzle was fixed at the position of 50 cm in the

transparent glass tube, regardless of the standing wave effect.

As shown in Figure 59 (b), the measured response frequencies exactly match
excitation frequencies f,, which indicates that the flame wrinkling correlates well with
the acoustic disturbance. Additionally, the frequency peaks become more prominent
when the excitation frequency increases. The buoyancy-driven flame flicking effect is
difficult to observe on the premixed flame front wrinkle fluctuation. This result matches
with the result of the nonlinear coupling flame intensity frequencies studied by Chen

and Zhang [103].

The standing wave has a non-negligible effect on the flame wrinkle amplitude. To
confirm this prediction, flame images of the acoustic responses were recorded along the
whole measurable length of the tube under a range of excitation frequencies from 10 Hz
to 600 Hz with 10 Hz intervals. The voltage of the acoustic excitation signal was fixed
at 3 V. The nozzle location was in the centre of the tube cross-section, and was varied

from 40 cm to 80 cm in increments of 5 cm.
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Figure 60 Amplitude of the point displacement along the tube under various

excitation frequencies

The amplitude results of the single point on the flame wrinkle under various
excitation frequencies along the tube are shown in Figure 60. The amplitude of the flame
wrinkling has a similar fluctuation trend to the acoustic pressure field measured by
microphone in the tube. However, similar results also show a disagreement between the
results of the microphone and flame response. From the observations, the disturbance
amplitude is less evident at lower frequencies. Combined with the evidence of the
measured flame frequency results in Figure 59, the flame configuration parameters are

more likely to sensitive to the higher frequency excitation.

5.4.2.2. Fluctuation of Flame Wrinkle Line

Axisymmetric premixed laminar conical flames submitted to harmonically external

acoustic excitation are investigated in this study. The geometry is a 2D flame captured
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by high-speed camera with the selected enhancement technique by image processing
shown in Figure 61 (a). The coordinate system in Figure 61 (b) is chosen to be in
alignment with the laminar flame at stable condition, as per the method introduced by
Shim and Lieuwen [110]. The i-axis is tangential to the stable flame edge and the j-axis
is perpendicular to it. The &; and &; represent the displacement of perturbation of the
flame front to the steady position at the location of i-axis and the +/— symbols indicate
the direction. Owing to the vertical axial symmetry structure of the flame, only one side

will be calculated, in the following analysis.

Figure 61. Schematic of the flame front configuration (a) and the wrinkle

coordinates (b)

Figure 62 plots the instantaneous flame wrinkle spatial variation along the i/Lgtqpie
axis at four forcing conditions with sound pressures 10 Pa, 25 Pa, and 40 Pa, where
Lgtapie 18 the unperturbed flame length. A clear expression for E;—r is obtained in a
normalised form by Equation 38. The plot clearly shows the displacement is growing
with the sound pressure in each frequency excitation and more evident fluctuation is
observed in the high forcing frequency group. Moreover, the fluctuation grows with the

downstream distance.

I

gt

|fmax - fmin |

T+

& Equation 38
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To achieve a clear view of the wrinkle perturbation and the propagation character,
the results will be analysed from two aspects: the amplitude of the oscillation along the
downstream direction and the frequency of wrinkle displacement at point 0.5 of the

i/Lgtapie axial position under the four forcing frequencies.

90 Hz 200 Hz
+ 10 pa ——25pa  eresess 40 pa + 10 pa ———25pa = eeeeees 40 pa
1 1
i 0 0.2 0.4 0.6 0.8 1
«1 . -1 =
l/l'stable "/Lstable
380 Hz 500 Hz

— 25 pa

i/Lstable i/leable

Figure 62. Instantaneous fluctuation magnitude of the sample flame front from

each excitation group along the normalized i-axis

Figure 63. presents the fluctuation amplitudes of the flame wrinkle under each
excitation condition, where the average amplitude of 2000 images in 1 s for each position

on the downstream direction is calculated as the standard deviation by Equation 39.

D)
et , (N =2000)

Equation 39

The wrinkle amplitude on the vertical coordinate is given in a normalised form

0%,/ Omax. showing that the perturbance effect grows with the axial position. The solid
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lines calculated by linear curve-fitting for these points present a direct view of the
amplitude growing trend. The result from the external excitation is opposite to wrinkle
destruction behaviour when the flame wrinkle is induced by the flame base oscillation,
as studied by Shin and Lieuwen [110]. The wrinkle size growth mechanism can be
explained by the nature of coherent structures raised by Brown and Roshko in 1974
[130]. The value of the slope k is the indication of the wrinkle expansion rate. As can be
obviously noticed from the graph, the increase rate of the wrinkle is not only promoted
by the external induced sound pressure at the action point, but also the harmonic
frequency value. In addition, under the higher forcing frequency, the growth rate of k

with the sound pressure is more remarkable than those under the lower frequencies.
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Figure 63. Fluctuation magnitude on downstream direction at different excitation

cases

5.4.2.3. Flame Surface Area to Volume Ratio

The excited flame wrinkling line disturbance will be certainly bound by the flame
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front volume and surface area. This phenomenon was mentioned in the previous study
by Karimi et al. [94,129] . The method they used was to divide the entire flame into 10
equal segments. Assuming axisymmetry in each of the flame segments, the flame surface
area was calculated through numerical integration, in which the rotation of each row of
pixels bounded by the flame surface about the burner centre line generates a flame
surface area element and a rectangular integration method is used to calculate the total
flame surface area. Their result revealed that the time trace of this surface area
disturbance under different forcing amplitudes closely resembles sine wave after 10th-

order polynomial curve fitting.

(a)

Figure 64 The refine perimeter of the excited flame front
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However, the accuracy of the 10 equal segments was deemed insufficient to
calculate the complex wrinkled flame front configuration. In this study, a more precise
boundary detection program is applied. Figure 59 shows the refined perimeter of the
complex wrinkled flame front and the discrepancy between the tentative and refined
ones. The refinement, characterised by a smoothing of the boundary, gained through the
application of the 10-point interpolation principle is clearly evident for the smooth
boundary. Therefore, the following calculation will be more than 100 times precise than
the results of Karimi [94]. The following discussion of the volume and surface area ratio

is based on the refined perimeters.

The burning rate at a specific location increasing through flame wrinkling is simply
due to the increase in the surface area mentioned in Law’s book [130]. However, the
flame envelop does not continually enlarge with the increase in sound pressure in the
high-frequency range. This is mainly caused by the severe flame front volume shrinkage.
Hence, the consequence indicated by Law can be described more reasonably by the

surface area per unit volume.

A
Aunit = % Equation 40
where
h h h .
A= [ d, = [ 2nrd, = [ 7R, Equation 41
N2 )
V= foh dy = foh nrd, = fohn (%) d,, Equation 42
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Figure 65. Surface area per unit volume along the tube under various excited

frequencies

In Figure 65, shows a basic similarity between the value of the surface area per unit
volume and the acoustic sound pressure level inside the tube Figure 52. Even at the first
harmonic frequency, the embossment can be easily distinguished. The anomalous wave
profile occurs at the 4th harmonic. Under these conditions, the flame was on the verge
of extinction owing to the violent disturbance. The surface area per unit volume has
expanded to the maximum limitation. Additionally, this shows evidently that at the low
frequency, the flame surface area per unit volume does not have distinctive peaks, even
at the high-sound-pressure locations. However, the effect at high frequency is obvious,

even in the trough region.
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Figure 66 exhibits the distribution of the surface area to volume ratio in the

frequency domain. Generally, the vibration of the surface area to volume ratio expressed

great profile similarity to the flame intensity frequency. This denotes that the external

acoustic excitation has a straightforward impact on the vibration of reaction surface area

and volume character. In accordance with the previous study by Birbaud et al. [96], the

vortices can promote the external air to entrain into the fresh mixture and the burnt gas

in the quartz tube, which can contribute on diluting the fuel/air mixture and changing

the equivalence ratio. The further analysis on the dynamics of the dilution behaviour and

the changed equivalence ratio ¢* based on DFCD will be discussed in next section.

5.4.3. Flame Lifted Behaviour

External acoustic excitation induced lifted premixed jet flame is often observed in

the combustion chamber and produces undesirable instability, including reattachment to

the nozzle, lift-off flame, and hydrodynamic instabilities. The flame chemiluminescent
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emission fluctuations and the vortex structure of the lifted jet flame under acoustic
excitation were extensively studied in this investigation. By employing high-speed
visualisation and the DFCD image processing method, the fluctuation of the
instantaneous mixture fraction has been found to be highly correlated with the lifted
height variation. Vortices in both the hysteresis region and the self-illuminated flame
were clearly shown in the schlieren image. This clearly demonstrates that the highest
stabilised position is most probable at the top of the second pairing of the coherent
vortices. This behaviour can be further explained by analysing the velocity fluctuation
of the symmetric vortices in the shear layer. The measurements show that the high
velocities generated by the excitation lead to the flame lift-off. However, the vortices
play a key role in preventing flame lift-off and diluting the flame, because they are able
to roll-in more fresh air. The frequency of the reattachment and instantaneous mixture
fraction fluctuation increase with the external excitation frequency. However, the
excessive external acoustic excitation leads to blow-off due to over-dilution and

increased lifted height.

5.4.3.1. Hysteresis Behaviour

The stabilisation mechanism that governs the dynamics at the flame base of lifted
flames has been subject to numerical simulation and experimental investigation. When
the jet velocity of the flame reaches a critical value U,, the jet flame has a tendency to
get lifted off from the burner rim and stabilise above it. This is a typical ‘pure liftoff’
phenomenon. The lifted height is called the hysteresis region. The lifted flame is
unstable and can blow-off or extinguish at any time if the velocity is further increased,
and the lift-off height increases beyond certain critical height. Thus, flame stability of
the lifted diffusion flame is an important parameter for basic combustor design. Van

Quickenborne and van Tiggelen [131] investigated the stability characteristics of lifted
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methane jet diffusion flames in terms of lift-oft height, HL, and found that the fuel and
air are fully premixed at the base of a lifted diffusion flame. They presumed that the
flame gets stabilised at the position where the mean flow velocity is equal to the burning

velocity of a stoichiometric premixed turbulent flame.

Figure 67 (a) presents a sequence of photographs from the single-mirror schlieren
setting at excitation frequency of 380 Hz and forcing intensity of 40 Pa to show the
hysteresis region and the self-illuminated flame with a shutter speed 1/50 s at equal
intervals. Under violent excitation, the periodic lift-off and reattachment process of the
premixed flame can be clearly observed in the visible flame area. The motion is

concurrent with the activity of the hot gas region.

Figure 67 (a) Sequence of photographs from the single-mirror schlieren at shutter
speed 1/50 s; (b) The samples of series colour images in successive 4/2000 s; (c)

Three sequential samples of the flame front contour lines with 1/2000 s interval
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To obtain a better observation of the periodically lifted flame behaviour, a higher
shutter speed of 1/2000 s was used out for the visible flame imaging, as shown in Figure
67 (b). The samples of sets images in successive 4/2000 s display the visible flame front
structure in the transition between lift-off and reattachment. Under the acoustic forcing,
the flame front exhibits severe deformation with evident wrinkle fluctuation, separated

flame bubbles and lifted-up flame base.

A Matlab-based contour detection algorithm was employed to define the conical
flame front, and the extracted boundary lines are shown in Figure 67(c). The three
sequential samples of the flame front contour lines with 1/2000 s interval from the 380
Hz frequency excitation case are drawn in each of the forcing pressure conditions, 30
Pa, 40 Pa, and 50 Pa. The root segment of the front exhibits a noticeable position shifting
in the vertical direction. The contour lines illustrate that the fluctuating amplitude of
lifted height continues to grow with the increasing perturbation pressure. In addition, the
flame front exhibits an asymmetrically irregular geometry, which is similar to that
mentioned by Bourehla et al. [127] and Gollahalli et al.[114]. These observations
demonstrate that the lifted-off behaviour of premixed flame is sensitive to external
excitation. The formation of hysteresis and reattachment processes are investigated and

identified by its dominant flow characteristic in this experimental study.

The diagrammatic geometry of a 2D flame captured by the high-speed camera at a
shutter speed of 1/2000 s with the selected colour enhancement technique by image
processing is shown in Figure 68 (a). The red line presents the smoothing of the
boundary gained through the application of the interpolation principle. The centre point
(0, 0) of the coordinate system is located at the middle top of the nozzle, x is horizontal
and increases to the right, and y is vertical and increase upward. The flame length Hf

is defined as the nondimensional distance between the top point and the bottom point,
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calculated by the number of pixels in y-axis direction, as shown Figure 68 (a). The lift-
offheight H; is defined by the distance in the y-axis direction between the bottom point
and the nozzle. The values of visible flame length H and the lift-off height H; are the
average of the 500 relevant images for each under forcing frequencies 380 Hz and 500
Hz and a variety of external acoustic forcing intensities, as shown in Figure 68 (b). The
measurement of sound amplitude ranges from the initial sign of lift-off to the blow-off
point. Therefore, the amplitude ranges for the forcing frequencies 380 Hz and 500 Hz
depended on their resistance to blow-off, 22—50 Pa and 2—-30 Pa, respectively. The flame
lengths Hy exhibit a descending trend for both frequency groups. The error bars

represent the standard deviation of flame length fluctuation amplitude.
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Figure 68 Variation of flame height H; and lift-off height H; of acoustically

excited flame

As can be obviously noticed from the graph, the external sound pressure promotes
the flame length fluctuation. This is mainly caused by the growing flame lifted height
combined with the generation of separated flame bubbles. Moreover, the growing rate

of flame lifted height from 500 Hz frequency excitation is higher than that from 380 Hz
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frequency excitation, which indicated the premixed flame is prone to be disturbed and
quenched suddenly under the condition of high-frequency acoustic perturbation. The
observation is in contrast to the results of the non-premixed flame reported by Chen
[103].

Attached flame Lifted flame Blow off

(@) (b)

Figure 69 Sample schlieren pictures for three perturbance conditions

Figure 69 presents the sample schlieren pictures at the salient feature point for each
of three sound perturbance conditions at 380 Hz, including attached flame (20 Pa), lifted
flame (35 Pa), and blow-off (50 Pa). Although the vertical orientation of the knife edge
is only sensitive to the radial density gradients, the vortex structure caused by the
Kelvin—Helmholtz instabilities become visible on the unburn jet shear layer near the

nozzle.

At the low-sound-amplitude level, the configuration of the flame front presents as a
wavy boundary before flame is lifted. With the increase in the external perturbation, the
waves overturn the are in the vicinity and grow into billows in the unburning hysteresis
region, which leads to the intermittent flame holding. In the burning flame part, the
convolution structure becomes distorted and gradually dissipates. This is because the
formation of the vortices structure is suppressed by the presence of the flame according

to the studies by Gollahalli [114] and Chao [119]. The observations of the massive
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schlieren pictures demonstrate that the highest stabilised position is most probable at the
top of the second pairing of the coherent vortices. Further increasing the sound pressure
level causes severe interference of the surrounding air and fuel. The excessive re-
entrained cold fresh air from the vortices cools down the hot products, which results in
hinderance of sustainable burning, reduction in heat release [132] and eventually flame
extinction. During the blow-off procedure shown in Figure 69 (c), the organised
streamwise vortex pair gradually spreads to larger-scale structure further downstream,

which is in accordance with the observation by Demare et al. [56].

5.4.3.2.Nonlinear Coupling of Lifted Flame and Acoustic Wave

Figure 70 (a) shows a sequence of colour images for the flame in the transition cycle
process of attachment, lift-off, and reattachment. The successive frames are at equal
intervals 2 ms. According to the coordinate system established in Figure 68, the
trajectories of the visual flame lifted height, showed in Figure 70 (b), was recorded at
2000 fps over 100 ms. As obviously shown in the graph, apart from the oscillations
between lift-off and reattachment, there was another high-frequency oscillation

throughout the period.
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Figure 70 (a) Colour images for cycle of attachment, lift-off and reattachment; (b) The trajectories of the flame lifted height
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To determine the principle of the oscillations, a low-pass FFT filter was applied to
the data of various acoustic intensities from the two frequency cases, as shown in Figure
71. The FFT graph illustrates the dynamics of lifted height under various acoustic
perturbations. The frequency components perform differently at the different external
excitation frequencies and intensities. Demare and Baillot [56] claimed that the lifted-
off height fluctuated randomly despite being subjected to periodic forcing. However, as
shown in the results, generally for all the cases, the nonconstant value of lift-off
frequency f; dominates the flame dynamic in the range 20-40 Hz. This indicates that
the fluctuation of the lifted height is not random, but it is difficult to determine the
discipline for the exact frequency, which relates to the formation conditions of the
Kelvin—Helmholtz vortices and flame burning speed. The excitation frequencies f,
show more evident peaks under the lower acoustic forcing intensity. No natural flame
flicking frequency can be detected, which indicates that the buoyancy driving force does

not have an effect on the flame lifted fluctuation at this low jet velocity (Re = 557).
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Figure 71 Frequency of the lifted height for various acoustic excitation conditions
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AAt the mild excitation amplitude in both cases of 380 Hz and 500 Hz, the sets of
the fore and aft peaks that accompany the dominated and harmonic frequencies f, +
nf; have been detected. The sets of accompanied fore and aft peaks f, + nf, are
explained by nonlinear coupling theory, which was recently reported by Chen and Zhang
[103]. The two frequency components can be simplified into wave signals, as shown

below:
Yexcitation (t) = XeSin(Wet) and Yiirreq(t) = x sin(wyt)  Equation 43

The nonlinear coupling results in the creation of the frequency component as:

Yeoupiing (t) = ksin(w,t)sin(w,t) Equation 44
This can then be broken down into the following equation:

klcos(w, —w;) t] — [cos(w, + w;) t]

Yeoupting () = 5 Equation 45

Hence, this is the main explanation for the nonlinear coupling relationship of f, +
nf;. Therefore, the flame oscillated in both the i-axis and j-axis directions and the result

illustrates the coupling frequency of both directions.

The stabilisation mechanism of the vortices has been reported by many researches
[133,134]. These researchers noticed that for the lifted flame, at the hysteresis region,
the vortices play an important role for the flame stabilisation and reattachment. It is well-
known that when the jet velocity Ujet is higher than the burning velocity Uburn, the
flame detaches itself from the nozzle and stabilises at the position where Ujet =~ Uburn

in the downstream region. The lifted height is unstable, as the hysteresis zone is
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vulnerable to the external interference. Contrary to the weakly excited case, after the
flame lifted off, the relative velocity field condition reversed, the velocity of the
unburned jet flow is much higher than that of the ambient air, and the velocity disparity
results in the formation of Kelvin—Helmholtz vortices. This observation agrees with the
results of Chao [119] and Demare [121]. Chao et al. claimed that the local velocity of
the vortex core region is higher than the natural jet, but the outer edge of the layer and
the mean velocity of the travelling wave has been dramatically decreased. Therefore, the
rolling-up vortices effectively prevent the lifted flame from propagation upstream.
Demare and Baillot presented the velocity field of both the vertical and the horizontal
views. They found that the vortex radial velocity of the excited jet is nearly half of the
natural jet and the root-mean-square value is 25% lower. Therefore, the Kelvin—
Helmholtz ring structure provides a suitable circumstance for the flame reattachment.
Moreover, these vortex structures not only minimise the velocity disparity at the shear
layer, but also promote the further mixing between the fuel and the ambient air. The
mixture fraction will be further analysed by the DFCD image processing method applied

to flame chemiluminescence.

5.4.4. Flame Chemiluminescent Radiations Measurement

The bottom of the tube is not sealed, and fresh air can continually enter the tube,
although it is considered to be acoustically closed. Based on Chen’s previous study [6],
the evidence shows that the circulated fresh air is sufficient to keep the pure diffusion

flame burning continuously.

The behaviour of the acoustic perturbation diluting the fuel/air mixture has been
mentioned and verified by many researchers. In the laminar premixed condition, the

flame front colour changes from greenish blue to pure blue, as can be clearly noticed
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directly by eye from the sequence of the dynamic flame images under different external
acoustic excitation conditions in Figure 56. This is because the C>* radicals, perceived
as green colour by human eyes, would be more likely to be generated under fuel-rich
mixing conditions. In this section, a quantitative parametric investigation based on the

DFCD approach will be presented.

The experimental data measured by Gu [135] proved that burning velocity for
premixed flame reaches its maximum value when the equivalence ratio is approximately
1. In addition, Walchshofer concluded that the lifted flame is stabilised close to the
surface stoichiometric mixing conditions [136]. In other words, the premixed flame at
the equivalence ratio 1.4 preferably drifts towards the relatively fuel-leaner side. Hence,
the DFCD method has been implemented in the present work to evaluate the distribution
of fuel concentration, which was introduced in Huang’s previous studies [106] and

applied to both gaseous [137] and liquid combustions [138].
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Figure 72 (a) Schlieren images for flame and jet flow structure during the lifted and reattached process; (b) Instantaneous calculated

CH*/C2* ratio colour map

130



Chapter 5 Acoustic Impact on Flame

The CH*/C»* ratio has been proved to have a linear relation with the equivalence
ratio. It can be regarded as an indicator to reveal the fuel mixing fraction level, in which
the fuel-lean flame has higher CH*/C>* ratio and high-fuel concentration flame has a
lower CH*/Cy* ratio. Figure 72 (a) shows the sequence of schlieren images for the flame
lifted and reattached cycle process with 2 ms intervals. The Kelvin—-Helmholtz rolling-
up structure can be clearly recognised in the unburn jet region above the nozzle when
the flame lifted. Figure 70 (b) presents the instantaneous colour map of the calculated
CH*/C,* ratio of the corresponding images. The ratio ranges from 0 to 7 and displays
the colour from dark blue to red. As the flame propagates downstream, the flame area
gradually decreases, but there is no evident change in the fuel concentration and most of
the flame area is exhibited as dark blue. As soon as the flame lifted to the highest position,
the reddish and yellowish colour gradually emerges at the bottom section, which
indicates that the vortex-up configuration enhances the mixing between the fuel and the

surrounding air.

The dilution effect of the vortex structure has been reported by many others’ studies
[139—141]. During the falling period, the lifted flame propagates upstream as a result of
vortices-induced local lower mixture fraction, which is consistent with flame
propagation preference. It is worth noting that, apart from the predominant distribution
zone of the reddish and yellowish points at the bottom region of the flame, it also occurs
at the core of the vortex. Therefore, based on the discussion above, the upstream
propagation behaviour of the acoustic excited lifted flame could be explained by the

rolling-up vortices stabilisation mechanism and local mixing enhancement.
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Figure 73 CH*/C2* ratio along the tube under various excited frequencies

Hence, according to its similar feature as the Figure 65, the dilution effect is mainly
contributed by the enlarged surface area to fresh air. The wave profile of the B/G ratio
has a similar trend to the acoustic response in the tube, especially at the third and fourth
harmonic frequency. In other words, under the 380 Hz and 500 Hz external acoustic
excitations, the mixture of the flame has been diluted strongly in accordance with the
local sound pressure. However, at the low-frequency range, the effect can be barely
identified. This indicates that the mixture disturbance behaviour is not sensitive to the

sound pressure fluctuation at low frequency.
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Figure 74 Sample of post-processed images to give CH*/C:* ratio distribution at

the various sound intensities condition of each frequency group

The calculated CH*/C,* ratio instantaneous distribution provides a better view to
understand the performance of acoustic impact on the flame. In the colour map shown
in Figure 74, one flame sample image has been randomly chosen from each circumstance,
with the ratio ranging from 0 to 10 and displaying the colour from dark bluish to red. At
the low-disturbance condition, dark blue is uniformly distributed over the whole flame
area. With the increase in the intensity and resonance frequency, yellow and red spots
appear at the bottom of the flame, which spread out the area in the high-frequency group,
and the subgenerated flame bubble is more likely to turn to a greenish colour. This

provides particularly local insight into the fuel/air dilution behaviour trend.
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Figure 75 6 order polynomial curve fit Gaussian distribution CH*/C2* ratio for

various acoustic excitations

Referring to the previous study by Yang on the B/G ratio Gaussian distribution
calculation, with the increase in the equivalence ratio, the peak gradually moves to
higher B/G ratio [78]. As the plot in Figure 75 shows, in each external excitation group,
the wave moves to higher B/G ratio with the increase in the sound intensity. Comparing
the plot in the column by the acoustic frequency group, the waves show the left-moving
trend towards higher B/G ratio. This presents a clear variation tendency induced by the
acoustic perturbation, which means both the sound pressure and the exciton frequency

contribute evidently to the mixture dilution caused by the external acoustic excitation.

As the colour contour map distribution is conducted with a single image, avoiding
the overgeneralisation errors, the average of CH*/C,* ratios of 4000 images in 2 s at the

nozzle under each acoustic condition were calculated and compared in Figure 76. The
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dotted, dashed, dash-dotted, and solid lines represent the external excitation frequencies
of 90 Hz, 200 Hz, 380 Hz, and 500 Hz respectively, and the error bar indicates the
standard deviation of the ratio of the 4000 images. All four lines present a growing trend
with the increasing the sound volume, but with various growth rates. The solid line is
constantly above the other three and the dotted line at the bottom barely increases during
the whole operation. This indicates that the frequency plays a substantial role in the
fuel/air dilution. The ratios of the two low-frequency cases grow slightly when the sound
intensity continually increases, whereas the solid line and the dash-dotted line maintain
their growth rates. The growth rate bends from 25 Pa to 40 Pa, which indicates that the

dilution trend is nonlinear.
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Figure 76 Comparison of the average CH*/C:* ratio

By combining these results with the previous analysis, the reasons for the dilution
can be inferred. For the lower forcing frequencies 90 Hz and 220 Hz, the calculated
CH*/C,* ratio and the surface area to volume ratio share the same trend, which indicates
the mixture changing is mainly owing to the larger reaction area with fresh air induced

by the vortices. This principle is also applicable to the case of 500 Hz at the low sound
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amplitude of 10 Pa. However, for the high sound amplitude, the large standard deviation
is not only caused by the shrinkage or expansion of the flame front area resulting in a
less linear increase rate, but also from the lift up phenomenon providing the opportunity

for the fresh air to enter into the unbound zone and keep the CH*/C>* ratio at a relatively

high level.
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Figure 77 CH*/C2* ratio FFT

Another phenomenon that must be mentioned is that the increase in the standard
deviation with the magnification of the sound intensity can be noticed evidently. That
means that the vibration range of mixing level has been enlarged by the sound intensity.
Further study will concentrate on the fluctuation of the ratio to determine the ratio

changing characteristics influenced by the acoustics.

Figure 77 demonstrates the changing principle of the fuel/air dilution level. At the

low excitation condition, no evident peak can be identified as the primary frequency.
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However, under the excitation condition, the peak frequency is obvious, and the
dominant frequency and secondary generated frequencies are identified with the
excitation frequency. A comparison with the results in Figure 57 shows that the
frequency profile obtained from the CH* / C, ratio resembles that from flame intensity
and the observation of harmonic behaviour investigation remained consistent. In
particular, the complementary frequencies peak at fotnff* at intensive excitation
condition are also very evident. This indicates that the flame lifted-up behaviours
contribute significantly to the fuel/air mixture changing. Nevertheless, the external
excitation frequency not only dominates the flame intensity frequency, but also exerts a

noteworthy impact on the frequency of flame fuel/air proportion level.

5.5. Conclusion

This study has shown that a premixed flame is sensitive to the frequency of acoustic
perturbation. The investigated flame features include the flame wrinkle fluctuation
frequency, amplitude, surface area to volume ratio, and acoustically induced dilution

behaviour.

e On the whole, it has been observed that the frequencies of the measured properties
match exactly with excitation frequencies, and their amplitudes show a similar trend
to the sound pressure standing wave in the tube. This indicates that the various
features of the flame correlate well with the acoustic disturbance.

e Furthermore, the lower excitation frequency has less impact on the all analysed
aspects of flame features, regardless of the sound pressure. The higher excited
frequency will induce more severe disturbance and produce more evident changes,
especially with respect to the surface area to volume ratio and dilution behaviour.

Under the intensive perturbation condition, the nonlinear frequency response can be
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explained by the involvement of the lift-off behaviour.

e For flame configuration, the wrinkle amplitude shows an increasing trend along the
downstream direction under external excitation condition. Both the external forcing
frequency and the sound pressure on the action point have a positive effect on the
flame wrinkle amplitude growth rate. The growth rate presents a linear trend with
respect to the axial distance.

e For the lifted flame features, the premixed flame is prone to be disturbed and can be
extinguished suddenly under high-frequency acoustic perturbation. The fluctuating
amplitude of the lifted height continues to grow with the increasing forcing pressure.

e The external forcing pressure promotes the flame height fluctuation owing to the
appearance of the separated flame bubbles.

e The Kelvin—Helmholtz ring structure forms at the unburnt jet boundary near the
nozzle when the flame lifts off, thereby intermittently stabilising the flame. However,
the flame will blow off eventually under the severe turbulence stretching, because
the excessive re-entrainment of the cold fresh air cools down the hot products and
the flame fails to be sustained.

e Under the low forcing sound pressure, the nonconstant value of lift-off frequency f;,
is nonlinearly coupled to the external excitation frequencies, whereas under the low
forcing sound pressure, the vortices dominated the lifted height oscillation.

e Before the flame lift-off, the relative velocity in the flame shear layer increases with
the increase in the sound amplitude. After the flame lift-off, the intensive vorticity
region concentrates in the Kelvin—Helmholtz rolling-up region, thereby reducing the
velocity disparity and providing a suitable environment for flame reattachment.

e A moderate fresh air entrainment along with the Kelvin—Helmholtz vortex structures
dilutes the mixture fraction. The premixed-flame burning speed and propagation
preference drag the flame back to the nozzle.

e For flame dilution behaviour, both the surface area per unit volume expansion and
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flame lift-off can promote the further mixing of the fuel and air. However, the surface

expansion has a limitation and excessive lifted height will quench the flame.
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6. Gas Turbine Combustion
of Fuels Evaluation

6.1. Introduction

The tremendous expansion of the aviation demand, combined with the energy crisis
and the stringent environmental pollution limitations, has been the challenge and the
driving force for the aeronautic combustion research. Therefore, revolutions in both the
modern aeronautical gas turbine and alternative fuels are ongoing. New aircraft designs
have been investigated by many research programmes [142]. However, it is difficult to
achieve the low emission goal in the short term, owing to the long research and
development cycle and slow replacement rate of older inefficient acroplanes with newer

models [143]. Alternative fuels offer the potential to provide immediate benefits.

Towards the widespread application of the alternative fuels, the test campaign aimed
to guarantee that reliable combustion performance and acceptable emission profiles of

the alternative fuels are compatible with infrastructure and operating conditions.

The University of Sheffield’s Low Carbon Combustion Centre (LCCC) is an allied
partner in the National Jet Fuels Combustion Program (NJFCP), which is a US multi-
agency program led by the Federal Aviation Administration (FAA). The project aims to

gain a better understanding of the effect of alternative jet fuel on engine combustion with
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collaborations between universities, governmental research agencies, and engine

manufacturers. [144]

6.2. Background Knowledge

6.2.1. Flame Stability in Jet Engine

Most of the modern civil aviation aircraft are powered by the gas turbine engine
with turbofans, and some use turboprops. In a gas turbine engine, the fuel is ejected from
the nozzle into the combustor chamber and the nozzle is surrounded by a compressed
air vent. The air has been compressed in a compressor before reaching the vent. At the
moment when the fuel is injected into the chambers, the fuel has been atomised into
millions of small droplets by the strong impact force of the compressed air flow. The
atomised fuel burns in the chamber and the releases hot gases to power a turbine shown,

as in Figure 78[145].

In petrol or diesel engines, the fuel needs to be periodically lighted, whereas the
flame in a jet engine is continuously burning in the combustor, as shown in Figure 79.
Therefore, the flame stability is an extremely crucial factor for the fuel evaluation
because once the flame is extinguished, the aircraft is flying without power, which is the
last thing we may expect. This scenario can lead to power loss and fatal consequences,
especially if the engine cannot be re-lighted in time. All modern jet engines have been
designed to be suitable to operate with conventionally sourced fuel. Hence, the new
candidate fuels have to be proven safe enough for use in conventional engines and their

performance in terms of flame stability must be well studied.
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Figure 79. Diagram of air flow paths in a gas turbine combustor[146]

In a premixed combustible gas mixture in a chamber, most of the fuel is only
combustible in a limited range of equivalence ratios, from approximately 0.5 to 3,
because the flame cannot propagate well if the mixture is too lean or too rich [147].
However, the range is not very restricted. The limitation of the flammability varies with
the operating pressure and temperature in the chamber. For the liquid fuel combustion,
volatility, which is the vaporisation tendency of the fuel, is affected by the fuel
composition, and temperature are important factors determining the flammability limits,

because they directly alter the fuel-air mixing.

According to the measured mass flow rate of air and fuel into a jet engine combustor,

the given air/fuel ratio for the whole rig can be calculated, but practically the liquid fuel
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and air will not be mixed as perfectly as the gaseous fuel and air do. Therefore, the
realistic results vary significantly for different fuels throughout the combustor [147]. As
candidate fuels are developed to control the particulate emissions and improve
combustion efficiency and reducing NOx and particles emission, this leads to greater

concerns regarding the LBO performance.

6.2.2. Lean Blowout Detection Method

In the aviation sector, there are far greater restrictions on any candidate fuel to
provide high-level reliability and stable combustion during operation [147]. In order to
reduce pollutant emissions, it has to narrow the stability limits and attain a satisfactory
LBO performance. The blow-off events increase engine maintenance cost and may even
be fatal in an aircraft engine, particularly during landing [148]. Accordingly, the LBO

performance is one of the major considerations for the evaluation of fuels [6—8].

The parameters related to the combustor configurations and burning condition have
large impacts on the LBO limit [149], including inlet flow velocity, equivalence ratio,
bluff body geometry, inlet temperature, and stratification [152]. Based on Lefebvre’s
theory [153], , the LBO fuel/air ratio is mainly dependent on the combustor geometric,
thermo-fluidic, and fuel property terms, as shown in Equation 46. The effects of the

candidate fuel properties on the combustion performance are investigated in this study.

: ; fpz TilA(1+x) Do?
LBO fuel/air ratio «
(0] e / atlo [sz(1+x)] [P3(1+nx) eXp(XT3/300) AeffLCV

Equation 46

Geometrical Thermo-Fluidic Term Fuel Property
Term term

Owing to the intrinsic transient nature of the LBO process, many complicated
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diagnostic systems have been exploited to provide real-time monitoring of these
quantifiable dynamic characteristics. The preliminary LBO prediction relied on pressure
drop or fluctuation in the combustion chamber as claimed by Snyder et al. [154] and
Lucenko et al. [155]. Lee and Santavicca [156] used Piezo-electric transducers to
diagnose the heat release. Li et al. developed a novel tuneable diode laser temperature
sensor to acquire the temperature fluctuations [157]. The most common methods are
based on the acoustic detection and optical emission measurements [158—161]. Nair and
Lieuwen demonstrated the feasibility of acoustic monitoring with a fast diagnostic

technique on the LBO’ signature description [162].

The optical approach through narrow or broadband, filter, high-speed colour
imaging based on emission is a suitable alternative nonintrusive diagnostic method to
determine valuable dynamic combustion parameters [75,108,163,164]. Flame
luminosity is one of the easily observable main features, and each flame has its own
spectrum of luminosity that can be used to characterise combustion process [66]. An
infrared sensing high-speed camera has been utilised to determine the thermo-instability
of LBO [165]. Planar laser induced fluorescence (PLIF) has been applied as a tracer for
fuel-mixing oscillations [118]. The simultaneous stereo-PIV and OH-PLIF
measurements have been implemented by Stohr et al. [166] to observe the unstable
vortex and gas mixing near LBO. An OH* chemiluminescence LBO prediction
technique based on UV high-speed imaging has been implemented on the active safe-
operation control system [167—169]. In the visible spectrum range, flame luminosity is
attributed to the spectra emitted from the electronically excited radicals CH* and C>*
[170,171], in addition to the soot continuous spectrum. Chaudhari et al. proposed a LBO
prediction strategy according to the flame colour change from reddish to bluish. In
experimental work conducted by Fujino et al. [50] and Jiotode et al. [49], visualisation

techniques provide time-resolved imaging data in the combustion chamber to analyse
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flame temperature distribution and combustion efficiency. Botero [172] correlates the
visual sooty flame height with soot particles mass to analyse the paraffin impact on soot
tendency. Later, he also studied optical soot formation induced by aromatic fractions via
luminous temperature and particles size number [173]. Witkowski [174] provides an
experimental diffusion flame soot propensity model by combining the LII and soot

profile, collected using transmission electron microscope (TEM) imaging.

The digital flame colour discrimination (DFCD) approach developed by Huang and
Zhang [105,106,175,176] shows that the instantaneous flame mixture condition can be
directly represented in flame colour. The optical detection method and imaging post-
processing provide a non-intrusive and alternative approach for monitoring the

instantaneous soot formation behaviour of liquid fuel combustion [138,177].

In this context, this chapter aims to investigate LBO limit with alternative fuels and
their characteristic flame properties on a Rolls-Royce Tay combustor rig. High-speed
colour imaging has been applied to capture flame features of various fuels. The DFCD
post-processing methodology was implemented via Matlab for the analysis of flame

features based on the soot concentration ratio via visible colour segregation method.

6.2.3. Alternative Fuels

Population and economic growth have boosted air traffic markedly; in Europe,
increases of approximately three times in the number commercial flights and eight times
in the volume of passengers by are expected by 2050 compared to 2011 [178]. The
Advisory Council for Aviation Research and Innovation in Europe (ACARE) has
established goals to reduce the Greenhouse gas (GHG) emissions, noise and other

pollutants for the civil aviation industry. This policy targets a 75% reduction in CO2
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emissions and a 90% reduction in NOx emissions per passenger kilometre by 2050, with

respect to 2000.

The investigations of new aircraft designs are concerned with payload capabilities,
alternative fuels, and new engine powering methods to achieve drastic decreases in civil
aviation emissions; the electrical and hybrid-electrical engines have been implemented
in the aviation industry. However, currently, the alternative energy is mainly applied to
the ancillary systems to ensure the competitiveness and sustainability of the light aircraft.
The other new generation of air vehicles, including hybrid airships, blended wing aircraft,
and new aircraft engines powered by liquid hydrogen fuel, solid oxide fuel cells, solar
cells, and nuclear power are still at low levels of technological readiness. It is difficult
to achieve the low emission goal in the short term, owing to the long research and
development cycle and slow replacement rate of older inefficient aeroplanes with newer

versions [143].

Developing new types of aviation fuel not only mitigates climate change and air
quality effects, but also contributes to national security with a stable, low-cost, and
diversified supply of energy. These candidate fuels should not only meet the
airworthiness requirements in flight and on the ground, but also require rigorous

assessment to ensure their safety, operability, durability, stability, etc.

In the aviation sector, there are much greater restrictions on any candidate fuels to
provide high-level reliability and stable combustion during operation, including[147]:
1. A high specific energy or high energy density to provide high heat content for

payload.

2. Fine atomisation.
3. High evaporation rate.

4. Good relight capability and resistance blow-off.
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5. Low explosion risk.

6. High specific heat capacity.

7. No potentially harmful contaminants.

8.  Minimum unburned carbon formation.

9. Low viscosity and high lubricity (e.g. low freezing point) for easy storage, pumping
and facilitation for altitude operation.

10. Good thermal stability.

11. Easy acquisition and reasonable cost.

12. Environmentally friendly.

13. Facilitation for ground storage and transportation.

Obviously, it is impossible to meet all these requirements at the same time. Some
requirements are even mutually contradictory. Of these, the ignition and LBO are the
two major processes for the fuel performance evaluation. The ignition instability and
blow-off events increase engine maintenance cost [179] and even result in fatalities in

an aircraft engine, particularly for landing operations[148].

6.2.4. Fuel Physical Properties

The fuel properties and composition have been theoretically studied for high
thermal stability and applicability to jet fuel design and evaluation. It was observed that
not all fuel compositions/properties have the same effects on combustion performance.
Unfortunately, insufficient data were provided in the publication to compare the different

hydrocarbon distributions over a wide range of properties.

Density:

Fuel density is the most basic property of the fuel. It concerns the energy density,
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the storage, and transportation. The higher the fuel density means the greater the mass
of fuel that can be stored in a given tank. Fuel density generally increases with increasing
molecular weight of the fuel molecules, and the weight of the component atoms of the
fuel molecules. It has been proved that with the increase in fuel density, the overall
performance of rockets improves, especially under the heavy load and in the high-
pressure condition. Fuel density is also the parameter to calculate fuel volume ratio and

tank mass [180].

Viscosity:

Viscosity describes the resistance of the fuel to flow. Viscosity is generally measured
in units of Pascal-seconds (Paes). It is a main factor that affects the atomisation,
evaporation rate, and pumping. A high viscosity is always undesirable for the fuel. In an
engine, fuel is delivered to the chamber from the fuel tank via a fuel system. The major
components of the fuel supply system include the fuel container, pipes, pump, filter, and
injectors. It can be assumed that a fuel with very high viscosity, with a honey-like
consistency, is impossible to inject into the combustion chamber through the thin pipe
and to atomise by compressed air when the engine starts. Viscosity is subject to three

major factors:

e Intermolecular forces

The bonds between molecules resist the flow of the fuel; in other words, a more
viscous the fuel has stronger bonds.

e Molecular size

Smaller molecules facilitate flowing past each other more than the bigger ones.

e Molecular shape

The shape does not play a decisive role in the viscosity. Linear molecules, branched
molecules, and the ring-shape molecules all have unique effects on the flowability,

which depend on their flow patterns.
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Aromatics:

Aromaticity describes a hydrocarbon molecule with a circular shape, with bonds
between carbon atoms. The simplest configuration is the well-known benzene ring,
consisting of six carbon atoms. This type of geometric structure exhibits more stability

than other connective arrangements.

Derived Cetane No.

The cetane number rate for aviation fuel is similar to that seen on a retail gasoline
dispenser, which is used to indicate the fuel’s quality of ignition. The derived cetane
number (DCN) possesses an inverse function of ignition delay in the engine. The time
period of delay is counted as from the initial fuel injection to the first time when
identifiable pressure can be detected by a sensor during ignition. According to previous
experience, especially for diesel engines, fuels with higher cetane number will have
shorter ignition delay time than lower-Cetane fuels [181]. Burger [182] advocated that
the DCN have noticeable influence on blowout because of the covariance of fuel
properties with ignition delay. Colket et al. [183] also report that the fuel with higher
DCN can have better capability of resistance to blowout and the experimental result
shown in Figure 80. The research work done by Won et al. [184] is in agreement with
this observation. He claimed that there is a relevance between the DCN and the gas

turbine combustion and extinction behaviour.

Studies have shown that the DCN of fuel alters when they are blended with
alternative jet fuels or additives are introduced [185,186], which is mainly caused by the
shifting of n-paraffin/iso-paraffin ratio. Braun-Unkhoff claimed, owing to the natural of

reactivity, the cetane numbers of n-paraffin are higher than those of iso-paraffin.
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Figure 80 Derived cetane number against equivalence ratio at LBO[183]

Flash Point

The flash point is the lowest temperature required for a material to volatilise enough
flammable vapor, which can be ignited when subjected to an ignition source. The flash
point is regarded as a descriptive characteristic to distinguish flammable liquids and
combustible liquids. It is also a main factor to determine the level of fire hazard [187],
which is closely related to the fuel storage and transportation. Generally, the flash point

increases with carbon number and a higher flash point indicates a lower fire hazard level

of the fuel.

Net Heat of Combustion

The heat of combustion is the overall energy released as heat when a specified
amount fuel undergoes complete combustion. The chemical reaction is usually the
hydrocarbon reacting with excessive oxygen at constant pressure. This is a main

character to quantify the performance of a fuel to power the engine, turbines, and motors.
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6.2.5. Chemical Composition

Table 4 Typical Chemical Families in Aviation Fuel

Chemical
Groups

Chemical components

Chemical Structure

N-paraffins

Normal alkane (linear, normal paraffin)

Long-chained Unbranched Alkanes

Formula: C,Hypyp

Iso-paraffins

Iso alkane
Long-chained, Branched Alkanes

Formula: C,Hyp 4o

Cyclo-

paraffins

Cyclo (Naphthenes)

Formula: C;,Hyp42

Di-cyclo alkane (di-naphthene)

Formula: C,Hy,_o

Aromatics

Mono-aromatic /Alkyl Benzenes
(+alkyl substitution)

Formula: C,Hyp_g

Naphthenic mono-aromatic
(+cyclo alkane ring)

Formula: C,Hyp_g (Cx = 9)

Di-aromatic

Formula: CpHyp_12 (10 < Cx £ 12)

Formula: C,,Hyp—15 (Cx > 12)

A typical jet fuel consists of hundreds or even thousands of different hydrocarbons,
depending on the crude oil source and/or processing techniques employed, which
significantly influence the fuel composition. Accordingly, sometimes the fuels have
same specification but with high variation in hydrocarbon composition. Fuels refined

from non-traditional sources, such as oil sands, biomass oils, or produced using
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alternative techniques may vary in terms of chemical composition and carbon

distribution.

The chemical species of the kerosene from conventional crude oil can be grouped
into four types: n—paraffins, iso-paraffins, cyclo-paraffins, and aromatics, and the
chemical structures are shown in Table 4. No sufficient knowledge has been obtained in
terms of how these chemical components of the alternative fuel impact on the gas turbine

LBO, emission, supply, operation, and safety.

Tricycloparaffins

Dicycloparaffins
Cycloparaffins
n-Paraffins

iso-Paraffins
Cycloaromatics

Diaromatics

Alkylbenzenes

m Alkylbenzenes m Diaromatics & Cycloaromatics iso-Paraffins M n-Paraffins M Cycloparaffins M Dicycloparaffins M Tricycloparaffins

Figure 81 Chemical compositions of C-7

The objective of this part is to understand how variation in fuel chemical
composition affects gas turbine LBO performance. In order to attribute performance
variation to fuel chemistry, gas chromatography flame ionisation/mass spectrum was
employed to quantify the amount and type of chemical components and calculate the
fuel formulation data, including the formula, molecular weight, carbon ratio, etc. The

chemical composition results of sample alternative fuel C-7 is shown in Figure 81.

Similar to the conventional fuel, the composition only contains hydrocarbons [188],

152



Chapter 6 Gas Turbine Combustion

but the size and number distribution of the chemical groups are considerably different.
As reported by Marina, a gas to liquid (GtL) is aromatics-free and only has three
chemical groups, which evidently reduces the emission and increases environmentally
friendly performance compared to crude oil kerosene. This demonstrates that the
composition of the alternative fuel can significantly affect the combustion performance

and operating suitability.

6.3. Experiment Setup

This section presents the experimental hardware and setup design. The instruments
used in the system and method application are expounded in detail. These instruments
have different roles of measurement including: PM mass, vibration, and noise measuring.
A detailed description of the experiment procedure and data post processing method are
provided. The chapter then proceeds with the description of tested candidate fuels,

including blending proportion, properties, and compositions.

6.3.1. Combustor Rig and Alternative Fuels Test Campaign

The results shown in this chapter are part of a large test campaign, which has been
carried on at Low Carbon Combustion Centre (LCCC). The main aim of the test
campaign is to better understand the operability and the performance of the candidate
fuels on jet engines from Rolls Royce. This combustor is fitted with an air blast atomiser.
The six candidate fuels are sponsored by the Ministry of Defence (MoD) and the Federal
Aviation Authority (FAA).

In the test campaign, the part of the whole investigation I took responsibility for
was to detect the visualised combustion performance at the ignition and LBO of the six
alternative fuels provided by the FAA, benchmarked against Jet A-1. The overall aims

of the test campaign are to evaluate the fuel properties based on the combustion
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performance before they are certified for flight, to test the applicability of alternative
fuels to existing engines designed for Jet A-1, and to develop new models for the

alternative fuels evaluation of combustor performance.

6.3.2. Tay Combustor Experimental Apparatus

Optical DAQ PC

B EGT Thermocouples

i = MSCU | Motor Speed Control Unit
Control PC
RCAC | Remote Compressed Air Control

@ Coriolis Mass Flow Meter

E Fuel Shut off Solenoid

Nitrogen
Fuel

Figure 82. Tay Combustor experimental apparatus

A schematic of the experimental rig design for the Tay Combustor test is shown in
Figure 82. It contains an air supply system, a fuel supply system, and an optical data
acquisition system. In the air supply system, air is delivered to the combustor from an
atmospheric pressure fan through a 6 process line, which has been designed and
manufactured according to industrial design standard BS:5167. This line is capable of
measuring flow to a total uncertainty of +2% of the measured value. The atmospheric
pressure fan drive motor is controlled by a speed controller, which provides analogue

control of the fan speed when controlled by in-house LabVIEW (LV) Code.

The main part of the combustor test rig is a Tay gas turbine engine sponsored by
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Rolls-Royce, an overview of which shown in Figure 83. This ring of annular combustor

cans was first designed in 1964, and has been substituted by new-generation engines, a

single annular combustor. This tubular engine is now mainly used in the laboratory for

test purposes. Compared with new engines, this rig operates with lower air and fuel flow

rates.

COMBUSTOR
EXHAUST
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CAN TEST
CASING

NOISE
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Figure 83. Overview of the combustor test rig
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Fuel is supplied to the combustor by means of an electronically controlled fuel

system. The fuel supply bomb is pressurised using a regulated head of nitrogen, which

provides a steady fuel pressure with an air-assist pressure of 1 bar, as shown in Figure

84. Fuel exiting the bomb is then controlled by twin series (coarse and fine) air-actuated

needle valves and an air-actuated fuel shut-off solenoid.
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Figure 84 Fuel supply system

Each of the air-actuated fuel control values, and the air fan motor speed controller
are controlled using a LV analogue voltage controller at a frequency of approximately 5
Hz via the NI SCXI chassis and control PC (C PC). Data from the atmospheric pressure
airline orifice flow meter and fuel flow Coriolis meter is read into this low-speed system
and displayed to the screen, as shown in Figure 85, to be monitored by the test engineer.

Table. 5 shows the operating parameters for the LBO condition.

Table. 5 Operating parameters for the LBO condition

Condition Fuel pressure  Air-mass flow Atomisation pressure  Fuel flow rate

LBO 150 kPa 0.2 kg/s 40 kPa Real time
Stable 300 kPa 0.2 kg/s 80 kPa 1.8 g/s
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Figure 85. NI SCXI chassis and control PC

The optical setup consists of a Photron-SA4 high-speed colour camera with a full
frame resolution of 1024 x 1024 pixels. A sigma 24—70 mm lens is applied to the camera.
The aperture is set as /2.8 in all the cases and the shutter speed is 1/2000 s. The camera
was positioned at the exhaust end of the combustion chamber and the images were taken

at the tail of the flame through the exhaustion vent.

6.3.3. Experimental Procedures

The experimental variables are presented in Table. 6. Prior to each test, the atmospheric
line heater set the combustor inlet air to 50 °C. The air mass flow was set to 200 g/s
using a LV PID control code. The fuel flow was then increased whilst continually firing
the surface discharge ignitor at 1 s intervals until ignition was observed for each fuel air
mixture. A recessed surface discharge ignitor and high-voltage ignition unit provided the
ignition source. During ignition imaging, a constant fuel flow of 1.5 g/s was delivered.

Ignition images were recorded between the spark firing and the stable combustion.
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Table. 6 Operating conditions and measurement uncertainty during LBO.

Al Stead Fuel
' Air Inlet cacy Her mass Fuel mass
Mass exhaust gas flow
Temperature ) flow at LBO

Flow ©C) temperature | reduction @s)

(g/s) ©C) rate (g/s) g
Target Value | 200 50 400 0.00001 ?
Measurement | +3 +3 £0.005 +0.005

Uncertainty

Once the combustor had reached a steady exhaust temperature of 400°C, the fuel
flow was reduced gradually in steps of 0.2 g/s. With each reduction, constant fuel supply
was maintained to insure steady-state operation at that particular equivalence ratio. This
was determined by careful observation of the exhaust gas temperature. The process was

iterated once a stable exhaust gas temperature was obtained.

In order to increase the stability of the system close to LBO, the final fuel reduction
rate was controlled with a PID-controlled fuel flow reduction ramp. The fuel flow rate
was reduced at 0.0001 g/s for the final 0.2 g/s above the experimentally determined LBO
fuel flow rate. This was found to increase the experimental reliability with respect to
manual control of the valves. The fuel flow stability was seen to be susceptible to fuel
bomb nitrogen supply pressure. Small changes in the fuel pressure lead to variations in
the fuel flow, which could cause LBO errors. This was thought to be due to the difference
between the regulator cracking pressure and the desired supply pressure as the fuel
volume in the fuel bomb reduced. As a result, the fuel bomb was partially filled (<40%)

to dampen the effect of regulator pressure variations with a larger nitrogen head volume.

This process was repeated for the next ignition condition for every fuel investigated.
Meanwhile, the control computer recorded all the parameters. To identify the blow out,
the combustor upstream pressure and exhaust gas temperature were observed to spot any

sudden drop. Once the LBO point was identified, the above procedures were repeated at

158



Chapter 6 Gas Turbine Combustion

least four more times to obtain five consistent points. For blow-out imaging, the camera
used the end trigger mode. The camera was set to record continuously until the trigger

was pressed at LBO, whereupon imaging data of the flame before that point was saved.

Once each test was complete, the fuel supply was switched off, and the fuel bomb
was cleaned using isopropanol. Isopropanol was then used to purge the fuel line. After
the line and bomb had been cleaned, they were both purged using compressed air in
order to clean any residue from their walls before the next fuel was filled into the fuel

bomb for the following test.

All the acquired imaging data have been quantitatively analysed by Matlab image
processing. The blue flame signals are quite weak compared to the orange soot emission.
For the facilitation of visual observation of the flame propagation at the initial of ignition
and LBO flame character, 10 times selective digital image enhancement of the blue
pixels was carried out via the approach introduced by Huang and Zhang [77,105], in the

following flame figures.
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6.3.4. Fuels Matrix

All the properties and chemical compositions information of the candidate fuels is provided by FAA. Some information is protected as confidential
materials. Thus, the original fuel data sheets cannot be attached in this work. The necessary data for analysis has been selectively presented in this

section.

Table 7 Conventional Fuel Selection

Fuel CODE | Composition Key aspects for combustion testing
Al JP8 Best
A2 JetA Average
A3 JPS5 Worst
Ext lyl t 1 boili C12 and C16 iso-
C1 Gevo ATJ fuel (100%), 2,2,4,6,6 - Pentamethylheptane AeRcly Jow cetafie, HUSUAL DOUIAG 1a0ge, &.12and L2015

paraffins

C3 JP-5 64 vol% /farnesane 36 vol% blend, Bio-Jet. hich viscosity fuel
i0- % u
Kerosene&amp;2,6,10 Trimethyldodecane > 11E Y

Sasol IPK 60%vol/Gevo ATJ 40% vol blend, 2,2,4,4,6 -

C4 Low cetane fuel, but broader, more conventional boiling range
Pentamethylheptane
N boiling fuel c10, ext ly “flat” boili fuel
C5 Isoparaffin 73% vol /trimethyl benzene 27% vol a.rrow Ofing fuel ©18, exfiemely Hat” boting range, lue
boils at same temperature
C7 RP-2 (75 vol%), A-3 (23 vol %), Penn State high decalin (2%) | High cycloparaffin
C8 Jet A + Exxon aromatic blend High aromatic
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Table 8 Conventional Fuel Properties Matrix

Ave Ave Molecular ) ) ) Derived Net Heat of | Flash . | n- i- c-
Molecular i Density Viscosity | Cetane ) ) Aromatics
Weight Combustion | Point+ paraffins | paraffins | paraffins
Formula No.
@15°C @ 20 °C
/mol MJ/k °C to wt? wt9 wt9

Al C10.8H21.8 152 779.9 3.5 40.4 43.1 42 13.41 26.82 39.69 20.08
A2 Cl11.4H22.1 159 803.2 4.5 47 43 48 18.66 20.03 29.45 31.86
A3 C11.9H22.6 166 826.8 6.5 47.9 43 60 20.59 13.89 18.14 47.38
C1 C12.6H27.2 178 759.7 5 17.1 43.82 49.5 0 0 100 0
C3 C12.8H25.3 180 807.7 8 47 43.29 66 13.61 9.17 45.19 31.72
C4 C11.4H24.8 162 759.2 3.87 28 43.81 46 0.39 0.23 98.94 0.43
C5 C9.7H18.7 135 768.9 1.96 39.6 43.01 44 30.68 17.66 51.58 0.07
C7 C12.1H23.9 170 817 6.53 42.6 433 64 4.88 33 29.51 62.31
C8 C11.6H21.4 160 823 4.84 42.6 42.9 56 27.31 13.72 20.99 37.97
CN 31
Tet A C11.7H23.6 163.83 777 4.33 31 43.668 50 9.52 10.45 69.23 10.8
fteA 4 C11.4H23.0 160.18 786 4.6 44 43.6 49 8.91 16.37 42.17 32.55
fteA >4 C11.7H24.1 165.05 786 5 54 42.8 56 53 26.33 37.56 30.82
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Table 9 Data of the Fuels with Cetane additives

Fuel Base % Di-tert-butyl peroxide [by volume] DCN
ATJ-8 0.1 17.93882
ATJ-8 0.3 19.26446
ATJ-8 0.5 20.5901
ATJ-8 0.6 21.25292
ATJ-8 0.7 21.91574
Banner solvent 0.035 79.91825
Banner solvent 0.07 82.0165
Banner solvent 0.105 84.11475
Banner solvent 0.14 86.213
Banner solvent 0.175 88.31125
Banner solvent 0.21 90.4095
Banner solvent 0.245 92.50775
Banner solvent 0.28 94.606
Banner solvent 0.315 96.70425
Banner solvent 0.35 98.8025
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6.4. Results and Discussion

In this section, nine conventional jet fuels are tested under LBO conditions. The
combustion performance of the candidate fuels is analysed from three aspects (LBO
equivalence ratio, sooty flame ratio, and blow-off resistance). The results inform the
relationship between the fuel properties and their performance. All the candidate fuels

performance are benchmarked against Jet A (A2).

6.3.5. Fuel Physical Property Effect on LBO Performance

6.3.5.1.LBO Equivalence Ratio

The equivalence ratio for the LBO of each fuel was directly measured by the FM
(Coriolis mass flow meter) at the blow-off point. The value of each point plotted in
Figure 86 is the average of five times recording to ensure reliability and repeatability.
From the column graph, C1 (Gevo ATJ fuel) blows off at the highest ¢;5o of all of
the candidate fuels. However, A3 and C7 are located at the lowest ¢;5o 1n the graph.
A3 can resist to blow-off until the ¢;5o reduced below 0.02.

% 102 Equivalence ratio at LBO
2.30

2.20

2.10

2.00
1.90
1.80
170 Al A2 A3 C1 C3 C4 C5 Cc7 C8

209 203 195 217 207 213 207 200 205X107%

Equivalence ratio

Figure 86 Equivalence ratio of candidate fuels at LBO
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% Diff% Equivalence ratio at LBO
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Equivalence ratio vs A2 % Diff
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Figure 87 Equivalence ratio of candidate fuels at LBO

To have a better view of the LBO behaviour of alternative fuels, the equivalence
ratios of all the fuels have been compared with A2 with the calculation through
Equation 47 and the results are shown in Figure 87. The positive value indicates the
fuel blowout at a higher ¢;5o than A2 (Jet A), which means it exhibits worse LBO
behaviour than A2. The negative value direction indicates the fuel blowout at a lower
¢1po than Jet A (A2), which means it has a better LBO performance. As the results
shown in the bar graph, only A3 and C7 can sustain burning at a lower equivalence ratio

than A2 and the ¢;5o of CI1 reaches nearly 7% higher than Jet A.

¢ {LB Ofuel) — ¢ (LBOs2) Equation 47
¢ (LBOs2)

%Diff =
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Figure 88 Plot of the normalised equivalence ratio against normalised fuel

properties

For ease of comparison of the fuel property effects on the LBO equivalence ratio,
Figure 88 shows plots of measured ¢;5o against the property of the fuels, including:
density/engine cetane/viscosity/aromatics, etc. They have been normalised in the range
of 0 to 1. 0 in the X-axis which means the lowest value of the property and 1 means the
highest value of the property of all the candidate fuels. In each of the plots, the Y-axis
shows the normalised measured combustion characters. A linear trend line has been
added to each plot, assuming linear regression on each set of data. The gradient of the
linear trend line is k and the value of each plot has been presented at left of the graph.
The ‘-’ symbol means the equivalence ratio decreases with the increase in the fuel
properties values and the trend line is presented in blue. On the contrary, the ‘+’ symbol

means the equivalence ratio increases and the trend line in is shown in red.

It is clearly shown in the plot that only the increment of net heat of combustion will
lead to high blow out equivalence ratio. In contrast, fuels with high values of density,

viscosity, DCN, flash point, and aromatic have a good effect on the LBO equivalence
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ratio.

The coefficient of determination (R?) is a statistical measure of how powerfully the
property dominated the LBO. The rank of the feature importance for LBO is shown in
Figure 89. The density and DCN are the most dominant two factors for LBO
performance, whereas the aromatic content and viscosity do not have considerable

effect on the LBO.

Feature importance for LBO

Density

DCN

Net hear combusiton
Flash point
Aromatic

Viscosity

0 0.2 04 0.6 0.8
Dominant coefficient R>

Figure 89 Feature importance for LBO

6.3.5.2.LBO Sooty Flame Concentration

Soot emission is one of the main parts of the fuels evaluation of the air pollution
control. Sooty flame consists of unburned impure carbon particles, which has been
heated up and exhibit the bright yellow colour, due to incomplete combustion. Hence,
the sooty flame concentration performance is a direct indicator for the soot emission of

the fuel character.
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In this section, this study investigates the flame performance at the LBO point in a
gas turbine combustion chamber. Visual images were recorded by a high-speed camera

to give further details of the flame behaviour of various fuels near the LBO condition.

-0.10s -0.08s -0.06s -0.04s -0.03s -0.02s -0.01s 0.00s

-0.10s -0.08s -0.06s -0.04s -0.03s -0.02s -0.01s 0.00s

IR D 3 S
A2 @ “ ﬁ’?‘.;%‘ w‘ﬁ; ’v"v?& * -

0 50 100 150 200 255 a.u.

A

w

(b)
Figure 90 (a) Flame visualisation and (b) soot concentration contour plot of

different types of sample fuels at last 0.1s of LBO;

Figure 90 (a) presents the sample images of the LBO behaviour of three different
jet fuels in the last 0.1s, in which set the moment of the last appearance of flame as the
0 s and before that are counted as negative seconds. The LBO images for all the other
fuels is shown in Appendix II. The two-dimensional flame image can be considered the
integration of flame luminosity, along the axis of the combustion chamber. For each

fuel, the flow pattern of the bluish and yellowish luminosity generally exhibited highly
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complex turbulence in a ring shape, with a clockwise-swirl motion encircling the central
recirculation zone. More dynamic flame details of the blends at blow-out point can be

observed in this video [189]

As shown in Figure 90 (a), at the end of five consecutive images before LBO,
most of the fuels burned sufficiently and presented a pure bluish colour. However, for
different candidate fuels, the sooty flame appearance varies, which indicates the fuels
still cannot have clean and sufficient burn even at the very lean combustion condition.
The combustion performance is based on the properties and compositions of the fuels.
The further quantitative analysis will be conducted on the Sooty flame concentration

ratio.

Soot emission is the one of the main parts of the fuel evaluation in terms of the air
pollution control. As discussed in the previous results, the colour of the sooty flame
region is mainly contributed by the flame heating sooting particles. Hence, the sooty
flame is a considerable indicator for soot emission at LBO conditions. Owing to the
limitation of the imaging position, the spatial distribution of the sooty flame cannot be
detected. But, the soot radiation concentration based on the integrated luminosity can
be analysed via the method introduced by Huang and Zhang [77], which was
successfully applied to various combustion performance evaluations [49,190]. They
suggested that the ‘R intensity’ in the hue rang of 0° to 70° can expresses the soot-
induced digital coloration and represents the local distribution of the soot concentration.
The 2D contour plot of soot concentration result is shown in Figure 90 (b). The soot
concentration rate displayed in the colour bar ranges from 0 to 255, in arbitrary units,
and varied colour from dark blue to red. The red regions in a contour represent the

highest soot concentration.

According to the recorded images, the sooty flame concentration ratio is defined
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by Equation 48 and calculated through MATLAB. The results shown in Figure 91 are

the average of the 2048 relevant images for each fuel.

70°
SCR = Z Rpe X

hue=0°

Sooty flame region

Whol flameregion

Equation 48
70°
Pixel No. of sooty flame

Rpye X
L hue ™ pixel No. of Whole flame area
ue=0°

Figure 91 shows Sooty flame concentration ratio performance of the tested fuels in
the LBO condition. It clearly shows that A3 blowout with the highest soot area ratio,
followed by C8. However, C4 had the lowest sooty area ratio and C1 was second lowest.
Both fuels blowout with a Sooty flame concentration ratio less than 10%, which

indicates the best performance of sufficient burning.

108 SCR at LBO

1.0

0.8

0.6
0.4
0.2 I
0.0 . =
Al A2 A3 C1 C3 C4 Cs Cc7 C8

Figure 91 Sooty flame concentration ratio of candidate fuels at LBO condition

SCR (a.u.)

To have a better view of the sooty emission behaviour of alternative fuels, the sooty
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area ratios of all the fuels have been compared with fuel A2, calculated using Equation
49. and results are shown in Figure 92. A positive value indicates the fuel burns with
more soot than A2, whereas a negative value means the better sufficient burning

performance.

SCR (LBOgyer ) — SCR (LBOy,)

0, D —
7oDiff SCR (LBO,,)

Equation 49

It can easily be observed that A3, C3, C7, and C8 blowout with more sooty flame
than Jet A. Al exhibited similar performance as Jet A. The remaining three candidate
fuels burn cleaner than Jet A. Moreover, the Sooty flame concentration ratio of C1 and

C4 show 80% less than Jet A.

Diff% sooty area ratio at LBO
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Figure 92 Sooty flame concentration ratio of the candidate fuels comparing with

the A2

For ease of comparison between the fuel properties effects on the sooty flame

concentration ratio, Figure 93 shows plots of the calculated SCR against the properties
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of the fuels, including density/DCN/viscosity/aromatics, etc. They have been
normalised in the range of 0 to 1. 0 in the X-axis, as in the method introduced in the
previous section. In each of the plots, the Y-axis shows the normalised sooty area ratio.
A linear trend line has been added to each plot, assuming linear regression of each set
of data. The gradient of the linear trend line is k and the value has been presented beside
each plot. The ‘-’ symbol means the sooty area percentage has a downward tendency
with the increase in the fuel property values and the trend line is presented in blue. On

the contrary, the ‘+’ symbol means it has an upward trend and the trend line is shown

in red.
Aromatic DCN Density
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2 7. . 2
- R?=0.2821 - R?=0.6795 R?=0.9107
X X
& 06 X 0.6 X
o * @
“ 04 0.4
+ +
0.2 0.2
0% 0% .
Flash point Net Heat Combustion
1
o k= 0.5706 k=-0.707 k= 0.5841
0.8 R?=0.3709 R?=0.5911 R?=0.2569
X
g 06 X
o T °
92 0.4
0.2
0 o X 0 o X

Figure 93 Plot of the normalised sooty area ratio against normalised fuel

properties.

It’s clear shown in the plots, the fuel with high value of Density, Viscosity, Derived
Cetane No., flash point Aromatic will lead to more sooty flame at LBO. In contrast, Net
Heat of Combustion have positive impact on the sufficient burning at very lean

condition.
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The coefficient of determination (R?) is a statistical measure of how powerfully the
property dominated the SCR performance. The rank of the feature importance for SCR
is shown in Figure 94. It’s interesting to note that it shares the same ranking as the
feature importance for LBO, which means the density and DCN are the most dominant
factors for combustion performance at LBO condition, whereas the aromatic content

and viscosity do not have considerable effect.

Feature importance for SCR

Density

DCN

Net hear combusiton
Flash point

Aromatic

Viscosity

0 0.2 04 0.6 0.8 1
Dominant coefficient R2

Figure 94 Feature importance for SCR

6.3.5.3.Summery

The gradient k indicated the fuel properties effect on combustion performance with
increasing the value of the property. The large absolute k value indicates great effect of
the property on the combustion character. The ‘+’ and ‘-’ symbol present the up and
down tendency of the effect on the performance. As discussed above, beside of the
effect factor, the different importance index of these properties should be taken into
consideration. Therefore, the integrated effect of each fuel property has been calculated

by Equation 50. The integrated effect index of the fuel properties on the combustion
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performance has been incorporated in Figure 95

Effect index =k X R? Equation 50

As clear shown in the column diagram, with increasing the value of the fuel
properties, they have different levels of impacts on the LBO equivalence ratio and soot

formation tendency.

0.8
0.6 |
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Viscosity =~ Aromatic Flash point Net heat DCN Density
combustion

M LBO equivalence ratio m SCR

Figure 95 Incorporated effects index of fuel properties on the combustion

performance at LBO condition

For all the studied fuel properties, the LBO equivalence ratio and the soot area ratio
always have the opposite performance, which means good blow-out resistance capacity
and low soot formation tendency cannot be achieved at the same time and a compromise
should be made. The density and the DCN are dominant factors for the combustion
performance at LBO. High density may induce large degree increase of sooty tendency
and resist the lean blowout to same extent. The fuel with high DCN has the best effect

to strengthen blow-out resistance capacity, but it may generate more soot. Comparing

173



Chapter 6: Gas Turbine Combustion

with other properties, adjusting DCN can be the most considerable method to optimise

the LBO performance.

6.3.6. Fuel Composition Effect on LBO Performance

Single kerosene is not available because its composition is dependent on the origin
of the crude oil, processing, and storage duration. Profound knowledge of the candidate
alternative jet fuel with respect to how the specific composition might impact on engine

performance and emissions is needed [188].

Figure 96 (a) shows the fuel distribution 3D ternary diagram for aromatic, normal-,
1so0-, and cyclo-paraffin as a fraction of the whole fuel content by mass. Each corner of
the ternary represents 100% of one content and 0% of the other three contents. The
following 2D contour plots of fuel performance take the top view of this 3D ternary
plot and the aromatic content is not be presented. As in the method introduced in the
previous section, the combustion performance character has been normalised in the
range of 0 to 1. In the contour plot, the highest value of character 1 presented in red and

the lowest value 0 is in blue.
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Figure 96 Ternary diagram for fuel composition effect on combustion

performance

Most of the candidate fuels are concentrated close to the iso-paraftin axis and there
is no fuel with high normal-paraffinic content by mass. Therefore, Figure 96 (b)
provides a clear view of the fuel composition effect on the Sooty flame concentration
ratio. As shown in the result, the high ratio concentrates at the high-cyclo-paraffins
corner, which means the fuels with high cyclo-paraffin content are prone to generate
more soot, even at extreme fuel-lean condition. In terms of the available data analysis
results shown in Figure 96 (c), the high ¢;5o concentrates at the high-iso-paraffins
corner, which means the fuels with high iso-paraffin content are prone to blow out with

high fuel/air ratios.
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According to recent literature, the process of soot formation mainly involves the
following procedures [191-194]: fuel oxidation, free radicals generation, initial
aromatic formation, coalescent growth that forms larger and more complex aromatics,
molecular expansion and agglomeration, and oxidised particle formation. As such, the
aromatic content of fuels is primarily responsible for the generation of soot formation
[195]. However, not all aromatics produce the same levels of smoke and emissions.
As mentioned by Zheng [196], all the concerned fuel properties have the consistent
effect on Sooty flame concentration ratio measured at LBO condition and PM
concentration measured at stable condition. This indicates the results from high-speed
imaging and DMS 500 can correlate well with each other. Therefore, the fuel
composition effect on the soot formation can be presented by the Sooty flame

concentration ratio.

Table 10 Aromatics groups description

Aromatics groups

Feature Examples
name

* Derivatives of benzene. CHs

CH; CHy H
* One or more hydrogen atoms are replaced by © l CH, é
alkyl groups of different sizes
Alkyl benzenes * Asubset of the aromatic hydrocarbons.

* The simplest member is toluene, in which a
hydrogen atom of the benzene was replaced
by a methyl group.

C

;cng ch; ECHJ
CHy

Toluene Xylene Ethylbenzene Cumene p-Cymene

» Derivative of naphthalene presentin crude oil

Diaromatic * Structure consists of a fused pair of benzene
Alkyl naphthalenes rings

* Simplest polycyclic aromatic Naphthalenes Biphenyl

* Derivatives of benzene.
* One or more hydrogen atoms are replaced by ©:> ©ij
series of atoms in the compound is connected

to form aring.
* Similar to the naphthalene chemical structure Indan Indene Tetralins
but one ring is unsaturated.

Cyclo aromatics

According to chemical structure, the aromatic species can be roughly grouped into
three types, alky-benzenes, di-aromatics and cyclo-aromatics, and the details are shown

in Table 10. Table 11 provides the content by mass of the aromatics types for each
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candidate fuel.

Table 11 Aromatic types content of each candidate fuel

Aromatics Group | Al A2 | A3 Cl1 C3 C4 C5 C7 C8
Alkylbenzenes
10.859]12.896(10.369] 0 [6.841]0.271 [30.676]2.458 [18.191
(Wt%)
Diaromatics
1.059 (2.332]1.335 0 10.966(0.014(0.000]0.27411.982
(Wt%)
Cycloaromatics
1.490 [ 3.434 | 8.883 0 |5.805(0.104(0.000(2.148|7.141
(Wt%)
58 x 10°
= Alkyl-benzenes Di-aromatics g
g 30 mm Cyclo-aromatics — SCR 3
X 1 =
L o
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= 08 o
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Figure 97 Aromatics composition effect on sooty flame concentration ratio

Figure 97 shows combined results of a line plot of sooty area ratio and column
graph of aromatics percentage composition for different fuels. The results confirm the
influence of aromatic contents on soot from gas turbines. As the results show, the fuels
C1 and C4 that barely contain aromatics undoubtedly produce the least amount of soot.

However, the fuels A3 and C8 generate the highest sooty flame but their aromatic
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contents are lower than CS5. It is interesting to notice that C5 has the highest aromatic
content, but the soot area ratio is relatively low. This phenomenon is mainly because
the aromatic in C5 principally composed of alkylbenzenes, whereas the aromatics of
A3 and C8 are comprised of a plurality of structures. This indicates comparing with di-
aromatics and cyclo-aromatics, alkylbenzenes are not the major contributors to large
amounts of soot formation. Owing to their inherently complex and stable chemical
structure, di-aromatics and cyclo-aromatics are relatively hard to decompose effectively

and result in the formation of soot.

6.3.7. Air Flow Rate Effect

In addition to the fuels’ natural physical and chemical properties, according to
Lefebvre’s theory shown in Equation 46, the thermo-fluidic properties are also a
decisive factor in determining the LBO performance. An increment of air flow rate can
be used as method to increase the thermodynamic efficiency and control the soot
emission. However, it increases the instability of the combustion and increases the
tendency of the flame to blow out. This section investigated the combustion
performance at LBO of the six alternative fuels conducted on three air flow conditions.
It aims to evaluate the air flow rate effect on the LBO combustion performance from
the perspective of imaging monitoring and the sensitivity of different candidate fuels to

the air flow rate.

Figure 98 presents sample images of the LBO behaviour of A3 at three air flow rate
conditions in the last 50/2000 s, in which the moment of the last appearance of flame is
set as 0 s and the period before that counted as negative seconds. More images for all
the other fuels are shown in appendix III. The beginning of the 0.025 s of recorded time,

the sooty flame appearance varies in the fuels and air flow rates shown in the left
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column of the graph. This indicates that burning performances are relative to both the

properties of the fuel and operating conditions.

Sample images of (A3) JP5 at LBO
-50/2000s -49/2000s -48/2000s -47/2000s -46/2000s -4/2000s -3/2000s -2/2000s -1/2000s 0Os

Figure 98. Sample images for seven fuels burning in the last 50/2000s at LBO

The sooty flame concentration ratio results in Figure 99 are the average of the 1000
relevant images for each fuel and each air flow rate condition. It shows the sooty flame
emission performance of the seven tested fuels at three air flow rate conditions. It shows
downward trend of the ratio with the increasing air flow, which indicates that all the

fuels produced less soot emission with the higher air flow rate at the LBO point.
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Figure 99 Sooty flame concentration ratio for seven fuels at three air flow

conditions
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In Figure 99, for the fuels A3 and C3, the sooty emission conditions are not
alleviated with the increasing air flow at first. After continually increasing the air to
0.32 g/min, they exhibit an evident drop. However, they remain at the highest level of
soot emission around 50% compared with the others. C1, C4, and C5 are always located
at the bottom of the soot emission rate and present a slow descending tendency with the
increase in air flow, in which C1 hits the lowest ratio of 24% at the highest air flow rate.
The soot emission of A2 is very sensitive to the air flow rate. It shows a steady decline
when adding more air and the sooty flame concentration ratio has been cut in half at the
end. A1 shows a similar decline rate as A2 at the first stage. However, the trend is bent
when adding more air. A discrepancy of only 4% of the sooty flame concentration ratio

has been shown when burning at the air flow rate of 0.26 kg/s and 0.32 kg/s.
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Figure 100 Equivalence ratio for seven fuels at three air flow conditions
The equivalence ratio for the LBO of each fuel was directly measured by the FM
(Coriolis mass flow meter) at the blow-off point. The value of each point plotted in

Figure 100 is the average of five times recording to ensure reliability and repeatability.

From the line graph, each of the fuel blew off at a higher equivalence ratio under higher
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air flow rate. In other words, when the air flow rate is high, the fuel more easily blows
off. However, this does not mean that the lower air flow rate is better and safer. This
will be further analysed in the following graphs. C1 blows off at the highest ¢;p, for
all three air-flow rates, followed by C4, whereas the lines of A2 and A3 are located at
the lowest ¢;5o in the graph. A3 can resist to blow-off until the ¢;p, is reduced to

nearly 0.02 at the air flow rate 0.2 kg/s.

The higher AFR promotes the atomization and mixture, which leads to more fuel
participated in the reaction instead of converting into soot particles. This is obviously
shown in Figure 101, in which the soot flame concentration ratio is drops continually

with the increase in the equivalence ratio.

Equivalence Ratio vs Sooty Flame Concentration Ratio

x 10°
1.0

0.8

0.0
0.018 0.020 0.022 0.024 0.026 0.028

Sooty flame Concentration ratio
(a.u.)

bLBo
oAl xA2 +A3 xCl AC3 mC4 oC5

Figure 101 Sooty flame concentration ratio vs the LBO equivalence ratio at three

flow rate conditions

6.3.8. Cetane Additives Effect

As in the results and discussion in the previous section, a high DCN will result in

a lower LBO equivalence ratio with acceptable soot formation. The DCN of the fuel
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can be easily manipulated by introducing additives, which means, by taking advantage
of this, the LBO condition of the alternative fuels can be optimised by use of additives
without impacting emissions and other properties. This is as expected, because cetane
improvers promote easier combustion, but this study is the first to demonstrate the
benefits for gas turbine LBO performance. In this chapter, the DCN effect on the fuel
performance will be analysed on the two kinds of fuels with adding various proportions

of di-tert-butyl peroxide (DTBP), and the details are shown in Table 9.

As shown in Figure 102, the DCN of ATJ-8 has slightly increased by 3.98 from
17.94 to 21.92 with adding DTBP from 0.1% to 0.7%. However, the DCN of banner
sol has been increased by 18.9 from 79.91 to 98.8 with adding 0.35% of DTBP by

volume.
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Figure 102 DCN result of the Fuels with DTBP

In this section, this study investigates the combustion performance of the Cetane

additive blends at or near the LBO point from the aspects of FAR and sooty area ratio.

Figure 103 shows the LBO FAR results for the ATJ-8 and banner solvent with
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different proportions of DTBP. The LBO FAR results for both of the fuel cases show
decreasing tendency with increased Cetane additive proportion. The slope of the banner
solvent case is larger than the ATJ-8 case, which is cause by the difference in DCN for
each of the base fuels. ATJ-8 DCN is less sensitive to the DTBP proportion, but,

according the results, the LBO FAR has been improved by nearly 10%.

1.7
ATJ-8 with Cetane

1.65 T ® BannerSol with Cetane

1.6
1.55 T i T
1.5 i
1as | 1
1.4

1.35

Fuel/Air Ratio (x 1073)

13

1.25

1.2
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

% of DTBP by volume
kpanner sot = —0.3912 kAT]—8: —-0.2124

Figure 103 LBO Fuel/Air Ratio results for two fuels with different proportions of
DTBP

The Sooty flame concentration ratio results for the two fuels with different
proportion of DTBP are shown in Figure 104. For both of the fuels, the results show
upward trend with increased Cetane additives. The slope of the banner solvent case is
steeper than ATJ-8 case. Accordingly, the DCN of banner solvent is more susceptible
to the DTBP additives, which leads to more soot flame formation. The results are in
good accordance with those of the previous section. Therefore, adding cetane additives

to a jet fuel is a feasible approach to achieve better, more stable combustion
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performance at LBO condition.
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Figure 104 Sooty flame concentration ratio results for the two fuels with different

proportions of DTBP

6.5. Conclusion

An experimental investigation has been carried out to evaluate the fuel properties
and composition effects on the transient LBO and stable combustion condition on a
small spray gas turbine combustor. This study focused on a comparative analysis of
how powerfully the property dominated the combustion performance. Prior to
performing individual additives blending, investigations were conducted to characterise
the effects of the physical and chemical properties on LBO equivalence ratio and soot

flame formation. These investigations showed that:

e The sooty flame formation largely depends on the aromatics and is not sensitive to
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viscosity.

e Aromatics, DCN, density, flash point, and viscosity exhibit positive effect to extend
the LBO limit to different degrees. However, they have a potential negative effect
on the soot particles control and efficient burning. The high value of these properties
also leads to insufficient burning and heavier soot formation

e Fuel with a high percentage content of i-paraffinic are prone to blow out at high
equivalence ratio and high cyclo-paraftinic contribute to heavy soot formation.

e With the increasing of the AFR, all the candidate fuels are prone to blow off at
higher equivalence ratio.

e For the LBO, the Sooty flame concentration ratios of all seven fuels show an
obvious drop with the increase in m,, in spite of blowing out at a higher
equivalence ratio, which means increasing m, is one of the most effective means
of soot emission control.

e Cetane additives the blends at serial proportions to provide a better understanding
of the impacts of the physical properties on LBO performance. Upon addition of
DTBP, the LBO equivalence ratio had been notably improved with a marginally

increased sooty flame ratio.
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7. Summary and Future
Work

7.1. Summary

In the present work, the schlieren, DFCD method, self-developed denoise,
boundary detection methods and flame chemiluminescence measuring methods have
been applied to gaseous fuel and liquid fuel combustion to acquire quantitative analysis
of the combustion performance. By integrating these optical monitoring findings with
their inherent nature, physical insights of these combustion phenomena have been

achieved.

7.1.1. Visualisation Monitoring Techniques

e The accuracy of the results in the employed cameras were largely affected by their
sensors. Therefore, the camera sensitivity calibration is an essential first step.
Compared with the domestic camera, the high-speed camera sensor can produce the
intensity of each RGB channel more evenly for and perform much more reliably.

e For the propane Bunsen flame, in the equivalence ratio range 0.9 < ¢ < 1.55, the
flame has an easily distinguished double-flame structure, with an inner and outer
flame. The CH*/C>* ratio of the inner layer shows best the linear correlation with

equivalence ratio variation, followed by whole flame region. The results from the
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outer post-reaction zone are not sensitive to the equivalence ratio altering.

e In general, the results of the CH*/Cy* intensity ratio from the colour-modelled and
filter exhibit similar trends for both fuels. The consistency is negligible for propane
Bunsen flame cases, but there is considerable divergence in the methane tests.
Furthermore, the filter method is not suitable for measuring in low-light situations.

e The CH*/Cy* intensity ratio of propane flame decrease monotonically with the
increase in the equivalence ratio within the range of 0.9 < ¢ < 1.55, whereas the
results of methane decrease first and then increase. The bottom point is located at
approximately ¢ = 1.

e For hybrid premixed and partially premixed flame, the chemiluminescence ratio of
CH*/C2* cannot be associated with the equivalence ratio. The validation range of
the flame chemiluminescence measurements is ¢ < 1 for methane and ¢ < 1.55

for propane.

7.1.2. Application on Acoustic Induced Gaseous Fuel

Monitoring

This study has shown that the premixed combustion is sensitive to the frequency
of acoustic perturbation. The investigated flame features include the flame wrinkle
fluctuation frequency, amplitude, surface area to volume ratio, and acoustically induced
dilution behaviour. It also presented a quantitative experimental observation of the
acoustic-excitation-induced lifted flame. The investigated lifted flame features include
the fluctuation of flame length and lifted height, vortex structure, premixed flame

fuel/air mixing ratio, and propagation behaviour. It has been observed that:

¢ On the whole, it has been observed that the frequencies of the measured properties

match exactly with excitation frequencies, and their amplitude have a similar trend

187



Summary and Future Work

to the sound pressure standing wave in the tube. This indicates that the various
features of the flame correlate well with the acoustic disturbance.

e Furthermore, the lower excitation frequency has less impact on all the analysed
aspects of flame features, regardless of the sound pressure. The higher excited
frequency will induce more severe disturbance and produce more evident changes,
especially for the surface area to volume ratio and dilution behaviour. Under the
intensive perturbed condition, the nonlinear frequency response can be explained
by the involvement of the lift-off behaviour.

e For the flame configuration, the wrinkle amplitude shows an increasing trend along
the downstream direction under external excitation condition. Both the external
forcing frequency and the sound pressure on the action point have a positive effect
on the flame wrinkle amplitude growth rate. The growth rate presents a linear trend
with respect to the axial distance.

e For the lifted flame features, the premixed flame is prone to be disturbed and can be
extinguished suddenly under the condition of high-frequency acoustic perturbation.
The fluctuating amplitude of the lifted height keeps growing with the increasing
forcing pressure.

e The external forcing pressure promotes the flame height fluctuation owing to the
appearance of the separated flame bubbles.

e The Kelvin—Helmholtz ring structure forms at the unburnt jet boundary near the
nozzle when the flame lifts off, thereby intermittently stabilising the flame.
However, the flame will blow off eventually under the severe turbulence stretching,
because the excessive re-entrainment of the cold fresh air cools down the hot
products and the flame fails to be sustained.

e Under low forcing sound pressure, the nonconstant value of lift-off frequency f; is
nonlinearly coupled to the external excitation frequencies, whereas under the low

forcing sound pressure, the vortices dominated the lifted height oscillation.
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Before the flame lift-off, the relative velocity in the flame shear layer increases with
the increase in the sound amplitude. After the flame lift-off, the intensive vorticity
region concentrates in the Kelvin—Helmholtz rolling-up region, thereby reducing
the velocity disparity and providing a suitable environment for flame reattachment.
A moderate fresh air entrainment along with the Kelvin—Helmholtz vortex
structures dilute the mixture fraction. The premixed-flame burning speed and
propagation preference drag the flame back to the nozzle.

For flame dilution behaviour, both the surface area per unit volume expansion and
flame lift-off can promote the further mixing of the fuel and air. However, the

surface expansion has a limitation and excessive lifted height will quench the flame.

7.1.3. Application on Gas Turbine Liquid Fuel Monitoring

An experimental investigation has been carried out to evaluate the effects of fuel

properties and composition on the transient LBO and stable combustion condition on a

small spray gas turbine combustor. This study focused on a comparative analysis of

how powerfully the property dominated combustion performance. Prior to performing

individual additives blending, investigations were conducted to characterise effects of

the physical and chemical properties on LBO equivalence ratio, Sooty flame

concentration percentage, and emissions. These investigations showed that:

The sooty flame formation largely depends on the aromatics and is not sensitive to
viscosity.

Aromatics, DCN, density, flash point, and viscosity exhibit positive effects to
extend the LBO limit to different degrees. However, they have potential negative
effects on the soot particles control and efficient burning. The high value of these

properties also leads to insufficient burning and heavier soot formation.

189



Summary and Future Work

e Fuel with high percentage content of i-paraffinic are prone to blow out at high
equivalence ratio and high cyclo-paraffinic contribute to heavy soot formation.

e With the increasing AFR, all the candidate fuels are prone to blow off at higher
equivalence ratio.

e For the LBO, the Sooty flame concentration ratios of all seven fuels exhibit an
obvious drop with the increase in m,, in spite of blowing out at a higher
equivalence ratio, which means increasing m, is one of the most effective means
of achieving soot emission control.

e Cetane additives the blends at serial proportions to provide a better understanding
of the impacts of the physical properties on LBO performance. Upon addition of
DTBP, the LBO equivalence ratio had been notably improved with a marginally

increased sooty flame ratio.

7.2. Future Work

The suggestions for future work are summarized as follows:

For the image colour-based flame chemiluminescence measurement:

e For the current measurement method, only B and G channels have been
employed to calculate the mixture statues. This method only can provide
validated chemiluminescence calculation at fuel lean condition and the
validation range is varied from different fuels. Therefore, the correlation
between the flame colour and fuel/air mixture status for the partial premixed
condition should be established to develop a more general measuring method.

e Then the chemiluminescence diagnose method can be effectively used to
monitor the complex combustion performance at ignition, dilution and other

indeterminate mixture status conditions.
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For the interaction between the acoustics excitation and flame oscillation:

For the current experimental work, only one burning condition has been tested.
The response of the flame pattern with different equivalence ratios and
Reynolds numbers to acoustics excitation can be investigated more.

The PIV method can be employed to provide further explanation of the lifted-
off and interaction behaviour by analysing the velocity fluctuation of the
vortices in the shear layer

The different geometry and size of the tube can be manufactured to have a
further experimental investigation.

Only single flame front has been tested in this work, the thermal interaction
between the two or several flame fronts with acoustic perturbation can be
further studied.

As the tested flame is fixed in this study, the acoustic perturbation effect on the
flame propagation in the open / close tube can be an interesting topic for further
study. According the flame propagation test done by Yang [137], the suggested
setup is shown in Figure 105. The loudspeaker can be put at either side of the
tube to generate the excitation forward or opposite to the flame propagation

direction.
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Figure 105 Suggested setup for the acoustic perturbation effect on the flame

propagation in open/close tube

For the flame optical monitoring in gas turbine combustor

As for current experimental setup, a quartz window was mounted on the
exhaust duct, facing the combustor chamber axially. The images were acquired
at the tail of the flame plume through the exhaustion vent. Sometimes, the entire
shape of the ring could not be captured due to the shape of the exhaust vent,
particularly at the stable burning condition. Therefore, the dynamic information
of the highly complex turbulence in a ring shape cannot be effectively collected.
New imaging direction or the shape and size of the exhaust vent should be
adjusted for comprehensive flame investigation.

Side optical window for combustion chamber monitoring is suggested to be
designed and a deal sample instrument has been designed by Esclapez et al.

[197] and shown in Figure 106. With the side window, the lift-off behaviour,
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the colour distribution, and the swirl dynamics of the flame at the transient

blow-out process can be further understood.

Figure 106 Deal sample instrument for side combustion chamber optical

monitoring

¢ In the current investigation, it only provided a general concept that comparing
with Di-aromatics and Cyclo-aromatics, Alkykenzenes is not the major
contribution for large amounts of soot formation. But the details of performance
and combustion processes of different aromatic types and content remain
insufficient for fuel development.

e In this work, only the relation between the PM and SCR at LBO condition has
been linked for the sooting propensity investigation. At the stable burning
condition, not bluish flame can be detected, thereby a new correlation of the
sooty flame at the stable condition and the PM emission should be established.

e Beside of the soot formation tendency, the consecutive flame images contain
more information on flame dynamics. These performances can provide an
integrated view on the combustion thermal dynamics information, if combining

the noise and vibration data of the combustion chamber.
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Appendix II: LBO Images for All the Fuels
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Appendix III: Sample LBO Images for
Seven Fuels Burning at Three Operating
Conditions

Sample images of Al (JP8) at LBO
-50/2000s -49/2000s -48/2000s -47/2000s -46/2000s -4/2000s -3/2000s -2/2000s -1/2000s 0Os

Sample images of A2 (Jet A) at LBO
-50/2000s -49/2000s -48/2000s -47/2000s -46/2000s -4/2000s -3/2000s -2/2000s -1/2000s 0Os

n‘ v‘ cs

Sample images of (A3) JP5 at LBO
-50/2000s -49/2000s -48/2000s -47/2000s -46/2000s -4/2000s -3/2000s -2/2000s -1/2000s 0s

®
N
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Sample images of C1 at LBO
-50/2000s -49/2000s -48/2000s -47/2000s -46/2000s -4/2000s  -3/2000s -2/2000s -1/2000s  Os

Sample images of C3 at LBO
-50/2000s -49/2000s -48/2000s -47/2000s -46/2000s -4/2000s -3/2000s -2/2000s -1/2000s 0Os

Sample images of C4 at LBO
-50/2000s -49/2000s -48/2000s -47/2000s -46/2000s -4/2000s -3/2000s -2/2000s -1/2000s 0Os

Sample images of C5 at LBO
-50/2000s -49/2000s -48/2000s -47/2000s -46/2000s -4/2000s -3/2000s -2/2000s -1/2000s Os
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