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ABSTRACT

This study addresses the influence of elevatedspres, fuel type, fuel flow rate and
co-flow air on the flame structure and flickeringhaviour of laminar oscillating
diffusion flames. Photomultipliers, high speed migsaphy and schlieren, accompanied
with digital image processing techniques have hesad to study the flame dynamics.
Furthermore, the effects of pressure on the flas@gtry and two-dimensional soot
temperature distribution in a laminar stable didnsflame have been investigated,
utilising narrow band photography and two-colourgmgetry technique in the near
infra-red region. This study provides a broad dgttam the diffusion (sooty) flame
properties under pressures from atmospheric toat&dy three gaseous hydrocarbon
fuels (methane, ethylene and propane) in a co-flomer facility.

It has been observed that the flame propertiesvang sensitive to the fuel type and
flow rate at elevated pressures. The cross-settarea of the stable flame shows an
average inverse dependence on pressure to the mdwemnwheren was found to be
0.840.2 for ethylene flame0.510.1 for methane flame an@.610.1 for propane flame.
The height of a flame increases firstly with pressand then decreases with further
increase of pressure. It is observed that the negfcstable combustion was markedly
reduced as pressure was increased. An ethylenee fliokers with at least three
dominant modes, each with corresponding harmonietesated pressures. In contrast,
methane flames flicker with one dominant frequeacyl as many as six harmonic
modes at elevated pressures. The increase inldweréte was observed to increase the
magnitude of oscillation. The flickering frequentywever, remains almost constant at
each pressure. The dominant flickering frequency ofiethane diffusion flame varies
with the chamber pressurefad 5.7,

It has been observed that the flame dynamics adlisg are also strongly affected by
the co-flow air velocity. When the co-flow velocilyeached a certain value, the
buoyancy driven flame oscillation was completelpmessed. The schlieren imaging
has revealed that the co-flow of air is able tohptiee initiation point of outer toroidal

vortices beyond the visible flame to create a vetgble flame. The oscillation

frequency was observed to increase linearly wighdin co-flow ratea, asf=0.33a+11

The soot temperature results obtained by applymegtivo-colour method in the near
infra-red region shows that in diffusion flames theerall temperatures decrease with
increasing pressure. It is shown that the ratemiperature drop is greater for a pressure
increase at lower pressures in comparison withdrighessures.
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NOMENCLATURE

Roman Symbols:

a Co-flow air flow rate (standard litres per minusggm)

Acs Cross-sectional area of the flame

b Flame width
Parameter which is defined &=16nfReTY 77d°

C, Planck’s first constant (£3.74177x13° W nr)

C Planck’s second constant£€1.438775x138 K m)

D Burner diameter (in meters)

da Air exit diameter (mm)

Da Damkohler number (reaction rate/convective masspart rate)

ds Fuel nozzle exit diameter (mm)

Dy Hydraulic diameter (for an annulus geometry is éguth the
subtraction of outer and inner diameters (Do-Di)

dl The differences between maximum and minimum of npeeel
intensity in a full cycle of high speed images.

Dj Binary diffusion coefficient (molecular diffusiviyy

f Frequency of flame flicker or frequency of vortdredding

Fr Froude number

fv Soot volume fraction

g Gravitational acceleration (9.81 rfy's

Hs Flame height (length) or height of stabilised flafrmam)

1P Monochromatic blackbody radiant intensity (W/pm)

I4 Monochromatic radiant intensities at wavelengtvww/m?%pm)

| 780 Intensity of flame images taken by applying 780 fiitar

| 1064 Intensity of flame images taken by applying 1064 fiitar
Instrument constant

L Optical path length

L¢ Flame oscillation magnitude

m Fluid (fuel or air) mass flow rate

Mair Air mass fraction

Meyel Fuel mass fraction

P Pressure (ambient or chamber)

R Gas constant
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Nomenclature 17

R The ratio of intensities at two wavelengths/(I1)

Re Reynolds number

S Instrument factor (Q/ S\,), for calibration of the optical setup

S Spectral sensitivity of the imaging system

St Strouhal number

T Soot temperature (K)

Tes Maximum temperature at flame surface (K)

U Fuel or air mean jet exit velocity (m/s)

Yr Mass fraction of fuel

Yox Mass fraction of oxidiser

Ypr Mass fraction of combustion products

z Height above the fuel nozzle exit

Greek Symbols:

& Emissivity of soot at wavelength &f(0< €, <1)

gP Emissivity blackbody as a perfect emitter (is equa)

o Standard deviation of mean pixel intensity obtaifrech high speed
images

A Wavelength of the radiation (um)

A Flame oscillation wavelength (mm)

Y Air to fuel velocity ratio (stability controllinggrameter)

p Fluid (fuel or air) density

) Equivalence ratio

Subscripts

a Air stream

ave Average value of a quantity

b Blue part of a flame

cs Cross-section

f Fuel stream / Flame

FS Flame Surface

L Binary coefficient

max Maximum value of a quantity

min Minimum value of a quantity

Ox

Oxidiser
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Pr Combustion Products

stoic Stoichiometric conditions

v Volume fraction

Superscripts

b Blackbody

n Pressure exponent (dependence on pressure towsse ptn)

Abbreviations;

a.u. Arbitrary unit

BS Beam Splitter

CCD Charge-Coupled Device

CEAS Council of European Aerospace Societies

CHy Chemical formula of Methane fuel

CoHa Chemical formula of Ethylene fuel

CsHs Chemical formula of Propane fuel

C* C, combustion free radical (spectral wavelength @ Bin)
CH* CH combustion free radical (spectral wavelengtd3d nm)
CMOS Complimentary Metal-Oxide Semiconductor
CN* Carbon-Nitrogen free radical

CO Chemical formula of carbon monoxide

CO, Chemical formula of carbon dioxide

CST Combustion Science and Technology (Journal)
D Dimension (One, 2 or 3 dimensional)

DAQ Data Acquisition (card)

DC Direct Current

DF Diffusion Flame

F Filter (narrow-band interference type)

FFT Fast Fourier Transform

H.O Chemical formula ofwater vapour

HCO hydrogen/carbon monoxide

HRFZ-Si High-resistivity Float-zone silicon

HSV Hue, Saturation and Value

Hz Hertz (standard unit of frequency)

ISO Camera light sensitivity
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LADF
LCDF
LDA
LDV
LIF
LIl
LOSA
LSM
LST
MPa
MPI
ms
NH3
NHy
NIR
OH*
PD
PIV
PLIF
PM
ppm
psia
Re
RGB
rms
sccls
slpm
SLR
SSE
STP
THz-TDS
VI

Laminar Annular Diffusion Flame

Laminar Co-flow Diffusion Flame

Laser Doppler Anemometry

Laser Doppler Velocimetry

Laser Induced Fluorescence
Laser Induced Incandescence

Line Of Sight Attenuation

Laser Scattering of Molecules

Laser Sheet Tomography

Megapascal (Sl unit of pressure, 1 MPa is etguad bar)
Mean Pixel Intensity of high-speed images
Millisecond (1/1000 of a second)

Chemical formula of Ammonia

Gaseous Compounds of NitrogemdHydrogen

Near Infera-Red spectrum

OH (hydroxyl) combustion active radical (at vedength of 308 nm)
Photodiode

Particle Image Velocimetry

Planar Laser Induced Fluorescence
Photomultiplier

Part per million

Pounds-force per square inch absolute (14aZp®1 bar)
Reynolds number

Red, Green and Blue (the primary colour intees)
Root mean square of fluctuations

Standard cubic centimetres per second

Standard litres per minute (L/min)

Single-Lens Reflex

Soot Spectral Emission

Standard conditions for Temperature and Pressur
Terahertz Time-domain Spectroscopy
Virtual Instrument (LabVIEW software)
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"Diffusion flames have received less attention
than premixed flames in fundamental

research, despite the fact that diffusion flames
are more frequently used industrially."

A. G. Gaydon (1911-2004)

CHAPTER 1
INTRODUCTION

1.1 BACKGROUND

Today, combustion still provides most of the enempnsumed in the world.
Despite the continuing search for alternative eyetige use of combustion fuels will
remain important for a considerable time to comkisTis especially the case where
energy is required in the form of “compact ener@g,in transport; from the jet engine
to the internal combustion engine [1]. Thus, thisran urgent need to understand the
subtle processes of combustion to increase theiexftiy of combustors and to control
their pollutants specifically, soot particles arathion dioxide. The study of combustion
processes is difficult because of the complex augons between the fluid dynamics
and the chemistry [2]. However, the understandihgambustion has been enhanced
considerably by studies on laminar diffusion flarbased on atmospheric conditions.

Diffusion flames are desirable in practical systdrom the safety aspects, but they

generally have inferior pollutant emission charastes. This is due to the
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stoichiometric combustion and long residence tinm®Ilved [3]. In combustion, a
diffusion (non-premixed) flame is a flame in whittte oxidiser combines with the fuel
by diffusion. As a result, the burning rate is lied by the rate of diffusion. Diffusion
flames tend to produce more soot because therenotalye sufficient oxidiser for the
reaction to go to completion. In contrast, a preediXlame is a flame in which the
oxidiser has been mixed with the fuel before itches the flame front. In comparison
with diffusion flames, the clear premixed flamesséa higher effective temperature
and are relatively free from sooting troubles [He soot particles typically produced in
a diffusion flame become incandescent from the léahe flame and provide the
readily identifiable orange-yellow colour of the@&mes. The formation and emission
of soot by combustion processes pose problems wiasle long concerned scientist
and engineer alike. Soot emission from enginestarimnes reflects poor combustion
conditions and a loss of efficiency. However, it lta be noted that soot could also be
beneficial in the case of furnaces and boilers wiilee mechanism of propagation often
involves radiant transfer from hot soot particledhe circulating fluids. In such cases,
soot particles should be oxidised before they lethee furnace [5]. Soot is also
purposefully created in the form of carbon blackdse in the manufacturing of paints,
tires, and other goods [6]. It means soot can b Ibeneficial and problematic;
therefore, a complete understanding of soot folwnaéind oxidation is crucial for a
better control of its presence, from which comlarsgystems can greatly improve [7].
Since increasing efficiency in modern turbines amgrnal combustion engines
requires the need for higher operating pressurégdbmes all the more apparent to
further investigate combustion at higher pressutdswever, increasing pressure
increases the formation of soot particles and erdgsmthe flame instabilities. Current
understanding of the influence of pressure on mistyabehaviour and thermo-physical

properties of sooty diffusion flames is still lired [8-10].
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The first systematic scientific observations oinfta phenomena date back to the
early 19" century. Michael Faraday made observations ofralleaflame, which were
published in his famous book entitled “The Chemithastory of a Candle” [11].
Faraday believed that everything could be well wstded if it could be directly
observed. It is this train of thought which drivilb® current motivation to understand
the array of combustion related problems througreadi observation by optical
diagnostic techniqueptical diagnostics are divided into two major gatges: active
and passive diagnostics; the former rely on skifination (such as the flame) and the
latter requires an illumination source (such astlmy laser) [12].

Since the early 1980s laser diagnostic methods haee developed, and are still
under development, as tools which can be used tamrmmformation on the physical
and chemical structure of various types of flamias€ical experimental methods which
are invasive in nature, such as the use of theromecand gas-sampling probes are
unlike the laser diagnostic methods which providergitative information without
physical intrusion and disturption to the combustarocess. Laser diagnostic methods
also have their limits under high pressure condgjovhen soot density increases up to
a point where a laser beam cannot penetrate [13jddition these methods are complex
to use and much more expensive than the direct ingagnd light emission
measurement techniques.

Using active optical diagnostics methods such ascdimaging, high speed
imaging and schlieren photography accompanied imtige processing techniques, in
addition to light emission measurements (e.g. Cheminescence) enable us to study
the structure and dynamics of the flame. Narrowdbphotography and two-colour
pyrometry also provide quantitative data on thet demperature distribution. These
non-intrusive techniques provide us with the propsrof sooty flames at different flow

and pressure conditions, with high reliability antbmparatively low cost.
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Chemiluminescence (using photomultipliers) is thenegation of electromagnetic
radiation in the form of light, by release of eneffgom a chemical reaction, e.g. in
flame. The amount of radiation observed in the #aat a particular wavelength is
proportional to the concentration of the associatedited molecule. Thus, the
measurement of the radiation can be directly rdl&dethe concentration of the excited
molecule. Concentration and light emission of costiom species are also linked to the
oscillation (flickering) behaviour of the flame. @fefore, a reliable well understood
measurement of chemiluminescence could providetgaawve insight into the details

of the diffusion flame combustion process and dymamlt has therefore received
renewed attention recently as a possible meanseafsuning oscillation frequency in

unstable combustion systems [10, 14].

1.2 MOTIVATION

The knowledge about steady-state laminar diffugi@ames has progressed rapidly
over the last few yearslhis includes the modelling and measurement oferbfit
aspects, like soot concentration and temperatustrilaition. Practical combustion
devices, however, often operate under unsteadyitomms&l Laminar oscillating flames
provide an opportunity to take advantage of theeagqioility of the oscillations from
cycle to cycle in investigating the phenomena adteady combustion [15]. They also
demonstrate a wide range of time-dependent flam@kosheet interactionsThe
flickering of a laminar diffusion flame is known twe caused by the interaction of the
flame and the vortices both inside and surroundireg flame. An elementary flame-
vortex interaction is typically periodic and reguia nature and can therefore be easily
characterisedfFurthermore, laminar oscillating flames keep thetational symmetry,

which simplifies data analysis and reduces the mdipere of time in numerical studies.
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In-depth knowledge of the simultaneous pressusd,tigpe and flow rate as well as
the co-flow air dependence of laminar diffusiomikss are of significant relevance to
understanding of th8ames behaviour and properties. Many systems, such eseli
engines and gas turbine combustors, operate at pighsures to increase their
thermodynamic efficiency and decrease their physize [16]. Research on laminar
diffusion flames at high pressures has been limited number of studies focused on
the soot and temperature profiles within a stadheihar flame [8, 9, 16-22]. However,
only a few experimental studies have been carrigdoa diffusion flame dynamics at
sub-atmospheric and at elevated pressures [23, 24].

Through funding provided by the EPSRC, a high pres$urner facility has been
developed over the last few years at the Univexsitylanchester, by Bassi and Zhang
[1], offering many research opportunities. The leurims designed for the working
pressures up to 20 bar. A laminar co-flow diffusitame can be produced and
stabilised on a nozzle with an exit diameter of ?f&. The gaseous hydrocarbon fuels
(methane, ethylene and propane) are supplied froomgressed gas cylinder, regulated
by a needle valve and measured by calibrated niassnfieters. The burner has two
standard quartz windows for access to the visibterear infra-red (NIR) spectrum and
two pure silicone windows which are transparenttite far-infrared spectrum and
beyond.

Accurate and reliable measurements of soot temperain the flame by
nonintrusive means are highly desirable to achiawein-depth understanding of
combustion and pollutant formation processes. $tudy therefore, was initially aimed
at investigating the effects of elevated pressuresaot temperature distribution within
the stable region, utilising a simple and reliatda-intrusive optical diagnostic method.
During the experiments a very marked change wasreed in the shape, structure and

instability behaviour of the diffusion flame as gsare was increased. The lack of
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literature in this field motivated the study of sleeproperties. The major part of this
research has, therefore, been focused on the sitidyscillating laminar co-flow
diffusion flames at elevated pressures and atréifiteco-flow conditions.

A laminar flame may oscillate due to buoyancy irethstabilities and interaction
with the outer toroidal vortices. These vorticea b modified by pressure, fuel type,
and fuel/air flow rates. The effects of air co-flovelocity are found to be very
pronounced on flame dynamics and stabilisation reisin of an oscillating flame.
Interestingly, the literature on the co-flow effeas mainly focused on lifted and
turbulent flames. Therefore, the study of co-flow effects on non-lifted methane
laminar oscillating flame was found to be of grederest. Experimentally, the results
of changes in the flame structure, oscillation vewgth and magnitude as well as the
flickering frequencies are able to present a cohmmsive dataset of flickering
characteristics of sooty flames.

Moreover, the changes in shape and geometry ofsthiele laminar flames by
pressure can be observed and the empirical retdips between pressure and the cross
sectional area of the flame according to the fypét(methane, ethylene and propane)
can be proposed. This information improves our stdading on the effect of pressure
on the flame structure in the burners working witie laminar flames at elevated
pressures. In order to find the distribution of tstemperature, two-colour pyrometry
method in the NIR spectrum is also employed. Alglouwo-colour pyrometry is
widely used for luminance material temperature mesaments, to the best knowledge
of the author, applying two-colour method in theRNdegion utilising a commercial
camera has not been reported in the existing fisga The soot temperature
measurement results will provide qualitative infatian about the influence of pressure
on soot concentration and oxidation since soot gonsis linked to soot concentration

and soot temperature.
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Narrowband and high-speed photography accompanidéid vwage processing
techniques, in addition to flame emission measungésnand high speed schlieren, will
help to enhance the understanding of steady, iittermh and oscillating modes of
diffusion flames. An experimental investigationpisrsued to gain better understanding
on combustion instabilities and soot temperatusgridution in diffusion flames at

atmospheric and elevated pressures.

1.3 StuDY OBJECTIVES
The present research aims to provide a comprehemsiestigation on the effects
of elevated pressure, fuel type and flow rate dad eo-flow of air on diffusion flame
dynamics and stabilities in laminar oscillatingfasion flames. The pressure effects on
soot temperature distribution of laminar stablefudibn flame are also investigated
utilising a commercial digital camera and two-calgyrometry in NIR region. The
high pressure facility is a gaseous co-flow burmwenich produces a radially
axisymmetric diffusion flame with demonstrated #tgbat high pressures. The main
optical diagnostic techniques applied in this redeare as follows: direct imaging,
narrow band photography, high-speed photography sadieren, image processing
techniques, photomultipliers (chemiluminescencession of two important radical,
e.g. CH* and @ or CH* and OH*), and two-colour pyrometry.
The main objectives of this PhD research studyreatgr detail have been stated
below:
1. To investigate the change in the physical appearafnsooty diffusion
flames at elevated pressures. The changes in tteaeshape of a stable flame
(e.g. flame height and cross-sectional area) asspre increases from
atmospheric conditions were aiming to be observed discussed carefully

according to the fuel type: Methane (§HEthylene (GH.) and Propane (§Elg).
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2. To critically examine, discuss and trace the effexftelevated pressures
on the stability region and flickering behaviourtbé laminar co-flow diffusion
flames for two fuels; methane and ethylene. Thekdliing frequencied)(have
been measured at elevated pressures up to 16 bandém to gain a better
understanding of the pressure effects on the fldynamics.

3. To investigate and analyse the coupling effectshaimber pressure and
fuel flow rate on the flickering behaviour of a mahe-air diffusion flame. To
explore the application of flame subtraction teglwei and definition of the
flame scale parameters in order to measure andsdigbe change in the flame
boundaries, as well as the flame oscillation wavgle (1) and magnitudeLg).
Furthermore, analysis of the flickering flame luosity (emission) parameters,
obtained from high-speed images (e.g. mean pixehsity (MPI) and standard
deviation @) of MPI), and finally to present an empirical fartation for
flickering frequency change by pressure.

4. To examine, discuss and trace the effects of ag-8o velocity on the
flickering behaviour of laminar methane diffusiolanhes. This investigation
provides a comprehensive dataset on suppressicandys of diffusion flames
by co-flow air, which was found to be an intactaad research on non-lifted
diffusion flames. In this part of the study, highesd schlieren photography is
utilised in addition to the chemiluminescence aimghlspeed photography in
order to study the interaction locations of theeoubroidal vortices with the
visible flame and the surrounding hot plume of gadéhe study of the flame
oscillation wavelength A) and magnitude L¢) as well as the flickering
frequencies can help gain a better insight into dffects of co-flow air on

unstable and stabilised flames.
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5. To determine two-dimensional soot temperature itigiion in a stable
ethylene laminar diffusion flame based on two-coloneasurement of the
emission of NIR radiation by soot particles. Théioed background, discreet
considerations in the choice of two narrow banteifd and calibration of the
instrument factor needs to be described. NIR repmsbeen chosen due to less
gas molecules or free radicals radiation in theecdetl wavelengths in this
spectrum, as well as non-saturated photos and dlaive novelty of the
approach. Study of temperature distribution playssignificant role in
understanding the flame properties at elevatedspres.

It is expected that a significant understandingahbustion at high pressure and
sooty conditions could be gained from cross-cotirgjathe obtained data through this

PhD research study.

1.4 OUTLINE OF THESIS

This thesis consists of seven chapters with a nolaeme at the beginning and list
of references and the appendix at the end. Therityagd the results in this research
study have been published in peer-reviewed jouraadsconference proceedings or are
presently under peer review.

Chapter 1 delineates the background, motivatiojgablves and the outlines of the
thesis.

Chapter 2 is the literature review, which firstiewvs the high-pressure studies of
sooty diffusion flames and then the literature lba lame dynamics due to change in
pressure, fuel type and flow rate and also chamgdke co-flow. Finally the related
literature on two-colour pyrometry method is sumised. The literatures on flame
dynamics and two-colour pyrometry are mainly theewed literatures in the published

journal or conference papers.
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Chapter 3 addresses the experiments and the redudtsidy on the influence of
elevated pressures up to 16 bar on the flame gepraetl the flickering behaviour of
laminar diffusion flames, with particular attentiom the effect of fuel type. Methane
(CHy) and Ethylene (gHs) up to 16 bar pressure and PropaneHgL up to 7 bar
pressure were examined and results have been skstus details. These set of results
have been published in tdeurnal of Fuel(Vol. 88, No. 2, pp. 264-271, 2009).

Chapter 4 presents the latest study of the cougfferts of the chamber pressure
and fuel flow rate on the flickering behaviour oétmane-air diffusion flames over the
pressure range of 1 to 10 bar. Photomultiplierstagt speed imaging techniques have
been used to study the frequency of the flame latolh. The flame oscillation
magnitude I(;) and oscillation wavelengthA\Y were obtained from the high speed
imaging database. The standard deviatmnof mean pixel intensity (MPI), measured
from the flame high speed images, is introducea gsneral indicator of the trendsLef
andA. Finally an empirical formulation for flickeringdquency change by pressure was
obtained, which was of much interest to the peeieveers of the published paper in
Journal of Combustion, Science and Technol@gyl. 182, No. 3, pp. 231-251, 2010)
and also in theproceedings ofCEAS 2009 European Air and Space Confergnce
(Conference DVD, Day2- Propulsion Session).

Chapter 5 describes the experimental investigaifaro-flow air velocity effects on
the flickering behaviour of laminar methane-airfulion flames. In this chapter, high
speed schlieren photography was incorporated withh Ispeed photography and
chemiluminescence to study the suppression dynamhidgfusion flames with co-flow
of air. In four cases of methane flow rates atedéht co-flow air velocities the global
flame shape, the instability initiation point artetfrequency and magnitude of the

flame oscillation have been characterised. The reairof results with a comprehensive
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discussion has been submitted to journalEokergy Conversion and Management,
(ECM), 2010 (under review). Another part of the results ha® dsen accepted for
publication in thdProceedings of the World Congress on EngineerinGE)y2010.

Chapter 6 focuses on the influence of elevatedspres up to 10 bar on two
dimensional soot temperature distribution of ethglair laminar co-flow diffusion
flame. Experimental work was carried out in a hpyessure combustion chamber and
two-colour pyrometry technique has been applieth@nNear-infrared (NIR) region by
utilising a commercial CMOS (Complimentary metaldex semiconductor) digital
camera. The theoretical background and considesaiio the choice of wavelengths
and calibration of the instrument factor are alsesadibed. The results presented in this
chapter have been published in tReoceedings of 48th AIAA Aerospace Sciences
Meeting,(Paper No.; AIAA-2010-779, No. of Pages; 17).

Chapter 7 broadly summarises the research effaltprovides recommendations

for future work.



"Everything could be well understood if it could
be directly observed."

M. Faraday (1791-1867)

CHAPTER 2
LI TERATURE REVIEW

2.1 INTRODUCTION

Considerable amount of literature has been puldisimelaminar diffusion flames at
atmospheric pressure but many practical combusteMices operate at high pressures
to increase thermodynamic efficiency and to de@dhsir physical size [16]. Research
on laminar diffusion flames at high pressures hesnbimited to a number of studies
focused on the soot and temperature profiles wahétable laminar flame [8, 9, 16-22].
However, only a few experimental studies have besmied out on diffusion flame
dynamics and instabilities at sub-atmospheric §23,and at elevated pressures [15].

Since a laminar diffusion sooty flame will be usedthis research, some of its
fundamental features must be highlighted. Diffusilame is produced when the fuel
and oxidant are not mixed homogeneously prior ® itition event. Therefore it
involves the burning of pure fuel, in the form ofjaseous stream, or liquid or solid

surface, along the flame fronts which is in direghtact with the surrounding air. For
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small laminar diffusion flame, the burning ratetb& combustion process depends on
the rate of inter-diffusion between fuel and oxidarhis is to achieve the necessary
proportion for reaction to occur along the reactimundary. Turbulence plays a major
role, for large scale diffusion flame, where thealitidnal entrenchment of air due to

flame movement would have further impact on the cdtcombustion.

The generic shape of a stable laminar annularsidfuflame (LADF) issuing from

a standard co-flow burner is depicted in Figure. ZFhie combustion process in the
diffusion flame occurs within a very narrow reaativone. The model of such narrow
burning plane is highly idealised. Because of tla@dfer of heat as well as of mass,
considerable amount of reaction occurs on eachdidiee luminous flame boundary.

The general effect is the pyrolysis of fuel and éoiidant to form reactive radicals.

Therefore the reactants entering the reaction zlmes not correspond to their initial

gaseous compositions and states. For this redsergomposition of the gases is non-
homogeneous and varies from region to region. Tdrad front reaction zone, or flame

surface, is defined as the surface on which thévabpnce ratio is equal to one:

=1 2.1

The numerator represents the air-to-fuel mass tatder stoichiometric conditions
and the denominator represents the local air-tbraess ratio. In other words, the flame
surface can be described as the locus of pointgemie fuel and oxidiser meet in
stoichiometric conditions. When observing a LADRhwihe naked eye, the luminous
flame boundaries do not exactly correspond toghrgace [25].

As fuel flows upwards along the flame axis, it lrasendency to diffuse radially
outwards, while the oxidiser has a tendency touddf radially inwards [25].

Figure 2-1 (a) shows the radial temperature prafilthe indicated height.zZThe flame
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is annular in shape, with the maximum temperatlirs) Occurring at the flame surface
(® = 1). The mass fractions of fuedef, oxidiser {fox), and combustion product¥r() at
the same height are depicted in Figure 2-1 (lghttuld be noted that at any radius the
sum of the mass fractions must equal unity. Alsthatflame surface, the concentration
of the combustion products must be at its maximum.

In the upper regions of a vertical flame, buoyarfoyces increase the flow
velocities; the conservation of mass, thereforeuires the flow streamlines to
converge. This causes the flame surface to narmmards the flame tip [25].
Consequently, the diffusion rate increases in thgeu regions of the flame due to the
fuel concentration gradient increasky#dr). This effect can be seen in the differences
between Figure2-1 (b) and (d). Once the tip of the flame surfeceeached at height
Z3, the maximum temperature occurs on the flame elémér as seen in Figure 2-1 (e).
The concentration of fuel in this region is almasto, as seen in Figure 2-1 (f). For
hydrocarbon flames, soot is formed on the fuel sifiethe reaction zone and is

consumed when it flows to the oxidising region [25]

LN
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Figure 2-1: Laminar annular diffusion flame chaesistics. Profiles of the mass
fractions of fuel ¥r), oxidiser {fox), and combustion product¥r) as well as the

maximum temperature at flame surfaces), are shown at different heights (z) [25]
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This study is aiming to investigate the couplinfgets of pressure and fuel type and
flow rate and also co-flow effects on laminar dilon flames (sooty flames)
characteristics, utilising the non-intrusive anch#aser optical based techniques. All
the non-intrusive optical based combustion diagadsthniques use almost the same
underlying process. Current established based igpobs all use electromagnetic
radiation in infra-red, visible, or ultraviolet h¢y which impinges on the molecule or
particle under investigation and is scattered anmstted from the flame itself. For the
sake of convenience, most optical techniques ferdétection of combustion species
have been developed for atmospheric flames. Thebgstion chambers of many
practical devices, however, operate at signifigahtgher pressures. For high pressure
combustion environments, one of the most importiamting factors is the increasing
number density of soot. In such environments, modeethods based on optical lasers
must contend with broadband absorption and thefernce of soot particles [1].

Optical diagnostics are divided into many categgribere are measurements from
1D to 3D also active and passive diagnostics, eh@ér rely on self illumination (such
as the flame emission) and the latter requiresllamination source (light or laser).
Some of these techniques are matured and commsgedalsuch as Particle Image
Velocimetry (PIV), Laser Doppler Anemometry (LDA)GLaser Induced Fluorescence
(LIF) and some of them are in the process of dgreknt and maturing, such as
Terahertz Time-domain Spectroscopy (THz-TDS) [12].

A summary of the major non-intrusive active and spas optical combustion
diagnostic techniques are outlined in Table 2-Je $pectroscopic methods use specific
wavelengths for the light source; this wavelengtltlosely related to the molecule or
radical under analysis to obtain quantitative spg@oncentration measurements. For
some other optical methods, the exact value ofwtareelength is of little importance.

However, this does not mean that mono-chromatwitgoherence in the light is not



Chapter 2. Literature Review 38

needed. Interferometry, holography, LDA and manyenoethods need coherent light

to work, but the actual wavelength of the light t&nchosen arbitrarily.

Table 2-1: Summary of non-intrusive combustion d@sgjic techniques.

Passive diagnostics Active diagnostics
(using light or laser sources) (using flame emission)
» Interferometry » Flame Photography
« Holography » High Speed Photography
« Tomography - Stereo Digital Imaging
« Schlieren « Flame Emission Spectroscopy
- Shadowgraphy - Narrow Band Photography

» Rayleigh Scattering

« Mie Scattering

» Laser Doppler Anemometry (LDA)

- Particle Image Velocimetry (PIV)

» Laser Induced incandescence (LII)

» Laser Induced Fluorescence (LIF)

« Absorption Spectroscopy

« Planar Laser Induced Fluorescence (PLIF)

« Raman Spectroscopy

» Coherent Anti-stokes Raman Spectroscopy
(CARS)

» THz Time-domain Spectroscopy (THz-TDS)

Most combustion engines used for transportation@ogulsion, as well as power
production, operate at pressures approaching (ametsmes exceeding) 10 MPa. For
example, current aviation gas turbines operate rundeditions approaching 4 MPa
[26]. Therefore it is important to have diagnostiethods that work under these harsh
conditions. Sooty flames, especially at high pressupose a challenging problem to
modern laser based combustion diagnostic technig@eshigh pressure the soot
particles are so dense that the flame looks solidedectromagnetic waves in the visible

or infrared spectrum are not able to penetratéldinee [13].
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This study seeks to address the diffusion flameadyos and instability within the
flickering region and the soot temperature profifighin the stable flame, utilising the
active optical diagnostic method. Thus the maiu$oof this literature survey relies on
non-laser based studies on sooty flames. Sincen#live parameter under investigation is
the pressure effects, a review of the high presstwwdies of sooty diffusion flames is
initially presented to find a broad knowledge or téxisting literature at elevated
pressures (section 2.2).

Next the studies on diffusion flames structure, aigits and instabilities are
reviewed based on the effects of three differeraupaters: fuel type, fuel flow rate, and
co-flow. The literature reviewed in section 2.3slused for study of fuel effects on
diffusion flames at elevated pressures in Chaptdih@ knowledge on jet fuel velocity
(flow rate) effects on flame dynamics is summarisadsection 2.3.2 to assist
investigation on simultaneous pressure and flow dependence of laminar diffusion
flames in Chapter 4. Subsequently the literaturéhenco-flow effects on the flickering
behaviour of diffusion flames have been reviewedeantion 2.3.3 to help study of the
flickering suppression in the non-lifted methaniéugion flames in Chapter 5.

Finally the related literature on two-colour pyrdnyemethod and soot temperature
measurements within the stable diffusion flameseha@en presented in section 2.4 to

show the novelty of our approach in the soot teiipee measurement in Chapter 5.

2.2 HIGH PRESSURE STUDIES OF SOOTY
DIFFUSION FLAMES

Diffusion flames tend to produce more soot; singeré may not be sufficient
oxidiser for the reaction to go to completion. Sfmemation and oxidisation modify the
flame dynamics and instabilities in the laminarikkestton flames as well as the flame

geometry and temperature field in the stable flares competitive processes govern
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the soot emitted from the flame; firstly, the fotina and growth of soot particles and
secondly, the oxidation of these particlétowever, the burn out of soot particles
becomes more difficult once they grow larger [2Eprly arrest of their growth is
essential for the effective suppression of sootssion. In addition, shortening the fuel
residence time in the soot-forming region of thanfe is also effective [28Dne of the
important parameters in soot formation in combustpyocess is pressure. Current
understanding of the influence of pressure on $oohation and oxidation is very
limited, despite the fact that the majority of gre&l combustion devices operate at
elevated pressures [9]. Research efforts relatedotd formation in flames at high
pressures are limited to few studies. Generallyakkipg, it is believed that, low
pressures reduce carbon formation while high presgoromote it [5].

Schalla and McDonald [18] in 1955 investigated atons of smoke points in
diffusion flames by pressure, fuel type, externialflaw, oxygen enrichment and fuel
temperature. The smoke point is defined as thet pdimcipient non-fully oxidised soot
particles breakthrough the flame tip. This maintgurs because of an increase in soot
formation rate while there is a smaller increasesaot oxidation rate. The results
obtained by Glassman [29] indicate that flames emibke when the soot temperature
in the oxidation zone falls below a certain tempee (e.g. 1300 K for a co-flow
diffusion ethene flame). The temperature of thet stexreases as the flow proceeds
downstream because of radiation losses. Accordinghé results of Schalla and
McDonald [18] the rate at which the fuels can benbd smoke free consistently
decreases with increasing pressure. They suggésé¢dthe pressure dependence of
soot formation is related to species diffusion pgscsince the diffusion coefficient is
inversely proportional to pressure.

In 1972 McArragher and Tanon [30], by reviewing theailable high pressure

studies, emphasised that there is a surprising tdclaformation on the effect of
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pressure on soot formation and the mechanismsnigaddiit in diffusion, premixed and
explosion flames. One reason is that the studyowhbristion at high pressures is
difficult and dangerous, but it is greatly neededview of pollution problems in

practical combustion devices that work at high-pues [30]. For a continuous flame

the main effect of pressure was found an increassot formed proportional t®",
where n was defined a pressure exponeht (< 3). However, the reverse was found
to be true for gaseous explosions, as the soat gietreases with pressure. This is most
probably because the combustion products have ategrechance to approach
equilibrium. The view was supported that the diinsflames show a low pressure limit
below which soot does not occur, while for premifadhes the critical fuel/air ratio for
soot formation is found to be essentially indepenaé pressure [30].

In 1977, Miller and Maahs [17] designed and cordéd a high-pressure flame
system for studying the effect of pressure on garooxide (NQ) emission, but also
obtained data on soot formation. This burner wadetk with a confined laminar
methane-air diffusion flame over the pressure rdrya 1 to 50 atm. The methane was
issued from a 3.06 mm diameter port concentricaltp a stream of air contained
within a 20.5 mm diameter chimney. It is reportkdtf as the combustion pressure was
increased, the flame changed in shape from widecangiex to slender and concave,
and there was a marked increase in the amounthahtus carbon. The height of the
flame was changed only moderately with pressurevever, the region of stable flame
was markedly reduced by pressure. Their resultsvetidhat at low pressures carbon
formation occurs near the tip of the flame. As flressure increases the region of
carbon formation expands, moving downward into st of the flame. The carbon
concentration was increased by 3 orders of magamitud the pressure range of
2.5< P < 20 atm; after 20 atm, little change in carbon emt@tion was noted. They

were also employed the method of two-colour pyraynén the visible spectrum) for
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soot temperature measurement, with the naturaltyroimg carbon in the flame as the
radiant emitter. Because of the much lower carlwsming tendency of the small
methane flames, no meaningful temperature measuatsmeuld be made at pressures
below 5 atm and by the time this pressure was eshdie concentration of carbon in
the flame had dramatically increased, the reactmme had become thinner and more
condensed, and the separate blue zone was no lewgient. Hence, it might be
assumed that no significant separate gaseousaeaxine existed and that all important
combustion reactions occurred simultaneously withavisible luminous carbon zone.
As the temperature of carbon particles is, in factgood indication of the true
temperature of the flame gases in the vicinityhaf ¢arbon particles [31]. Thus from the
temperature graphs appears that the overall flaangerature drops by increasing
pressure, most significantly at lower pressureshtws that, the threshold pressure in
change of the flame properties exists and needie toaced in the obtained data of the
present research. The high pressure burners us#tkinecent high-pressure studies
[1, 8, 9, 20] including this study are similar teetdesign of Miller and Maahs [17].

The effect of elevated pressure (from 1.0 to 2/)abn soot formation was
investigated in two-dimensional laminar ethylenediffusion flames by Flower and
Bowman [32] in 1983. The light-scattering techniquas employed to determine the
soot volume fraction (soot volume/total volume)rtisée size, and particle number
density. The maximum and integrated soot volumetifstas were found to increase
approximately as the pressure to a power betwegrardd 2.0 (P>3. The soot yield
(mass of soot/mass of fuel) however, increasedoxppately as the pressure to a power
between 0.5 and 1.0. There was no significant effepressure found on the size of the
soot particles, the increase in the soot volumetiba (,) resulted mainly from an

increase in the number density of particles.
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Three years later (in 1986) Flower and Bowman fb#ipwed the previous study
[32] with an examination of laminar diffusion flasef ethylene-air at a pressure range
of 0.1 to 1 MPa (1 to 10 bar). They measured the-tif-sight integrated soot volume
fractions and the soot temperatures along the flagrdreline. It was conclusively
shown a pressure scaling of soot maximum integnad&dne fraction with an exponent
of 1.2+0.1 from atmospheric to 1 MPa. As the pressuas increased, axial flame
diameters decreased. It is also noted that the doghkersion to soot is not due only to

the fuel type but was contributed by the higher s¥famv rates of ethylene as well [19].

In 1989, Flower [33] published a paper in which tsparticle temperatures were
determined as a function of axial position in arisyetric laminar ethylene-air
diffusion flames at pressures up to 0.7 MPa (7.0 temperature measurement was
based on line-of-sight measurements of the emisaiah absorption of near-infrared
radiation by soot particles and thus representedage particle temperatures across the
diameter of the flame, weighted by the local sooiume fraction. The experimental
apparatus for temperature measurement which wakindeower study [33] is shown
in Figure 2-2. Measurements were made at eachidocaith the shutter open and then
with the shutter closed to infer the particle btigdss and two-colour temperatures.
Flower [33] identified that the visible luminosifyom soot, which is an increasing
function of soot temperature, decays with incregadiright in the flames and as the
pressure increases. The decrease in soot lumirssgiyests that temperature is affected
by the presence of soot as a result of radiantggnemansfer from the particles.

Temperature, in turn, strongly influences soot-fation and soot-oxidation rates.
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Figure 2-2: Schematic diagram of apparatus useth&asuring the temperature of soot
particles in a flame by Flower [33] (BS, beam $eiitF, narrow-band interference

filter; PD, silicone photodiode).

Lee and Na [34] in 2000, also studied co-flow ethg-air diffusion flames,
performing two-colour pyrometry method in conjuonctiwith an Abel inversion method
at pressures up to 0.4 MPa. The soot particle temtye distributions exhibited the
reasonable agreement with the flame temperaturdribdiSons measured by
thermocouples. The measured soot particle temperatiowed that the addition of a
small amount of air into ethylene did not change sbot particle temperature in soot
formation regions. The results indicated a pressoating for the maximum integrated
soot volume fraction with an exponent of 1.26. @ha& also imply a square dependence
on pressure of maximum local soot volume fractibra deight of 20 mm above the
burner rim.

Some of the new high pressure studies [8, 9, ZDreibrted radially resolved soot
concentration and soot temperature measuremertamimar diffusion flames, using
soot emission spectroscopy (SSE) and line-of-agkehuation (LOSA). The schematics
of the SSE and LOSA test apparatuses are shomgumgs2-3-a and b respectively. In
brief, in SSE as an active optical soot diagnostiethod, line-of-sight radiation

emission from soot is measured along chords thrabgtflame. A series of emission
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values at a certain height in the flame can bertedeto obtain radially resolved values
of emission. When soot optical properties are knowassumed, then temperature and
soot volume fraction can be determined [8]. In LO®Aline-of-sight measurement is
made of the intensity of a small light beam (ergnt an arc lamp) transmitted through a
flame. This value when divided by the intensityueabf the beam transmitted along the
same path without the flame present, the transwitigf the given chord through the
flame can be determined. A series of transmissivigasurements at a given height in
the flame can be inverted to obtain radially reedlextinction coefficients from which
soot volume fraction can be determined [8]. The BQ&n be considered as a passive

optical soot diagnostic method.
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Figure 2-3: The optical layouts in a) SSE and bBliOnethods [8].

Thomson et al. [8] in 2005 reported radially regolvsoot concentration and soot

temperature measurements in laminar diffusion faofemethane at elevated pressures
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up to 4 MPa. SSE and LOSA measurements of sootmelfraction were typically
agreed within 30% and both methods exhibit sintilands. It was shown that the peak
soot concentration varies &, where n = 2 for 0.5 P < 2.0 MPa and n = 1.2 for
2.0 < P < 4 MPa. Their measurements of the line-of-sighegnated soot volume
fraction are in close agreement with the resultsiabd by Lee and Na [34] , as well
those of as Flower and Bowman [19]. Soot tempegatueasurements indicate that the
overall temperatures decrease with increasing presshowever, the differences
diminish with increasing height in the flame.

McCrain and Roberts [16] in 2005 measured quaivéitthe soot volume fraction

(f,) in a laminar diffusion flame, for 0.% P < 2.5 MPa in methane (CHflames

0.1< P< 1.6 MPa in ethylene (8,) diffusion flames. The path integrated soot volume
fraction, at 65% of the flame height, scales witlessure as’@ and g for the
methane—air and ethylene—air flames respectivdig. [dcation of peak soot is observed
to move from the edges toward the tip of the flaaneghe pressure is increased for both
fuels. The physical shape of the flame also wasdaw be very sensitive to pressure.
The flame became shorter in height and considenadisower and the flame structure
changed dramatically with increasing pressures ieported that the flame was strongly
influenced by buoyancy-driven instabilities as ptes was increased.

In 2006 a numerical and experimental study of aisyaxmetric co-flow laminar
methane-air diffusion flame at pressures range ©P=x 40 atm was conducted by Liu
et al. [20]. Soot volume fraction was experimentatieasured using both SSE and
LOSA techniques. Numerically, the elliptic govemirequations were solved in
axisymmetric cylindrical coordinates using the tinwolume method. The visible flame
diameter was found to decrease with pressure & Phe integrated soot volume

fraction was reported to increase with pressure*d$or 5< P < 20 atm. The increased
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pressure was found to enhance air entrainmenttidduel stream around the burner
rim, leading to accelerated fuel pyrolysis. For2® < 40 atm both the model and
experiment show a diminishing sensitivity of sogtipropensity to pressure with a
greater decrease in the numerical results thaaxperimental data.

Bento et al. [9] in 2006 studied the effect of prge (0.1< P< 0.73 MPa) on soot
formation and structure of the temperature field co-flow propane—air laminar
diffusion flames. The higher pressure limit was Isgtthe fact that propane liquefies
above this pressure. The fuel flow rate was saleste that the soot was completely
oxidised within the visible flame and the flame wsable at all pressures. Maximum
line-of-sight soot concentration along the flamatoaline scaled with pressure as*P
for pressures between 0.2 and 0.73 MPa. Soot tatypermeasurements indicated that
the overall temperatures decreased with incregsiagsure; however, the temperature
gradients increased with increasing pressure.

Recently (in 2009) Joo and Gulder [21] also exanhitiee effects of pressure on
soot formation and structure of the temperaturlel fie a co-flow methane—air laminar
diffusion flame. The flame was stable at all presswand the visible (luminous) flame
height, as indicated by soot radiation, remain@doat unchanged from 10 to 100 atm.
For pressures lower than 10 atm, visible flame Hitsigended to decrease and the blue
flame region near the nozzle exit became more etpanas the pressure neared
atmospheric pressure. Peak soot concentrations eshav strong dependence on
pressure at relatively lower pressures; but thpeddence got weaker as the pressure is
increased. Radial temperature gradients withinfldm@e increased with pressure and
decreased with flame height above the burner rim.

The results of major reviewed studies on dependehseot formation by pressure

have been summarised in Table 2-2.
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Table 2-2: Summary of experimental studies on tesgure dependence of soot in
laminar diffusion flames (template from [9]).

Pressure exponentin .
Pressure Fuel and fuel [soot]ecP" Fl’a'_CtIOI'] of
fuel's carbon
Refs. range | mass flow _ Local converted to
bar | retemgs] | P e | oo
soot
Flower and Ethylene
Bowman [19] 110 1 1927, 44 1.20.1 ) ]
Flower and 125 Ethviene 15D 197 L [] p o510
Bowman [32] ' y : : My
Ethylene 2
Lee and Na [34] 1-4 1.26 (20 mm above -
34
the burner)
Ethylene
1-16 y 1.2 17 ;
McCrain and 13
1-25 1 1.2 -
1.1
Methane
5-20 1.3 2 1
Thomson et al. 0.55
[8] Methane
20-40 0.9 . .
0.55 1.2 0.1
Propane
Bento et al. [9 2-7.3 1.4 1.8 1.1
[l 0.49
. Methane,
Liu et al. [20] 5-20 0.55 1.3 2 1
Joo and Gulder | 10-60 Methane, - - 0.1-0.33
[21] 0.55 and 0.66

Heavily sooty flames, as found in jet engine contdmssfor example, are difficult to
study using modern laser based combustion diagisobgcause of the large number
density of carbon particles. At high pressure thet garticles are so dense that the
flame looks ‘solid’ and electromagnetic waves ie thsible or infrared spectrum are
not able to penetrate the flame. Initial resultstlom penetration of terahertz (£®1z)
waves into heavily sooty flames have been repdrte@assi et al. [13]. It was shown
that a beam of terahertz radiation is able to pateea heavily sooty flame conditions

which are beyond the realm of conventional lasesetladiagnostics. Ethylene and
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methane flames at pressures up to 16 bar in aowodfligh pressure burner were
analysed using the new technique of terahertz toreain spectroscopy (THz-TDS)
[1]. Calculations of the theoretical combustion @ps absorption spectra in the 0.25
THz to 3 THz range have shown that almost all theeovable features come from
water vapour (KHO). The technique of terahertz time domain spectiog (THz-TDS)
is still in its infancy. Attempt on the observatiohthe absorption lines of other radicals
such as OH (1.84 THz and 2.51 THz), CH (2.58 Ttan)}d NH (1.77 THz and 2.95
THz) as well as flame temperature measurementrooegi

According to the literature survey presented irs teection the majority of the
studies on laminar diffusion flames at elevatedsguees have been focused on the soot
or other species concentrations and temperatufggsravithin a stable region [8, 9, 16-
22]. The effects of pressure, on laminar diffusitame dynamics and instabilities left
almost unattended in literature. The coupling effexf pressure and fuel type and flow
rates and also co-flow effects on the flame stmactdynamics, flickering behaviour and
instability provide the intact area of interestsooty flames studies. At atmospheric
pressures, the instability of the laminar mixingda (generally referred to as the
Kelvin-Helmholtz instability), and vortices dynamidave been studied extensively
[35]. At elevated pressures, however, current wtdading of the influence of pressure
on dynamics and instability behaviour of lamindfudiion flames is still very limited.

In addition the present doctoral research seeksvistigate the effects of pressure
on soot temperature distribution and flame geomeftizin a stable flame. The two-
colour method in NIR region and narrow-band phapby are utilised in order to

measure the output parameters with a novel antivelahigh accurate approach.
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2.3 FLAME STRUCTURE AND DYNAMICS
2.3.1 Fue Effects

Soot spectral emission and line-of-sight integradedt volume fractions versus
pressure have previously been reported [8, 9, B, 2D] to assess the pressure
sensitivity of soot formation. These studies aksported that the physical shape of the
methane, ethylene and propane diffusion flamesvarg sensitive to the increase of
pressure. The flame changes in height and becowmesiderably narrower with the
increase of pressure. It is also found that buoyamduced instabilities lead to flame
flicker at slightly elevated pressures as buoydnoges scale with pressure [8, 16].

It is well known that the pressure has significaffects on parameters such as
temperature, flow velocity, flame structure andrtha diffusivity [36]. Miller and
Maahs [17] designed and constructed a high-presfiamee system for studying
methane-air diffusion flame in the pressure ranige.b— 5 MPa. It is reported that a
very marked change occurred in the shape and steucf the methane—air diffusion
flame as pressure was increased. Also the regiastable combustion was markedly
reduced [17].

The flickering of a laminar diffusion flame is knawio be caused by the interaction
of the flame and the vortices both inside and surding the flame jet. The presence of
elementary flame—vortex interactions in diffusidanfes was independently observed
by Toong et al. [37] and Kimura [38] in propane petrnt in open air. They suggested
that the flickering of a diffusion flame at low €eency, typically ranging from 10 to
20 Hz (first reported by Chamberlin and Rose [8@))Id be explained by the formation
of buoyancy induced outer toroidal vortices causiregflame front to regularly oscillate
or flicker. Recently, the presence of these vostinas been confirmed experimentally

and numerically [2, 24, 40-43]. The generationhaf buter vortices has been attributed
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to a Kelvin—Helmholtz instability driven by a buayay induced shear layer surrounding
the flame surface [38, 41, 43-45]. For a given R&y®: number, the buoyancy varies
with Froude number, which is inversely proportionalthe product of gravitational
acceleration and square of the ambient pressure.

For diffusion flames with high enough Reynolds nemin the transitional regime
Chen et al. [40] employed a planar visualisatioshtgéque and visualized two distinct
vortices; large toroidal vortices outside the luoua flame and small roll-up vortices
inside the luminous flame. Methane, ethylene armpame were used as fuels. The
frequency of the toroidal vortices was found toretate with the flame oscillation
flicker frequency ). The frequency was in the range 10 to 20 Hz dral vortex
convective velocity was approximately 0.8 m/s, ower conditions studied. The flame
oscillation frequency showed a weak dependenceuameb exit velocity and co-flowing
annulus air. The frequency increased as the buwxievelocity or the co-flowing air
velocity was increased.

An experimental study of buoyant propane diffusitames was undertaken by
Cetegen and Ahmed [46] to identify the mechanisspoasible for the periodic
oscillations near the source of these flames. Pphienomenon, often referred to as
‘puffing’ in the literature, exhibits itself as girperiodic oscillations of the diffusion
flame front near the axisymmetric source of a Wth formation of large scale flaming
vortical structures. The puffing frequency showddefinite trend with the burner
diameter,D, scaling approximately witl ™2, Under normal gravity and atmospheric
conditions the puffing frequency for a variety gdnocarbon fuels can be approximated

by the empirical relation, a§ = 1.5/ D¥? [46, 47]. This relation remains valid for small

fuel jet velocities (e.g. in buoyant plumes and Ipfi@s) since the jet momentum
compared to the buoyancy effect is too weak to biptanfluence the flickering

frequency [23, 40, 43, 45].
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Using quantitative rainbow schlieren deflectometibers and Agrawal [24] have
shown that the flickering frequency of a hydrogeffudion flame at sub-atmospheric
pressures (0-1 atm) varies linearly with the amiyieassure, i.ef=12.5P. This concurs
with a dimensional analysis by Katta and Roquenj?2¢ relating the vertical velocity

of the burnt gases to the characteristic flame Hieigading to the following relation
f 0 g"?. Durox et al. [23] experimentally measure thekiigng frequency at sub-
atmospheric pressures and reduced gravity levaksy iave shown that the relationship

2)¥3 which is valid if the

between flickering frequency and pressure is giwerf [ (Pg

mean width of the flame is greater than the bunoezle diameter. Otherwise the linear
relationship between pressure and frequency hdMisieduced gravity or ambient
pressure various researchers have shown thatusidiff flame is wider and longer than
their normal gravity flame counterparts [48, 49].

Some experiments have been conducted under indrepagity levels with the
flame placed in a centrifuge [50-53]. In the recemoirk by Sato et al. [53], methane,
propane and a mixture of methane-propane were asdtie test fuels with artificial
gravity levels created up to 14 g. In these ingagibns increased gravity levels leads to
an increase of the flickering frequency but it &dto distinguish between a 1/2 power
or 1/3 power dependency of the gravity due tocttrélis forces present in this type of
experiment [51]. It is found that at increased gyalevels the length and surface area
of a diffusion flame decreased and the flickerirghdviour become more prominent.
This was explained by the enhancement of air emtrant which was caused by
increased buoyant flow in the flame at higher gsahavels.

Research on laminar diffusion flames at high pressihas been limited to a
number of studies focused on the soot and temperatofiles within a stable laminar

flame at pressures up to 5.0 MPa [9, 16, 17, 19, G4cillating methane air diffusion
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flame at 10 Hz excitation frequency have been itgated under 2.5 bar pressure by
Charwath et al. [15]. The experiments were perfarne order to determine soot
volume fractions, particle number densities, ancammparticle radii. The oscillating
flame shows strong instationary effects and in@easot concentrations compared to
the steady-state flame of equivalent mean fuel flBwnsimple numerical approach is
also deduced that explains qualitatively the streargations of the soot volume fraction
in an oscillating flame [15].

There is a lack of knowledge on the influence @vated pressure on the flame
dynamics of a laminar/transitional diffusion flania the author’s knowledge there has
been no quantitative study on the effect of elaVaiessures greater than 2.5 bar on the
structure and flickering frequency dynamics of &udion flame. Most of the non-
atmospheric current investigations have been cdeduat pressures below atmospheric
pressure to reduce the effects of buoyancy. Thisvated the study on the change in
the geometry of the stable diffusion flames anditiséability regions and the dynamics
of the flickering jet diffusion flames at elevatqguessures up to 16 bar. Three
hydrocarbon fuels were also used as the test fnadsder to study the effects of fuel
type at elevated pressures. In Chapter 3, a déscripf the high pressure burner and

experimental setup is presented and the resutteedftudy are discussed and concluded.

2.3.2 Fud Flow Rate Effects

The fuel flow rate effects on flickering behaviand oscillation of diffusion flames
at atmospheric pressure has been studied in diffeieerature [37-40, 55, 56].
According to these studies, laminar diffusion flanaee known to oscillate or flicker at
a low frequency, typically ranging from 10 to 20H&pending upon the operating
conditions. Chamberlin and Rose [39] reported tihatflicker frequency of about 10 Hz

for diffusion free flame was not greatly affecteddither the fuel type and flow rate or
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the burner size tested. The existence of discretpiéncies in the vicinity of 11 Hz in a
range of methane fuel exit velocities (0.9 to 2.&)nwere measured by Durao and
Whitelaw [56]. Toong et al. [37] studied both freed enclosed flames and the
frequency of oscillation of the enclosed flames vi@asd to be a strong function of
their surroundings. In the study of Toonge et 8F][the free-flames again reproduced
the 10 Hz behaviour found by Durao and Whitelaw.[39

Hamins et al. [57] analysed experimental data avewide range of operating
conditions and found that the flicker frequencyretated with burner size and fuel jet
exit velocity. Kimura [38] revealed that a regufeame oscillation appears, when the
fuel-flow rate is increased above a critical valaed it is axially symmetric. The
oscillation was found to have no connection wita #ize of the combustion chamber
and the length of the fuel pipe. The frequencyhaf oscillation for propane diffusion
flames was found to be between 10 tol5 Hz for dtatively wide change in the fuel
flow rate and in the diameter of the port [38].

The flickering of a laminar diffusion flame is knawio be caused by the interaction
of the flame and the vortices both inside and surding the flame jet. An elementary
flame—vortex interaction is typically periodic, tégr and reproducible in nature and
can therefore be easily characterised [24, 39, GBamberline and Rose [39] ascribed
the periodic nature of the phenomenon to altermateases and decreases in the rate of
diffusion of oxygen into the flame. That is to sayhen the fuel flow exceeds some
critical value an envelope of combustion produdctscreated, which temporarily
separates the reactants (quenching of the flam#)frdhere is thus a time interval
before the slower moving air can diffuse througk #nvelope and again create a flame
sheet [58]. It can be considered that the flamdélasons occur due to quenching of the

flame front in one specific location or region [55]
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Generally two distinct vortices have been identifie the jet diffusion flames
studies [40, 59, 60]. They are characterised bygelaioroidal vortices outside the
luminous flame and small roll-up vortices insiderdie toroidal vortices in the oxidiser
side of the luminous flame convect downstream ameract with the flame to create
wrinkles on the flame surface [24]. It was speadathat the vortical structures outside
the luminous flame are due to buoyancy-driven biktg and are also responsible for
the low frequency flame oscillation [40, 59]. There, the frequency of the outer
vortices correlated with the flame oscillation fueqcy [24]. The outer vortices develop
because of the Kelvin-Helmholtz type instabilitythre buoyancy-induced shear layer
surrounding the flame surface [42, 44, 59]. Theyamoy effect on the shape and
flickering frequency of a diffusion flame has bestndied by various researchers in the
literature [24, 48, 49, 51, 61, 62]. Buoyancy igedily related to the Froude number,
which is inversely proportional to the product cégtational acceleration and square of
the ambient pressure [61, 62].

According to the numerical results of Ghoniem at[&B], in an axisymmetric
vortex sheet of pool fires, the Kelvin—Helmholtztability is augmented by Rayleigh-
Taylor type instability as the roll-up pushes th& hases outward and the cold air
inward with respect to the interface. Also Williamtsal. [64] noted the conclusion of
several recent studies that buoyant vorticity gatnen (created by a misalignment of
the density gradient and the gravitational vectars) baroclinic vorticity generation
(resulting from a misalignment of the density gesddiand the pressure field vectors) are
the primary causes of the large-scale toroidalisestat the periphery of the plumes,
which are referred to as “puffing” instability [457].

The phenomenon of flame flickering in diffusionrflas is well known and has
been extensively studied at atmospheric pressutés 37-40, 55, 58, 65, 66] and

different gravity levels [50, 51, 53, 67, 68]. B speculated that the mechanisms



Chapter 2. Literature Review 56

responsible for flame oscillations are highly semsito various burner configurations,
flame flow conditions and gravitational effects doebuoyancy [55]. It was noted [50,
68] that flicker frequency increases with incregsgravitational level and flicker was
dominated by buoyancy. Low-gravity experiments ah&dori el al. [68] show that the
flame flicker frequency is proportional to the soparoot of the gravitational
acceleration.

It was reported by Miller and Maahs [17] that ayerarked change occurred in the
shape, structure and the region of stable combusfithe methane—air diffusion flame
as pressure was increased. It is found [8, 16] atyancy-induced instabilities will
lead to flame flicker at slightly elevated pressubmcause the buoyancy forces scale
with pressure. Furthermore, experiments by Yuanunax [49], reveal that the flame
flicker is suppressed at low buoyancy, achieveddajcing the ambient pressure. Still
there is a lack of understanding on the influentelevated pressure on the flame
dynamics of a laminar/transitional diffusion flafid®].

Experiments were performed by Albers and Agrawal] [At sub-atmospheric
pressures to scale the effects of buoyancy on flidinker. The flame flicker frequency
was found from Fourier analysis of angular deftattidata to vary linearly with
operating pressure. In their study [24] differenioyancy levels were achieved by
varying the jet exit Froude number, which is inetysproportional to the gravitational
accelerationd) or square of the ambient pressus® (61, 62]. Flame flickering of jet
diffusion flames has been characterised experirfignta terms of pressure and
gravitational force by Durox et al. [23]. The measuents show that the relationship
between the frequency and the reduced gravity gingsub-atmospheric pressures is
very close tof AP¢f)*3, when the burners have a sufficiently small outigtmeter.
Otherwise the linear relationship between pressime: frequency holds. Most of the

current investigations have been conducted at presselow atmospheric pressure to
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reduce the effects of buoyancy. At reduced grawityambient pressure, a diffusion
flame is wider and longer than their normal gra¥idyne counterparts [48, 49].

This literature survey shows that the informatiam the effects of pressure on
diffusion flames dynamics is very limited. The dfijee of this study is to investigate,
in detail, the influence of elevated pressures lan ftame structure and dynamics of
laminar diffusion flames. However, particular atten has been paid to the effect of
fuel flow rate. Optical diagnostics (chemiluminasce and high speed imaging) have
been used to study the change in flame structlickefing behaviour and frequencies
of the flames oscillations. In Chapter 4, the couplof fuel flow rate and chamber
pressure on the flame dynamics (flickering behayiofi methane-air diffusion flames
is studied over the pressure range of 1 to 10 Adavide range of fuel flow rates and
pressure are studied in order to gain a bettermstateding of the influence of these two
parameters. It has been observed that the flangepres are sensitive to the fuel flow

rate at elevated pressures.

2.3.3 Co-flow Effects

Buoyant laminar jet diffusion flames are known tecitlate at low frequencies,
typically within the 10-20 Hz range, depending uplo@ operating conditions [24, 37-
40, 43]. In the study of Davis et al. [2] countetating vortex structures internal and
external to the flame surface appear and move upaang with flame sheet bulges.
Flickering and tip-cutting (or necking) occur afreaquency of 11-15 Hz. The flickering
of a laminar diffusion flame is known to be causedinly by the interaction of the
flame and the vortices. An elementary flame—voiteeraction is typically periodic,
regular and reproducible in nature and can theedbereasily characterised [24, 39, 43,

58]. This strong periodicity of structures obvigusksults from a mutual interaction of
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flow structures (determining air entrainment, mgirflame stretch and compression)
and chemical reaction (heat release, buoyancy) [45]

The evolution of vortical flow structures in buoyget diffusion flames and their
interaction with flame structures have been stuewegnsively [2, 40, 43, 45, 69]. The
axisymmetric, low frequency oscillation of flow arithme structures depends only
weakly on the type of fuel, the fuel nozzle sizgq #éhe exit velocities of the fuel jet [38,
40, 43, 45, 57]. However, the coherent flow struesuin the air co-flow strongly
interact with the reaction zone, which ultimatelgyriead to local flame extinction [40].
These structures, could be observed in the co-feyion, whereas vortical structures
inside the flame surface were detected only whemiotwed fuel nozzles and large jet
velocities were employed [40, 43, 45].

In spite of the extensive amount of research walated to the evolution of
structures in buoyant jet diffusion flames, a diédirand rigorous interpretation of the
mechanisms leading to the formation of cohereny ftructures is still lacking [43].
The formation of coherent structures is attribugdnarily to a modified Kelvin-
Helmholtz instability of the flow field [38, 40, 485]. However, this mechanism of
flow instability cannot explain the evolution ofifsexcited oscillations, as it takes only
the spatial propagation of instability waves int@@unt. Indeed it seems that the closer
understanding of diffusion flame instabilities diweformation of outer vortices might
be gained by studying the influence of co-flowairthe flame dynamics.

Much work has been reported in the literature medato the combustion of fuel jets
in still air or in parallel co-flowing streams [485, 70-73]. The blow-out limit [72, 74,
75] and the stabilisation mechanism of turbuler@, [76-78] or laminar [70, 79-83]
lifted jet diffusion flame in co-flow of air haveelkn studied extensively. However, the
co-flow air effect on the dynamics of laminar nafted diffusion flames is left almost

unattended in literature.
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The blow-out stability limits of co-flowing turbuhe jet diffusion flames have been
formulated by Dahm and Dibble [74] from a simplesciption for a physical
mechanism by which a turbulent diffusion flame cabilise itself. Results for co-
flowing turbulent jet flames showed a large reduttin the jet blow-out velocity even
for relatively small co-flow velocities. They denstrated that a slower rate of flame
spreading occurs when steady flames become more-lkakwith increasing co-flow.
The strength of an air co-flow can also have aceatile effect on the flame length in
steady turbulent diffusion flames [8#ccording to the results of Hermanson et al. [85]
the addition of co-flow generally caused an incee@as the mean flame lengtbf
turbulent ethylene jet diffusion flame puff

Lee et al. [83] studied characteristics of liftéanies in laminar axisymmetric jets
of propane with co-flowing air. They obtained tieaiges of OH* planar laser induced
fluorescence (PLIF) and CH* chemiluminescence ame Rayleigh concentration
measurement. It has been shown that the positibmsagimum luminosity in direct
photographs of lifted triple (or tribrachial) flasmean reasonably be located along the
stoichiometric contour. Note that the base of aihamlifted flame exhibits a triple
structure, consisting of a lean and a rich premikathe wings and a trailing diffusion
flame, all extending from a single location [83,].861 study of Lee et al. [83] the
stabilisation mechanism of laminar lifted flamess Haeen explained based on the
balance of the propagation speed of triple flame kmcal flow velocity. The lift-off
height in co-flow jets was found to increase highbnlinearly with jet velocity and was
sensitive to the co-flow velocity. The blow-out arehttachment velocities decreased
linearly with the increase in co-flow velocity.

The numerical simulations of methane-air diffusi@mes by Montgomery et al.
[73] showed that lift-off height increases with gtit velocity and with the air co-flow

velocity. The flame stabilisation point is located the stoichiometric surface in the
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inner shear layer. It is found that for higher tmaf velocities, the inner-shear-layer
vortices begin to form farther downstream, and jbke spreads more slowly(also
reported by Dahm and Dibble [74]). The data indidathat the momentum of the co-
flowing stream acts in combination with the jet mertum to push the base of the flame
farther away. The base of a stable lifted flameated in the stoichiometric region,
propagates continuously into reactants. In thechéid flame, however, the stability of
the flame base depends upon the maintenance afabbalance between the burning
velocity of the premixed mixture and the (mean)peél of the ongoing flow [87]. Note
that unlike the attached flame the lifted flameebdses not lose heat to the burner [35].

The effects of co-flow air in the hysteresis regiofi¢urbulent lifted-jet flames were
studied using methane and ethylene fuels by Tend layons [77]. The hysteretic
region near the nozzle is a region in which algghé can be attached or lifted given the
same conditions (considering flame is stabilisechnnincreasing or decreasing path of
fuel or air exit velocity). It was observed thaktheattachment velocities and lifted
flame heights just prior to reattachment vary Inheas for laminar flames in co-flow.
Increase in lift-off heights and decrease in refit@ent velocities were occurred more
quickly as co-flow velocity was increased. The flozgime of the co-flow (i.e., laminar
or turbulent) did not appear to affect the behavadithese flames.

The effect of air velocity on the flame stabilitymit in turbulent bluff-body
stabilised non-premixed flame has also been regontditerature [78, 88]. The bluff
body is a basic device to stabilise double conaeigt diffusion flames in industrial
burners, for reasons of safety and easy implementfZ8]. The bluff-body stabilised
non-premixed flame are basically classified intee¢ghstable types (recirculation zone
flame, central-jet dominated flame and jet likenflg and two unstable types (partially
quenching flame and lifted flame). The air to fualocity ratio ¢) is the main

controlling parameter [78, 88]. It is desirablettti@e annular air flows entrain part of
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the central fuel jet into a low-speed recirculatregion in the wake of the bluff body to
form a well-stirred combustible mixture for flamlsilisation purpose [89].

The effects of other parameters such as humiditycorflow air [88], high
temperature co-flowing [75] and oxidiser type @impure oxygen) [43, 45] on diffusion
flame dynamics have also been studied in literat@e et al. [88] applied particle
image velocimetry (PIV) to study the effect of hdiity in co-flow air on the flow field
and the flame stability limit in turbulent bluff-dg stabilised non-premixed flame.
Their results indicate that although generally #astability shows an increase by air
velocity, the addition of steam into air flow casse reduction in the flame stability.
This is due to a decrease in humid air momentum &amkohler number
(Da=reaction rate/convective mass transport jatehe decrease of Damkoéhler number
is related to increase in the chemical reactang tilue to the diluted oxidiser and the
decreased flame temperature.

The stability behaviour of jet diffusion flame démging in a co-flowing high
temperature air stream was studied experimentadiyg city gas and hydrogen as fuel
gases by Takeno and Kotani, [75]. Two distinct §/pé stability limits were observed,;
the first was the blow-off of the rim-stabilisedrhe, and the second was the break-off
or extinction of the turbulent portion of the flaraethe transition point from laminar to
turbulent flow. It is interesting to note that ialsility in the outer layer has continuous
large scale waviness in contrast to the micro-sieal®ilence in the un-ignited jet. It has
been observed that generally for both hydrogensfagld city gas, at a constant air
stream velocity, the stability region increasesryease in air stream temperature.

The effects of oxidiser type and flow rate on tlmvffield instability in a methane
jet diffusion flame were also studied by Lingensakt[43, 45], utilising visualisation
techniques (PLIF of hydroxyl radicals, OH*, and Mieattering) and Laser Doppler

Velocimetry (LDV). It was found that the global nmedrequency is only marginally
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dependent on the fuel flow rate. In contrast, gpetof oxidiser and its flow rate have
an influence on the frequency of flickering. It nsported [43, 45] that generally a
diffusion flame with the co-flow of oxygen oscilatwith a lower frequency in
comparison with a flame in the co-flow of air aktbame flow rates. Their results
showed that the oscillation frequency increases by increase in oxidiser flow rate
and then remains almost constant from a certaw flate onwards. Also the phase
velocity of the global mode instability wave growgth increasing air flow rate, but
varies only slightly with the fuel flow rate. Linge et al. [43] concluded that the
instability properties of the jet diffusion flameeastrongly dependent on the type of
oxidiser and its flow rate, but nearly independehthe fuel flow rate. It was further
shown by Chen et al. [78] that stabilisation afelif flames is more sensitive to the co-
flow air than the fuel jet velocity at the inceptiof flame lift-off. The effects of annular
air flow on the lift-off heights were found to bewer at higher fuel velocities. The
underlying combustion mechanisms, however, depémhgly on the hydrodynamic
interactions between the fuel jet and the annutasteeams [70].

Thorough interpretations of the instability of nacting jet flows were carried out
by Huerre and Monkewitz [90, 91]. The charactethaf instability of a parallel flow is
classified as either “absolute” or “convective”.eThbsolutely unstable flow exhibits a
temporally growing instability mode and wave-liksstdrbances infect the entire flow
field and grow everywhere with respect to time [33, 45, 75]. In convectively
unstable systems, however, the disturbances argecmd downstream from the
location of inception faster than it grows so tthegt flow returns to its undisturbed state
[35, 43]. In summary, absolutely unstable systerasoacillators , whereas convectively
unstable flows behave like amplifiers of externatittion [43]. The flow density
strongly affects the buoyant acceleration of reacthear layer and may determine the

type of instability [10, 43].
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The effects of Froude number on stability limitsflbmes was also investigated in
different literature [3, 53, 92]. The Froude numlfEr) is a dimensionless number
comparing inertia and gravitational forces in tloavf Shu et al. [3] studied the dynamic
flame structure and flame-vortex interactions dtedent Froude numberd(), in a
fuel-rich premixed (Chtair) annular jet sandwiched between a centrajetiion the
inside and co-flowing air on the outside. They mégd that, at high Froude numbers
(Fr=15, non-buoyant limit), the computed flame exhibitsteady flame structure. For
intermediate Fr Kr=3), the buoyant acceleration becomes significanysicg a
periodic rollup of toroidal vortices. The flame éits steady-state behaviour, despite
highly periodic rollup vortices, when the vorticaie interacting only in the hot plume
of gases above the visible flame. For< 1.0, the rollup occurs closer to the burner
port; therefore, the flame-vortex interactions teeaflickering flame. They reported an
increase in the flame flickering frequency by desee in Froude number. The
qualitative nature of flame-vortex dynamics, howevemains fundamentally the same.

Flickering diffusion flames exhibit a wide range tohe-dependent, vortex-flame
sheet interactions, and thus they provide an inapbrtiesting ground for evaluating the
applicability of chemical models derived from stgdthmes. For conditions in which
flame flicker and tip-cutting occurs, Shaddix andygh [93] were found that, the peak
soot concentrations in the methane flickering flaraee 5.5 to 6 times larger than in a
steady flame with the same mean fuel flow rate. Boet enhancement for the
flickering propane and ethylene flames is repodaty 35 to 60%, independent of the
flicker intensity.

The co-flow air was found to be able to modify th@ot formation process in
diffusion flames as well. The flow field effects sappression of soot emission (smoke-
free flame limits) was studied in literature [18, 28, 94]. Two competitive processes

are governed for soot emission from a flame; firsdrmation and growth of soot
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particles, and secondly their oxidation. Howeve&gethe soot particles grow larger the
burn out of them become more difficult [27]. By lgaarrest of their growth and also
shortening the fuel residence time in the soot-fogmegion of the flame, the effective
suppression of soot emission can be achieved 28s been noted that at atmospheric
pressure, soot limits are controlled by four vaeab fuel velocity ‘¥, fuel nozzle
diameter ‘d, air velocity ‘U; and air exit diameter €1[28]. It is found that to suppress
the soot, by increase of fuel flow rate the airt @elocity needs to be increased with a
large slope. However, there exists a soot limifurg) flow rate above which soot cannot
practically be suppressed even by additional irs@ena air flow rate [18]. It is found
also by Katta et al. [95] that in a jet diffusidarhe, the magnitude of flame oscillations
(flicker) decreases with the amount of soot gemeran the flame, however, the
frequency of the oscillations does not chandéey found experimentally and
numerically that soot can influence flame flickersuch an extent that the oscillation is
completely suppressed.

The effects of co-flow air on the flickering behaur of buoyant laminar non-lifted
diffusion flames, particularly the observed phenomef full suppression of the flame
flicker and its physical interpretation are leftmalst unattended in literature. The
objective of this study is to investigate, in det#he co-flow air velocity (flow rate)
effects on non-lifted oscillating diffusion flameymhmics and the stabilisation
mechanismusing experimental approach. Experiments and mesaoltChapter Sare
focused on the study of the co-flow air effectssbeady-state and oscillating laminar
methane air diffusion flame. The obtained resutesent a dataset of flickering flame

properties at different air flow velocities.
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2.4 SOOT TEMPERATURE MEASUREMENT (TwoO-
COLOUR METHOD)

Two-colour method is an established optical teamaicfor the temperature
measurement of sooting flames. This technique malkss of two narrow band
wavelengths in the visible or near infra-red enoissiThere has been a continuing effort
in applying this technique to various situationsttdl and Broughton [96] initiated
application of the two-colour method for measurihg temperature of flame in utility
furnaces. Their results indicated that to determadkation from luminous flames, the
two-colour pyrometer may be used with an average ef 5 %. This method has been
expanded to measure the temperature of premixddfosion open flames [32, 33, 97,
98]. The most broad application of this technigas heen found in combustion engines
where not only the flame temperature but also te# soncentration in the flame was
measured [99]. The values of soot volume fractiaasared using two-colour method
are coupled to the measured soot temperaturegresmg in measured temperatures will
lead to errors in soot volume fractions. Also theevelengths for two-colour method for
two narrow band filters must be selected carefulty accurate temperature
measurements [12, 100, 101].

In the last 30 years, the two-colour method hasoimecthe most widely used
technique for diesel flame temperature and padteukconcentration measurements
because of its simplicity, low cost and relativesee@f application [102]. The multi-
colour method has also been developed to achiggfeehimeasurement accuracy [98,
103-105]. These measurements are based on meadhengontinuous blackbody
radiation emitted by the soot contained in the #anTherefore no meaningful
temperature measurements could be made at thensegidlame that are relatively free
of soot concentration. It has been shown in tleediture that the temperature difference

between the ambient gas temperature and soot{pattimperature is negligible after
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the gas and the particles have attained thermdil@gqum [31, 96, 102, 106]. Therefore
by measurement of soot temperature the flame gasegerature will be measured
indirectly [102].

The sensing elements in non-intrusive pyrometerg. (&vo-colour radiation
pyrometer designed by GIBSON [107]) detect onlyngle-point temperature within a
flame. However CCD (Charge-Coupled Device) or CMG8mplimentary metal-oxide
semiconductor) sensors in digital cameras are tabtketect two-dimensional intensity
distribution of the flames. Since the ratio of ttegliated energy in two wavelength
bands, received from a sooty flame, is measuredefibve two-dimensional soot
temperature distribution can be calculated basetivorcolour method. Gomes [108]
and Kobayashi et al. [109] utilised portraying anfle on film and analysing the image
according to the two-colour principle in order teasure temperature distribution of
flame. However, their measurements were based anplamated off-line data
processing [97].

To study the effect of pressure on flame tempeeatud 977 Miller and Maahs [17]
employed the two-colour pyrometry in visible spaotrwith two disappearing-filament
optical pyrometers fitted with interference filtems 500 nm and 650 nm wavelengths.
The measured temperature at the tip of the methdhesion flame in the region of
most intense radiation showed a temperature dexdasbout 160 K from 1 to 5 atm,
while carbon concentration, and hence radiatiomftbe flame, substantially increases.
There was a further decrease of about 120K from Z0tatm as carbon concentration
continued to increase. From 20 to 50 atm, only &5@ecrease in temperature took
place. In 1989, Flower [33] published a paper inclwhsoot particle temperatures are
determined as a function of axial position in arisyetric laminar ethylene-air
diffusion flames at pressures up to 7 bar. The owetif temperature measurement was

based on line-of-sight measurements of the emissiwhabsorption of near infra-red
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radiation by soot particles. This represented ayengarticle temperatures across the
diameter of the flame, weighted by the local sootume fraction. Flower [33]
identified that with increasing height in the flasnehe visible luminosity from soot
decreases as an indicator of soot temperature aterrds the pressure increased, the
decrease in soot luminosity was observed at lowsitipns in the flame. The decrease
in soot luminosity suggests that temperature isca#id by the presence of soot as a
result of radiant energy transfer from the particl@emperature, in turn, strongly
influences soot-formation and soot-oxidation rates.

Thomson et al. [8] in 2005 reported radially regolvsoot concentration and soot
temperature measurements at elevated pressures 4f bar, in laminar diffusion
flames of methane using SSE and LOSA. Soot temyrerateasurements indicate that
the overall temperatures decrease with increasmegspre; however, the differences
reduce with increasing height in the flame. In lowarts of the flame, temperatures
were about 150 K lower at pressures of 40 bar thase at 5 bar. In the upper half of
the flame the differences diminish to 50 K. Bentale [9] also used SSE to measure
soot temperatures in co-flow propane-air lamindiusion flames over the pressure
range up to 7.3 bar. They reported that the ovemtiperatures decreased with
increasing pressure; however, the temperature grediincreased with increasing
pressure.

In Chapter 6 experiments and results are focusedheninfluence of elevated
pressures up to 10 bar on two dimensional sooteesmtyre distribution of ethylene-air
laminar co-flow diffusion flame. Two-colour pyrommgttechnique has been applied in
the NIR region by utilising a commercial CMOS dajitamera. To the best knowledge
of the author, applying two-colour method in theRNEgion with a commercial digital
camera has been not reported in existing literafline presented approach is relatively

novel and economical in comparison to laser-basetthoals.
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2.5 SUMMARY

A critical review of the literature was presentedtbree major categories: 1- high
pressure studies of sooty diffusion flames, 2- uditbn flames dynamics and
instabilities, and 3- soot temperature measurentgnta&/o-colour method. The majority
of high pressures studies are concerned with thesarements of soot concentration
and temperature profiles within a stable regidowever, practical combustion devices
frequently operate under unsteady conditions atagdel pressures. Laminar oscillating
flames provide an opportunity to investigate thergmena of unsteady combustion
while simultaneously taking advantage of the cybkbaviour of the flame oscillations.
There is a lack of knowledge on the influence dadvated pressure on the flame
structure and dynamics of a laminar/transitiondfudion flame. To the author’'s
knowledge there has been no quantitative studyheneffect of elevated pressures
greater than 2.5 bar on the diffusion flames dyeamand instabilities. This has
motivated the present study on the change in tbengty of the stable diffusion flames
as well as the instability regions and the dynanoicthe flickering flames at elevated
pressures up to 16 bar.

The coupling effects of pressure and fuel typelaw frate on the flame structure,
dynamics and flickering behaviour of laminar budyalffusion flames provide an
intact area of interest in sooty flames studiesoriter to study the fuel effects at high
pressure, diffusion flames of three hydrocarborsfimethane, ethylene and propane)
are investigated in a high pressure co-flow burfaaility. The flame oscillation
frequency showed a weak dependence on fuel exiicglat atmospheric pressure
studies. It is also known that the pressure hasfgignt effects on parameters such as

temperature, flow velocity, flame structure andrtha& diffusivity. There is great
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interest in studying the coupling between the filml rate and pressure on unstable
region and the flickering frequency of laminar dgfon flames.

The combustion community is also interested in ywhglthe effects of co-flow air
on the flickering behaviour of buoyant laminar Hdted diffusion flames, in particular
the observed phenomena of full suppression of thed flicker and its physical
interpretation. Consequently, another objectivéhed research is to carry out a detailed
investigation on the co-flow air velocity (flow gteffects. This part of the research
involves study of inception point of the outer tidad vortices in surrounding co-flow
air as well as interaction of these vortices wisible flame and hot plume of gases.

Furthermore, study of temperature distribution plag significant role in
understanding the flame properties at elevated spres. Accurate and reliable
measurements of soot temperature and distributidha flame by non-intrusive means
are also highly desirable to achieve in-depth ustdaeding of combustion and pollutant
formation processes. Two-colour measurement oéthission of soot particles in Near
Infera-red (NIR) will be utilised to determine theo-dimensional soot temperature
distribution in a stable laminar diffusion flamelRNregion is chosen due to less gas
molecules/free radical radiation in selected wawgtles in this spectrum. In addition,
the present approach is relatively novel and ecécednn comparison to laser-based
methods.

By cross-correlating the obtained data from thesgmé PhD research study, it is
expected that a significant understanding of comusat high pressure and sooty
conditions could be gained. This project is dinecdlated to the problems faced in the
energy industry and aerospace propulsion systerss wlevated pressures and variable
fuel and air flow rates lead to combustion instb8 and enhancement of soot

formation which are yet to be fully understood.



"The subject of combustion has grown and
ramified enormously. Its boundaries with fluid
dynamics, chemistry, heat and mass transfer,
and variety of other subjects have become

increasingly ill-defined, and the useful
experimental and theoretical techniques overlap
similarly."

F.J. Weinberg (1963)

CHAPTER 3

FUEL EFFECTS ON DIFFUSION
FLAMESAT ELEVATED
PRESSURES

3.1 ABSTRACT

This study addresses the influence of elevatedspres up to 16 bar on the flame

geometry and the flickering behavior of laminarfukion flames and particular
attention has been paid to the effect of fuel \mlity. It has been observed that the
flame properties are very sensitively to the fugles and pressure. The shape of the
flame was observed to change dramatically withqaness When the pressure increases,
the visible flame diameter decreases. The heightftdme increases first with pressure
and then reduces with the further increase of presshe cross-sectional area of the
flame (A.) shows an average inverse dependence on pressuilee tpower ofn
(AcsoP™), where n=0.840.2 for ethylene flamen=0.5#0.1 for methane flame and

n=0.610.1 for propane flame. It was observed that the regiostable combustion was
70
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markedly reduced as pressure was increased. Hegdsmaging and power spectra of
the flame chemiluminescence reveal that an ethylkamee flickers with at least three

dominant modes, each with corresponding harmoriiedeaated pressures. In contrast
methane flames flicker with one dominant frequeacyl as many as six harmonic

modes at elevated pressures.

Keywords: Diffusion flames; Flame dynamics; Flickering fremey; High-pressure;

Fuel variability.

3.2 INTRODUCTION

The understanding of combustion has been enharmmesiderably by studies of
laminar flames based on atmospheric and low-pressurditions. Considerable amount
of literature has been published on laminar diindlames at atmospheric pressure but
many practical combustion devices operate at highgures to increase thermodynamic
efficiency and decrease their physical size [1@)e Tcurrent understanding of the
influence of pressure on thermo-physical propemiesooty flames is very sketchy [8,
9]. It is well known that increased pressure playsignificant role in increasing soot
production in spray combustion, premixed and diffasflames [18, 30, 110-113].
Pressure has also significant effects on paramsteas as temperature, flow velocity,
flame structure and thermal diffusivity [36].

The phenomenon of flame flickering in diffusionrflas is well known and has
been extensively studied at atmospheric presstit@sever, the exact mechanism of
this buoyancy induced instability has not beenyfulhderstood. In recent years more
focus has been placed on the understanding of coon@lex turbulent flame structures.
In particular in modern combustion systems whighidglly operate at high pressures
exhibiting a wide range of local conditions whel@fe-vortex interactions are mainly

dominant [114]. In such applications, the turbuleotbustion zone can be considered
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as a collection of elementary flame-vortex intamawt of different size and strength.
This is coupled to the fundamental aspects of flavansport and combustion
phenomena present in turbulent flames. An elemgnflame-vortex interaction is
typically periodic and regular in nature and caerdifiore be easily characterized than is
typically the case in direct investigations of widnt flames. The flickering of a laminar
diffusion flame is known to be caused by the intdoe of the flame and the vortices
both inside and surrounding the flame jet as dsedisn session 2.2. Therefore the
study of laminar flame dynamics is of great impoc&to the understanding of not only
the laminar diffusion flame itself but also turbuid¢lames.

The generation of the outer vortices has beenbatad to a Kelvin-Helmholtz
instability driven by a buoyancy induced shear taggrounding the flame surface [38,
41, 43-45]. The buoyancy affects the shape andeiling frequency of a diffusion
flame [24, 48, 49, 51, 61, 62]. Buoyancy is dingctlated to the Froude number which
is defined as [61, 62]:

_U?_ 16m* _ C

Fr=—= =
gd 7Pgd’p® gP?

3.1

Wherep is the fuel densityl is the average burner exit velocity,is the fuel
nozzle diametem s the fuel mass flow ratg,is the gravitational acceleration aRds

the ambient pressure. The density was replaced tseideal gas law. For a specific
burner, the paramet€is defined as; =16m”R*T?/77°d® , where R is the gas constant,

which is fixed by fuel temperaturel’Y and mass flow raten{). Thus, for a given
Reynolds number, the buoyancy varies with Froudenber, which is inversely
proportional to the product of gravitational accetemn and square of the ambient
pressure.

The literature related to this part of the studypissented in Chapter 2, session

2.3.1. This review of literature shows a lack obwhedge on the influence of elevated
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pressure on the flame dynamics of a laminar/treomeit diffusion flame. Most of the
non-atmospheric investigations have been conduateofessures below atmospheric
pressure to reduce the effects of buoyancy. Inpteeent research, we investigate the
change in the geometry of the stable diffusion #anand the instability regions and
dynamics of the flickering jet diffusion flames elevated pressures up to 16 bar. This
study also highlights the fuel type effect on tkeemfe geometry and dynamics of a jet
diffusion flame at elevated pressure with a congoari of methane, ethylene and
propane fuels. Recent studies at atmospheric aggbrised gas turbine test rigs have
shown that changes in fuel composition can causgngds in the combustion
instabilities observed [115, 116]. However, therailack of quantitative investigations
on the fuel variability effect on the flame dynamuaf jet diffusion flames, especially at
high pressures.

The results presented in this chapter have beelispatl in the Journal dfuel in

an article titled, “Fuel Effects on Diffusion Flamat Elevated Pressures” [10].

3.3 EXPERIMENTAL SETUP

The co-flow diffusion flame was studied with thetiopl diagnostic methods over
the pressure range of 1 to 16 bar for methane)@htd ethylene (§4,) and 1 to 7 bar
for propane (GHg) diffusion flames. A commercial CCD camera and iaible
narrowband filter (516+2.5nm) are used for the meawent of visible flame geometry
and height. It is known that a typical CCD cameraynbe sensitive to infrared
radiation. The application of the narrow band fijpeevents both the infrared radiation
and the saturation of flame during imaging. Alsoghhi speed imaging and
chemiluminescence measurement have been emplogtadiypthe flame dynamics.

The high pressure burner used in this study isgdesl for working pressures up to

20 bar. This burner is similar to the design of I&tiland Maahs [17]. The chamber,
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which has an internal height of 600 mm and an inatiediameter of 120 mm, is shown
schematically in Figure 3-1. A classic over vem¢ithBurke-Schumann [117] laminar
diffusion flame is produced which is stabilised @mozzle with an exit diameter of
4.5 mm. The tip of nozzle is tapered to reducercatation and the formation of
turbulent eddies in the air and fuel flow. Methae#hylene and propane were the
selected fuels supplied from a compressed gasdeylimegulated by a needle valve, and

measured by a calibrated mass flow meter with 1¢s&ale accuracy.

EXHAUST

1

i
COOLING
BLOCK ™\
OPTICAL
ACCESS
o]

BURNER_
Figure 3-1: Cross-section of the high-pressure éurn

FUEL

For the first set of experiments the mass flows&be methane, 0.12 slpm (standard
litres per minute), ethylene, 0.1 slpm and prop&@6 slpm were kept constant for all
pressures for the same global heat release rage. fAt the unstable flame dynamics
measurement, both methane and ethylene flow rates kept constant for all pressures
at 0.21 slpm. Co-flow air is supplied from a congsed air bottle into the burner and is
diffused using a layer of glass beads and is falbvwy a honeycomb structure with

1.5 mm diameter holes which straightens the flow-flow air was controlled by a
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needle valve to produce a constant mass flow raté5oslpm for all the diffusion
flames. Table 3-1 shows the physical propertiesfusl and air streams for the
experiments.

To pressurise the chamber, nitrogen flow was intced through the base of the
burner using a ring of 1.5 mm diameter holes. Titregen flow also keeps the chamber
walls cool and the window ports free of condensatiad soot. Increasing the pressure
within the vessel was achieved by increasing thaw flrate of nitrogen and
simultaneously decreasing the flow rate of the aghédy adjusting the back-pressure
regulating valve which can maintain the chambersguee anywhere between
1 and 16 bar. Optical access to the burner is geavby four windows which have a
diameter of 50 mm and a thickness of 20 mm; twonaaele from fused silica (quartz)
and two from high-resistivity float-zone silicon RfFZ-Si). The fused quartz windows
provide optical access in the visible band white HRFZ-Si windows provide access
in the far infrared up to 1000 um, which were useda different study based on

terahertz-time domain spectroscopy [13, 118].

Table 3-1: Fuels and air parameters in fuel tygeedrments.

Volume Flow Rate | Mass Flow _
Velocity
Gas Type slpm . Rate [m/s] Re No.| Fr No.
wmin] | M7 | [mgls]
0.12 2.00E-06 1.36 0.138 36.61 0.4%0
Methane (CHy,)
0.21 3.50E-06 2.38 0.241 64.7 1.377
0.1 1.67E-06 1.96 0.115 61.13 0.312
Ethylene (CoHy)
0.21 3.50E-06 4.12 0.241| 128.871.377
Propane (CsHsg) 0.06 1.00E-06 1.91 0.069 7443 0.112
Air 15 2.50E-04 301 0.230| 513.320.171

The optical system used for the real-time measunemieflame light emissions is
shown schematically in Figure 3-2. With optical eex through one of the fused-silica

lens, the total flame surface area is focussedguairspherical lens onto a 5 mm
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diameter bundle of fine fibre optical cable. Thenthke of fine fibres is bifurcated
randomly into two equal subdivisions to produce whannels of light signals of the
same intensity from the same imaged volume. Ea@mnradl is then guided to two
individual photomultiplier tubes (ORIEL model 707304t the end of each channel a
CH* and G* interference filter at wavelengths of 430+5 nnd&16+2.5 nm were used
respectively. Obviously, what is measured are tn@msation of the soot light and
chemiluminescence of CH* and,’Cat the two chosen wavelengths for a diffusion jet
flame. Nevertheless the availability of two wavedrs may provide qualitative
information on flame chemistry. The intensity okthiltered light is converted into
voltage signals which is captured by an analoguealigital data acquisition card
(National Instruments PCI-MIO-16E-1) at 5000 sarapter second averaged over a
duration of 4 seconds. Real-time signal processiag performed by using a LabVIEW
8.5 virtual instrument (VI) to obtain the flameckering frequency spectrum of the
flame light emission. Optical access gained throtnghsecond fused-quartz window is
used to capture the evolution of the structurehef ftame using a high speed camera
(Hi-Dcam) capable of capturing a maximum of 500rfes per second.

For the flame geometry measurements within thelestedmions, the high speed
camera was replaced by a commercial CCD (chargpledudevice) digital camera
(Olympus- E-100RS}o capture the colour flame photographs and alsmémrow band

(516 nm) photos of the flame.
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Figure 3-2: Schematic of the experimental setup

3.4 RESULTSAND DISCUSSION

The stable operating range for the burner is shiowhable 2. The onset of flame
flickering occurs in methane flames from the flatipeat 8 bar and became visually
unstable (the instability was extended towardshihener nozzle) at 12 bar for a flow
rate of 0.12 slpm. However, for a lower flow rafe005 slpm the burner has a stable
flame in the entire operating regime of the burheicontrast a propane diffusion flame
was far more stable than a methane flame. The meaison for this stability may be
attributed to the stronger soot formation tenden€ypropane in comparison with
methane and the impact of soot on reduction of dlaificker [119]. It is worth
mentioning here that the maximum operating rang@fopane is 7.3 bar since propane
liquefies above this pressure at a room temper@fir€C). A propane flame is stable in

all the stated flow rates in Table 3-2. The ethgliame becomes visually unstable at a

pressure of 6 bar with a flow rate of 0.21 slpm.
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Table 3-2: Stable operating flow regimes of thehkpgessure burner.

Fuel flow rate (sipm)

Fuel
0.05 0.12 0.21
Methane Stable 12 bar 2 bar
Ethylene Stable Stable 6 bar
Propane Stable Stable Stable

In all flames at atmospheric pressure, the flam@ ddulbous appearance and is
wider than the burner nozzle exit diameter. By éasing pressure it was observed that
the flame narrows and it's width at all heightshintthe flame decreased. At elevated
pressures, due to the increased presence of sach atts as a reaction intermediary,
the reaction processes are different from thoseget atmospheric pressure [17]. This
may explain the significant change in flame shajgé whe increase of pressure. Soot
particles are higher in density than other combuasproducts, and cannot diffuse away
from the primary flame region as easily a gaseaaslyct might. Combustion must
therefore be maintained by oxygen diffusing inwaodthe primary flame region,
resulting in a narrowing flame structure [17]. Asegsure increases, the density will

increase as well. By keeping the fuel mass flove @nstant pUA = const). at all

pressures, the mass conservation equation ledlls twarrower flame cross section area
at elevated pressures. It has been described bgtlau [20] that the physical effect of

pressure affects the flame and soot formation giraine pressure dependence of the

mixture density p [ P), the binary diffusion coefficientd; [J P™), and the potential

change in residence time due to change in the femape and possibly the processes of
particle coagulation and agglomeration.

As the pressure was increased, axial flame diasmekecreased, giving an overall
stretched appearance to the flame as noted by FEnvdeBowman [19] and Thomson et

al. [8]. This effect increases the flame heighttapa specific pressure with further
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increases in pressure causing a decrease in flaigbthDespite the flame being over-
ventilated with co-flow air, for the ethylene andpane flames an extended line of soot
at the flame tip appears at a pressure of 4 bachwimicreases with intensity and the
black coloured soot spreads downward toward the lbbashe flame with the further

increase of pressure (See Figure 3-3).

Extended
Line of Soot

(a) Propane (0.06 slpm) — air (15 slpm) (b) Ethgl(@nl slpm) — air (15 slpm)

Figure 3-3: Appearance of the extended line of ¢sobke) at the tip of (a) propane
and (b) ethylene diffusion flames at 4 bar. Thele@naisible flame in the background

was a reflection of the flame itself on one of Wiadows.

Figure 3-4 shows the narrow band images (by apglgin filter) of propane-air co-
flow diffusion flame at different pressures at 18 camera exposure time. Due to the
clear boundaries of the visible flames in theseavaband photos the measurement of

the flame geometry (height and width) can be aadewnith a greater accuracy.
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1 bar 2 bar 3 bar 4 bar 5 bar 6 bar 7 bar
Figure 3-4: Photos of propane (0.06 slpm)-air (ptn3 diffusion flame by applying
C,* filter (Camera exposure time 1/80 sec)

The comparison of ethylene (0.1 slpm), methane2(@lpm) and propane (0.06
slpm) flame heights at different pressures aregmtesl in Figure 3-5. The visible flame
heights were measured from the tip of the fuel teota the tip of the flame in the
photos captured by applying a narrow band filtedrf6(fm) in the visible spectrum. The
peak flame heights were observed to occur at sspresof around 4 bar for ethylene
and propane flames and at around 6 bar for metfi@ame. This flame height decrease
at higher pressures is due to the increase inpgodtction. The soot zone was observed
to extend down toward to the burner nozzle as pressicreases. The increase in the
ethylene and propane flame heights between 1 apak 4re approximately 28% and
21% respectively with a decrease of 35% and 14%ealdbar to their lowest values at
16 and 7 bar for ethylene and propane flames r&spBc This trend is consistent for
methane flames with 18% increases from 1 to 6 bdran average decrease of 27%
between 6 and 16 bar. Furthermore, the onsetaiefling with a methane flame occurs

at 8 bar with a rms of about 1 mm and the flickgramplitude increased with pressure
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to its maximum amplitude, approximately 3.5 mml@tbar (as shown in Figure 3-5 by

vertical error bars).
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Vertical error bars show
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Figure 3-5 Co-flow laminar diffusion flame heights at diffetgrressures.

When the pressure was increased, the axial flarameaters were observed to
decrease, giving an overall stretched appearanite thame as noted in previous works
[8, 9, 16, 19, 36]. The cross-sectional area of ftame (measured from the radius
defined by the outer edges of the sooting regiomramh height) shows an average
inverse dependence on pressure to the power 00@2&/P#3 for ethylene flames,
0.520.1 (1/B°**Y for methane flames and 0.6+0.1 (478} for propane flames. As an
example the cross-sectional area of the ethylenesdilow diffusion flame at different
heights and pressures is presented in Figure 3-6.

According to the results of this study the flamessrsectional area decreases with
pressure according to the fuel type a°F * Through scaling reasoning, Glassman
[36] concluded that the flame cross-sectional ateauld decrease with pressure 2s.P

McCrain and Roberts [16] observed that this aredescwith pressure as abou?Pfor
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methane-air flames and™P for ethylene-air flames. However, the recent ssidby
Thomson et al. [8], Liu et al. [20] and Bento et[8] in a similar burner show that the
visible flame cross-sectional area decreases withspre as® The variation of flame
cross-sectional area scaling with pressure mayttobuded to differences in burner
configuration, co-flow air or fuel velocities artetnozzle diameter. The effects of these

parameters are worthwhile for further investigation
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Figure 3-6: Cross-sectional area.§#of the ethylene (0.1 slpm)-air (15 slpm) flame at
different pressures and heights.

The ethylene flame exhibited good stability at @kssures up to 16 bar. In the
propane flame at 3 bar a small amount of locakitig occurs at the tip of the flame
(see Figure 3-5). However, the flickering disappesrpressures greater than 4 bar due
to the appearance of a long line of the soot (sgar& 3-3). This phenomena is in
agreement with the very recent finding of Kattale{65] that soot can influence flame
flicker to such an extent that the oscillation snpletely suppressed. In the methane
flame, the flame dramatically changed to an unstdtdme beyond 12 bar. The

flickering at the tip of flame with rms of aboutt3nm was observed at 16 bar and this
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instability moves down towards the burner nozzleese results are in agreement with
the observations of other literature [8, 9, 16,19,22, 120]

The effect of elevated pressures on the flickebabgaviour of diffusion flames can
be clearly observed in the unstable regime of nmethend ethylene flames; a chosen
flow rate of 0.21 slpm was used for flame dynam&asurements for both methane and
ethylene. Images of the methane and ethylene dfiuflames are presented in
Figures 3-7-A-a and B-a respectively. At atmospheric pressthe flame shape is
convex and its maximum width is wider than the leurnozzle exit diameter. Soot
formation is more dominant at the tip of the flanAd. higher pressures the flame
luminosity dramatically increases.

The soot formation increases and the flame narkeitysa concave shape. Previous
high pressure studies of diffusion flames have eensed on soot studies of stable
flames at lower flow rates. For higher flow ratdwious flame necking starts to occur.
The necking of the flame can be explained by thesgmce of local buoyancy induced
toroidal vortices which are formed at the flameface bringing in fresh air to mix with
the fuel at the flame front. The higher fuel floate means that the fuel jet is able to
induce stronger vortex which would then producedndtiel and air mixing. As a result,
the fuel could be burnt faster near the vortex Wtoauses the necking to occur. The
effect of increased buoyancy at higher pressureke&ly highlighted in the high-speed
images shown in Figurés7-A-b and A-c for methane flame and FiguBg-B-b and
B-c for ethylene flame with a periodic necking aftth methane and ethylene flames. At
higher pressures, a larger surface area of theeflgmis detached and burned out (see
Figures 3-7-A-c and B-c). This may be explained by the iagabf buoyancy with
pressure (see Equation-3.1) which will increase dbevective velocity at the flame
surface, causing an increase in the acceleratidoroidal vortices which correlate with

the flame surface oscillations at the same frequ¢#@]. The vortices bring in more
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fresh air to the flame surface, therefore a strorigeal fuel-air diffusion occurs,

resulting in local necking of the flame and larpeeak-up of the flame tip at elevated

pressures.
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Figure 3-7: (A) Methane and (B) Ethylene diffusitame pictures, (a) normal images

taken by a digital camera at exposure time of 1023t for pressures 1, 2, 4, 6, 8, 10,

12, 14 and 16 bar (from left to right respective(yp) and (c) are high speed images at
pressures of 8 bar and 16 bar respectively. Tmeifigarate is 500 fps and the time

interval between two consecutive images is 2 ms.
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The difference between the ethylene and methameefiaat elevated pressures is
very pronounced as can be seen in the high-speagesnthe break-up of the methane
flame at 16 bar is very uniform with a pair of efjsi@e pockets of flame highlighting
the structure of the outer toroidal vortex at thesd of flame bulge with further
separation at the tip of the breakaway flame &shurning out. Whilst the flame tip of
the ethylene flame at the same pressure is butnih@more turbulent manner, with a
wrinkled flame surface consisting of small roll uprtices of varying amplitude. The
smoking tendency in ethylene-air diffusion flameswabserved to be relatively higher
than methane-air flame which was modified the #itkg behaviour of this flame.

The power spectra of the chemiluminescence from ftame are shown in
Figure 3-8, which shows that atmospheric flamestbflene have a peak frequency of
12.75 Hz which is half of the peak frequency of magie shown in Figure 3-8-a. Two
other noticeable peak frequencies at 6.75 Hz antb1dz are observed for the power
spectra of ethylene flame shown in Figure 3-8-ds Thncurs with the spectra obtained
of an ethylene diffusion flame by Chen et al. [40h downstream location of an 11 mm
burner tube diameters. They suggested that thehaubenic frequency (6.75 Hz)
results from vortex pairing; where the convectiedoeity of the vortex slows down as it
moves up and outward allowing the next vortex fatnaé the burner exit to catch up
producing a sub-harmonic frequency. Under elevgiegbsure the methane flame
exhibits frequency spectra with as many as six baios of the peak flickering
frequency (see Figurés8-b and c.). These observed harmonics indicatettie flame
has a clearly defined coherent structure whichlmconfirmed from observing flame
images in Figure 3-7-A. In contrast, the power #j@ein Figures3-8-e and f show that
the ethylene flame has a far more complex spectiima.dominant flickering frequency
is found to match the methane flicker frequencywkleer, there exists other discrete

peak frequencies are observed, each with theiesponding harmonics. The frequency
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spectra reflect the more complicated flame dynarofcthe ethylene flame discussed

earlier as shown in Figure 3-7-B.
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Figure 3-8: Frequency spectra for ethylene and ametldiffusion flames at elevated
pressures. (a) Methane at 1 bar (b) Metlar8bar (c) Methane at 16 bar (d) Ethylene
at 1 bar (e) Ethylene at 8 bar. (f) Ethylene abat
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The influence of pressure on the flickering frequenf ethylene and methane is
shown in Figure 3-9. For both fuels the dominarkéiring frequency is very similar
(21.5 Hz at 2 bar) and varies linearly with pressfiom 2 bar onwards, which is in
agreement with previous works [23, 24]. The povpacsrum of the ethylene flame may
appear complex at first glance, but the lineararare of the alternate frequency modes
with pressure as shown in Figure 3-9. The secoddlard dominant peaks indicate that
the flame consists of a collection of elementagynie-vortex interactions which varies
in of different size and strengths.

The experimental results clearly demonstrate thelttiypes have a strong effect on
flame dynamics. From published data and our expeeiét is known that the Reynolds
number has little effect on flame flickering freaqug in the laminar flame regime and at
atmospheric condition. The pressure is observetht@ effect on the flame flickering
frequency. The pure fluids effect caused by presshange must be small if the mass
flow rate is the same. The recent work of Kattalef42] may be of importance. They
reported that the strong radiation heat loss frobensoot was able to modify the flame
stability significantly. This is one of the areaerti of further investigation. It is known
that the pressure would affect the soot producsignificantly. The different reaction
mechanisms of each fuel may also play an importdat A manifestation of this is the

clearly observable different soot number densityblarning each fuel.
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Figure 3-9: Changes in peak frequencies with pressu methane and ethylene

diffusion flames (three most dominant peaks foyiete).

3.5 CONCLUSION

Experiments were conducted in a high-pressure bunméhe influence of elevated
pressure on flame shape and buoyancy induced ilits¢gbwith ethylene, methane and
propane fuels. The results show that the flame myecgis dependent on the fuel used.
It was observed that flame properties are veryiseaso elevated pressures. The shape
of the flame changes dramatically with increasingspure. When the pressure
increases, the axial flame height increases ihjitiahd then starts to decrease with
further increases in pressure. The average crassisal area of the flamed{y) shows
an inverse dependence on pressure to the power(&feP™), wheren=0.80.2 for
ethylene flames)=0.540.1 for methane flames am#0.610.1 for propane flames.

It was observed that the region of stable combustias markedly reduced as
pressure was increased. The experiments confirtrathaear dependency between the
dominant flickering frequency of the flame and grese exists. Harmonic frequencies

were observed for both methane and ethylene aateld\pressures. In particular, for the
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ethylene flame a complex power spectrum was obdecoasisting of at least three
peak frequency modes with their corresponding haroso High-speed images illustrate
that the break-up of the methane flame at elevatedsures is uniform with a pair of
vortex rings at the base of flame bulge which birgglaway a bulk of the flame tip with
further split in this bulk, as it is burning out ¢ontrast, the ethylene flame consists of a
vortex ring which breaks away in a more turbulemtnmer which can be split into at
least three dominant coherent structures. Eachitaswn harmonics that are most
likely formed as the vortices break up towardsttheof the flame as confirmed in the
power spectra.

To date, there is a lack of in-depth investigatiom the formation of these
harmonics and further investigations are requiespecially on the fuel and co-flow
velocities effects on the diffusion flame dynamiasd instabilities, where vortex
dynamics play a crucial role in the formation dfetient flickering modes in fuels such

as methane.



"Never is a body of flame, like that which you
just saw rising from the ball of the shape it
appears to you. It consists of a multitude of
different shapes, succeeding each other so fast
that the eye is only able to take cognisance of
them at all once."

M. Faraday (1791-1867)

CHAPTER4

FUEL FLOW RATE EFFECTS ON
FLAME DYNAMICSAT
ELEVATED PRESSURES

4.1 ABSTRACT

The chamber pressure and fuel flow rate effectshenflickering behaviour of
methane-air diffusion flames was studied over thessure range of 1 to 10 bar.
Photomultipliers and high speed imaging technighase been used to study the
frequency and magnitude of the flame oscillatiod #re change in global flame shape.
The instability behaviour of the flame was obsert@tle sensitive to both the fuel flow
rate and pressure. Particularly, it has been obdethat the flame responds to the
change of pressure more when the pressure isvediatow. High-speed imaging has
shown that the periodical break-up of the methdaad at higher flow rates is almost
symmetric. However, the methane flames at lowew flates oscillate in a more waving

manner due to the alternating lateral nature ofaheer vortices. The average flame
90
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luminosity was observed to increase with presspréol6 bar then it starts to decrease
with the further increase of pressure. The flameillaton magnitude lf) and
oscillation wavelengthA) were obtained from the high speed imaging daabiadas
been observed that the trends of these parameterslate well with the standard
deviation ) of mean pixel intensity (MPI), measured from theme high speed
images. The increase in fuel flow rate was obsereedhcrease the magnitude of
oscillation. The dominant flickering frequency ofreethane diffusion flame varies with

the chamber pressure as a functio®bff=15.7P"*".

Keywords: Diffusion flames; Flame dynamics; Flickering fremey; High-pressure.

4.2 |INTRODUCTION

Detailed knowledge on the simultaneous pressure fland rate dependence of
thermo-physical properties of laminar diffusionnfl@s are of significant relevance to
the understanding of combustion process and ingyaldlany systems operate at high
pressures, such as diesel engines and gas turbmbustors. Research on laminar
diffusion flames at high pressures has been limited number of studies focused on
the soot and temperature profiles within a stadheihar flame [8, 9, 16-22]. However,
only a few experimental studies have been carrigdoa diffusion flame dynamics at
sub-atmospheric [23, 24] and at elevated presqafis The current understanding of
the coupling effects of pressure and fuel flow rate thermo-physical properties of
sooty flames is still weak. It is well known thatcreased pressure plays a significant
role in increasing soot concentration, leadingricgerall decreasing soot temperature
in diffusion flames [8, 9, 33]. Pressure also hgaificant effects on parameters such as
flow velocity, flame structure, flickering behavioand thermal diffusivity [10, 36].

Fuel flow rate also modifies the flame geometry asdillation of the diffusion

flames. Roper [121] proposed that the height ofi@yancy-dominated laminar co-flow
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diffusion flame, established on a circular fuel zlez scales with fuel flow rate and
inversely proportional to the coefficient of diffas. Hottel and Hawthorne [122]
investigated laminar flames of city gas burningrige air. In the laminar regime, the
flame height increased with velocity to a maximwvhen a flickering was first noted at
the flame tip. On further increasing the velocitlye flame height decreased and the
flame became turbulent. The oscillation starts wienfuel flow exceeds some critical
value which is mainly attributed to the buoyancguoed instabilities and formation of
outer toroidal vortices. However, the exact mecbsmmniof this buoyancy induced
instability has not been fully understood. Elevapeglssure also enhances the formation
and growth of these kinds of vortices as discussehde last chapter. The simultaneous
study of fuel flow rate and pressure was found ¢ocob much interest for combustion
community due to practical application of the study

In last chapter we investigated the influence elvated pressures up to 16 bar on
the flame structure of laminar diffusion flames wdas particular attention has been
paid to the fuel type effects [10]. It has beenewsbed that the flame properties are very
sensitive to the fuel type at elevated pressuree.geometry of the stable flame and the
instability region of the flame were observed taampe dramatically with pressure
according to the fuel type. In this study, the dowpof fuel flow rate and chamber
pressure on the flame dynamics (flickering behayiof methane-air diffusion flames
is studied over the pressure range of 1 to 10 b@ptical diagnostics
(chemiluminescenceand high speed imaging) have been used to studghwege in
flame geometry, frequency and the magnitude of élaacillations. A wide range of
fuel flow rates and pressure were studied in otdegain a better understanding of the
influence of these two parameters.

The literature and the technical issues, relatdflitopart of the study are presented

in chapter 2, session 2.3.2. The presented resulkss chapter have been published in
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the Journal ofCombustion Science and Technology a paper titled, “Methane

Diffusion Flame Dynamics at Elevated Pressures3]12

4.3 EXPERIMENTAL SETUP

The most promising burner design for high-presstueies of sooted flames is the
co-flow burner. It consists of two concentric tubas inner fuel tube and an outer air
tube. The burner is thus annular, and can be rugitirer premixed or non-premixed
mode. For the non-premixed flame, the inner tub®ains only fuel and the outer co-
flow tube contains the oxidiser. The flame attaaksedf to the rim of the burner, where
its heat loss is maximised [1]. The ground-breakuagk in this area was performed by
Miller and Maahs [17], who developed a co-flow, faremixed flame burner and tested
its stability limits under pressures between 0.5 MPa. The high pressure burner
used in this study (see Figure 3-1) is similarh® burner applied with them [17]. The
chamber has an internal height of 600 mm and arnat diameter of 120 mm. A
classic over ventilated Burke—Schumann [117] lamidd&fusion flame is produced
which is stabilised on a fuel nozzle with an exaéndeter ofdi=4.5 mm.

Gaseous methane (GHfuel was supplied from a compressed gas cylinder
regulated by a needle valve and measured by aamibmass flow meter with 1% full
scale accuracy. The calibration of mass flow meseesperformed by manufacturer at
the standard conditions for temperature and pres&ifrP) which are 70 °F (21.1 °C)
and 14.7 psia (1.01 bar) respectively, using dinpgen gas. The calibration can then be
corrected to the appropriate gas desired basectlative correction gas factors. The
flow ranges of methane and air mass flow metersa@e6 slpm and 0-50 slpm
respectively, with the maximum working pressuré&00 psia (34.47 bar). During each
set of the experiments, the methane mass flow rate8.1, 0.15, 0.2, 0.25 slpm

(standard litres per minute) were kept constartligbressures. Co-flow air is supplied
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from a compressed air bottle into the burner ardifiased using a layer of glass beads,
after which a honeycomb structure with 1.5 mm dimboles is used to straighten the
flow. Co-flow air was controlled by a needle vateeproduce a constant mass flow rate
of 15 slpm through a coaxial air nozzle with anieglent exit diameter ofi,=37.2 mm,

for all the diffusion flames.A schematic of the flow delivery and chamber exhaus

systems is depicted in Figure 4-1.

TOHIGH PRESSURE
BURNER

f 111

o
Air —®

Fuel
% Needle Control Valve L Pressure regulator Ba-:l-c—p_ressure
@ Flame flashback regulating valve
amester = Check valve E-D Safety relief valve
®  Shut-offvalve
- Stainless Steel piping Thermal mass flow ® Pressure gauge
0.37 internal diameter meter

Figure 4-1. Schematic of the flow and exhaust adrstystem for the high pressure

burner [1].

To pressurise the chamber, nitrogen flow is intomdlthrough the base of the
burner using a ring of 1.5 mm diameter holes. lasirgy the pressure within the vessel
iIs achieved by increasing the flow rate of nitrogenthe range of 0-15 slpm) and
simultaneously decreasing the flow rate of the eghéy adjusting the back-pressure

regulating valve. This maintains the chamber pmesbatween 1 and 20 bar.
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Table 4-1 shows the physical parameters of fuel @ndtreams for experiments.
The fuel nozzle jet exit Reynolds humbelRg(of the methane flow rates of 0.1, 0.15,
0.2 and 0.25 slpm were 31, 46, 61 and 76, respgtiVhe Reynolds number of the co-
flow air through the air exit nozzle was about 5THe Reynolds number was calculated
under the assumption that the flow had propertiesitanospheric temperature and
pressure. Increasing the pressure for a constast fltav rate (m) does not significantly
change the Reynolds number (Re) because viscosjtyorfly weakly depends on

pressure [124]. One may then conclude that all$loxere laminar.

Table 4-1: Fuel and air parameters in fuel flove mtperiments.

Volume Flow Rate | mass Flow _
Gas Type Slpm 3 Rate Vﬁlr?/z']ty Re No. | FrNo.
wminy | (M7l [mg/s]

0.1 1.67E-06 1.13 0.115 3051  0.31p
Methane 0.15 2.50E-06 1.7 0.172| 4576  0.708
(CH4) 0.2 3.33E-06 2.27 0.230| 61.02  1.249
0.25 4.17E-06 2.83 0.287| 762  1.952
Air 15 2.50E-04 301 0.230| 513.82 0.171

The experimental setup and the optical system taethe real-time measurement
of flame light emissions are shown in Figure 4-#oTfused-quartz windows provide
optical access to the burner in the visible bande §lobal flame light emission is
focussed onto a 5 mm diameter bundle of fine fap®cal cable using a spherical lens.
The bundle of fine fibres is bifurcated randomloitwo equal subdivisions to produce
two channels of the same signal intensity fromgae imaged volume. Each channel
is then guided to a photomultiplier tube ORIEL mio@8704). At the end of each
channel OH* and CH*interference filters at wavelengths of 308+2.5 nrd 430+5 nm
are used respectively. The summation of the sght knd chemiluminescence of OH*

and CH* at the two chosen wavelengths are measurbd. availability of two
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wavelengths may provide qualitative informationtba flame chemistry. The intensity
of the filtered light is converted into voltage iséds which are captured by an analogue
to digital data acquisition card (National InstrurteePCI-MIO-16E-1) at 5000 samples
per second averaged over a duration of 4 s. Real-$ignal processing was performed
by using a LabVIEW 8.5 virtual instrument (VI) tobtain the flame flickering
frequency spectrum of the flame light emission. i€ptaccess gained through the
second fused-silica window is used to capture Wodudion of the structure of the flame
using a digital monochrome high speed camera. Tdreeca uses anega pixel
resolutionCMOS sensor angrovides full resolution imaged @24 x 1024)at frame
rates up to 3,000 fpdrames per second}. has been found that a framing rate of 3,000
fps with a camera shutter speed of 1/3000 s israpti to capture the full details of the

flame flickering and to avoid image saturation.
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Figure 4-2: Experimental setup for flame dynamiesasurements.
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4.4 RESULTSAND DISCUSSION

The stable operating range for the burner is deg@ndn the fuel type, flow rate
and the chamber pressure [10]. The effect of edelvairessure on the flickering
phenomena of diffusion flames can be clearly olesbrin the unstable regime of
methane flames for the chosen flow rates of 0.15,00.2 and 0.25 slpm. At
atmospheric pressure, the flame shape is convextamdaximum width is wider than
the burner nozzle exit diameter. The soot formatsodominant at the tip of the flame
[9]. At higher pressures the soot formation dracadlly increasesdbecause pressure
affects the mechanism ebot formation The flame narrows with a concave shape due
to increase in fuel and air densities, while mamitg a constant mass flow rate,
according to the law of conservation of mass [10]. Pressure enhances the outer
vortices to induce stronger flame oscillations. &mospheric pressures, the flames
appear stable at all test fuel flow rates. Howewsr,increasing the pressure a very
marked change occurred in the shape, structureegidn of stable combustion. It has
been observed that stronger changes of the flaomaefey, temperature distribution and
flickering behaviours occur at the early stagethefpressure increase.

The oscillation (flickering) of a laminar diffusioitame is known to be caused by
the interaction of the flame and the vortices batide and surrounding the flame jet.
Change in both flow rate and pressure can cauakchtinges in the interaction of the
flame and the outer flame vortices. It is well kmowhat the outer vortex is due to
buoyancy-driven Kelvin-Helmholtz type instabilitpéthe frequencies of these vortices
are well correlated with the flame bulge and tlaeni oscillation frequency [40, 42, 44,
59]. Although a prediction was made and later cardid by experiments, the influence
of fuel flow rate on the flickering frequency istnsignificant over the range of flow

rates used but it has a significant effect on thegmitude of oscillation at different
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tested pressures. The magnitude of oscillatigniry a flickering flame is defined by the
distance between the flame lowedt-(in) and highestH:-max heights; wherdi:-ave

is the average of the oscillating flame heightse Tlame height is identified as a
distance from the exit of fuel nozzle to the tip @6ible flame. The oscillation
wavelength X) is defined by the length of the separated pathefflame at the moment
of separation. In a stabilised (stable) flame, ftame height and the maximum flame
width are characterised byl and ‘b’ respectively. The definitions of flame scale

parameters and general location of the outer \egtare presented in Figure 4-3.
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Figure 4-3: Definitions of flame scale parametergal) Stable (Stabilised), (b) Tip
flickering, and (c) Tip cutting flames, as wellthg location of the outer vortices.

It is observed that a regular flame oscillation egos when the fuel flow rate is
increased above a critical value. At a higher fuaks flow rate, the threshold pressure
for a flame to become unstable is lower. At a floate of 0.15 slpm, the onset of
observable flame flickering occurs in the flamedtpa chamber pressure of 2 bar and a
small flame is periodically detached from the migme at 4 bar. However, for a lower
fuel flow rate of 0.1 slpm, the burner appears todpce a stable flame until 6 bar.

Although during the entire operating regime of bhugner it is shown via subtraction of
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two consecutive high speed images that even aestlthe has always a very small
flickering at the tip. At larger flow rates (0.2 carD.25 slpm) and at atmospheric
pressure, flames are visually stable. However, aldoechamber pressure of 2 bar, very
large oscillations were recorded. At a flow rat®d slpm a large flame separation was
found at 4 bar. In contrast, flame separation ethat 2 bar for a flow rate of 0.25 slpm.
The size of the oscillation wavelength has beereesl to increase initially with both
fuel flow rate and pressure and then decreasesanititther increase of pressure. For
methane flame at lower flow rates (0.1 and 0.15m}lphe maximum oscillation
wavelength has been found to occur at 8 bar. Homaveigher flow rates (0.2 and 0.25

slpm) this length was a maximum at 4 bar (see Eigu4).
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Figure 4-4: Oscillation wavelength)(for the methane flame at different flow rates at

elevated pressures.

The oscillation magnitude generally was increaséti yuel flow rate. However,
the maximum oscillation magnitude has been obsexwedcur again at 4 bar and 8 bar

for higher and lower methane flow rates respedfivehe trends are consistent with the
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trends of oscillation wavelength for both the highad lower methane flow rates (see
Figure 4-4). The initial increase in the flame dation magnitude can be explained by
the dominant effect of pressure on enhancement elvit-Helmholtz type of
instabilities. After which, at a certain pressumdtsgeneration effects become more
dominant. It is found by [65] that in a jet diffosi flame, the magnitude of flame
oscillations (flicker) decreases with the amounsadt generated in the flame, however,
the frequency of the oscillations does not chafge. maximum oscillation magnitude
of methane at flow rates of 0.2 and 0.25 slpm wassured to be 24 and 26 mm
respectively. This length was 15.7 and 18 mm amigximum for 0.1 and 0.15 slpm
methane flow rates respectively.

A sequence of high speed images of methane-aiusiifi flames at 0.15 and
0.25 slpm fuel flow rates and at three differemgsures of 2, 6 and 10 bar (labelled a, b
and c) are shown in Figure 4-5 and Figure 4-6 spdy. The time interval between
two consecutive images is 3.3ms. The lower padawh row (a, b and c¢) contains the
resultant images obtained by subtraction of twoseontive images of the flame with a
1.6 ms time interval. The high-speed images ilatstthe structure of the outer toroidal
vortices outside the luminance flame and the saotira of images show how the
luminance boundaries of the flame is growing in these and tip of the flame.
Therefore, in a sequence of the flame oscillatibe,image subtraction technique is able
to highlight the flame surface change at certamretinterval. For a methane flow rate of
0.15 slpm and at 2 bar, the flame appears stabieetmaked eye (see Figure 4-5-a),
however, through the subtraction results of thegiesa(see images below row (a) in
Figure 4-5) the oscillating nature of the flamevisualised from the flame moving
boundaries. The rate of the flame’s boundary chaemgerease and then decrease in a

complete cycle of flame oscillation.
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At higher pressures, the flame luminosity dramdiicases due to the increased
formation of soot. The flame narrows and changesot@cave shape, leading to flame
bulge, necking and separation. The flame bulgeeigewed to be formed due to the
rotational flow inside the outer vortices. The maulsm is speculated to be that the
toroidal vortex below the flame bulge moves thengasurface radially outward while
the one above the bulge drags the flame surfacarch{40]. The outer vortices enhance
the fuel-air mixing at some instant; as a resh#,lbcal burning rate increases leading to
necking and quenching of a portion of the flame tip

By increasing the chamber pressure, the formatimh growth of outer toroidal
vortices become more evident and regular flame ingckis observable
(see Figure 4-5-b). It is also interesting to noet this flame changes more
dramatically at the flame tip and the lower parilevkhe necking part has a slower pace
of change. From Figure 4-5-b it appears that thmd oscillation is not symmetric at
this flow rate and the outer vortices make the #aoscillate side by side. This
phenomenon becomes more dominant at higher chgmbssures. The flame images at
10 bar (see Figure 4-5-c) and the resultant imajesonsecutive image subtraction
clearly show the waving structure of oscillation.

The periodic nature of the flame necking and sdjmaras due to alternate vortex
shedding. The flame is then seen in its originalestas there is a time interval before
the slower moving air can diffuse through this dape and again form an envelope of
flame that will extinguish later [39]. The flickey behaviour of methane diffusion
flames at lower flow rates (0.1 and 0.15 slpm witk fuel mean jet exit velocity of
Ui=0.12 and 0.17 m/s respectively) appears to beistens with the planar visualised
methane diffusion flame of Chen el al. [40] with=R&0 (U=0.19 m/s). They did not
mention the waving oscillation behaviour of low @it velocity flames, however it is

evident from the images they have presented (FigrBreference [40]).
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Figure 4-5: Methane (0.15 slpm)-air (15 slpm) difan flame pictures, taken by a
digital high speed camera (FASTCAM-Ultima APX) duster speed of 1/3000 s at
pressures (a) 2 bar (b) 6 bar (c) 10 bar. The fignate is 3000 fps and the time
interval between two consecutive images is 3.3Ths.lower part of each row (a, b and
c) belongs to the subtraction of two consecutivages of the flame at that pressure
with 1.6 ms time interval.
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It is worth noting that in the study of Chen el [@0] the inner roll up vortices did
not appear at the lower flow rates (Re=110 and ,4k0) the well defined roll-up
vortices inside the luminance flame appeared #rad height of 20 mm at Re=2390
where the size of the vortices grew rapidly upsirea

For higher flow rates, obvious flame bulge and megkstarts to occur at lower
pressures. A higher fuel flow rate means that thed fet is able to induce a stronger
vortex, which would then produce better fuel andnaixing. As a result, the fuel could
be burnt faster near the vortex, which causes ¢lo&ing and separation to occur faster.
The effect of increased buoyancy at higher flovesas clearly highlighted in the high
speed images shown in Figure 4-6 for a methaneeflaith a flow rate of 0.25 slpm.
The flame appears to be almost stable at 1 bastbarig oscillation at a low frequency
which results in flame necking and separation wWaseoved at 2 bar. The images of this
flame at 2 bar have been presented in Figure 4f6wase images highlight the presence
of large outer toroidal vortices outside the lummica flame. The subtracted images of
Figure 4-6-a (below the original images) show héw tuminance boundaries of the
flame is growing in the base and tip of the flanueity flame oscillation. The increase
in oscillation magnitude and wavelength due to fation of the bigger outer vortices
are clear from comparison of these images (Fige®¢ with methane flame images at
the same pressure but lower flow rate (Figure 4A&cording to the subtraction of
images, presented in Figure 4-5 and Figure 4-dpwer pressures and flow rates
oscillations mainly occur at the flame tip. Howevehange of luminance flame
boundaries at higher pressures and flow rates shatwoscillation is dominant at both
flame tip and base. It has been observed thauthenbnce boundaries of flame tip are

growing almost twice as fast as the flame base thares.
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Figure 4-6: Methane (0.25 slpm)-air (15 slpm) difan flame pictures, taken by a
digital high speed camera (FASTCAM-Ultima APX) dtuter speed of 1/3000s at
pressures (a) 2 bar (b) 6 bar (c) 10 bar. The fignnate is 3000 fps and the time
interval between two consecutive images is 3.3Ths.lower part of each row belongs

to the subtraction of two consecutive images offthme at that pressure with 1.6 ms
time interval.
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At higher pressures, a larger chunk of the flanpeigi periodically detached and
burned out (see Figure$-6-b and c, at 6 and 10 bar respectively). This/ rha
explained by the scaling of buoyancy with pressuvingch will increase the convective
velocity at the flame surface. This causes an as@ein the acceleration of toroidal
vortices, which correlates with the flame surfaseiltations at the same frequency [40].
The vortices bring in more fresh air to the flameface, therefore, a stronger local fuel-
air mixing occurs, resulting in local necking oketflame and larger break-up of the
flame tip at elevated pressures. Images in Figdw@s and ¢ show that the break-up of
the methane flame at higher flow rates is almostrsgtric with a pair of equal size
pockets of flame highlighting the structure of inater toroidal vortex at the base of
flame bulge with further splitting of the breakawHgme. Conversely, the methane
flames at lower flow rates oscillate in a more wgvimanner with a lower oscillation
magnitude and wavelength and smaller detached ftgmfsee Figured-5— b and c).

Figure 4-7 shows the typical flame/vortex interatin a jet co-flow diffusion
flame at pressures of 6 and 10 bar at methanerfites of 0.15 and 0.25 slpm (all at the
same instant sequence of 1.65 ms in a completesflitg cycle). This is according to
the typical flame/vortex interaction presented sn&d et al. [114] and Katta et al.
[65]. The side by side formation and growth of eoutertices at lower methane flow
rates is evident in Figures7-a and c, however, these vortices are almostrstnc at
higher flow rates of methane (see Figude3-b and d). The first identifiable outer
vortex, at a flow rate of 0.25 slpm and pressuré béar (at a particular instant presented
in Figure 4-7-b) is located at 7 to 24 mm above libener nozzle. An obvious flame
bulge is seen after the "dislocated saddle" pointvAich is located at a height of 25
mm above the burner nozzle (see Figure 4-7-b). different positions of the outer
vortices at 0.15 and 0.25 slpm methane flow rates cearer at higher pressures

(Figures4-7-c and d respectively). The identifiable outertices at a flow rate of
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0.15 slpm and the pressure of 10 bar is locatepptoximately 3 to 13 mm followed
by a second vortex at 14 to 24 mm at one side atim/éurner. However, at the other
side, the first vortex is located at 6 to 18 mnidiekd by a vortex located at above 19
mm (Figure 4-7-c). The first outer vortices of flarwith 0.25 slpm methane at 10 bar
pressure are located symmetrically at 5 to 21 miheeiside of the flame at this
sequence (Figure 4-7-d). As the evolution of adasgale structure is governed by
Kelvin—Helmholtz instabilities, the frequency, maltu interaction and energy
distribution among various length-scales are cdiettdoy the initial conditions of the
flow. Combustion processes strongly modify the abgity mechanisms but coherent
structures similar to those observed in non-regcflows may be generated in an

annular jet diffusion flame by forcing it at a pgafed mode frequency [114].

P=6 bar P=10 bar
(a) (b) (©) (d)
0.15slpm  0.25 slpm 0.15slom  0.25 slom

Figure 4-7: Typical flame/vortex interaction ined go-flow diffusion flame at
pressures 6 and 10 bar for methane flow ratesl&f &d 0.25 slpm (all at the same

instant sequence of 1.65 ms in a complete flickecycle).
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The graphs of mean pixel intensity (MPI) of thenfla high speed images versus
time, at methane flow rate of 0.25 slpm at 6 bad the Fast Fourier Transform (FFT)
analysis of the data for peak frequency measureheerég been shown in Figurés3-a
and b respectively. The MPI as an arbitrary uniu.jawas measured by image
processing using MATLAB. The maximum points of the cyclic MPI graph
correspond to the maximum emission of flame; sidyilthe minimums refer to the
minimum flame emission after burning out of theadéied part periodically.
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Figure 4-8: Methane (0.25 slpm)-air (15 slpm) difin flame at 6 bar (a) Mean pixel
intensity (MPI) of flame high speed images (b) FfiRlysis of MPI for peak frequency

measurement.
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The average of MPI values for a full data-rangénigh speed images at different
pressures have been presented in Figure 4-9. rage/flame luminosity at 0.25 slpm
is almost 1.6 times that of the flame at 0.15 slpirese intensities have been observed
to increase until a certain pressure, then decredibethe further pressure increase.
According to these results, the maximum intensitesur at 6 bar for all flow rates

tested (see Figure 4-9).
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Figure 4-9: Average of mean pixel intensity (MP&)ues for the methane flames at

different fuel flow rates and pressures.

The trend of these results is consistent with thevipus results, in which the
maximum height of a stable laminar methane diffaglame occurred at 6 bar [10]. In
addition, the standard deviatiom) (of MPI, measured from the flame high speed images
show that the higher flow rate generally resultsniore flame fluctuation and intensity
variation in comparison with lower fuel flow ratésee Figure 4-10). The maximum
standard deviation of MPI for 0.2 and 0.25 slpnmatthane flow rates were observed at

4 bar. This maximum occurred at 8 bar for a metHtowe rate of 0.1 and 0.15 slpm.
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The higher value of this intensity fluctuation neféo giving off a larger portion of the

detached flame (indicated by oscillation wavelehgtlring the flame oscillation. These
results are also consistent with the trend of maxrmnoscillation magnitude observed
for these flames (see Figure 4-4). It appearsthieastandard deviation of MPI can be a

general indicator of the flame oscillation waveldngnd magnitude trends.
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(

—e— Methane(0.15 slpm)
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Figure 4-10: Standard deviation) (of mean pixel intensity (MPI) from high speed

images of the methane diffusion flames at diffefaet flow rates.

The power spectra of the flame emissions, by ciigahe radiation spectrum at
OH* and CH* emission bands using the interferentterf are shown in Figure 4-11.
The frequency spectra of methane flame at 0.15 ¢§@m Figure 4-11-a) shows that at
atmospheric pressure, the flame has a dominank)pesgquency of 16 Hz and three
other noticeable peak frequencies at 5.75, 11.7b Hh75 Hz, each with lower
amplitude than the dominant frequency. Under etsla@iressure, the methane flame at
0.15 slpm clearly exhibits frequency spectra witl peak frequencies of 21.25 Hz and

23.25 Hz at 6 and 10 bar respectively, each witmasy as six harmonics of the peak
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flickering frequency (see Figurdsll1-b and c). These observed harmonics indicate th
the flame has a clearly defined coherent structuneh can be confirmed from the
flame images in Figure 4-5.

The influence of pressure on the flickering frequenf methane at a higher flow
rate (0.25 slpm) is shown from comparison of powpectrums at 1 bar (see
Figure 4-11-d) with 6 and 10 bar (see Figutekl-e and f respectively). At atmospheric
pressure, methane at 0.25 slpm flickers with themnidant frequency of 16.5 Hz and
three other noticeable peak frequencies of 4.7551and 14.5 Hz. This flame under
elevated pressure oscillates with the peak freqasruf 21 Hz and 23.25 Hz at 6 and 10
bar respectively. The corresponding harmonics &®@ @bservable at these pressures.
For both fuel flow rates the dominant flickeringduency are very close to each other

at a certain pressure.
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Figure 4-11: Frequency spectra for methane diffufimmes at elevated pressures. (a),
(b) and (c), Methane (0.15 slpm) at 1 bar, 6 bar Enhbar respectively and (d), (e) and
() Methane (0.25 slpm) at 1 bar, 6 bar and 10respectively.

The flickering frequency results of methane flamhditerent flow rates (0.1, 0.15,
0.2, 0.25 slpm) and elevated pressures up to léreapresented in Figure 4-12. It has
been observed that the influence of fuel flow ratethe flickering frequency is not
significant over the range of flow rates used,@lthh it has a quite significant effect on

the flame oscillation magnitude and wavelengthsTdunfirms that the weak influence
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of fuel flow rate (jent momentum) on dominant frequay is valid not only at
atmospheric pressure but also at elevated pressdoegever, pressure has a significant
effect on the dominant frequency enhancement. damngirms the hypothesis previously
made on the weak influence of the jet momentum @By to the buoyancy effects
[23]. It has been observed that methane flamesffateht fuel flow rates flicker with
one dominant frequency and as many as six harnmades at elevated pressures. The
dominant flickering frequency of a methane diffusitame varies locally in a linear
manner with the chamber pressure. However, glolhéytrends suggest a curve fit of
f 7P". The pressure exponem (vas found to be about 0.17 at different flow safEhe
power-law fashion indicates a decreasing dependariclickering frequency on
pressure above 10 bar. Figure 4-12 shows the domnithakering frequency of a
methane diffusion flame at different fuel flow rateith the curve of best fit on the

trend of dominant frequency change by pressizEs(7P1).
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Figure 4-12: Peak oscillation frequencies of thehaee air diffusion flame at different

fuel flow rates at elevated pressures and the aoirtlee best fit.
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It is worth highlighting that diffusion flames alegated pressures are very sooty,
the power spectra collected by the photomultiplieygresent the summation of soot
particles emission and the OH* and CH* spectra avelengths of 308+2.5 nm and
4305 nm respectively. It has also been observed it all the cases of flame
chemiluminescence at elevated pressures (unstihe)f power spectra at CH* and
OH* emission band are superimposed but the CH* baddtion (power spectrum) is
higher than the OH* band radiation at the domin@eguency. However, at higher
frequency harmonics, the relative position of epelak swap position (see Figures
4-11-b, c, e and f). At atmospheric pressure (stélaime) both spectra are completely
superimposed with the same magnitude of power spéste Figured-11-a and c). At
lower pressures, the blue zone at the centre dfahee envelope and next to the nozzle
exit is quite clear (this part of the flame, mosthntains CH* radicals). The images by
Clemens et al. [125] reveal OH* zones that appsathan filaments connected by a
diffuse region; also Leo et al. [126] suggested th@ OH* concentration strongly
increases with the oxygen content in the oxidiserasn. At higher pressures, the yellow
region of diffusion flame will be more dominant atitk stronger outer vortices bring
more oxygen to the plane mixing layer of flame. 3 tle emission of OH* radicals will
be more dominant at a flickering flame tip and de&al part of the flame tongue.

A steeper change in the thermo-physical propedifiesethane diffusion flame were
observed at the early stage of the chamber pregsstrease. The average intensity of
the flame high speed images was observed to iref®aan order of about 3.5 times at
fuel flow rates of 0.15 slpm and 0.25 slpm fromat to 2 bar. However, the maximum
change in the average pixels intensity at highesgures was of the order of 1.3 for
both previously mentioned fuel flow rates (see Fegd-9). The change of flame
flickering frequencies from 1 to 2 bar is also vgmpnounced. At 1 bar, only the

dominant frequency was clearly observable (seeréggli11-a and d) while there were
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as many as six corresponding harmonics at 2 babdth flow rates. With further
increase in chamber pressure, the change of peaiency follows the trend presented
in Figure 4-12.

The main reason for these steeper changes of ffaoperties at initial steps of
pressure increase can be attributed to the quiakgshin the flame shape from convex
to concave through the pressure dependence of ikterren density p /7 P) and the
binary diffusion coefficient @; £/ PY). At elevated pressures, due to the increased
presence of soot (which acts as a reaction inteangdthe reaction processes are also
different from those acting at atmospheric presstire temperature decreases due to
more formation and illumination of the soot padgl [127] indicated a decreasing
dependence of soot yield on pressure above 1A= .the results of the present study
show a decreasing dependence of flickering frequenc pressure above 10 bar. It

means after a certain pressure the gradient ofgefsain flame properties will decrease.

4.5 CONCLUSION

Experiments were conducted in a high-pressure buonmvestigate the effects of
fuel flow rate and chamber pressure on the flisigebehaviour of methane-air diffusion
flames. Global flame emission dynamics and highedpmaging have been applied to
study the methane diffusion flame dynamics at ckifié flow rates across a pressure
range of 1 to 10 bar.

The experimental results clearly demonstrate tloth pressure and fuel flow rate
have a strong effect on the diffusion flame dynami€the pressure is observed to
change the flame shape, structure, flickering ntadgei and frequency due to
enhancement in the formation and growth of outesidal vortices. The mass flow rate

effects on oscillation magnitude and structure oftiges emerge from high speed
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images. The flickering frequency, however, remaimost constant at each pressure
despite increase in fuel flow rate.

High-speed images have shown that the periodickbspaof the methane flame at
higher flow rates (0.2 and 0.25 slpm) and elevatedsures is almost symmetric, with a
pair of equal size pockets of flame highlightinge thtructure of the outer toroidal
vortices with further separation at the tip of tireakaway flame part and it then splits
into at least two wrinkled coherent flame strucsurelowever, the methane flames at
lower flow rates (0.1 and 0.15 slpm) oscillate imare waving manner and the flame
tip is burnt out consisting of one portion of flanmgue. A steeper change was also
observed on the flame structure, temperature faeldl dynamics of methane diffusion
flame at early stages of the increase in chamlesspre.

The average of mean pixel intensity (MPI) valuesairfull sequence of flame
images (proportional to the flame emission intgfsit all methane flow rates has been
found to increase with pressure up to 6 bar thestaitts to decrease with the further
increase of pressure. For methane flame at lowev fates the maximum oscillation
wavelength X) and maximum standard deviation) (of MPI have been observed to
occur at 8 bar. However at higher flow rates them@ameters were maximum at 4 bar.
The increase in fuel flow rate increases the mageitof oscillationl(s). The flickering
frequency, however, remains almost constant at peedsure. It has been observed that
methane flames flicker with one dominant frequelatyl as many as six harmonic

modes at elevated pressures. The peak flickerieguéncy of a methane diffusion

flame generally varies with the chamber pressumfasction of?” (f=15.7F17.



"Vortex interactions with flames play a key role
in many practical combustion applications. Such
interactions drive a large class of combustion
instabilities and control to a great extent the
structure of flames. "

P. H. Renard (2000)

CHAPTERDS

CO-FLOW AIR EFFECTS ON
DIFFUSION FLAME DYNAMICS

5.1 ABSTRACT

This chapter describes experimental investigatiocoeflow air velocity effects on
the flickering behaviour of laminar methane diffusi flames. In this study,
chemiluminescence, schlieren, and high speed ptaygby along with digital image
processing techniques have been used to studyhtege in global flame shape, the
instability initiation point, the frequency and nmatgide of the flame oscillation. Four
cases of methane flow rates at different co-flowvailocities are investigated. It has
been observed that the flame dynamics and stalafitgo-flow diffusion flame are
strongly affected by the co-flow air velocity. Wh#re co-flow velocity has reached at
certain value the buoyancy driven flame oscillatiwas completely suppressed. The
schlieren imaging has revealed that the co-flowiofs able to push the initiation point

of outer toroidal vortices beyond the visible flatoecreate a very steady laminar flow
116
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region in the reaction zone. Then the buoyancyetrinstability is only effective in the
plume of hot gases above the visible flame. Ithsepved that a higher co-flow rate is
needed in order to suppress the flame flickering laigher fuel flow rate. Therefore the
ratio of the air velocity to the fuel velocity, is a stability controlling parameter. The
velocity ratio,y, was found to be 0.72 for the range of tested flaigs. The oscillation
frequency was observed to increase linearly with db-flow rate, a, ad=0.33a+11
The frequency amplitudes, however, were observemmdinuously decrease as the co-
flow air was increasing. The oscillation magnityile and the oscillation wavelength
(A) were observed to decrease towards zero as tleve@ir was increasing. Whereas
the average oscillating flame height behaviour whserved to be bimodal. It was
initially enhanced by the co-flow air then stadsdiecrease towards the stabilised level.
This height was observed to remain almost constfiat stabilisation, despite further

increase at air flow rate.

Keywords: Diffusion flames; Co-flow air; Flame dynamics; ¢kering Suppression.

5.2 INTRODUCTION

Diffusion flames are desirable from the consideratf safety in practical systems,
they generally have inferior pollutant emission rela#eristics due to the stoichiometric
combustion and long residence times involved J3je knowledge about steady-state
laminar diffusion flames has progressed rapidlyrdhe last few yearsThis includes
the modelling and measurement of different aspddte, soot concentration and
temperature distribution. Practical combustion desj however, often operate under
unsteady conditions. Laminar oscillating flames vte an opportunity to take
advantage of the repeatability of the oscillatitnasn cycle to cycle in investigating the
phenomena of unsteady combustion [15]. Furthermameinar oscillating flames keep

their rotational symmetry, which simplifies dataalation and reduces the expenditure
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of time of computational work [15However the study of combustion processes is still
difficult because of the complex interactions betwethe fluid dynamics and the
chemistry [2].

It is well known that the mechanism behind osdlatof laminar diffusion flames
is attributed to the interactions between flame amdices both inside and surrounding
the luminance flame. The generation of the outeidal vortices has been attributed to
a Kelvin—Helmholtz instability driven by a buoyanmyuced shear layer surrounding
the flame surface [38, 41, 43-45]. Therefdsaoyancy affects on the shape and
flickering frequency of diffusion flamegt is speculated that the frequency of the outer
vortices correlated with the flame oscillation fueqcy [24].

Buoyancy is directly related to the Froude numbei,(which is a dimensionless
number comparing inertia and gravitational fordadluid dynamicsFr can be viewed
as the ratio between the stream velocity and thecitg of the fastest surface wave
(Fr =U/(gd)”?), where U is the fluid mean velocity and’ ‘the gravitational
acceleration andd’ is the characteristic length (for example fuel ziezor air exit
diameter). An alternate definition used in comhorsstudies is Fr =U?/(gd)) where
each of the terms on the right have been squared. form is the reciprocal of the
Richardson number that expresses the ratio of pakté¢a kinetic energy. Consequently
it can be conducted that the Froude number ofukgjét is controlled by gravity level,
diameter of the nozzle, fuel properties, and flehfrate [53]. In addition the Strouhal
(SY number is a dimensionless number describing latad flow mechanisms. Thst
is often given asSt= fd/U , wheref is the frequency of vortex shedding. According to
the normal-gravity experiment reported by Hamingle{57] the flickering frequency

of non-premixed flames burning methane was chaiaetéby the Strouhal numbesi(
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as a function of the Froude numbér), They concluded that the relation betwen

andFr follows, St Fr™®7,

Change in combustion flow field by varying fuel @ir flow rates result in change
of different aspects of flame properties, i.e.mta geometry, flickering behaviour,
combustion stability and temperature fielthe coherent flow structures in the air co-
flow strongly interact with the reaction zone, whigltimately may lead to local flame
extinction [40]. The formation of coherent structures is attribugimarily to a
modified Kelvin-Helmholtz instability of the flowidld [38, 40, 43-45]. These
structures, could be observed in the co-flow regishereas vortical structures inside
the flame surface were detected only when contodoedl nozzles and large jet
velocities were employed [40, 43, 45]. In spitdled extensive amount of research work
related to the evolution of structures in buoyagit giffusion flames, a definite and
rigorous interpretation of the mechanisms leadimghie formation of coherent flow
structures is still lacking [43].

Interestingly, during the experiments on diffusitbeame dynamics the effects of
change in co-flow air on oscillation behaviour oéttmne diffusion flame was found to
be very pronounced. Co-flow air was observed to ifgodynamics of a flickering
methane diffusion flame to such an extent thatfidu®e oscillations were suppressed
(stabilised). The results tend to be more intemgsithen it was noticed that the co-flow
air increases the flame flickering frequencies w/kikcreasing the oscillation magnitude
until the flame instability suppression mode. Indlee@ seems that the closer
understanding of diffusion flame instabilities diweformation of outer vortices might
be gained by studying the influence of co-flow @irthe flame dynamics. The co-flow
air effect on the dynamics of laminar non-liftedffusion flames is left almost

unattended in literature. The objective of thisdgtis to investigate in detail, the co-
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flow air flow rate (velocity) effects on non-liftechethane diffusion flame dynamics
using experimental approach.

The literatures related to this part of the study presented in Chapter 2, session
2.3.3. Part of the presented results in this chnapas been submitted to the journal of
Energy Conversion and Managem¢BCM) in a paper titled, “Impact of Co-flow Air

on Buoyant Diffusion Flames Flicker”, which is umdeview [128].

5.3 EXPERIMENTAL SETUP

The atmospheric co-flow burner used in this studtyctv is able to produce a classic
over ventilated Burke—Schumann [117] laminar diffusflame is shown in Figure 5-1.
The flame is stabilised on a fuel nozzle with ait eikameter ofd=4.5 mm. During
each set of the experiments, the gaseous methatg (@ass flow rates of 0.2, 0.25,
0.3, 0.35 slpm (standard litres per minute) werngt kenstant at all air flow rates. Co-
flow air is supplied from a compressed air bottiithe burner and is diffused using a
layer of glass beads, after which a honeycomb tstreiavith 1.5 mm diameter holes is
used to straighten the flow. Co-flow air was colib by a needle valve to produce a
range of mass flow rates from 1 to 20 slpm throagtoaxial air exit nozzle with a
shroud diameter of 37.8 mm.

Table 5-1 shows the physical parameters of fuel @ndtreams for experiments.
The fuel (methane) jet exit velocities are in agaetween 0.23 to 0.4 m/s (23 to 40
cm/s) and the Reynolds numbeReg)( of 61 to 107. However the air exit velocities are
in a region of 0.05 to 0.31 m/s (5 to 31 cm/s) vitik Rein the range of 102 to 685.
One may then conclude that all flows were in lamin@aode during all sets of
experiments. The buoyant acceleration of hot gasesde the diffusion flame surface
can cause shear-layer rollup, leading to the faonadf toroidal vortex rings, which

then interact with the flame surface or the separglume region depending upon the
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value of the Froude and Reynolds number [3]. Frabld 5-1 it appears that Froude
number, which is directly proportional to the squaf mean fluid velocity increases by
increase at fuel or air flow rates. The maximbemof the fuel stream was about 3.8 at
0.35 slpm of methane flow rate and the maxinfumnof the co-flow air is calculated to

be about 0.3 at 20 slpm of air flow rate. TReand theFr of the air streams have been

calculated base on the hydraulic diameter of ammaiuport (3= Do-Di=31.5 mm).

BURNER
HOUSING o

NV

Figure 5-1: Cross-section of the co-flow diffusiteome burner.

Table 5-1 Fuel and air parameters in co-flow air experiments.

Volume Flow Rate Mass Flow| Velocity
Gas Type Slp.m ms] Rate [mg/s]| [m/s] Re No. Fr No.
[L/min]
0.2 3.33E-06 2.27 0.230 61.02 1.249
0.25 4.17E-06 2.83 0.287 76.27 1.952
Methane (CHy,)

0.3 5.00E-06 3.40 0.344 91.52 2.810
0.35 5.83E-06 3.97 0.402 106.78 3.825
3 5.00E-05 601 0.046 102.76 0.0q97
5 8.33E-05 100 0.077 171.27 0.019
7 1.17E-04 140 0.107 239.7§ 0.037
Air 10 1.67E-04 200 0.153 342.5% 0.076
13 2.17E-04 260 0.199 445.31 0.129
15 2.50E-04 301 0.230 513.82 0.171
20 3.33E-04 401 0.307 685.09 0.304
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The optical system used for the real-time measunemieflame light emissions is
shown schematically in Figure 5-2. The chemilumieese (photomultipliers) setup
has been explained in details in the previous @ngpection 4.3). The summation of the
soot light and chemiluminescence of OH* and CHthat two chosen wavelengths are
measured. Thus, the availability of two wavelengtimay provide qualitative
information on the flame chemistry. The intensifytlee filtered light is converted into
voltage signals which is captured by an analoguealigital data acquisition card
(National Instruments PCI-MIO-16E-1) at 5000 sarapter second averaged over a
duration of 4 s. Real-time signal processing wasopmed by using a LabVIEW 8.5

virtual instrument (VI) to obtain the flame flickeg frequency spectrum of the flame
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Figure 5-2: Schematic of the experimental setup.

To capture the evolution of the structure of therié a digital monochrome high
speed camera (Photron FASTCAM SA-3) has been udadhwcan record up to

120,000 fps (frames per second). The camera usesga pixel resolutiolCMOS
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sensor angbrovides full resolution imaged4@24 x 1024t frame rates up to 2,000 fps
It has been found that a framing rate of 2,000 Wifith a camera shutter speed of
1/5,000 s is optimum to capture the full detailstiod flame flickering and to avoid
image saturation. Also in the all tested cases,eimutions of hot gases and their
interaction with the co-flow air were captured b¥-#iype high speed schlieren imaging

system, utilising the same framing rate (2,000 g} 1/200,000 s shutter speed.

5.4 RESULTSAND DISCUSSION

In buoyant co-flow diffusion flames the stable (Abokering) operating range for
the burner is dependent on the fuel and co-flovesyand flow rates, also nozzle exit
diameters and the ambient pressure [10]. The stabthane diffusion flame is convex
in shape (has a bulbous is appearance) and itsimaxwidth is wider than the burner
nozzle exit diameter. In an unstable flame the lacagon of hot reaction zone leads to
an axisymmetric flow field, which exhibits at ledaste inflation points on either side of
the symmetry axis [45]. It has to be noted thalaminar methane diffusion flame at
atmospheric pressure the soot formation is maiagidant at the tip of the flame,
however the base of flame was observed to be mhblalgh and relatively free of soot
particles [9, 10]. According to the generic shape daminar annular diffusion flame
(LADF) issuing from a standard co-flow burner, fteame front reaction zone, or flame
surface, is defined as the surface on which thévatgnce ratio ¢) is equal to one. In
the other word, the flame front can be described lasus of point at which air and fuel
meet in proportions equivalent to those observattustoichiometric conditions [1]. It
should be noted the visible luminous flame bouregaby the naked eye do not exactly
correspond to this surface [129].

The following results are obtained from the expermtal study on the effect of co-

flow air on the flickering behaviour of laminar fili§ion flames which is not reported in
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existing literature. Change in co-flow rate caugal\changes in the interaction of the
flame and the outer flame vortices. It is well kmowthat the outer vortex is due to
buoyancy-driven Kelvin-Helmholtz type instabilitpéthe frequencies of these vortices
are well correlated with the flame bulge and tlaeni oscillation frequency [40, 42, 44,
59]. The fuel flow rate does not have a significaftect on oscillation (flicker)
frequency of diffusion flame [37-40, 55, 56]. The-ftow air, however, is found to
strongly modify not only the oscillation frequenbwyt also the oscillation magnitude
(Ly) and the oscillation wavelengtiA)(of the flame. The definitions of flame scale
parameters and the outer vortices position areepted in Chapter 4, Figure 4-3. The
flame height is defined as a distance from the agitzle to the tip of flame. In a
stabilised (stable) flame, the flame height and theximum flame width are
characterised byH¢ and ‘b’ respectively.

It is observed that in a methane flame with zerdl@w, a regular self-exited flame
oscillation (flicker) appears when the fuel flowteas increased above a critical value
(0.1 slpm). These oscillations are thus attributehstability in laminar buoyant fuel jet
and the flow field which may develop a sinusoidakitbation and form periodic
vortices. Self-excited and axisymmetric wave-likrustures, propagate up-and
downstream of the burner rim [43, 45]. These cahseflame to flicker and when
strong may result in tongues of flame periodicaligaking off from the main flame [4].
It has to be noted that the buoyant diffusion flamstabilities are associated with
buoyancy induced and shear layer force sources. Hiwaide Number Hr) is
representative of the buoyancy induced type oty however shear forces between
non reacting flow fuel jet and the surrounding kEyer cause the hydrodynamic
(Kelvin—Helmholtz) type of instability. The Kelvitdelmholtz instability can occur
when velocity shear is present within a continulugl or, when there is sufficient

velocity difference across the interface betweem flwids.
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In this study, four cases of methane flow ratediférent co-flow air velocities are
examined. A full cyclic sequence of high speed iesagf methane-air diffusion flames
at 0.3 slpm fuel flow rate (nozzle mean velocity3df cm/s) and without co-flow air
(zero co-flow) is shown in Figure 5-3-a. The tinmerval between two consecutive
images is 5 ms. The lower part of this row contdhes resultant images obtained by
subtraction of two consecutive images of the flamign a 2.5 ms time interval. The
high-speed images illustrate the structure of theerotoroidal vortices outside the
luminance flame and the subtraction of images show the luminance boundaries of
the flame is growing in the base and tip of thentta Therefore, in a sequence of the
flame oscillation, the image subtraction techniguable to highlight the flame surface
change at certain time interval. A regular and edpcible oscillation was observed in
this flame due to periodic interaction of flametwmes in flame and surrounding air.
The rate of the flame’s boundary changes increasetlaen decrease in a complete
cycle of flame oscillation. Initially the main pack change is belonged to the flame tip
and then it is observed at both tip and neck offldmae, after which necking separates
the bulged section of the flame. The flame bulgbdbeved to be formed due to the
rotational flow inside the outer vortices. The metism is speculated to be that the
toroidal vortex below the flame bulge moves thengasurface radially outward while
the one above the bulge drags the flame surfacarth{#0]. The outer vortices enhance
the fuel-air mixing at some instant and conseqyethi local burning rate increases
leading to necking and quenching of a portion ef flame tip. At zero co-flow flame

the separated part of the flame presents almasiraded bubble shape.
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Figure 5-3: Methane (0.3 slpm)-air ((a) O slpm & &slpm) diffusion flame pictures,
taken by a digital high speed camera (FASTCAM-SAaB¥hutter speed of 1/5,000 s.
The framing rate is 2,000 fps and the time intebetlveen two consecutive images is 5

ms. The lower part of each row belongs to the sghin of two consecutive images of

the flame with 2.5 ms time interval.
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By start of blowing the co-flow air and increasitig flow rate (and as a result the
exit velocity) of air to 3 slpm (4.6 cm/s), the rimation and growth of outer toroidal
vortices become more evident. It was observed tiatregular flame necking and
separation is happening faster by increase in @e-thir. The flame shows a small
stretch in the direction of blowing co-flow withdecrease in the size of the separated
tongue of flame. Also the geometry of this part whanged to almost a lozenge shape
(see Figure 5-3-b). The subtracted images of thimd (lower part of Figure 5-3-b)
clarify a continue change in the flame tip bounelanvhich are generally sharper than
the flame boundaries with zero co-flow (Figure &34t is also interesting to note that
this flame changes more dramatically at the flaipeahd base while the necking part
has a slower pace of change. The periodic natutleecflame necking and separation is
due to alternate vortex shedding. The flame is #&@mn in its original state, as there is a
time interval before the slower moving air can uki# through this envelope and again
form a flame envelope that will burn-out later [38] stronger outer vortex would then
produce better fuel and air mixing. As a resul, thixture could be burnt faster near the
vortex, which causes the necking and separationctur faster. In other words, the
extinction occurs when the induced field of thetewrris sufficiently strong to cause a
localised flow reversal within the fuel stream, theaction zone then being drawn
outwards into the vortex [35]. This happens natyra small diffusion flames where
the flicker involves complete separation of therféatip [40].

For larger flow rates of co-flow air at 5 slpm (&fh/s), obvious flame bulge and
necking starts to occur at higher heights of tlaen#. As a result a smaller chunk of
flame is detaching from the main body (see Figuded). A higher co-flow air flow rate
means that the air jet is able to push the vortamgside the luminous flame farther
downstream of visible flame. There was a significalecrease observed in the

oscillation magnitudel¢) and wavelengthA) by co-flow air increase. The flame tip of
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the methane flame at 7 slpm (10.7 cm/s) air wambks to flickering with about

1.5 mm rms without any separation from the flanpe(see Figure 5-4-b). In this case
the flame appears almost stable to the naked @yeever, through the subtraction of
consecutive images the oscillating nature of then# is revealed by the flame moving
boundaries (see images below Figure 5-4-b). A owo-fir flow rate of 7 slpm may be
defined as an intermittency transient mode betvatemgly flickering and suppressed
(stabilised) flames at air flow rates of 5 slpm &t slpm respectively. The most
striking result to emerge from the data is thatewkhe co-flow air flow rate (velocity)

is increased to 10 slpm (15.3 cm/s), the flamellasion is completely suppressed
(stabilised). The decrease in Kelvin-Helmholtz dntyancy driven instabilities and
also change in the initiation point of the toroiglattices (instability initiation point) by

the increase of co-flow air can be the main physsgalanation behind this interesting

phenomenon.
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Figure 5-4. Methane (0.3 slpm)-air ((a) 5 slpm & {slpm) diffusion flame pictures,
taken by a digital high speed camera (FASTCAM-SAaB¥hutter speed of 1/5,000 s.
The framing rate is 2,000 fps and the time intebetlveen two consecutive images is 5
ms. The lower part of each row belongs to the sghin of two consecutive images of
the flame with 2.5 ms time interval. Methane flaat&r slpm air flow rate is flickering
slightly at the tip with a peak frequency of low @itude. This flame is in intermittency
mode from tip flickering to a stabilised flame & dlpm of co-flow air.
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In the event that the flow leaving a nozzle theashand inertial forces produced
periodically follow-up eddies [14]. This is repaitby Gaydon and Wolfhard [4], from
schlieren images, when a gas or liquid is suddsatyin motion through a nozzle, it
does not at first emerge as a coherent jet, bulstém creep initially round the edge of
the burner, a potential flow pattern being esthielis to begin with. Later the
momentum of issuing gas will cause it to form aerehnt jet.

In Figure 5-5-a, a coherent jet flow pattern, vimea by schlieren photography, of
methane gas (none burning cold flow) continuousherging from the fuel nozzle to
atmosphere at flow rate of 0.3 slpm is presentelde Vortices have convected
downstream due to jet momentum of fuel stream.rAf@me ignition, generally, fuel
gas will flow outwards in all directions accordibg a potential flow pattern and the
direction of flame propagation will always be ditgaopposed to the flow of the gas,
particularly when the Reynolds number is very srf@ll Since the flame is supported
by injecting a fuel jet in an annular co-flowinghgi oxygen is consumed inside the
annular ring thus a diffusion flame is establish€de temperature rise in the reaction
zone causes buoyant convection around the flamdse§uently, the buoyant
acceleration of hot gases outside the diffusioméasurface can cause shear-layer
rollup, leading to the formation of toroidal vortexgs, which then interact with the
flame surface or the hot plume downstream of tamd, depending upon the value of
the Froude and Reynolds number. The convectedcesrsqueeze the flame at certain
locations and bulge at others, which leads to flameh off and flicker.

Figure 5-5-b shows a sequence of Schlieren imaggeanethane diffusion flame
at a fuel flow rate of 0.3 slpm. From the left ke tright, the air co-flow rate is at 0, 3, 5,
7, 10, 15 and 20 slpm respectively. When there asco-flow the inception of
instabilities starts almost from the nozzle tip awhvents down stream. At least two

inflection (saddle) points flowed by hot gases kslgan be seen in this picture after
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which the shedding vortices street is visualisedrdasing the co-flow rate to 3 and
5 slpm was observed to shift the location of thesiats to farther downstream of flame.
At co-flow of 7 slpm the saddle points are almosiwed and the vortex street starts at
146 mm above the burner nozzle. It means co-flowsaible to shift the initiation point
of the outer toroidal vortices to downstream of vimble flame height. Obviously, the
visible flame will become stable if the instabilityitiation point is well downstream of
the visible flame position. By increasing the cowsl air flow rate to 10 slpm the
vortices are shift to a height of 209 mm above bunozzle which is quite far from the
visible flame height (60 mm). Since the outer \@m$ are interacting just with hot
plume gases beyond the diffusion flame a stabilft@te is produced. By increasing
more co-flow rate to 15 and 20 slpm the instabilitifiation point was observed to
move from 214 to 270 mm above the burner nozzle.

2

4 -

21+~

AXIAL POSITION (cm)

a) Pure Fuel 0 3 5 7 10 15 20

Jet

(Noflame) b) Methane (0.3 slpm) - Air (above, spm)

Figure 5-5: Schlieren photographs of: a) The enrerg®f a pure methane jet into the
still air (atmosphere), and b) Methane-air diffusftames at different co-flow rates. In
all the cases, the methane flow rate was kepBadlPpm. The images are taken at

1/200,000 s shutter speed (captured by Q. Wang).
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Interestingly, the height of stabilised flantéy)( after suppression, was observed to
remain almost constant despite further increasardtow rate. Figure 5-6 shows the
stabilised methane flame heights at different meghifow rates of 0.2, 0.25, 0.3 and
0.35 slpm at three co-flow rates from suppressiow fate and onwards. The stabilised
flame heights at 0.2, 0.25, 0.3 and 0.35 slpm weeasured to be 39, 50, 60, 71 mm
respectively. This is however, the schlieren pesu(see Figure 5-5-b) show that the
additional co-flow air results moving the instatyilinitiation point gradually towards

farther downstream of visible flame region.

Methane flow rate (slpm)

0.2 0.25 0.3 0.35
5 10 15 7 10 15 10 15 20 13 15 20

Air flow rate (slpm)

Figure 5-6:Stabilised (suppressed) methane-air diffusion flaeight H;) at different
fuel and air flow rates. The height of flame rensastmost constant at each fuel flow

rate despite increase in co-flow air flow rate.

It is found that the higher flow rates of co-flow are needed to suppress flickering
of the flames at higher fuel flow rates. Therefthre ratio of the air velocity to the fuel
velocity, vy, is a stability controlling parameter. The suppi@s flow rates of co-flow air
for methane flames at fuel flow rates of 0.2, 023, and 0.35 slpm were measured to
be 5, 7, 10 and 13 slpm respectively. It has tadied that a flame with a flame tip rms
flicker less than 1% in the flame height has beensitlered as a stable (stabilised)

flame [8]. Figure 5-7 shows that almost a lineantt exists for corresponding co-flow
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air velocity required for the fully suppression thie flickering methane flame. The
velocity ratio,y, of co-flow methane flame as a stability contrajliparameter was

found to be 0.72 for the range of tested flow rates

0.25 ~

0.20 ~

015 - y =0.72x - 0.09

0.10 +

Air exit velocity (m/s)

0.05 +

0.00 T T T T T 1
0.15 0.2 0.25 0.3 0.35 0.4 0.45

Fuel exit velocity (m/s)

Figure 5-7: Corresponding co-flow air velocity régd for fully suppression of flame

flickering at different fuel (methane) exit velaes.

Figure 5-8 presents the maximum oscillating flanegght H-maX of methane
flame at different fuel and air flow rates, measufi®m the flame high speed images.
At lower flow rates of methane (0.2 and 0.25 slpininaxwas observed to decrease by
adding and increasing the rate of co-flow air frearo to the suppression (stabilised)
flow rate. After which the visible flame heights.eme observed to remain almost
constant by adding more co-flow air to the flamé. Mgher flow rates of methane
(0.3 and 0.35 slpm}--maxwas found to increase with co-flow until the dow rates
of 5 and 7 slpm respectively (see Figure 5-8).dntast the minimum oscillation flame
height {Hi-min) was observed to increase continuously from itsimiim (in the flame
without co-flow) to its maximum (in the flame atabtlisation flow rate) for all the
methane flow rates (see Figure 5-9). In other wird,co-flow air is able to decrease

the oscillation magnitude of flame.



Chapter 5. Co-Flow Air Effects on Diffusion Flamgriamics 134

—o— Methane (0.2 slpm)

110
100 —&— Methane (0.25 slpm)
—A— Methane (0.3 slpm)
90 —A— Methane (0.35 slpm)
_. 80
S A !
E 70
)
E 60 7 ‘A
T 50 - ®
40 + S = S —0
30 -
20 T T T T T T T T T 1

0 2 4 6 8 10 12 14 16 18 20
Air flow rate (slpm)

Figure 5-8: Maximum oscillating flame heighi{max changes by air flow rate until

suppression occurs, after which the height of flaemeains almost constant.
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Figure 5-9: Minimum oscillating flame heighid£min) changes by air flow rate until

suppression occurs, after which the height of flaemeains almost constant.

The average flame heightifave, however, shows an initial stretch in the flame
height by increasing co-flow rate from zero aftehielh at a certain flow rate the

average flame height starts to be decreasing w&iatslised levelH; (see Figure 5-10).
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At higher methane flow rates, the maximumldfave was observed to occur at higher
flow rates of air as well. The maximum ¢fiaveé was measured for methane flames at
0.2, 0.25, 0.3, 0.35 slpm at 1, 3, 5 and 7 slpnoaflow air respectively. The initial
stretch of flame by co-flow air can be attributenl the increase in shear layer
momentum between co-flow flux and the visible flamg&er boundaries. By adding
more co-flow air, due to decrease in the flame liasins, Hi-ave was observed to
decrease towards its stabilised levilk)( The initial Hi-aveé at zero co-flow was
observed to be larger th&h at lower methane flow rates (0.2 and 0.25 slpno)véler

at higher flow rates of methane (0.3 and 0.35 s|pfapve, initially was found to be
larger thanH;, then by co-flow it reached to it's maximum, falled by decreasing to
the stabilised levelHy). It has to be noted that the density of air masdt twice (1.8)
more than the density of methane and the air vigcssalmost 1.5 times more. As a
result buoyancy induced and shear layer forces gnawy faster by increase in co-flow
flux in comparison with change in methane jet exlocity. In combustion fluids are
containing very large density variations and theyauncy forces associate with density
differences. Therefore, they can give rise to hglgnamic instability. In fires and jet
flames, these forces can enhance hydrodynamichitigtaindirectly by producing

unstable convection currents [35].
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Figure 5-10: Average oscillating flame heigHt-@ve stretches initially then decreases
to the stable flame height level, and then remalnm®ost constant with the further

increase of air flow rate.

It is apparent from the previous discussion on ¢hange of oscillation flame
heights by co-flow air that the oscillation magdieul ;) tends to decrease by increase at
co-flow air up to the suppression flow rate. AsetbearlierL; in a flickering flame is
defined by the distance between the flame lowésinin) and highestH-max heights.

As shown in Figure 5-11, the flame oscillation magste () at all fuel flow rates are

gradually decreasing towards zero by increasingcthlow air. The rates of decrease
show a steeper gradient at co-flow rates clos@eostippression flow rate. The results
obtained from the analysis of flame high speed iesagso show that co-flow air is able
to push the inception points of instabilities farthdownstream and as a result the

necking part of the flame, towards the flame tip.
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Figure 5-11: Flame oscillating magnitude) (Qenerally decreases by increase in co-

flow air flow rate. At suppression flow rates tipigrameter is almost zero.

The oscillation wavelengthA] also demonstrates a quick decrease from its
maximum at no co-flow to zero at 3, 5, 7 and 10nstif air for methane flames at 0.2,
0.25, 0.3 and 0.35 slpm fuel flow rates respecyiyske Figure 5-12). The decrease in
the length of the separated part of the flame atrmioment of separatioi)( is also
obvious from the high speed images of methane flatmacreasing co-flow rate (see
Figure 5-3 and Figure 5-4). The observation to gmdrom the comparison between
the trends ot andA (Figure 5-11 and Figure 5-12 respectively) is thiéér a certain
air flow rate, the tip cutting of flame was complgt stopped but flame tip flickering
still existed. More co-flow of air is needed to lyjuktop the flame tip flickering to

achieve a fully suppressed (stabilised) flame.
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Figure 5-12: Flame oscillating wavelenglN) ¢enerally decreases by increase in co-

flow air but it reaches to zero before the suppoesair flow rate.

It is clear that, the outer vortices tend to moveng the flame centreline
symmetrically. At low air flow rates (exit velo@s), the Froude number is decreased,
the buoyant acceleration becomes increasingly fsignt, and toroidal vortices roll up
periodically due to the Kelvin-Helmholtz instabjlitSubsequently, a larger chunk of the
flame tip is periodically detached and burned dwiK flickering flame [53]). This may
be explained by the scaling of buoyancy with Fromdenber as the rollup vortices
occur closer to the burner port. This increasestmective velocity at the base of the
flame surface. The vortices then convect downstreauth interact with hot plume
downstream of the flame as well. By increase ataindlow rate (moderate Fr) the
vortices convect downstream, they interact at hidteghts of visible flame and also
with hot plume downstream of the flame. As a resukmaller chunk of flame are
detaching by vortices. Nevertheless, the rollupcess is highly periodic and the
flickering frequency obtained from the Fast Fouri@ransform (FFT) of

chemiluminescence history and also from the inataedus flame high speed images
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shows a noticeable increase in peak flickeringuesgies. By further increase at flow
rate of air the outer vortices pushed farther dameasn by co-flow resulting in lower

interaction of flame vortices. It was observed frarcertain air flow rate, no more flame
tip cutting was occurred and only a tip flickeriflgme existed [53]. The flickering was

periodic and the flickering frequency is increasexdwell. Beyond a certain co-flow
rate, it was observed that there is no signifidirhe-vortex interaction and the flame
flickering is fully suppressed; the flame exhibitdotally steady (stabilised) behaviour.
This is attributed to the fact that the rollup ascéar downstream of the visible flame
region. The vortex structures are also relativeBakvand interact only with the hot
plume of gases.

The stabilised methane diffusion flame is convexshimape (has a bulbous in
appearance) and its maximum width is wider than libeer nozzle exit diameter.
Whilst adding more co-flow air to the stabilisecrfie, it was observed that the
maximum width of the flamebj at all fuel flow rates show a gradually decreasih
linear trends (see Figure 5-13). The slopes oflitear trends of ¥ show smaller
decrease rates at the higher fuel flow rates. Huoeedse in flame width by co-flow can
be attributed to the effects of shear layer foioethe plane mixing layer between two
parallel uniform streams of fuel and air. The highi velocity at the flame boundary
brings more fresh air to the flame surface, resglih more air diffusion to the reaction
zone which generally increases the burning ratevels For small laminar diffusion
flame, the burning rate of the combustion procegsedds on the rate of inter-diffusion
between fuel and oxidant. This is to achieve theesgary proportion for reaction to
occur along the reaction boundary. Turbulence playsajor role, for large scale
diffusion flame, where the additional entrenchmafrair due to flame movement would

have further impact on the rate of combustion.
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Figure 5-13: Maximum width of the stabilised flaiig shows almost a linear decrease

The graphs of mean pixel intensity (MPI) of thenfla high speed images versus
time and the corresponding Fast Fourier TransfoRfaT] analysis of the data for
frequency measurement at methane (0.3 slpm)-ai, (8, 7, and 10 slpm) flames are

shown in Figure 5-14. The MPI as an arbitrary yaiu.) was measured by image

Air flow rate (slpm)

by increase at co-flow air flow rate.

processing using MATLABI. The maximum of this value corresponds to the maxn

light emission of flame; similarly, a minimum regeto the minimum flame emission

after burning out of the detached part. Interesfintgvo major effects of increase in co-

flow air on flame dynamics can be observed frons¢hset of graphs.
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Figure 5-14: Mean Pixel Intensity (MPI) and theregsponding oscillation frequencies

of methane (0.3) slpm flame at different co-flowféow rates.
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Suppression of the oscillations appears from MRphs and increase in the peak
flickering frequencies while decreasing in the freqcy amplitude, from FFT graphs
(see Figure 5-14). The Maximum of MPI (MP1_max) wkaa decreasing trend by co-
flow air, the minimum of MPI (MPI_min), however, @hvs a rapid increase. The
differences between these two parameters (dl) eceedsing by co-flow air from its
maximum at zero co-flow to its minimum at air suggsion flow rate and onwards

(see Figure 5-15).

M ethane (0.3 slpm)

—8— M Pl _max
——— M PI_min
—&—dI=M PI_max-M PI_min
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Air flow rate (slpm)

Figure 5-15: Maximum and minimum values of mearepirtensity (MPI) from the
flame high speed images in a whole cycle of thedascillation (for methane (0.3
slpm) at different air flow rates). The subtractafrthese two parameters (dl) decreases
towards zero at the suppression air flow rate (ihysand onwards.

The average of MPI values in a full data-rangeighlspeed images coupling with
the standard deviatiomw) of MPI are shown in Figure 5-16. The standardiaten (©)
of MPI, measured from the intensity variation ie ftaeme high speed images, tends to
be another indicator of the flame fluctuations. Blverage of MPI, which is an indicator

of the average flame luminosity, increases firstitigreasing the air flow rate, then
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decreases with the further increase in co-flow Hite standard deviatioro) of MPI,
however, in a whole cycle of the flame oscillatiaiecreases continuously with the
increase of co-flow air towards zero. This may besidered as another indicator of
flame flickering suppression by the co-flow airhlis to be noted that in our previous
study [10] the standard deviatioa)(of MPI was also found to be a good indicator of
the trends of flame oscillation wavelength) (@and magnitudelf), in the study of

diffusion flames at elevated pressures.
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Figure 5-16: Average of mean pixel intensity (MPQreases first by co-flow air then
decreases with further increases in air flow réte standard deviatiow) of MPI in a
whole cycle of flame oscillation continuously desses by co-flow air towards zero as a

sign of suppression of the flame oscillations.

In the previous chapter it was found that the iaseein fuel flow rate increases the
magnitude of oscillationL{). The flickering frequency, however, remains altnos
constant at each pressure. It means the flickéreggency is not a function of fuel flow
rate despite pressure. The power spectra of thmeflamissions, by collecting the

radiation spectrum at OH* and CH* emission bandmgisnterference filters, are
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shown in Figure 5-17. The frequency spectra of ame#h(0.3 slpm) flame at zero co-
flow (see Figure 5-17-a) shows that the methanmdldlicker with one dominant

frequency and as many as six harmonic modes. Tdmeflhas a dominant (peak)
frequency of 10.75 Hz and six noticeable harmomieak frequencies at 21.5, 32,
42.75, 53.5, 64, 74.75 Hz, each with lower ampéttithn the previous frequency. This
methane flame at 3 slpm of co-flow (see Figure Sl ¢learly exhibits an enhanced
flickering with the higher peak frequency spectfd® Hz. By adding more co-flow (at

5 slpm) the peak frequency increased to 12.75 kel Esgure 5-17-c). The co-flow rate
of 7 slpm (see Figure 5-17-d) was found to be atmagransient mode between
flickering flames and stabilised one. Although theak flickering frequency still is

increasing at this flame but lower numbers of hamt® were noticeable. This is
however, at some instances flame tend to show rease in flickering magnitudé.d,

maintaining the same flickering frequency.
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Figure 5-17: Frequency spectra for methane (0/@)sthffusion flames with co-flow air
ato0, 3,5, 7, 10, 15 and 20 slpm flow rates (f(@to (g) respectively). The increase at
peak frequency by co-flow and suppression of aaailh at higher flow rates of air are

evident from graphs.
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The stabilised (suppressed oscillation) flame veamd at co-flow rate of 10 slpm
for methane flow rate at 0.3 slpm (see Figure ®)L7in this flame the flickering is
stopped since the effect of buoyancy is decreasetdigher Froude numbers. A steady
flame structure is indicated, with some weak bugayanduced motion appearing in the
post flame region. The frequencies of flame havey v@mall amplitudes (power
spectra). Also no more harmonics are observabtge#sse in co-flow makes the flame
even more stable and the captured frequencies sedm mainly some noises (see
Figures5-17-f and g for co-flow rates of 15 and 20 slprspectively).

The frequency spectra of the flame from FFT analg§imean pixel intensity (MPI)
of the flame high-speed photographs and chemiluscerce results are greatly in
agreement, however, the photomultipliers failedmeasure the very low amplitude
frequency of the flames after suppression. The napbd observation is that the
dominant (peak) frequency of flame flicker lineairtgreases with co-flow air flow rate.
This is however, the frequency amplitude was oleserto decrease fast by co-flow
particularly near the air suppression flow ratee(Begure 5-18). It has been confirmed
that, the flickering frequency is not a functionfoél flow rate but it increases linearly
with the co-flow air. Figure 5-18 shows that thendieant flickering frequency of a
methane diffusion flame at different fuel and &owf rates which follows a best line fit
with the slope of 0.33 and the Y-intercept of 140(33 a+11). Where f' indicates the
peak frequency (Hz) and indicates co-flow air flow rate (slpm).

The experimental results clearly demonstrate thatco-flow air has various strong
effects on diffusion flame dynamics. In this stdgomprehensive experimental data of
methane diffusion flame at different flow conditeoare compared. Since the evolution
of a large scale structure is governed by Kelvinateltz instabilities and buoyant
acceleration, the frequency, mutual interaction anergy distribution are controlled by

the conditions of the flow.
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Figure 5-18: The linear increase of dominant fliokg frequency of methane-air flames

with increase of co-flow air and the correspondmegjuency amplitudes.

5.5 CONCLUSION

Experiments were conducted on a co-flow diffusiaimie burner to investigate the
effects of co-flow air flow rate (velocity) on thiéckering behaviour of methane-air
diffusion flames. The buoyant acceleration of hasep outside the diffusion flame
surface can cause shear-layer rollup, leading @dfdhmation of toroidal vortex rings,
which then interact with the flame surface or tlo¢ plume downstream of the flame,
depending upon the value of the Froude and Reynaldsber. The instability
behaviour of the flame was observed to be strosghsitive to the co-flow air velocity.
The high-speed images help to visualise the streictd the outer toroidal vortices
outside the luminance flame and the subtractiotwof consecutive images show how

the luminance boundaries of the flame is growinthatbase and tip of the flame. The
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schlieren images reveal how the outer vorticesrastewith flame surface and hot
plume of gases.

The most striking observation is that, when theloa- air flow rate (velocity) is
increased to a certain level, the flame oscillaimeompletely suppressed (stabilised).
From schlieren images it can be seen that KevimHeltz instability was initiated at
the very beginning of the fuel nozzle when theraasco-flow air. With increase of air
co-flow flow rate, the instability initiation pointvas found to move downstream
gradually. It then reaches a stage when outerdataiortices interact only with hot
plume of gases farther downstream of the visitden#. Obviously, the visible flame
will become stable if the outer instability initiaih point is well downstream of the
visible flame position. It is found that higher Wlorates of co-flow air are needed to
suppress flickering of the flames at higher fueiMlrates. Therefore the ratio of the air
velocity to the fuel velocityy, is a stability controlling parameter. The velgaiatio, vy,
of co-flow methane flame as a stability controllipgrameter was found to be 0.72 for
the range of tested flow rates.

The oscillation magnitudd_{) and the oscillation wavelength)(were observed to
decrease by increase in the co-flow air. Whereasatrerage oscillating flame height
behaviour was bimodal with an initial stretch bgrease of co-flow air then it starts to
be decrease by adding more co-flow, up to its k$abli (suppressed) level. By adding
more co-flow air to the stabilised flame, the flaheght was observed to remain almost
constant but the maximum width of the visible flanewas decreased slightly.

The average of mean pixel intensity (MPI), whichars indicator of the average
flame luminosity, increases first with the co-flawr flow rate then decreases with the
further increase of co-flow air flow rate. Howevdre standard deviatiow) of MPI in
a whole flame oscillation cycle decreases all tlag vowards zero with the increase of

co-flow air.
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The dominant flickering frequencies measured froRT Fanalysis of high speed
imaging data and chemiluminescence results incleasaly by increase in co-flow air.
The frequency amplitudes, however, show rapid dea particularly at co-flow rates
close to the suppression flow rate. It has beefirooed that, the flickering frequency is
not a function of fuel flow rate but it is improgrwith co-flow air with a linear trend.
The dominant flickering frequency) (of a methane diffusion flame varies linearly with

the air co-flow rated) asf=0.33 a+11.



“In earlier times, smoke from the factory
smokestack was a sign of prosperity. In time it
became a nuisance and finally a health
concern."

J. Warnatz (1944-2007)

CHAPTER G

PRESSURE EFFECTS ON SOOT
TEMPERATURE IN DIFFUSION
FLAMES

6.1 ABSTRACT

This study addresses the influence of elevatedspres up to 10 bar on the flame
geometry and two-dimensional soot temperatureildigton of ethylene-air laminar co-
flow diffusion flame. Narrow band photography amebicolour pyrometry in the Near
Infra-red (NIR) region have been used to gain debainderstanding on effects of
pressure on these parameters. Theoretical backdjraliscreet considerations in the
choice of two narrow band filters at 780 nm and 4.06n and calibration of the
instrument factor are also described. It has bdeserwed that the flame properties
respond very sensitively to the pressure. As tleequre is increased, the flame diameter
decreased at all flame heights and soot formati@amadtically increased. The flame

luminosity at the flame centreline increases, fgtaxial position from the fuel nozzle.
150
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Then the flame became less intense with heighttalweoling of the soot particles by
radiative losses, leading to a smoking flame asgurees of 2 bar and above. The soot
temperature results obtained by applying two-colmethod in the NIR region are
shown to be consistent with the pyrometry resulisot temperature measurements
show that in ethylene diffusion flame the overathperatures decreases with increasing
pressure. It is shown that the rate of temperaduop is greater for a pressure increase
at lower pressures in comparison with higher pressurhe average temperature drop
of about 177 K is recorded along the flame cemteclior a pressure increase from
atmospheric to 2 bar and also from 2 bar to 4 lHawever, at higher pressures the rate
of temperature drop decreases to 1/3 of the previemperature drop. It is found that,
applying two-colour pyrometry method in the NIR imyg utilising a commercial digital
camera, is capable of nonintrusive measuremenvafdimensional soot temperatures
with a simple and relatively high accuracy techeiqiihe maximum recorded error of
the method was found to be about 8%. It mainly oecbat the regions with the lowest

concentration of soot particles.

Keywords: Diffusion flames; Soot temperature; Two-colour moet; Near infra-red.

6.2 INTRODUCTION
Accurate and reliable measurements of soot temperaind distribution in the

flame by nonintrusive means are highly desirabladbieve in-depth understanding of
combustion and pollutant formation processes. Thstrwidely applied methods use
physical probes such as thermocouples or gas-sagnpiobes. These techniques have
obvious disadvantages, such as intrusive sensegyadation in a harsh environment,
and single point measurement. The presence of s@bies such measurement of
temperature particularly difficult, with depositiosf soot particles on thermocouple

probes obscuring the interpretation of thermocougéslings, although such probes are
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still useful in non-sooting regions [130]. Evenitikmsertion techniques fail at the very
high soot loadings found in high-pressure lamindfusion flames. Consequently, a
variety of optical methods such as LIF (laser-iretldluorescence) [131] and LSM
(laser scattering of molecules) [132] have beereldped in recent years. However, due
to the complication of the measurement principlad aystem structures and using
external light sources, these techniques are w@isaifor routine operations in industrial
furnaces. Optical techniques based on the natwumahbsity of the object do not require
the use of additional light sources and are thueigdly easier to implement, especially
in field measurements outside the laboratory [133je two-colour method is an
established optical technique for the temperatueasurement of sooting flames. This
technique makes use of two narrow band wavelengthise visible or near infra-red
emission.

The present study focuses on the influence of &evpressures up to 10 bar, on
soot temperature distribution of ethylene-air laaninco-flow diffusion flame.
Experimental work is carried out in a high-pressaoenbustion chamber and two-
colour pyrometry technique has been applied in lear infra-red (NIR) region,
utilising a commercial CMOS (Complimentary metaldex semiconductor) digital
camera. To the best knowledge of the author, apglfivo-colour method in the NIR
region with a commercial digital camera has bednremorted in existing literature. The
two-colour method theory, discreet consideratiamghie choice of wavelengths and
calibration of the instrument factor are also dibsd.

The literature related to this part of the studpnesented in Chapter 2, session 2.3.
The obtained results in this chapter have beenighdd in theProceedings of 48th

AIAA Aerospace Sciences Meetjhg4].
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6.3 TwoO-COLOUR METHOD THEORY
The two-colour technique relies on the measureraktite emission intensity from
incandescent soot particles in the flame. The vesngth dependent monochromatic

radiation intensity of a blackbody is governed lgniek radiation law [135, 136].

I b = c:l
A /]5.(eC2MT ~1)

6.1

wherel®, is the monochromatic blackbody radiation emitteterisity in energy per unit
area per unit time (W/fflum), A is the wavelength of the radiation (uri)js absolute
temperature (K) an@; andC; are the first and second Planck constants respécti

A blackbody emitter is a perfect emitter with anigsivity gﬂb of unity at all
wavelengths. If the flame emitted like a blackbodywould be straightforward to
calculate the flame temperature, T, using Plandissribution shown in Equation 6.1

[106]. However, the soot has an unknown emissigjtywhich causes it to emit less

than a blackbody at the same temperature. Singlie maticles and thick soot clouds

show near blackbody behaviour wéth= , but thinner soot clouds can have non-

blackbody characteristics [133].
I, monochromic radiation of a gray body (i.e. soartigles) deviates by the
spectral monochromic emissivity of the bodg € <1) [133, 135, 137, 138].

C,

— b _
hEa S ey

6.2

The wavelength and temperature concerned in thidystange from 0.78 to 1.064
pm and from 1000 to 2500 K respectively. SincgAT>>1 within these ranges,
Planck’s law can be replaced by Wien'’s radiatiom [87, 135]:

C,

I/‘ SAW 6.3
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It can be proven that the output of the imagingesys namely the grey leveh]] is
proportional to the existence of the measured olged dependent on the spectral

sensitivity § of the imaging system (CCD or CMOS sensors), i.e.,

Cl

I/] = kS/].g/]W

6.4

where k is called the instrument constant which is indeleen of wavelength and

reflects the effects of various factors includirgliation attenuation due to the optical
system and atmosphere, observation distance, lepEemes and signal conversion
[97].

The ratio between the grey levels at wavelengtrendA; is given by:

I/\Z - ng Efﬂz mﬁ)S @X{&(i—il} 6.5

I Al Sﬂl 8/11 /]2 T /]l /]2

Rearranging Equation 6.5 yields:

5
T:CZEE1—1J In|“+ln8“+ln€“+ln(/]2] 6.6
Al /12 I/ll S/l2 8/12 /11

The ratio between the spectral sensitiviti8g/(Sy,) is called instrument factor and
is known from calibration using a tungsten lampaastandard temperature source. A
crucial point here is how to deal with the ratiavibeen the spectral emissivitieg and
&p. Normally, grey body behaviour is assumed fordbeected object (i.eg1/&=1),
when the wavelengths are very close to each ofherl33, 139]. Another method of
dealing with the ratio of emissivities is to cor@idhe relation suggested by Flower
[140]. When assuming the soot particles in the daame homogeneous, optically thin
and small relative to the used wavelength, the tsgle@missivity is inversely
proportional to the wavelengtlz;(71/4). Lee et al. [141] reported that the primary soot

particles from diesel engines are nearly spherarad, have diameters ranging from 20—
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50 nm with an average diameter of about 30 nm. &rtcal. [142] reported a range of
30-70 nm for the primary particle diameter. Foregas flames, the size of particles
ranges from 5 to 100 nm according to the resul@tar and Yeh [143] is much smaller
than the wavelength of observation. Also accordiagthe results of Flower and
Bowman [32, 144] there was no significant effectpoéssure on the size of the soot
particles. The increase in the soot volume fractiesults predominantly from an
increase in the number density of particles and ltdwal volumetric rate of soot
production which is observed to increase with presssConsequently the proportion of

£,,/€,, 0 A, /A, exists and the soot temperature can be calcutgtedbstitution of this

ratio in Equation 6.6:

6
T=C, [El—l] In|“+lns“+ln(/]2j 6.7
/11 AZ I/ll 8/12 /11

Equation 6.7 indicates that the two-colour methashsures temperature based on
the signal ratios at two different wavelengths withthe prior knowledge of the real
existence intensities at those wavelengths. It afders that the two-dimensional
temperature can be obtained by calculating theatigtios of the two images pixel by
pixel. The wavelengths for the two-colour methodti@o narrow band filters must be

selected carefully for accurate temperature measemes [12, 100, 101].

6.3.1 Choice of the Wavelengths

Several factors must be considered for the chdi¢dkeowavelengths [97, 98, 145].
Firstly, the wavelengths should be selected tochtioe radiation from gas molecules
such as C@and HO and intermediate free radicals like OH*, CH%*@nd CN*. It
must be noted that the two-colour method only messthe temperatures of the soot
particles within a flame, because Planck’s radmataw only fits the continuous spectra

from the solid particles [146] rather than the bapectra of gas molecules or free
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radicals. Secondly, the wavelengths should be neggon where the outputs of the
digital camera can be expected to vary sufficiemtlyiew of sensitivity and signal-to-
noise ratio. Thirdly, the choice of the wavelengdf®uld be expected to prevent the
camera from saturation. Finally, the two wavelesgthould be chosen close to each
other so that the differences between the emigssvdand optical transmission effects
are negligible. Despite achieving higher sensitidhd signal-to-noise ratio in visible
wavelengths, the NIR region has been selectedsrstudy due to less gas molecules or
free radicals radiations, non-saturated photos rafative novelty of the approach.
Compromising the factors addressed above has gn@n to choose the two
wavelengths ah;=780 nm and\,=1064 nm with a central wavelength tolerance of
+2 nm.

During combustion, strong band emissions from gasepecies can be present as
well as the thermal radiation from soot particlkesthe reaction zones of flames, many
radicals, such as OH, CH,(HCO, NH and NH may be formed and give appreciable
emission in the visible and near ultraviolet regiolm the infrared region, wavelengths
must be chosen carefully to avoid radiation or gitsan from CQ, CO, water vapour
and fuel vapour. Figure 6-1 shows the spectra fvanous gaseous species in the near

infra-red region [102].
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Figure 6-1: Emission in the near infra-red regionvarious gas molecules [102].
6.3.2 Calibration of the Instrument Factor

To calibrate the instrument fact@®) @ pre-calibrated tungsten ribbon lamp [12] was

used as a standard temperature source. The tungsbem lamp was placed the same
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distance from the camera as the flame. The instnurfector S can be derived by

rearranging the Equation 6.6:

Cy(-1y

S. e T
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)
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6.8

The ratio of intensitieslfy/ 1) at two wavelengths can be shown By The
emissivity of tungsten ribborgf; andgyy) is by its turn a function of the wavelength and
of the true temperature T according to the equatiproposed by Larrabee [147] at
different wavelength regions from 450 nm to 800 rmitriev and Kholopov [148]
presented the emissivity of tungsten in near ind@region from 1000 to 5100 nm and
temperature range of 1244-2441 K. The most comjetestigation of tungsten ribbon
emissivity in the 230-2700 nm wavelength region ahtemperatures from 1600-2800
K was conducted by De Vos [149]. According to thelelies the average emissivity of
tungsten ribbon at 780 nm and 1064 nm waveleng#re fiound to be 0.43 and 0.37
respectively.

The calibration of instruments (camera with filjevgas performed on a certified
tungsten ribbon lamp [12]. The lamp was conneated 12 V battery, a rheostat and a
shunt resistor (0.002) connected in series. The voltage flowing acrtss tesistance
was an indication of the current through the laifpe camera was placed in front of the
lamp and focused on the tungsten ribbon and has keggt at a constant distance and
position in all imaging. Two narrow band interfecenfilters (780 nm and 1064 nm)
were applied, in front of the digital camera Iefke calibrated temperature for the lamp
ranged from 1300 to 2200°C and emits a range dft liqdiation temperature at
different levels of applied amperes (9.345-19.04R)e detail of this calibration setup

can be found in Figure 6-2
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Figure 6-2: Camera calibration setup with tungstiebon lamp.

The ratio between the two average intensity le{idlg/ I\1) was tabulated against
the instrument factor (S). The calibration resats shown in Figure 6-3, where the data
points marked with®' yields the following inverse power relationshgs indicated by

the dotted line.

S=15RY 6.9
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Figure 6-3: Instrument factor (S) versus the rafimtensity levels (R).
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6.4 EXPERIMENTAL SETUP

The co-flow ethylene (€H,) diffusion flame was studied with the optical diagtic
method over the pressure range of 1 to 10 bar. a&sa over ventilated Burke-
Schumann [117] laminar co-flow diffusion flame ioguced which is stabilised on a
tapered nozzle with an exit diameter of 4.5 mm. apered fuel nozzle reduces
recirculation from the burner tip and improves 8igbof the fluid-ambient interface.
The flames exhibited long-term stability for alkegsures. The high pressure burner used
in this work is described in details in section8 and 4.3. The mass flow rate of
ethylene (0.15 slpm) was kept constant at all piress Co-flow air is supplied from a
compressed air bottle into the burner with a cornstaass flow rate of 15 slpm.
Table 6-1 shows the physical properties of fuel amagtreams during the experiments.
The region of Reynolds numbeRd indicates that all flows were in laminar mode
during the experiments. Increasing the pressurd@invithe vessel was achieved by
increasing the flow rate of nitrogen and simultarstp decreasing the flow rate of the
exhaust by adjusting the back-pressure regulatialyevwhich can maintain the

chamber pressure anywhere between 1 and 10 bar.

Table 6-1: Fuel and air parameters in soot temperaxperiments.

Volume Flow Rate Mass Flow | Velocity
Fuel Type slp_m (m¥%s] | Rate [mg/s]| [m/s] Re No.| Fr No.
[I/min]
Ethylene (GH,) 0.15 2.5E-06 2.95 0.172 91.7 0.703
Air 15 2.5E-04 301 0.230| 513.820.171

Optical access into the chamber is possible thrdaghviewing ports oriented so
that line-of-sight as well as 90° scattering an@gmg experiments are possible. Each
window provides a 45 mm viewing diameter; two araden from fused silica (quartz)
and two from high-resistivity float-zone silicon RFZ-Si). This study makes use of the

guartz windows which provide optical access inwiséble and NIR band.
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The schematic of the experimental setup is showfigare 6-4. The optical set up
is consist of a commercial CMOS digital camera @aBOS-30D), which was utilised
to capture the colour photographs and also theowalrand (780 nm and 1064nm)
photos of the flame and an Infratherm pyrometeéhwss than + 1.0 % accuracy of
measuring value. The digital single-lens reflex RpLCanon EOS-30D is a colour
camera which uses CMOS technology. The camera gesvihe maximum effective
resolution of 3,504 x 2,33@.2 Megapixels). The shutter speed range of thiseca is
1/8000 to 30 s and with the light sensitivity (IS®m 100 to 1600. It is worth
mentioning that CMOS technology is one of the kdyaamtages of new cameras with
noise reduction circuitry at each pixel site. ABMOS sensors have lower noise and
lower power consumption characteristics than CCbsees. The two narrow band
filters were applied in front of the camera lensueDto the lower sensitivity of
commercial camera sensors to NIR band, the expdsueeof 1 s with the maximum
light sensitivity (ISO) of 1600 were selected tgitae the narrow band photographs.
The normal images of the flames were captured &ixposure time of 1/100 s and ISO
of 100. Also the aperture was set tofbg.6.

To verify the temperature results obtained by Whe-tolour method in NIR region,
a digital noncontact temperature measurement me&ini was utilised during the
experiments. This Infratherm pyrometer (INFRATHERM 5/F) ascertains the
temperature of glowing (sooty) flames by using wadeur temperature measurement
method with £1.0 % accuracy of the measuring valueese two colours have been
selected in IR spectral range betweenD.I5um. The spot diameter of this pyrometer
is 1.5 mm for a minimum distance of 250mm. Via gntded control panel arelandard
software (InfraWin)t is possible to read measuring temperature asagsathanging the

devise parameters. A full specification of thisquyeter is listed in Appendix A.
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Figure 6-4: Schematic of experimental setup for-bwtour pyrometry.

6.5 RESULTSAND DISCUSSION

The normal pictures captured by Canon EOS 30D {ager5.6, exposure time:
1/100 sec and ISO: 100) from ethylene (0.15 slpma)r<15 slpm) diffusion flame at

different pressures are presented in Figure 6-5.

|| |

1 bar 2 bar 4 bar 6 bar 8 bar 10 bar

Figure 6-5: Normal pictures of ethylene (0.15 shaim)(15 slpm) diffusion flame at

different pressures.
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At atmospheric pressure, the base of the flameahadlbous appearance and is
wider than the burner nozzle exit diameter. Highprthe flame came to a relatively
sharp tip where all luminosity ceased, correspapdinthe vertical position where all
the soot had been oxidized. As the pressure wa®dsed, axial flame diameters
decreased, giving an overall stretched appearanteetflame as noted by Flower and
Bowman [19] and Thomson et al. [8]. This may explidie significant change in flame
shape with the increase of pressure. Soot parteteshigher in density than other
combustion products, and cannot diffuse away froengrimary flame region as easily
as a gaseous product might. Combustion must therdde maintained by oxygen
diffusing inward to the primary flame region, reésuj in a narrowing flame structure
[17]. In other words, as pressur@) (increases, the density)(will increase as well
(0LP). By keeping the fuel exit velocityJ) and as a result the mass flow rate constant
(O0JAcs=const), at high pressures the mass conservation equigams to a narrower
flame cross section aredAc{ at all heights within the flame [10]. The crogstonal
area (Ag of the flame (measured from the radius definedth® outer edges of the
sooting region at each height) shows an averagasevdependence on pressure to the
power of 0.8+0.21/P*%* for ethylene flames [10].

The centre core of the flame near the nozzle tgp danostly bluish colour up to
7 mm above the fuel nozzle exit (H=7 mm). The pneseof the soot particles is mainly
limited at the flame tip and in an annular bandrrd@ burner rim. By increasing
pressure it was observed that the soot formatiamdtically increases and the luminous
carbon zone moved downward, closer to the burmey filling an increasingly larger
portion of the flame. It means that near the midfhe of the flame, the annular
distribution of soot remains pronounced, but sd&x Begins to appear in the core of the

flame. At the tip of the flame, the soot annulad &ore soot distribution join to each
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other and peak soot concentration is observecedtame centre line. Bright luminosity
from soot is visible for each flame. The increasérmation of luminous soot particles
causes the heat loss from the flame by radiatiomdmease, thus lowering the flame
temperatures. This leads to slower oxidation ratiesoot, and eventually oxidation
cannot keep up with soot production, leading tomelsng diffusion flame [19]. The
decrease in soot luminosity suggests that temperawaffected by the presence of soot
as a result of radiant energy transfer from theiglas. Temperature, in turn, strongly
influences soot-formation and soot-oxidation r§8s3.

As pressure was increased the flame that did nat smoke at atmospheric
pressure began to smoke at higher pressures. Pdbpitflame being over-ventilated
with co-flow air an extended line of soot (smokejhe flame tip appears at a pressure
of 2 bar (the point of incipient soot breakthrougimd onwards. For these flames, a
significant amount of soot survives the oxidatiegion of the flame. The luminosity
from soot becomes noticeably less intense witheging height above the burner tip.
As pressure increases, the decrease in soot luiyimosves to lower positions in the
flame. The well defined luminous tip of the atmosph pressure flame disappears as
pressure increases, and a darkening orange coltismobrises from the flame. At fixed
axial position, the diameter of the visible flamecrkases with increasing pressure.
Also, the opacity of the soot column increases \pithssure, due to an increase in the
integrated soot volume fraction across the flanaenditer [19]. According to the results
of Schalla and McDonald [18] the rate at which thels can be burned smoke free
consistently decreases with increasing pressumhémmnore the maximum smoke free
fuel flow rate initially increases by air flow ratieen remains almost constant for further
increases in air flow rate. The smoking tenden@iss found to be a strong function of
fuel types as well [18]. The tendency of soot fatiorain ethylene-air diffusion flame

was observed to be relatively higher than methaniaane.
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The two-colour technique relies on the measureraktite emission intensity from
incandescent soot particles in the flame. In theshod the two-dimensional intensity of
every single pixel of the flame image, in the sfieavavelength can be measured from
the narrow band photos, captured by applying natramd filters in front of the camera
lens. Figure 6-6 and Figure 6-7 show a sequenflaraks photograph at pressures 1, 2,
4, 6, 8 and 10 bar, taken by applying the 780 nih H064 nm narrow band filters
respectively in front of the canon camera. Notd thase pictures have been captured
with an exposure time of 1 sec and at the maximamera sensitivity (ISO 1600).

Through application of image processing technicuas$ derivation of a computer
program (m-file) using MATLARI, the two-dimensional monochromic normalized
intensities (I; and }),) of each flame has been measured by consideriagvdifue
number in the HSV (Hue, Saturation and Value) modéle HSV is an alternative
colour model derived from the RGB by looking dove tgreyscale/achromatic axis of
the RGB space. The deficiency of the RGB methotha the colour and intensity
parameters from a perceived scene are inseparabigdsin the primary colour
intensities (Red, Green and Blue). In contrast, HI®/ method complements this by
allowing the colour information to be presentedeipendently from the intensity
component. Within the cylindrical plane, hue antisstion (synonymous to colour and
its brightness respectively) are measured as tlgeilan coordinate and the radial
distance from the achromatic axis respectively. v@osely, the normalized intensity

component (value) is given by the depth along te@natic line [150].
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1 bar 2 bar 4 bar 6 bar 8 bar 10 bar

Figure 6-6: Narrow band (780 nm) images of ethyl@nh&5 slpm)-air (15 slpm)
diffusion flame at different pressures.

1 bar 2 bar 4 bar 6 bar 8 bar 10 bar

Figure 6-7: Narrow band (1064 nm) images of ethglgh15 slpm)-air (15 slpm)
diffusion flame at different pressures.

The two-dimensional monochromic intensity distribat(lx1=7s0 ny) Of the ethylene
diffusion flame at 10 bar are presented in Figu& BVhen there was no well defined
flame tip and the flame luminosity became lessns¢ewith height due to cooling of the

soot by radiative losses, the points with a noreeaiintensity smaller than 0.01 were
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not considered as a part of the flame. These daak gegions formed a long vertical
column of non-fully oxidized carbon particles attHame tip, which decreased in

diameter only gradually with increasing height abtive burner tip.

Flame Intensity Distribution (I_780 nm) at P=10 bar
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Figure 6-8: Monochromic (780 nm) intensity disttion of ethylene flame at 10 bar.

Figure 6-8 shows that the flame intensity is higla¢rregions with a higher
concentration of luminous soot particles. The aanulistribution of luminous soot
particles is pronounced while the soot zone has eshiodown stream filling an
increasingly larger portion of the flame due tohhgressure. As it was predicted before
the sensitivity of camera sensors to the 780 nmeleangth, which is closer to visible
band, was found to be higher than the radiatiod0®4 nm. This appears from the
intensity distribution of flame pictures at theseotwavelengths. The monochromic
intensity distributions of the flame at 10 bar {0 nm and 1064 nm wavelengths
across the diameter of the flame, at different @ameights, are presented in Figure 6-9

and Figure 6-10 respectively.
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Figure 6-9: Monochromic (780 nm) intensity disttilon at different heights of ethylene
(0.15 slpm)-air (15 slpm) diffusion flame (P= 10)ba
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Figure 6-10: Monochromic (1064 nm) intensity distiion at different heights of
ethylene (0.15 slpm)-air (15 slpm) diffusion flaifie= 10 bar).
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Evolution of lateral intensity profiles with versit position in Figure 6-9 and
Figure 6-10 confirms that the flame is acceptalkysyanmetric and narrows by
increasing distance from the fuel nozzle exit. Thadiation intensity, in the
monochromic flame pictures, mostly belongs to thet garticles in the diffusion flame
as grey bodies. Recall that we chose these twerdilin NIR spectrum to avoid the
radiation from other gas molecules and free radjaalorder to collect just the radiation
of soot particles. Thus the trends of the intengitfiles are directly related to the soot
concentration and temperature profiles. The regialfile of soot is typical of an
ethylene diffusion flame. At the lower part of thh@me soot is mostly distributed in an
annular region, whereas the concentration is alrasat higher flame heights above
the fuel nozzle exit (H). The intensity is mostiglner at the outer band of the flame (in
an annular region) and lower at the flame centeetiore. This is believed to be due to a
higher concentration of luminous soot particlegh&t outer band of the flame. In the
middle part of the flame, soot concentration andseion increases, the sooty ring
narrows and the profile evolves to a flat and tteea parabolic shape at the flame tip.
Lower intensities at higher positions of the flanmelicate the cooling of the soot
particles by radiative losses.

The maximum soot emission at the flame centreliras wbserved to occur at
H=18~19 mm and H=7 to 9 mm for the ethylene flarae$?=1 bar and P=10 bar
respectively (see Figure 6-11). Note that at athesp pressure the ethylene flame
centreline, below H=7 mm is relatively free of squrticles. The first intensity is
recorded at this height of the flame. However iasmeg the pressure to P=10 bar has
extended the soot zone towards the burner rim. Aessalt the flame images, at both
wavelengths, were recorded with the high intersiae the lower part of the flames.
From H=19 mm of flame at P=10 bar to the flamettye, intensity of the flame tends to

be higher at the centreline in comparison withaheular band at the same height. This
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is because the soot annular and core soot distibate joining together and the peak
soot concentration is observed on the flame cen&reFigure 6-11 also shows that the
intensity at the centreline increases by distanae fthe fuel nozzle tip. This occurs up
to a certain point and then it starts to decreakenwthe position increases further
downstream of the flame. The diagrams also showathge of the flame heights at two
pressures. The flame height at 1 bar is measuré@ 81 mm and it is reduced to its
minimum of 25 mm at 10 bar. This reduction of tterfe height is believed to be due
the extension of soot region further upstream tdwdhne burner rim and also escaping
of none-fully oxidized carbon particles (smoke) nfrathe flame tip. These cause
lowering the luminous flame tip position. The frtdinge of the intensity results shows
that the height of this diffusion flame increaskst by pressure up to 2 bar and then
starts to decrease to its lowest level at 10 bae. flame height at 1 bar was measured to
be 31 mm and then it increased to 32 mm at 2 bafuBher increase of pressure, the
flame heights were measured to decrease to 32628nd 25 at pressures 4, 6, 8 and 10

bar respectively.
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Figure 6-11: Two-colour intensity distribution atpthe flame centreline at P=1 bar and
P=10 bar.
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Radiative emission by flames is a useful sourcenfdrmation for nonintrusive
combustion diagnostics as it carries characterigfrmation about the flame species
such as combustion gases and soot.[151] Continuaiss®n sourced by flame soot
can be detected and processed to extract informatio the physical variables that
govern the intensity of the emission, such as teatpee and concentration of soot. In
this study, measured intensities are utilised ferisoot temperature profile from two-
colour pyrometry technique in the NIR region.

By means of a MATLABI program, the integrated temperature at each paist
been calculated by the intensity ratio of the twavelengths. Equation 6.7 indicates that
the two-colour method measures temperature basédeosignal ratios at two different
wavelengths without the prior knowledge of the realstence intensities at these
wavelengths. To investigate solely the effect aémsity ratio R), by considering an
average for instrument facto®)(from the calibration curve (Figure 6-3), the tieof

temperature as a function of the ratio of inteasits plotted in Figure 6-12.
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Figure 6-12: Two-colour temperature profile as racfion of intensity ratio (R) by

considering an average for instrument factor (S).
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This graph suggests a series of hyperbola conioes for different values ofS’.

As the flame intensity at 1064 nm wavelength ismyaiower than the intensity at 780
nm, the intensity ratioR) is found to be normally less than one. Figure2@ridicates
that the two-colour temperature is higher at lowsrounts of R’ and visa versa, by
increase inR’ the soot temperature tends to be decreased.

The temperature results obtained by applying twiotoomethod in the NIR region
have been shown to be consistent with the pyromeylts. Since two-colour data are
based on measurements of soot emission, tempeyatare only be determined in
locations where sufficient soot exists to provideesolvable signal. Soot temperature
profiles along the flame centreline of an ethyl€@d5 slpm)-air (15 slpm) diffusion
flame as a function of height along flame axis iffiecent pressures are presented in
Figure 6-13. The temperature plot at 1 bar stads fH=7 mm, as the flame at lower
positions are relatively free of soot concentratidine temperature then slightly
increases up to H=9 mm then drops off at H=9-14 fotlgwed by a region where the
temperature level slowly climbs up to H=19 mm. Thiea temperature decreases at a
constant gradient and the temperature profile Hesswith a small climb of temperature
at the flame tip. In this flame the maximum tempama of 1873 K was recorded at
H=19 mm which has the maximum intensity level ¢ flame at 780 nm wavelength
and the ratio of intensitieR) is also a minimum (see Figure 6-11). The minimum
temperature was measured to be 1750 K near the figntH=27 mm).

By increasing the chamber pressure from atmosphmassure to 2 bar it was
observed that the soot concentration dramaticaltyeiased. The flame was narrowed
down by pressure and the soot region extended doweards the burner rim. Therefore,
the flame intensity was increased at the lower ddmeights. The soot temperature could

be measured at the lower parts of the flame (from khm).
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It was observed that a large temperature drop oeduat all the heights along the
flame centreline. The maximum recorded temperaatithis pressure was found to be
1789 K at H=7 mm whilst the minimum temperature i@snd to be 1350 K at the
flame tip (H=32 mm). The lowest temperature dros aund to be 34 K at H=7 mm,
however, the highest drop was measured to be 446 H=31 mm (the flame tip). A
large temperature decrease at the flame tip i®diro the cessation of soot oxidation
which leads to smoking flames. For these flamesgiificant amount of soot survives
the oxidation region of the flame. The temperatin@ at H=27 mm, which is the last
turning point on the temperature profile at atm@sghpressure, in comparison with the
corresponding point in the flame at a pressure lodr2 is about 277 K. In the flame at 2
bar, the luminosity from soot becomes noticeabs lstense with increasing height
above H=27 mm. The average soot temperature ditwygebe flames at 1 and 2 bar was

measured to be about 175 K.
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Figure 6-13: Soot temperature along the flame eéné as a function of flame height

(axial location along the flame axis) at differgnéssures.
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Ethylene flame under 4 bar pressure shows anlihigh temperature of 1717 K at
H=2 mm which decreases in the region, H=2-8 mm7a011K. This is followed by a
zone in the middle of the flame where the tempeeatiecreases with height at an
almost constant gradient, up to H=26 mm. This gnatdihen decreases from this point
up to the flame tip, where the minimum temperattréhis pressure has been recorded
(1158 K). The lowest temperature drop between flaate2 bar and 4 bar was measured
at H=4 mm to be 58 K and the highest drop is atHmin which is 360 K. The average
temperature drop between flames at 2 and 4 bafomasl to be approximately179 K.

Similar curve trends are measured for the ethyltamae at higher pressures. In
smoking flames at pressures higher than 2 bar (B&dar) plots typically show an
initial high temperature at the base. The tempegatien reduces by a small gradient at
higher positions in the flame up to about 1/3 @& flame height. This is followed by a
region in the middle of flame where the temperatieereases at a higher gradient along
the flame axial position. Then the rate of tempeaethange, decline in the upper part
of the flame. The temperature decrease at thefttipedlame is linked to the cessation
of soot oxidation and radiant heat loss of sootiglas. The maximum soot temperature
of ethylene flame along the flame centreline weeasured at the base of the flames to
be 1688 K, 1670 K and 1641 K at pressures of 6an@® 10 bar, whilst the lowest
temperatures were measured at the flame tips. Vamg@e temperature drop due to
pressure increase from 4 to 6 bar was measured abhbut 59 K. While this average
drop was measured to be 9 K and 15 K due to pressarease from 6 to 8 bar and 8 to
10 bar respectively.

Figure 6-14 compares the maximum, average and ramitemperatures along the
ethylene flame centreline at different pressur@st $emperature results show that in
diffusion flames the overall temperatures decreasétl increasing pressure. It is

shown that the rate of temperature drop is grefatera pressure increase at lower
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pressures in comparison with higher pressures.déoecase in flame temperature with
increased pressure is believed to occur because aoimbination of several factors.
First, the significant amount of carbon convertedsoot reduces the energy available
from oxidation of the fuel. Secondly, this sootdeao significant heat loss from the
flame by radiation to the environment. Finally, heanduction to the core of the flame

is much higher in the highly sooting, higher presdliames [8].
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Figure 6-14: Maximum, average and minimum soot &najpres along the flame

centreline at different pressures.

The temperature results obtained by applying twiotoomethod in the NIR region
have been shown to be consistent with the pyronresylts. Since two-colour data is
based on measurements of soot emission, tempeyatare only be determined in
locations where sufficient luminous soot existsptovide a resolvable signal. The
maximum recorded error of the method was foundetaliout 8%. It mainly occurred at
the regions with the lowest concentration of saotiples (at the flame base) or in none-
fully oxidized soot clouds (flame tip). It is beled that the increased uncertainties in
temperature in the lower core of the flame and loa ftame tip is linked to optical

limitations in recording NIR radiation when theansity of flame is relatively low.
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The temperature results of this study are congistéh the line-of-sight averaged
soot temperatures results of Flower [33] in ethgleon-premixed flames. Flower [33]
determined the temperatures from line-of-sight mesments of light emission, where
the average soot particle temperature at the flaemére decreased with height in the
upper half of the flame, except at a pressure ledrl The reason for this behaviour was
that all flames, except that at 1 bar, were soofiagnes; therefore, soot is not
completely oxidized and it escapes from the flaipe From the reported plots, it is
observed that the soot temperature drops with @&song pressure at all heights.
Conversely, the increase of temperature in the ldweniddle portion of the flame is
enhanced by pressure, bringing the values of tesiyrer measured at various pressures
into closer agreement at about the mid height ef ftames [33]. The experimental
results of Thomson et al. [8] applying line of digitenuation (LOSA) and soot spectral
emission (SSE) measurements through the metharilesaie centre at pressures up to
40 bar are similar to those of Flower [33]. In flegnstudied by Thomson et al. [8] no
soot escaped from the flame tip; therefore, allt swas oxidized within the visible
yellow/orange flame region. For this reason, therage temperatures displayed an
increase with downstream distance along the flarie and the temperature curves
converge at the tip of the flame. The overall terapge drop of diffusion flames by
pressure, which is attributed to increased themadiktion heat loss through increased
soot volume fraction has also been reported by@entl. [9] and Liu et al. [20] It is
reasonable to suggest that the decreased removedodfby oxidation, observed at
higher pressures in this study, results from a dnofgmperature due to the increased
radiative loss from the larger volume of soot fodna¢ high pressure.

Figure 6-15 shows the soot temperature profileslifiérent heights above the
burner exit as a function of radial location frohe tethylene flame centreline at P=10

bar. An initial small axial increase in temperattmem H=3 mm to H=6 mm is followed
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by a general axial temperature drop at higher gaaitions. The temperature profiles
show radial temperature gradients across the souilas to a peak temperature. The
temperature then decreases with more increase irathal distance. The position of the
maximum radial temperature moves towards the flaergreline at higher flame axial
positions. The rate of temperature decrease witl prsition increases with increasing
pressure. However, the overall temperature drop imitreasing pressure was observed
at all flame heights, most significantly in the epgalf of the flame. As the pressure
increases, the visible flame gets narrower regylim steeper radial temperature
gradients. The temperature plots of Bento et dlafl Thomson et al. [8] generally
show similar trends of temperature change as atiimof radial distance. The
exception to this is a steeper radial temperattadignt across the soot annulus at lower
axial positions (near the burner rim). This mayatelto the differences in fuel, soot

loading, radiant heat loss, and pressure considerese studies.
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Figure 6-15: Soot temperature profiles at diffetegights above the burner exit as a

function of radial location from the ethylene flawentreline at P=10 bar.
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6.6 CONCLUSIONS

Experiments were conducted in a high-pressure btongetermine the influence of
elevated pressures of up to 10 bar on the soot eé&tye distribution in an
axisymmetric co-flow ethylene-air diffusion flam&oot particle temperatures have
been determined based on two-colour measuremetiteoémission of near infra-red
radiation by soot particles. Two narrow band fgtesf 780 nm and 1064 nm, have been
chosen due to less gas molecules and free radawditgtion in these wavelengths. They
also produce non-saturated photos and it is avelgtnovel approach.

It was observed that flame properties are veryigseado elevated pressures. The
shape of the flame changes dramatically with irgirgapressure. When the pressure
increases, the axial flame height increases ihjitiahd then starts to decrease with
further increases in pressure. The average cras®eisal area of the flame shows an
inverse dependence on pressure. By increasinguoeegswas observed that the soot
formation dramatically increased and the luminoasbon zone moved downward,
closer to the burner rim, filling an increasinggrde portion of the flame. Also the
flame that did not emit smoke at atmospheric presfiegan to smoke at higher
pressures. The soot emission (intensity) alongfldmme centreline, at two selected
wavelengths in NIR, increases with distance from filrel nozzle tip up to a certain
point. It then starts to decrease when positioregges farther downstream of the flame.
The intensity profiles as a function of lateraltdrsce from the flame centre at different
heights showed that at the lower part of the flalom®@jnous soot is mostly distributed in
an annular region. At higher axial heights aboeeftrel nozzle exit the concentration is
pronounced at the flame centre, where the intepsdfile is almost flat.

The temperature results obtained by applying twlotoomethod in the NIR region

have been shown to be consistent with the pyronresylts. Since two-colour data are
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based on measurements of soot emission, tempeyatare only be determined in
locations where sufficient luminous soot existsptovide a resolvable signal. Soot
temperature measurements show that in ethyleneusthfi flames the overall
temperature decreased with increasing pressurehvidiattributed to increased thermal
radiation heat loss through increased soot volumaetibn. It is shown that the rate of
temperature drop is greater for a pressure incseaséower pressures in comparison
with higher pressures. The average temperature afrapout 177 K is recorded along
the flame centreline for a pressure increase fromogpheric to 2 bar and also from 2
bar to 4 bar. However, at higher pressures theafaiemperature drop decreases to 1/3
of the previous temperature drop. It is found thagiplying two-colour pyrometry
method in the NIR region, utilising a commercialgithl camera, is capable of
nonintrusive measurement of two-dimensional sootp&ratures with a simple and
relatively high accuracy approach. The maximum méed error of the method was
found to be about 8%. It mainly occurred at theaeg with the lowest concentration of
soot particles. To the best knowledge of the asthapplying two-colour method in the
NIR region by utilising a commercial digital camdras not been reported in existing

literature.
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CONCLUSIONSAND
SUGGESTIONSFOR FURTHER
WORK

7.1 INTRODUCTION

Experiments were conducted in a high-pressure bummvestigate the influence
of elevated pressure, fuel type and fuel flow matethe shape and buoyancy induced
instabilities in the co-flow diffusion (sooty) flaes. A wide range of the chamber
pressure range (1 to 16 bar) and different hydbmrarfuels (ethylene, methane and
propane) were analysed. The results show thatlfimef structure and dynamics are
strongly dependent on the pressure, fuel type aelflow rates. Global flame emission
dynamics (Chemiluminescence) and high speed imduanwg been applied to study the
diffusion flame dynamics at different fuel type diav rates and at elevated pressures.

The experiments were also conducted on methandowo-diffusion flame at

atmospheric pressure to investigate the effectodfow air flow rate (velocity) on the
179
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flickering behaviour of diffusion flames. The inkiity behaviour of the flame was
observed to be strongly sensitive to the co-flow \alocity. The most striking
observation is that, when the co-flow air flow rételocity) is increased to a certain
level, the flame oscillation is completely suppegséstabilised). The high-speed images
help to visualise the structure of the outer taaibicbrtices outside the luminance flame
and the subtraction of two consecutive images show the luminance boundaries of
the flame is growing at the base and tip of then#aThe schlieren images reveal how
the outer vortices interact with visible flame drat plume of gases.

Finally the experiments were conducted in the hpogkssure burner to determine
the influence of elevated pressures of up to 10obathe soot temperature distribution
in an axisymmetric stable laminar ethylene-air wifobn flame. Soot particle
temperatures have been determined based on tworamleasurement of the emission
of near infra-red (NIR) radiation by soot particl®éarrow band photography and two-
colour pyrometry have been used to gain a bettdenstanding on effects of pressure
on soot temperature distribution and quantitativdesstanding of soot concentration.

In the following a summary of the achievementshi$ PhD research in all above

areas are concluded and the recommendations foefutork are provided.

7.2 CONCLUSIONS

* Fud effectson diffusion flames at elevated pressures

1. The results show that the flame structure and dycsere dependent to the
fuel type and very sensitive to elevated pressures.

2. The shape of the flame changes dramatically witheisising pressure. When
the pressure increases, the axial flame heigheasas initially and then starts

to decrease with further increases in pressure.
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3. The average cross-sectional area of the flardg) (shows an inverse
dependence on pressure to the powen qf.soP"), wheren=0.80.2 for
ethylene flamesn=0.540.1 for methane flames ana=0.610.1 for propane
flames.

4. It was observed that the region of stable combnstias markedly reduced as
pressure was increased.

5. The experiments confirm that a linear dependendyvden the dominant
flickering frequency of the flame and pressure tsxis

6. Harmonic frequencies were observed for both methané ethylene at
elevated pressures. In particular, for the ethyldame a complex power
spectrum was observed consisting of at least fhea& frequency modes with
their corresponding harmonics.

7. In contrast, methane flames at elevated pressiliokerf with one dominant
frequency and as many as six harmonic modes atelgpressures.

8. High-speed images illustrate that the flickeringl dreak-up of the methane
flame for the tested flow rate at elevated pressig@niform (periodic, regular
and reproducible) with a pair of vortex rings at ttase of flame bulge which
breaking away a bulk of the flame tip with furtheglit of this bulk, as it is
burning out.

9. In contrast, ethylene flame at elevated pressfiiders and the flame tip
breaks away in a more turbulent manner which casplieinto at least three
dominant coherent structures. Each has its own dwaios that are most likely
formed as the vortices break up towards the tifneflame as confirmed in the
power spectra. Relatively high smoking tendencyhef ethylene flame was

found to modify the flickering behaviour of thigfhe.
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* Fud flow rate effects on diffusion flames at elevated pressures

1. The experimental results clearly demonstrate tloéh pressure and fuel flow
rate have a strong effect on the diffusion flameadyics.

2. The pressure is observed to change the flame sksipeture, flickering
magnitude and frequency due to enhancement inctimeation and growth of
outer toroidal vortices.

3. The mass flow rate effects on oscillation magnitade structure of vortices
emerge from high speed images. The flickering feaqy, however, remains
almost constant at each pressure despite incnedgeliflow rate.

4. High-speed images have shown that the periodickbupaof the methane
flame at higher flow rates (0.2 and 0.25 slpm) aledated pressures is almost
symmetric, with a pair of equal size pockets ofrféahighlighting the structure
of the outer toroidal vortices with further sepamatat the tip of the breakaway
flame part and it then splits into at least two nkled coherent flame
structures.

5. However, the methane flames at lower flow rate$ &hd 0.15 slpm) oscillate
in a more waving manner and the flame tip is buwut consisting of one
portion of flame tongue.

6. The average of mean pixel intensity (MPI) valuesiifull sequence of flame
images (proportional to the flame emission intgnsat all methane flow rates
has been found to increase with pressure up ta éhka it starts to decrease
with the further increase of pressure.

7. For methane flame at lower flow rates the maximweil@tion wavelengthX)
and maximum standard deviatiom) (of MPI have been observed to occur at 8

bar. However at higher flow rates these parameters a maximum at 4 bar.
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8.

9.

1.

The increase in fuel flow rate increases the magdeiof flame oscillationlL).
The flickering frequency, however, remains almastistant at each pressure.
It has been observed that methane flames flickir @ne dominant frequency
and as many as six harmonic modes at elevatedupessd he peak flickering

frequency of a methane diffusion flame generallyiesa with the chamber

pressure as a function Bf (f=15.7P*%.

Co-flow air effectson diffusion flame dynamics

The buoyant acceleration of hot gases outside ifhesidn flame surface can
cause shear-layer rollup, leading to the formatidrtoroidal vortex rings,
which then interact with the flame surface or thaet plume of gasese
downstream of the flame, depending upon the vallighe Froude and
Reynolds number.

The instability behaviour of the flame was obsert@the strongly sensitive to
the co-flow air velocity.

The most striking observation is that, when thdloa-air flow rate (velocity)
is increased to a certain level, the flame osaiiatis totally suppressed

(stabilised).

. From schlieren images it can be seen that KevirmHeltz instability was

initiated at the very beginning of the fuel nozulken there is no co-flow air.
With the increase of air co-flow flow rate, the tedsility initiation point was
found to move downstream gradually as outer totoidatices interact only
with hot plume of gases father downstream of vesitbhme. Obviously, the
visible flame will become stable if the outer instdy initiation point is well

downstream of the visible flame position.
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5. It is found that higher flow rates of co-flow aireaneeded to suppress
flickering of the flames at higher fuel flow ratéherefore the ratio of the air
velocity to the fuel velocityy, is a stability controlling parameter. The velgcit
ratio, y, of co-flow methane flame as a stability contrajliparameter was
found to be 0.72 for the range of tested flow rates

6. The oscillation magnitudeL{) and the oscillation wavelength\)( were
observed to decrease by increase in the co-flaw air

7. The average oscillating flame height behaviour Wwasodal with an initial
stretch by increasing co-flow then starts to beresing by adding more co-
flow, up to its completely stabilised (suppresdesil.

8. By adding more co-flow air to the stabilised flantewas observed that the
maximum width of the visible flamd) decrease slightly.

9. The average of mean pixel intensity (MPI), whiclamsindicator of the average
flame luminosity, increases first with the co-flaixr flow rate then decreases
with the further increase of co-flow air flow rate.

10.However, the standard deviatiom) (of MPI in a whole flame oscillation cycle
decreases fast towards zero with the increase-tibwoair.

11.The peak flickering frequencies measured from FRalysis of high speed
imaging data and chemiluminescence results incriéasarly by increase in
co-flow air. However, the frequency amplitude showsrapid decrease
particularly at co-flow rates close to the supp@sfow rate.

12.The dominant flickering frequency) (of a methane diffusion flame generally
varies linearly with the air co-flow rate)(as f=0.33 a+11.

13.1t has been confirmed that, the flickering frequeme not a function of fuel

flow rate but it is improving with co-flow air.
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Pressur e effects on soot temper ature in diffusion flames (two-colour method)

. Soot particle temperatures have been determinegédbas two-colour

measurement of the emission of near infra-red tadiaby soot particles.
Theoretical background, discreet considerationghen choice of two narrow
band filters and calibration of the instrument éacre also described.

Two narrow band filters, of 780 nm and 1064 nnyehbeen chosen due to
less gas molecules and free radicals radiatiohesd wavelengths. They also
produce non-saturated photos and it is a relatinelyel approach.

It was observed that flame properties are veryiseagso elevated pressures.

The shape of the stable flame changes dramatwwéltyincreasing pressure.

. By increasing pressure it was observed that theé ®owmation dramatically

increased and the luminous carbon zone moved dominwi@ser to the burner

rim, filling an increasingly large portion of thiaine.

. The flame luminosity at the flame centreline inses first by axial position

from the fuel nozzle. Then the flame became letense with height due to

cooling of the soot particles by radiative losses.

. Despite the flame being over-ventilated with coaflair an extended line of

soot (smoke) at the flame tip appears at a pressuPebar and above. Heat
loss from the luminous soot particles causes byatad leads to slower
oxidation rates of soot, and eventually oxidati@nmot keep up with soot

production, leading to a smoking diffusion flame.

. The intensity profiles as a function of lateraltdrece from the flame centre at

different heights showed that at the lower parthaf flame, luminous soot is

mostly distributed in an annular region. At higlaaral heights above the fuel
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nozzle exit the concentration is pronounced atfthme centre, where the
intensity profile is almost flat.

8. The temperature results obtained by applying twiototomethod in the NIR
region have been shown to be consistent with thenpgtry results.

9. Since two-colour data are based on measurementsoof emission,
temperatures can only be determined in locationsravisufficient luminous
soot exists to provide a resolvable signal.

10.Soot temperature measurements show that in ethyldhesion flames the
overall temperature decreased with increasing pressvhich is attributed to
increased thermal radiation heat loss through as=é soot volume fraction.

11.1t is shown that the rate of temperature drop eatgr for a pressure increases
at lower pressures in comparison with higher pnessuThe average
temperature drop of about 177 K is recorded aldwgfiame centreline for a
pressure increase from atmospheric to 2 bar arw feden 2 bar to 4 bar.
However, at higher pressures the rate of temperattop decreases to 1/3 of
the previous temperature drop.

12. 1t is found that, applying two-colour pyrometry thed in the NIR region,
utilising a commercial digital camera, is capablenonintrusive measurement
of two-dimensional soot temperatures with a simpled relatively high
accuracy approach.

13.The maximum recorded error of the method was fotmdbe about 8%. It
mainly occurred at the regions with the lowest @miation of soot particles.

14.To the best knowledge of the author, applying twtper method in the NIR
region by utilising a commercial digital camera hast been reported in

existing literature.



Chapter 7. Conclusions and Suggestions for FMoek 187

e Summary

The present PhD research study has provided a larmmhdomprehensive dataset on
diffusion (sooty) flame properties under pressures atmospheric to 16 bar as well as
different fuel and flow conditions. Three major gags hydrocarbon fuels (methane,
ethylene, and propane) were examined and the eotalata were compared.

The obtained results on flame dynamics and instigsil confirmed the low
frequency oscillation of buoyant laminar jet diffus flames at atmospheric pressures
obtained by other researchers (e.g. Toong et dl, Rimura [38] Chen et al. [40],
Chamberlin and Rose [39], Albers and Agraj24] and Durox et al. [23]). This
research, however, presents an original researck evocoupling of chamber pressure
and fuel type or fuel flow rate. The peak frequescand harmonics were found to be
functions of both fuel type and pressure. Mappihg stability region of the high
pressure burner and highlighting the differenceswvéen flickering structures of
diffusion flames according to the type of fuel abtained thanks to high speed
photography, Chemiluminescence and image processogniques. The obtained
empirical formulation for the frequency variatiomg pressure as well as the oscillation
magnitude and wavelength data were found to be wfhninterest to the combustion
community due to the practical application of thessults. Despite pressure, the weak
dependence of the flame oscillation frequency @h it velocity was confirmed.

Study of co-flow effects on buoyant jet diffusiolarhes flicker and stabilisation
mechanism also enhanced the level of knowledgéherilame/vortex interactions and
frequencies of flame flicker presented in the prasi studies (e.g. Shu et al. [3],
Lingens et al. [43, 45], Toong et al. [37], KimJB8] Chen et al. [40], Gu et al. [88],
Takeno and Kotani [75], Montgomery et al. [73] aHérmanson et al. [85]). This
research, however, reported the complstgpression of a non-lifted oscillating

diffusion flame by co-flow of air and experimentallillustrated the physical
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interpretation of this interesting phenomenon. Theear increase of the flicker
frequency by co-flow and the empirical formulatiohits trend (for the first time) are
reported.

The obtained temperature results are consistent whe findings of other
researchers (e.g. Flower and Bowman [19], Flow8}, [Bhomson et al. [8] and Bento
et al. [9]), who carried out other experimental moets including SSE and line-of-sight
measurements of emission and absorption. Howewmethe present research it was
found that applying a two-colour pyrometry methadthe NIR region, utilising a
commercial digital camera, is capable of non-intreis measurements of two-
dimensional soot temperatures with a simple, lowt @and relatively high accuracy
system. Moreover, the trends of stable flames heighations by pressure were traced
and empirical relationships between pressure aoslsesectional area of these flames
were proposed according to the fuel type.

As was expected, a significant understanding of lugtion dynamics and
instabilities and soot temperature distributiona@hospheric, high pressure and sooty

conditions was gained from the presented results.

7.3 SUGGESTIONSFOR FURTHER WORK
From the findings in this research work, the foliogvinsights have been suggested for
future research:
* Further research on the fuel variability effects on diffusion flames dynamics
at elevated pressures. Further investigation on the coupling effects aégaure
and fuel type and flow rate on diffusion flame dynes, flickering behaviour
and instabilities are highly recommended. Lack onbwledge in these fields
motivates the study of the diffusion flame dynamios different gaseous

hydrocarbon fuels (e.g. methane, ethylene, propadéutane) as well as biogas
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and biomass fuels. The mixture of these fuels (faelability effects) at high
pressures is also of great interest in practicailmgstion devices. Subsequently,
the full mapping of the stability regime in the higressure burner should be
investigated for each fuel at different flow ratesd co-flow conditions. Part of
this investigation might also include the effectste burner configuration and
different fuel nozzle geometry, material and site.addition to the optical
diagnostic methods, other measurement instrumeats aso be applied
including; a hot wire anemometer for the velocltycfuation measurement and a

sound pressure level meter for the pressure flticluaeasurement.

* Further study on the interaction mechanism of the flame and the vorticesin
the non-lifted co-flow diffusion flames utilising different visualisation
techniques: The exact mechanism of flame flickering in diffusiflames as a
buoyancy-induced instability is not fully understiod he flickering of a laminar
diffusion flame is known to be caused by the intBom of the flame and the
vortices, both inside and surrounding the flameagtliscussed previously. The
vortex dynamics are believed to play a vital rolethe formation of different
flickering modes in oscillating flames. Therefohe tstudy of these vortices and
their interactions with the flame, particularly elevated pressures, is of great
importance to the understanding of the instabifitgchanism of oscillating
laminar and turbulent flames. Utilising differenswalisation techniques such as
high speed schlieren (to visualise the outer flarmgex dynamics and their
interaction with the co-flow air) and laser-basedgdostic techniques such as
Laser Sheet Tomography (LST), Planar Laser Inditedrescence (PLIF) and
Mie-scattering (to correlate between the invisilmv field and the visible

flame) are highly recommended. In addition, emplgyiimage processing
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techniques such as subtraction of consecutive bmged images and flame
colour characterisation techniquemay provide more insight in to the

generation, growth, movement and interactions e$¢hvortices.

* Numerical study of instabilities in oscillating co-flow diffusion flames: The
general problem of instability in high pressure bwoistion systems affects all
measurements and flame properties. For the pressearch the flame became
more unstable at higher flow rates and pressurés iicrease at co-flow air
modified the instability of the flame by a lineacrease in flickering frequency
and stabilisation at a certain air flow rate. Thesgults show the influence of
these parameters on buoyancy induced instabiliges Kelvin-Helmholtz and
Rayleigh-Taylor) on different gaseous flames. Femtinsight on the roots,
effects and prevention methods of the combustistabilities may be gain from
numerical (simulation) study using commercial (&lgilent and CHENKIN) and
domestic software. The chemistry of combustiongtiea processes and species
may be considered in more details by using comae@HENKIN software in
conjunction with Fluent to investigate the effecfschemistry on flickering
behaviour of sooty flames. Talate, detailed explanations for high-pressure
mechanisms and how they may differ from atmosphmessure mechanisms is
still quite obscure. Therefore, further researcho ithe mechanisms under
pressurised conditions is important to help esthbla greater degree of

knowledge on this matter.

* Online measurements of soot temperature and concentration in a flickering
flame: In the present study, two-colour pyrometry metihodhe NIR region,
utilising a commercial digital camera, was showrb&a capable and accurate

approach for achieving two-dimensional soot temjpees in a stable flame.



Chapter 7. Conclusions and Suggestions for FMoek 191

Soot radiation at two different wavelengths wasfibto be proportional to both
soot temperature and concentration. During the raxeats with the propane
flame, it has also been observed that soot caneinfle the flame flicker to such
an extent that the oscillation is completely suppeel. Furthermore, the
temperature drop in ethylene diffusion flame byréased pressure modified the
flame structure by producing an extended line aft &t the flame tip (smoking
flame). Thus simultaneous study on soot formatommcentration and oxidation
along with the temperature distribution in a flidkg diffusion flame will also
enhance understanding of the impact of soot orflamee flicker. In practical
systems, investigation of combustion phenomena rurattual operating
conditions at high pressure is of critical impod@anOnline and continuous, two
or three dimensional measurements of soot voluraetibm and temperature

distribution are highly desirable in modern comhmrstsystems such as gas

turbines. In order to utilise two-colour method tbis purpose, it is important to
collect both narrow band images simultaneouslysTitidue to point-to-point
nature of the measurements in optical soot diagrsostethods. Stereo imaging
technique, using beam splitter or prism, or utigstwo digital cameras with a
synchronising system in addition to a proper calion procedure may be

considered as the main solutions.
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APPENDIX A

Technical Specifications of IR Two-Colour Pyrometer (INFRATHERM IS 5/B;

Basic ranges:
Spectral range:
Lens assembly:
Spot diameter
Accuracy: (on black
body source)
Resolution:
Temperature coeff.
Repeatability:
Response time t90:

Soot factor, n:

Switch off:

Analog output:
Power supply:
Power consumption:

Serial interface:

\ At by Iy g0 ,“‘"M
800.,.2sggac

800...2500 °C
0.7...1.1n
Focusable, 250 mm and more
1.5 mm for minimum distance (250mm)
<1500 °C £ 0.5 % of measuring value in °C + 2 K
> 1500 °C £ 1.0 % of measuring value in °C
<l°C
+ 0.25 K per K change of decase temperature
0.2 % of measuring value / °C + 2 K
<10 ms, adjustable upto 10 s
n=0.50 ... 2.50(usually n=1.2 footy flames with unknown
soot factor)
below minimum intensity (2% ... 50%jastable via
interface)
Linear, switchable O or 4 ... 20 nirden: 0... 500 W
24 V DC * 25 %, stabilised, ripple®d<BV
Less than 3 VA (with laser paint
RS 232 or RS 485 addressable
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Parameters:

Alignment:

Peak memory:

Insulation:

Safety class:

Safety system:
Storage temperature:

Operating temperature:

Weight:

adjustable at the converter’s rear side:
soot factor, response time, 0 or 4-20 mA analoguiyt
switch to one-channel intensity mode, online/oélin
adjustable and readable via interface;
soot factor, response time, parametring the analdgut,
temperature sub-range, , clear time and extereal df the
maximum value storage, address, bound rate
only readable;
measured valu@ptical thickness, spectral temperature and
internal temperature of the instrument
non-parallax through-the-lens sighting

Single or double storing peak memory
clearing: timer, external clearing contact, autaoadiy with
new measuring object or via interface

pyrometer, analog output and seriariiaice are galvanically
separated

| (according to VDE 0411)

IP 65 (according to DIN 40050)

-20...70 °C

0...70 °C (housing tempezatu

550 g

The spot diameter calculation in Infratherm pyroenet

M, =22(M+D)-D M, =21(M-D)+D

a) —

oM,

@ M1 : I'!




