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Abstract

Abstract

This is an experimental study of soot formation in mechanical precessing jet (MPJ)

bumer flames. The Mie diagnostic technique was implemented to provide qualitative

visualisation of the zones of soot formation. A range of conditionally sampled

experiments was carried out. The characteristic Reynolds number based on the nozzle

diameter, was varied from 4329 lo 11223 and the Strouhal number based on Ihe nozzle

diameter, was varied from 0.0042 Io 0.0245. The nozzle diameter was fixed af 5 mm

and thejet exit angle at 45 degrees.

Experimental data were collected and used to perform semi-quantitative soot volume

fraction calculations. The semi-quantitative measurements of soot intensity show that it

increases with increase in both Re and Sl numbers, however, the latter is more

influential.

The instantaneous images reveal that soot is predominantly formed in sheets of varying

thickness, often reaching 30-40 mm. Very little soot is observed in the near nozzle

region, which is consistent with the idea that the formation of soot in appreciable

quantities is kinetically limited. Readily observable are very broad regrons of low

signal spanning much of the flame. These broad regions are more prevalent in the high

^Sl 
number flames where strain rates are lower and residence times are longer.

The experin-rental results support the hypothesis that low strain in a diffusion flame

promotes soot formation and high emissivity (ie. soot formation correlates inversely

with flame strain).
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1. Introduction

1. Introductton

The conversion of fossil fuels into energy is the most important chemical process used in

stationary and mobile combustion devices. The detailed knowledge of all combustion

phenomena in such combustion devices is therefore highly relevant. The limited resources of

fossil fuels and the gndesirable formation of air pollutants demand efficient control over the

combustion processes. The interaction of the chemical kinetic system with its vast number of

steps that describe the chemistry of combustion, with the dynamics of the fluids corrplicates

this control. The process of formation of soot is the most complex process in flames because

the soot particles, containing several thousands of carbon atoms are formed from simple fuel

molecules within a few microseconds and the high number of molecules and particles, of

different form and size, involved in this process can not be quantified. However, there are

such diagnostic techniques as Laser-Induced Incandescence (LII) and Mie scattering

technique that allow quantitative (LII) and semi-quantitative measurements (Mie scattering)

of the soot intensity and its spatial distribution - a knowledge that is central to understanding

of this combustion process.

The formation and destruction of soot (formula -Cs,'H,') is an important feature of non-

premixed (diffusion) hydlocarbon/air flames. Soot particles are a primary source of the

luminosity of such flames, contributing to radiant heat losses from the flame with peak

emissions at wavelengths in the infra-red region of the spectrum. In processes where radiant

heat transfer is desirable, such as in lirnaces and boilers, soot formation during combustion is

also desirable. As an example, in cement kilns heat is transferred from a flame to the bed and

to the rotating walls of the kiln by radiation, which then transfer the heat to the reactants via

l-l



1. Introduction

conduction. However, the combustion in such flames is often not 100% complete and, if not

ophmised or controlled, can result in the emission of soot that exceed permified norms, thus

causing environmental problems.

1 .1. The Precessing Jet Phenomenon

The mixing field produced by a nozzle affects the specific fuel consumpúon, the level of

emissions and the excess air required, all of which should be minimised in industrial

applications. An interesting engineering technology that allows high luminosity and low level

of soot and NO* emissions from a flame is realised in the Fluidic Precessingt Jet (FPJ) burtler.

The FPJ burner produces large-scale vortical rol1-ups close to |he nozzle exit plane, allowing

pockets of air to be engulfed within the gas envelope without using high velocity gas or air

jets. Fuel-rich combustion is deduced to take place locally in pockets within the gas envelope,

resulting in cracking of the natural gas and the creation of intermediate soot particles, thereby

creating a highly luminous flame. A schematic diagram of the FPJ nozzle is shown in Figure

1-1.

The precessing jet phenomenon is generated naturally by a fluid mechanical instability which

results from the fluid passing through an orifice plate or nozzle and undergoing a large abrupt

expansion in a short cavity. As the jet passes through the small orifice and into the

' The term "precession" is used here to describe the gyroscopiclike motion of a jet about an axis other than its

own.

t-2
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Fig. 1- I . Basic configuration of the Fluidic Precessing Jet (FPJ) nozzle and the

flow patterns within it.

chamber, it experiences a sudden expansion. This produces a jet which then asymmetrically

re-attaches to the inside wall of the chamber where it remains attached until it approaches the

exit lip, at which point it separates before being deflected at an angle of about 60o across the

nozzle axis. As the deflected jet leaves the chamber it precesses, and stabilisatìon of the

flame occurs within the region immediately downstream from the nozzle exttt .

V/hile the efficacy of the FPJ burner has been proven in practice, its very nature means it is

difficult to shrdy at the fundamental level. This difficulty arises because the flow field it

produces is continuously unstaúle, which is believed to be the source of the efficacy. In order

to aid in understanding the mechanisms of the precessing jet flow, the mechanical precessing

jet (MPJ) bumer that simulates important aspects of the FPJ burner was developed in the

School of Mechanical Engineering, aI the University of Adelaide. The MPJ flame is well

suited to providing further insight into the relationship between mixing, radiation, soot

1 Further details can be found in Parharn et al. (2000).

l-3



1. Introduction

formation and NO emissions because it allows a wide range of flame strains to be generated

with constant jet Reynolds number and fuel flow-rate. Further details of the MPJ burner can

be found in Chapter 3.

| .2. Objectives of the Current Work

fB."urr. of the relative simplicity of the experimental system and high level of the signal, the
L

Mie scattering technique will be used to explore the structure of soot in flames whose

turbulence structure is modified by precession for different conditions of flow and frequency

of precessionJ An MPJ burner that allows the parameters that determine the mixing field,

such as jet diameter, exit velocity, frequency of precession, and deflection angle to be varied

independently, wi1l be used as a source of the required tr-rrbulent non-premixed flame.

Data about the dependence of the soot intensity on important paraneters that determine the

mixing field (exit velocity and frequency of precession) will be collected. The relationship

between flame strain and soot formation, and its role in radiant heat transfer will be assessed.

t-4



1. Introduction

1.3. Thesis Overvrew

The basic principles of Mie scattering technique, the generally accepted theories about the

origin of soot in flames, and the experimental methods are described in Chapter 2.

The experimental equipment, procedures and sources of error used in the present study are

described in Chapter 3. This includes a concise description of the experimental operating

procedure, the safety operatrng and personal protection requirements. The data correction

procedure is also given in this chapter.

The semi-quantitative measurements of soot intensity and their correlation with flame strain

are presented and discussed in Chapter 4.

Conclusions are given in Chapter 5 together with the plans for future development of the

findings of the current work.

Finally, Appendix A gives a broad selection of images at various experimental conditions,

while Appendix B provides the results from a visual examination of zones of high luminosity.

This work contains 22 Figxes, T Tables and 2 Appendices. A Thesis Map illustrates the

structure of the current work.

l-5
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Thesis Map

5. Conclusions

4. Experimental Results

2. Literature Review

1 . lntroduction

3. Experimental

Appendix A. Selection of lmages at various Experimental conditions
Appendix B. Visual Examination of Zones of High Luminosity
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2. Literature Review

2. Literature Review

2.1. Soot Diagnostic Techniques

Generally, the techniques that allow imaging in a two-dimensional plane include LIII (eg.

Eckbreth (1977), Melton (1984) and Shaddix et al. (1996)), Mie scattering (eg' Chao et al.

(1990) and (1991), Clemens et al. (1991)), Raman scattering (eg. Schefer et al. (1994)),

Rayleigh scattering (eg. Everest et at. (1995)) and Planar Laser lnduced Fluorescence (PLIF)

(eg. Dimotakis et al. (1983)). Fundamental elements of the layout of the experimental

apparatus are the same for all of these techniques. The essential ingredients are a sheet of

light produced by a laser bean, suitable optics through which the beam is passed and a

detector, which can be a solid-state array or photographic f,rlm. The beam produced by the

$v 
excitation of

species within the flow field. The signal is collected by the detector and is stored for

processlng.

A comparison of the relative signal strengths from an analysis by Eckbreth (1988) of

comparable experiments using the various laser diagnostic techniques is shown in Figure 2-1.

It highlights that the Mie scattering signal is orders of magnitude larger than the signal from

Raman and Rayleigh scattering, and PLIF.

laser generates a signal either by scattering frorn particles or molecules or
o

I
I
I

I

t LII uses pulsed laser.excitation to heat soot to far greater temperatures than the flame and exploits the resultant

e¡.rission. The laser light is directed through the flame in a line or sheet. The tenrperatule of a soot particle

rapidly rises to its vapãrisation temperature, roughly 4000 K, for high laser intensities. The particle therrnal

emission at these elevated temperatures increases-ancl shifts to the blue, in contrast to the nonlaser-heated soot

and flame gases. One- and tw;-dimensional imaging measurernents can then be made with a gated, intensified

arTay camera.

I
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Fig.2-1. A comparison of signal strength for different laser diagnostic
techniques, after Eckbreth ( I 988).

Techniques suitable for instantaneous mapping of the soot distribution in flames are LIF and

Mie scattering. There are many practical benefits of using LIF for soot concentration

measurements. With proper calibrations and choice of detection wavelength, detection

gating/duration, and laser intensities, the LlFtechnique is believed to be ideal for use in flames

that produce large gradients in soot concentrations and for determining instantaneous soot

distributions in turbulent flames. However, LII requires undesirable, very high laser energy

ouþuts, with a typical value of 285 mJ per pulÐ see Ni et al. (!995). This energy is two

hundred times larger than the laser ouþut energy required by the Mie scattering technique

(typically a magnitude of -1.30 mJ.). Thus, the major advantage of the Mie scattering

technique is that it provides strong scattered signal, using relatively low laser ouþut energy,

îa
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or alternatively, stronger signal allows a larger sheet, and hence tmaging of the entire flame,

or significant section ofit.

2.2. The Mie Scattering Technique

The technique of imaging a flow by scattering light from small particles is generally known as

Mie Scatter ing, Loreru-Mie Scattering or Marker Nephelometry. This technique is based on

the phenomenon first mentioned by Mie (1908) that the scattering of a plane wave by a

homogeneous sphere (the size of the sphere must be comparable with the wavelength) leads to

the formation of a spherical wave. The Mie scattering technique is of special interest for the

present investigation because of its high signal strength, enabling a large flow area to be

investigated.

The feasibility of the technique for use in experimental investigations of flows was initially

begun by Rosensweig et al. (1961) and further explored by Becker er al. (1963), (1967a) and

(lg67b). A detailed description of the theory and experimental application of the technique is

revìewed by Becker (1977).

2.2.1. Experimental Methods

There are three basic methods for utilising Mie scattering to image selected regions of flows

2-3
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understood, there is a general consensus that soot is formed in the following four-step

sequence:

I Formation of precursor species. ln this first step, Polyaromatic Hydrocarbons (PAHs)

are formed as the precursor species, acting as an intermediary between the original

fuel molecule and a primary soot particle. Chemical kinetics, rather than diffusion,

dominate this step.

particle inception. This step involves the formation of small, 3000-10000 atomic

mass units (a.m.u.), particles by chemical means and from coagulation. It is in this

step that the molecules are recognisable as particles.

Surface growth and particle agglomeration. This occurs as the small soot parhcles

continue to be exposed to species from the pyrolising fue1 as they travel through the

2.

J

4.

flame.

particle oxidation. This occurs when the soot particles pass through the oxidising

region of the flame. If all the soot particles are oxidised, the flame is termed

nonsooting, while incomplete oxiclation gives rise to a sooting flame.

Fialkov (1997), Calcote et at. (1988), and Calcote et al. (1994) proposed that soot requlres an

ionic nucleus. On the other hand, Homam et al. (1967), Frenklach et al. (1987), and

Frenklach et at. (1991) consider that charged species do not participate in these earliest stages

of the production of soot; instead they have formulated reaction mechanisms involving only

uncharged radicals and molecules.

1<
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Hayhurst et at. (1989) accepted that there could be both an ionic route to soot and another

involving neutral species. Thus ions, formed in processes like

CloHlo + CeH -l C22H11* + s

some 2-3 mm downslream of the reaction zone of a hyclrocarbon flame, have been proposed

by Hayhurst et al. (1989) as nuclei for soot'

Fialkov (lgg7) proposed the following ionic route. The starting point is an ion such as C¡Hs*,

which, in all probability, is procluced in the reaction zone of a hydrocarbon flame by

CH+ CzHz -+ C3H3* -| s-

where one or other of the reactants might be (but is not required to be) electronically excited.

Another likely source of C3H3* is proton transfer to the radical C:Hz from a flame ion such as

CHO* (see Graham et at. (1984)). Ions such as C:H:*, CHO*, C¿Hs*, CoHs*, CtHl and the

polyacetylenic ions C*H:*, with x up to -8, appear very early in the reaction zone of a flame

of a hydrocarbon burning in air, especially one rich enough to produce soot (see Hayhurst e/

at. (l9BZ)). The maximum concentrations 1-10rr-1012 ions ml-t) of these ions add up to

almost the same order of magnitude as the concentrations of soot particles appearing

downstream in the burnt gas. Thus, these natural flame ions appear to be likely nuclei for the

production of soot. Also, Hayhurst et al. (1987) found that straight-chain ions could cyclise

more rapidly than uncharged hydrocarbon radicals in a flame. After these primary ions have

been formed, the ionic mechanism assumes there follows relatively rapid addition of C2H2

2-6
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and CqHz (commonly present in signifìcant amounts in a flame sufflrciently fuel-rich to yield

soot) to the linear isomer of C3H3* in the following steps, (see Hall-Rob erls et al' (2000))

C:H¡* + CzHz -+ C5H3* + 1¡,

CrH:* * CzHz -) CsHs*

C¡Hs* + CqHz -) C5H3* + CzHz

C:H¡* * Ca,Hz -) CzHs*

In some flantes, other radicals such as C2H, C¡Hz and C6H2, rnay be reacting in a similar way

with C:H¡*. Subsequently these positive ions continue to grow by further exothetmic addition

of C2H2,CaH2, eIc., so that aromatic ions like Cr:Hq* and C1eH1¡* (with three and five rings,

respectively) are found by Fialkov (1997) in the complex mass spectra' Eventually, but

relatively quickly since ionic reactions can be faster than those of neutral species, ions with a

mass of 2000 a.m.u. appear (see Bachmann et al. (1994). Contributing to the growth of such

large ions are most probably uncharged PAH molecules with masses of -400 ú'm'u' (see Hall-

Roberts et at. (2000)). Inevitably a positive ion of mass -2000 a.m.u. is overheated, because

it has acquired the exothermicity of growth reactions and also of coagulation. This large

,,hot, ion can dissociate to give a smal1 positive ion (possibly C¡H:* or the positive ion of a

tiny PAFI+). Alternatively, reaction of the large hot ion (-2000 a.m'u') with a small, but

neutral pAH can also produce a small PAH ion and thereby remove excess energy from the

hot ion. In both these ways, the large hot ions produce tiny ions, which again experience

growthup to a mass of -2000 a.m.u.

a1



3. Experimental

3. Experimental

The aims of the present investigation are to assess the dependence of the soot formation on

important parameters that determine the mixing field (exit velocity and frequency of

precession) and thereby assess the relationship between flame strain and soot fotmation and

its role in r.adiant heat transfer. The experimental equipment and procedures used in the

present study are described first. The experimental operating procedures, issues of safety and

personal protection requirements are also described concisely.

3.1. Experimental System

A light sheet was formed by focusing the laser beam through a long-focal-length (l ^)

spherical lens and then diverging the focusing beam in one dimension with a cylindrical lens.

The resulting sheet of laser light was directed through the flame. Light, scattered by the soot

particles, was collected by an ICCD camera orientated at right angles to the laser sheet. The

collected images \Mere processed to provide a concentration map of soot particles in the flame.

Use of a suff,rciently short pulse of the illuminating sheet (5.4 ns) froze the turbulent motion

in each imagel. The instantaneous images, in digitised format, were further processed to

provide a range of clata.

I The calculated maximurn jet exit velocity, (/o was 37.08 ms-r (this corresponds to a maximum value of the Re

number of 11223). Since the duration of the laser output pulse was 5.4 rs (see Quantel BrilliantB Instruction

Manual (1996), the relocation of any point of the stream from the beginning until the end of a single image

collection, could not exceed,0.2 pm. Thus, the defonnation of the images is negligible.

3-l



3. Experimental

A schematic diagram of the general arrangement of experinental apparatus is shown in Figure

3- 1 . The major items of equipment and their performance characteristics follow.

A) Laser

To obtain a relatively strong Mie scattering signal a Q-switched, pulsed Nd:YAG laser model

"Brilliant BW" irradiated the flame. The fundamental wavelength of the laser, 7064 nm, was

frequency doubled lo 532 nm, which is in the visible green region of the spectrum. The laser

has a maximum energy per pulse of 385 mJ, a l0 Hz repetition rate, and a pulse duration of

5.4 ns. To avoid the generation of laser induced incandescence of the soot particles, the actual

energy of the ouþut pulse was maintained aI1.30 mJ.

The laser provides three modes of operation: manual, automatic and extemal. The first mode

is mainly used to check the normal operation of the power supply and of the flashlamps.

Laser emission should not be obtained under this mode. In the automatic (internal)
Ð

synchronisation mode, the "fire" command is generated automatically at a rate determined by

an internal clock. The trming diagram of this mode is shown in Figure 3.2. The external"ø

mode was used in the current work because it allows the laser emission to be synchronised

with the experimental system. The accuracy of this mode varies from a few zs to about 10

Its. For Q-Switch synchronisation a signal must be set with delay following the external

firing in the order of 275 to 330 ps if the maximum ouþut energy is to be obtained. The

delay was adjusted to 38_0-g{here to obtain the required9Rltqy[Ælel4y" of 1.30 mJ. A full

description of the laser and operational instructions can be found in Quantel BrilliantB

Instruction Manual ( 1996).

)-z



Timing
Box

Nozzle
frequency

control box

Programmable
Pulse Generator

Model PG-200

Camera Controller

Model ST-138

Gas
Controlling

Board

Pulse Train-
Generator

Pulse Extender

2m

0.43 wt

Computer

ICCD
Detector
Model ICCD
s76 Glr

Cylindrical lens

f ", = -I2.7 mm

Laser Control
Unit

(Q-Switch)
(Flash Lamp)

NdYAG Laser
Model IEC 825-1 (1993)

Mirrors

Magnet &
Magnetic

Sensor

MPJ
Burner
Base &
Engine

Low Pressure
Natural Gas

High Pressure
Natural Gas

MPJ
Burner
Nozzle

Spherical lens

f , =7mJ SDtì

0.48 m

Fig. 3-1. A schematic diagram of the experimental system

used for Mie scattering.
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3. Experimental

The burn pattern of the laser beam aT 532 nm wavelength and a distance of 30 cm from the

optical head of the laser, and the far field pattern at 1064 nm ate shown in Figure 3-3. The

average radius of the burn pattern, rb,,, is -0.4 cm. The properties of the beam are

summarised in Table 3- l.

Table 3-l of the laser after BrilliantB Instruction Manual 1

B) Optical Arrangement

The optical system (Fig. 3-1) included two flat beam steering mirrors aligned aI 45", a

spherical lens with a focal length, f,pn, of I m anda cylindrical lens with a focal Tengfh, fr¡,

of -12.7 mm, a1l situated on adjustable optical mounts. The distance between the cylindrical

lens and spherical lens, ,s' , was 0.48 m. The distance between the axis of rotation of the

nozzTe and the cylindrical lens, s" , was 0.43 m. The mirrors were coated to maximise

reflection of the 532 nm beam. The optics transfotmed the cylindrical pulse into a light sheet

by focusing the beam through a spherical lens and diverging the beam in one dimension

through a cylindrical lens. For safety reasons the laser beam path was suTrounded by non-

transparent shields and a beam stop absorbed the transmitted light.

Divergence minor 3335 x l}-t mrad
orDivergence Sln x 10-t mrad

Gaussian minor centroid 3.038 x 103 ¡t m
Gaussian major centroid 3.439 x 103 ¡t.m

roundness 0.650
rotatronElli -21 deg¡ees

3-4



3. Experimental

lnternal fire order
of flashlamp
(ou"r sYNcHRo)

50 ¡rs

------fl - 175 ¡rs

Flashlamp
electrical pulse

I
I
I
I
I
I
I
I
L
I
I
I
I
I
I
I

- 285 ¡ts

Neodymium
fluorescence

Q-switch internal
trigger

f+l .- zPs

-500
I

ns +500 ns

rt
ll
tl

r¡

Q-switch (OUT
SYNCr{RO)

I

+¡ - 45 ns (build up time)

- 6 ns (FWHM)

Laser ouþut
pulse

Fig.3-2. Timing diagram of the automatic (internal) synchronisation laser mode, after

Quantel BrilliantB Instruction Manual (1996).

\o.)Å^'

3-5



3. Experimental

A)

B)

Fig.3-3

A) The far field pattern of the laser beam at 1064 nm wavelength;

B) The burn pattern of the laser beam at 532 nm wavelength and a distance of
30 cm from the optical head of the laser. The average radius of the burn

pattern, Yu,,, is -0.4 cm.

The patterns are taken from Quantel BrilliantB Instruction Manual (1996).

C) MPJ Burner

The mechanical precessing jet is based on mechanical rotation of an inclined simple jet

around the burner axis. It allows independent control of the dominant parameters that

determine the jet behaviour: jet exit angle, Q , nozzle diameter, dn, ftequency of rctation, f ,,

and jet exit velocity, (Io via the characteristic Reynolds, Re=d,(Jopf p, and Strouhal,

St=fpd,fUo,numbers. Here p isthedensity and p thedynamicviscosityof thefueljet.

The nozzle diameter, was hxed at 5 mm, Tine nozzle deflection angle at 45o, and the frequency

of precession varied from 0 to 75 Hz in the current experimental set. A schematic

representation of the MPJ nozzle is given in Figure 3-4.
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t +

S€aþd ball bearings Defleclíng nozzþ t¡p

Slatbnary sþana Wire scre€n

Fig.3-4. A schen-ratic diagram of the mechanically rotated

precessing j etnozzle (MPJ), after Nobes et al. (1996).

F

d Lrú

Fig. 3-5. The MPJ coordinate system, after Schneider et al
(1997). Thenozzle rotates around the nozzTe axis, z at a

frequency of precession, f o 
-

The MPJ coordinate system is shown in Figure 3--5. The nozzle rotates around the nozzle

axTs) z.
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Magnet

Magnetic
Hall-effect

sensor

Motor

Fig. 3-6. Base of MPJ nozzle.

D) MPJ Burner Base & Motor

The base of the MPJ burner suppofts the burner, the electrical motor, (ABB 3 Phase CI.Fll

IEC34 MT8OAI9-4 Mkl10018-L), a magnet that was located on the axle of the bumer and a

magnetic Hall-effect sensor. The axle of the MPJ burner was connected to the electrical

motor through a transmission. Angular frequency of the motor was controlled by a frequency

control unit, Model ABB ACS 2, which allows the nozzle rotational frequency to be set

between zero and. 100 Hz, maintaìned within 0.01 Hz- The burner was balanced to reduce

vibrations that occur at high frequencies. This included using a spirit level to ensure the

adjustable table was level, and by clamping lead weights to the burner table' The burner was

fired upward underneath a lm X llz exhaust hood' A schematic diagram of the MPJ burner

base and motor is given in Figure 3-6.
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Natural gas

200 kPa
al

Pressure
gauge

Flowmeter On/off valve

Natural gas at

maxrmum
pressure of l3

kPa

Regulator

To MPJ
burner

Fine
regulation

valve

Fig.3.7 . Schematic diagram of gas controlling board.

E) Gas Controlling Board

The fuel used in the experiments was natural gas. The R¿ number was varied from 4329 To

11223, corresponding to inlet pressure of the gas from2to 13 kPrt. The functions of the gas

controlling box were firstly, to reduce the pressure of the delivered natural gas from 200 kPa

to the required pressure, and secondly, to regulate the gas flow rate. The gas controlling

board comprised an on/of valve, a regulator, a fine regulation valve, a ABB F&P VA

flowmeter (model 1043500, P/No I0A3565ADT60A), and a pressure gauge. The tube of the

flowrneter was FP-l/2-17-G-10183, P/No 4488557VO1, the float was STD Float %-GUSVT-

413, PAtro 6038520T60. A schematic diagram of the board is shown in Figure 3-7.

F) Magnetic Sensor and Timing Box

A magnetic Hall-effect sensor was mounted to the rotating base of the MPJ burner to generate

a triggering pulse with each rotation, thus the number of signals was equal to the frequency of
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rotation of the btrner, f o. The timing box reduced f signals per second to one l0 ¡ts

signal per second. This signal triggered the laser and the camera at a constant phase of the

nozzle relative to the laser beam.

G) Programmable Pulse Generator and Pulse Extender

The programmable pulse generator model PG-200 received the signals from the timing box

and gener.ated time delayed signals to the laser flash lamp, Q-switch and ICCD detector. Full

details about the pulse generator can be found in the Operation Manual (1991). The delay

time was 10 ps to the laser flash lamp, 390 ps to the laser Q-switch, and 394.17 /l.ç to the

ICCD detector. The function of the pulse extenderwas to extend the duration of the l0 ¡t s

signal from the timing box to that required by the laser flash lamp and Q-switch triggering

signal of 25 ps.

H) ICCD Detector and Camera Controller

The light sheet interacts with the flow field and the resulting signal (scattered light), from the

image window is captured by an image intensihed (ICCD) detector, Model ICCD 576 Gll'

The operating parameters of the detector are listed in Table 3-2. Full details can be found in

ICCD Detector Operation Manual, Version 3.8, P/NI 4411-0009, Princeton Insttuments Inc.,

Trenton, NJ, USA.

The plane of the incident laser light was aligned to be perpendicular to the viewing window of

the detector. [tn" gate width of the detector was 20 ns. This small gate width prevented

interference from the flame luminosity and allowed detection of the relatively strong Mie

scattering signal. 
-.1
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Table 3-2. operating parameters of the lccD 576 Gl1 detector, after operation Manual,

Princeton Instruments Inc.

The camera controller, model sT-138, transformed the analogue signals from the ICCD

detector to the digital signals required by the computer video card' Full details of the

controller can be f'ound in ST-138 Controller Operational Manual, Version 3, Revision E,

Princeton Instruments Inc., Trenton, NJ, USA, l99B'

Itl Data Visualising and Analysing Equipment

A computer, whose video card was connected to the camera controller was used to collect the

signals. The images were analysed using Spyglass "Transfom" software, Version 3'0 (see

Spyglass Transform Quick Tour and Refèrence (1993)), which converted the images into

matrices with a certain number of columns and rows. Every image had 576 x 384 pixels

correspondin g Ío a fìxecl spatial location since the burner, the camera and the optics were nolJ

Nitrogen Gas 1-2 liters per minute initially, 750-1000 ml per minute during
Water Flow l-3 liters minute for maximum

Noise 1-1.5 counts in Gate mode
12%

Red-blue 1 B0-800 Red 360-920 nm
Deca 2ms 300 ¡øs IS

Photocathode Dark Red-blue enhanced, < 5 counts/pixel-second; Red-enhanced, < 15

-second

Response Linearity Better than lYo for the upper 95olo of range in

Slightly non-linear response at lower 5o/o of tange. due to phosphor
Shutter mode.

Gating ON/OFF Ratio 5xl I

Gating Speed Fast Gate Intensifier, 2-7 ns FWHM; Slow Gate Intensifier, 50-70

¡zs FWHM

Sensitivity Variable gain adjustment allows sensitivities from l-70 counts per

lectron

Geometric Distortion <1
Spatial Resolution 85 pm spot size FWHM

Method of l:1 hber
Intensifier 18 mm

CCD Arrays pixelsorX576EEV mfrane84J pframe 22.5transfer 22 .5
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moved. The data were stored in B bit digital format, which means that the value stored in

every pixel could vary from 0 to maximum 256 depending on the intensity of the received

signal. The data were used in the fuither statistical calculations.

3.2. Experimental Operating Procedure

I fn" start-up and shut-down procedures of the laser are given in Chapter IV of the Quantel

BrilliantB Instruction Manual (1996). An integrated timing diagram is shown in Figure 3-8.

Details can be found in the previous section.

Note that a Iatget was positioned on the axis directly above the nozzle prior to the

commencement of the experiments. It was used to (i) determine and optimise the field of

view of the ICCD detector, (ii) focus the camera, and (iii) it was used as a reference for the

spatial resolution of the experiment. I

3.2.1 Flame Ignition and Extinction Procedure

The flame ignition and extinction procedure included a sequence of the following steps:

1. Ensure suction fan ofexhaust duct is on.

2. Check that fuel orVoff valve is closed.

3. Open valve on bottle and set operating pressure using regulator

4. Open fuel orVoff valve.
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5. Select suitable low gas flow rate for ignition.

6. Ignite the natural gas.

7. Collect data.

8. Reduce the flow rate to minimum.

9. Tu¡n ofïthe fuel orVoff valve.

10. Turn off the valve at the gas cylinder.

3.2.2. Data Collection

1. The MPJ Burner was positioned under the extraction hood with the light sheet passing

through the geometric axis of the nozzle. The field of view and the focus of the ICC[)

were optimised using the target. The size of the instantaneous Mie scattering image area

was fixed at 16 cm height and23 cmwidth. The image area was smaller than the flame,

so the images were only from a fixed part of the flame, beginning from about 10 cm above

the nozzle.

2. About 20 images of the light sheet were collected. An averageof these was later used in

the data correction process. Note that the position of the light sheet and the quality of the

light sheet did not vary sigmhcantly from experiment to experiment. Also, the camera

was not moved until after the end of the set of experiments. This ensured that the field of

view of each pixel remains constant.

3. About 20 images of the backgroundwiththe laser ofïanclthe same number of images of

the background with the laser on were collected. These data were used in the subtraction

of the background subradiation (noise).
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Computer Camera Controller

Flame
ICCD Detector

(gate width 20 ns)

Laser

Laser

Q-Switch

Laser Flash
Lamp

Pulse Extender
l0 ps

25

Outr-t
InJL

Programmable
Pulse Generator

Tirning Box

Magnetic
Sensor signals

Timing Box
signals l.s

r0 lß

Magnetic Sensor

t =to

t =to I 390 lts t =to r l0 lts

Laser
t = to I 394.17 ¡t.s

Scattered light

Digital
signal

Analogous signal

Fig. 3-8. Integrated timing diagram of the experimental system.

;]

,ij

'l

,),

i

4. The fluid flow rate through Ihe nozzle was set and the flame was ignited.

5. A series of images was collected. The number of images varies depending on the type and

requirements of the experiment. Between 100-300 images were collected for each

experimental condition.

6. Images were downloaded to the computer.

*
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I
I

7. The experimental conditions were then changed ready for the next experiment

3.2.3. Dominant Sources of Error

In general, there are three dominant sources of eror that are associated with the Mie

scattering technique. These are marker (or particle) inertiar, marker shot noise2. and optical

attenuatton.

þtre uUso.ption and scattering of the laser beam by particles along the optical path is a source

of error. This occurs both as the laser sheet enters the control volume and as the scattered

signal travels towards the detector. For a given path length the beam intensity decreases

exponçntialþ with the number of particles in the pathj When this number flucfuateui¡,'ti.rne, a
\^J^#

complex modulation is added to the scattered light field and reaches the detector A{A}isÉ,

Attenuation noise can be minimised by optimising the available laser power to produce a

signal of appropriately high intensity and, for the cases where this is possible, by minimising

the particle concentration to thatjust necessary to achieve acceptable resultsJ

I The inertial characteristics of the particles used to mark the fluid determine how well the marker follows the

flow. Becker et at. ( 1969a) analysed this problem and calculated the frequencies at which the velocity

amplitude response is within a set vaiue can be predicted, however providing further details is beyond the scope

of this work.

2 Concenh-ation rneasulement using the Mie scattering technique is based on the "counting" of the number of

parlicles in a control volume. It is this number which is assumed to be proportional to the concentration of the

marked fluid. When the size of the control volume is large and the seeded density of the marker is high the

fluctuation of the number of pa¡ticles used to represent a given concentration of marked fluid will vary only

minimally compared to the toial number of particles. As the size of the control volume or the density of the

seeded particl". d..r.ur.., the fluctuation, as a proportion of the total nurnber, becomes significant- This

variation in the number of particles introducesþ error in the estirnate of the concentration of the marked fluid

and is termed. rnarker shot noise. Providing furtñer details is beyond the scope oflthis work.'l
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Other sources of error, which have been addressed in the literature by others, relate mainly to

the influence of specific items of equipment used by those investigators.

3.3. Data Correction

3.3.1. Correction for Variations in the Spatial Intensity

There are two important corrections to the data that must be applied. The first correction is

for variations in the spatial intensity of the light sheet. Ideally, a pulsed laser produces a

cylinder of light of constant intensity. In reality, the intensity distribution in the cross-section

of the laser beam is not r¡riform but usually approximates a Gaussian function

2
rb

2rc (l)I =Ioe

where ,Io is the axial value of the intensity, r, is the radial distance from axis and ro is the

Gaussian beam radius. The commonly adopted definition for ro is that it is equal to the

diameter at which the beam irradiance (intensity) has fallen to tf e2 (13.5%) of its peak, or

axial value.

The intensity of the beam, which is aligned horizontally, varies radially. It is the variations in

the vertical direction which are of concern here, because when the beam is expanded through
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Axis of rotation of
rhe nozzle

Cylindrical lens
l',=-72.7mmr cyt

I
I

I

Spherical lens

f =7mJ SDN

rG,nn f G,rrin rG,,oit

Intensity profile
of the laser beam

s" = 0.43 m s'= 0.48 m

Fig. 3-9. A schematic to the optical system

the cylindrical lens in one dimension the radial variation will produce a variation of the beam

intensity profile across the long axis of the light sheet. A correction for consistent variations

in the light sheet can be obtained experimentally by a calibration of the light sheet using, for

instance, a planar laser induced florescence technique (the "Fish Tank" methodl)' or

numerically. The availability of statistical data about the properties of the laser beam that is

used in the c¡rrent work (see Table 3-2 and the Quantel BrilliantB Instruction Manual (1996)

allowed a numerical correction to be implemented2. Although less accurate than an

experimental correction, it is sufficient for the present semi-quantitative purpose'

t The ,,Fish Tank,, is filted with a unifolm concentration of Rhodamine B, a fluorescent dye u'hich emits orange

the green, 532 nm ofth aps ofthe light sheet- several

the ãetector to produce A curve is frtted to the profile

te a light sheet åonectio a record of the consistent non-

unifomities in the ligþt sheet Is used to con'ect each of the data records. Details about this rnethod can be found

inNobes (1997).

2 Note that Mie scattering cannot pt'ovide absolute measurements of soot intensity anyway'
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l 0000

256

ù

\
5000

0 0

0 2 4 6 I 10

rbrcm

Fig. 3-10. Calculated intensity distribution along the vertical axis of the laser beam.

On the right are the re-scaled values of the intensity in 8 bit digital format.

Limit of image
area

The distances s' and s' ate,respectivd, 0.48 and 0'43 m, f ,o, is I m and fr, it -123 mm'

Hencer r!,rn becomes -0.08 cø (minus indicates an inverted image), and r[,^^ becomes 2.72

Equation (1) is modified to

cm

2
rb

\rc I (e)I=Ioe

where 1o is

I Equations similar to eqtrations (5) and (8) can used to calculate the size of the images of rc,,,n¡ and rou,,

rL,-.¡ úd r[,.o, ure -0.09 cm, rl,,,n is -0.1 cm and r[u,,, i"3.63 cm.

320
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0

30

20

c.

\.
I 0

0

0 1 2 1 4 5

rvcm

Fig. 3- I I . The correction factor, Þ6,,¡, distribution along the vertical axis of the laser

beam.

I (10)

The ouþut energy of the laser, Eo , was set on 1.30 mJ. The geometrical size of a single pixel

from the image, lf,,,, 
"unbe 

found by division of the image area of the ICCD detector by the

number of pixels per image. Remember that every image has 576 X 384 pixels (or 221184

pixels per image) and the size of the image taken by the detector is fixed at 16 cm width and

23 cm length (or 0.0368 m2¡. Thatgives for Si,, anarea of 1.66 x l0-7 m2 ' 1o then becomes

7.g3 x lO3 J m-2. The intensity distribution along the vertical axis of the beam is shown in

Figure 3-10. Note that the intensity should be re-scaled so that the maximum value of 1

corresponding to the maximum value stored by a single cell of the matrix in 8-bit digital

format is 256. The minirnum value of 1 should correspond to 0. This re-scaling is also

shown in Figure 3-10.

Eo

si,.
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The correction factor that should be applied to every cell of the matrix, Þç.,,,¡, it

Þ6,,u¡ =
I;

ri,,,)

x i,r,og",(l,n)

(l l)

where 1i,,,,¡ is the re-scaled value of the intensity (from 0 to 256) of a cell with coordinates

(m,n) and 1i is the re-scaled maximum intensity (256). The correction factor distribution

along the vertical axes of the beam is shown in Figure 3-1 1.

It is evident from Fig. 3-10 that .I tends to zero as rrreaches 6 cm. The required correlation

factor increases exponentially with r, (Fig. 3-11). In order to minimise the error, it is

necessary to collect the data from zones where the correlation factor is kept within reasonable

limits (ie. from 3 to 4). It was found that Þç,,.,,¡ is about 3.4 at ro= 3 cm. Thus, it is

reasonable to collect the data for fìlther calculation of soot intensity along the axis of the

beam, from a relatively small (6 cm width) area of the image from the ICCD detector.

Note that the correction applied to the cells that belong to the same row remalns constant.

The corrected value of the signal from a cell with coordinates (*, r) , x,o,,,(,,,n) becomes 
I

The ma r x ll"l,-,r,,,,11 " 
l|*Ï,, x i,og",(r,,r)
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x

0.23

\o

N

Laser beam axis

|lt

z

Lìmits of the area

whet'e Étn,.nl < 3.5

Limits of
ICCD

detector
ìmage area

MPJ bumer

Fig.3-12. Size and location of object area captured by the ICCD detector,

compared \Mith the size and location of the area where þ, ,,, ,,, < 3'5'

,(n,,) = Þ Q,,n)x i,rog",(,,,u)
(12)

where xi,,ng",(,,,,) is the signal from the cell with coordinates (m,n) as it is received by the

ICCD detector

The size and location of image area caphÌred by the ICCD detector is compared with the size

and location of the area where the correlation factor, Þç,,,,¡, is kept reasonably low, < 3.5, in

Figure 3- 12. The distance between the axis of the laser beam and the top of the MPJ burner

was 0.15 rr.
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3.3.2. Correction for Pulse-to-Pulse Intensity Variations

A second correction is required to allow an ensemble average of the images to be carried out'

The signal in a given individual image is a function of the laser power in the pulse used to

generate that image. If the power of the laser pulse varies between pulses, then each image

must be corrected for this pulse-to-pulse port¡/er vanatron.

About 20 images of the background with the laser off and the same number of background

images with the laser on (using internal triggering)lwere collected. The subradiation (noise)

results from the natural e_mission of the background at ambient temperature of -294 K, and

the laser light reflected by the,gglp-"nt. Both factors were found to have a negligible effect,

because of the relatively low temperature of the background, and also because the

experimental area was coated with a black, light absorbing material. Periodical monitoring of

output energy showed that theopulse-to-pulse variations of the laser beam could be excluded

from further considerations since its intensity and consequently, the intensity of the

subradiation (noise), varied slightly (<l %) from pulse-to-pu1se.

3.3.3. Correction forNon-optical Disturbance

It was found that the work of the electric motor used to rotate the burner generates an

intensive electro-magnetic field that is detectable by the ICCD camera and leads to the

appearance of an additronal noise in the form of chaotic white speckles in the images.
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The identified hazards was dealt with as follows:

1

2

The laboratory ventilation system was always turned on.

Fuel lines were checked prior to each experiment to ensule that they were not

di sconnected by a previous operator.

3. The methane bottle frtting, fuel lines and all devices were regularly checked for leaks.

4. The pressure of any device or tube in the fuel line was confolled to not exceed the

safe operating levels of 200 kPa.

5. Experiments were performed with at least two people present'

6. During operation, a safe distance ûom the flame was maintained by personnel.

7. Laser safety glasses with side shields and designed to absorb specific wavelengths

while allowing a reasonably high level of visible light were ìworn at all times.

8. The laser beam was terminated by the beam stop.

g. The laser beam was kept below eye level and isolated by special safety screens.
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4. Results and Discussion

A range of conditionally sampled experiments was carried out at various combinations of R¿

and ,S/ numbers from 4329 and 0.0042 to 11223 and 0.0245, respectively. The nozzle

diameter was fixed at 5 mm and the jet exit angle at 45 degrees. The phase of the jet

precession was the same in each image, with the jet emerging in the plane of the light sheet.

The vertical distance of the bottom of the images above the jet exit was 14 d and the axis of

rotation corresponded to the middle of the image. The semi-quantitative measurements of

soot intensity are presented. The soot intensity correlation with flame strain is discussed.

4.1. Semi-Quantitative Measurements of Soot Intensity

The calculated relative soot intensity assumes proportionality between the intensity of the

scattered signal and the number of soot particles in the flame envelope. It is important to note

that the data presented in this section are seg,i-quantitative since the Mie scattering signal

depends on both particle size and number density and the calibration of the signal intensity is

not absolutel. Nevertheless the data provide important trends of relatlve amounts of soot

formed under different experimental conditions.

t The Mie scattering technique cannot provide absolute soot volume ÍÌaction, since the signal depends on particle

size, the wavelength ctive index of the particle and the angle made with respect to

the incident beam- , the light intensity is higher for larger spheres at the same

scattering angle. Thi can be distinguished from small particles by the strength of

light reflected offtheir surfaces at the same angle.
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Between JQ utr¿ 300 images were collected for each experimental condition. Selected

typical images are shown in Appendices from A-l to A-71. A summary of the experimental

conditions and the contents of the appendices are given in Table A.

The average signal ?y!!!::!,_/zwas calculated from about 50 images on average for each

experimental condition, as

z
ffi M¡"Xfl u¡n

(16)

where mr," and nMie are the number of columns and rows corresponding to the instantaneous

Mie scattering image matrix, ll"--,,.,,,11 , àîd x,,,o,, is the level of signal intensity for

individual cellsl. The results are sunmarised in Tables 4-1 and4-2,where the interpolated or

extrapolated values are marked with an asterisk, and in Figures 4-1 and 4-2. The surface plot

shown in Figure 4-3 demonstrates the dependence of the average signal per pixel, 7 , on Re

and ,S¡ numbers. It reveals that the relative soot intensity increases with increase in both R¿

and Sl numbers, however, the latter is more influential.

[The level of signal intensity for individual cells from the instantaneous Mie scattering image

matrix, xi."o,,. càî vary from 0 To 256 in 8-bit digital format. l!@were used to bin thell

' The data conection procedure is given in Chapter 3. Note that the appliecl mathematical corection is not able
to account for the all of the issues related to the actual non-uniformities in the beam profile. Nevertheless it
accounts for the major distorlion and is therefore reasonable given the inherent limitations in the technique. It
allows semi-quantitative infornation, i.e. useful trends.

l*,,',
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I
I
I

i

cells into 5 equally spaced gloups and to return the number of cells in each group' The first

group contained the number of cells with a very low level of signal intensity (from I to 5l),

then follow the group with a low level of signal intensity (from 52 to 102), the medium (103-

153), the high(154-204) and the very high(205-256) groups.

Table 4-1. Average signal, 7, from the instantaneous Mie scattering images. Constant ,Re,

various S/ nunbers

57.43*33.13 *18.75*14.279.858.286.541.89r1223

52.17*29.12*26.7410.875.825.90*3.621.0s10012

46.43*3s.266.6712.304.732.s92.021.278840

49.3610.9111.924.s03.602.561.981.507682

25.2t10.354.31s.4t3.397.902.681.676555

13.934.393.s36.383.403.54*r.5 81.175437

2r.695.387.624.124.142.241.300.244329

0.01390.01160.01060.00910.00830.00690.00610.0056

Re S¡

Since the total number of cells, ffi u¡" \ n *," and. the geometrical size of a single pixel from the

image, Si,, arc knownl, the aforementioned separation of the cells into several groups can be

used to estimate the proportion of the total area, K (%) that contains soot of equal intensity'

The results for various Re and,Sl numbers are summarised in Table 4-3 and Figure 4-4. II is

evldent that the tendency of the relative soot intensity to increase with increases in both Re

and ^Sl 
numbers remains. For instance , al Re = 6555 and St varying from 0'0061 to 0.0162,

the proportion of the total image area with a very low soot intensity increases from l -07 to

1339 yo, that with a low soot intensity increases from 0.17 ro 1.79o/o, that with a nredium

intensity from 0.06 to 0.20o/o, and those with a high and very high intensity increase from 0.14

þ

'J

I 
See Chapter 3.
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t

to l.86Yo and from 0.11 to 1.13o/o, respectively. The greatest is the increase of the very low

soot intensity with an increase of the Sl number (typically more than l0 times)- This

phenomenon is discussed later in this chapter.

Table 4-2. Average signal, 7, from the instantaneous Mie scattering images. Constant Sf,

various Re numbers.

s3.2s0.0245

24.660.021

49.330.019s

30.740.0175

22.510.0167

60.370.0162

49.3625.2113.9321.690.0139

6.600.0127

35.2610.9110.354.39s.380.0116

20.700.0113

26.746.6111.924.3t3.537.620.0106

4.040.0099

22.200.0094

t4.2110.8712.304.505.416.704.720.0091

9.855.824.733.603.453.404.140.0083

2.720.0079

3.420.0077

8.282.s92.567.902.240.0069

6.543.622.021.982.681.s81.300.0061

0.310.0059

1.891.051.271.501.671.r10.240.00s6

1.090.0053

r.340.00s2

0.8l0.005

r.270.0049

0.660.0048

0.480.580.0046

0.s40.0044

0.600.0042

11223r001288407682655ss4374329

Re Re
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Table 4-3. Dependence of the size of the fractions from the total area, K (%) lú;rat contain soot

with on and St numbers

Typical distribution of the zones of soot formation at various .R¿ numbers and constant S/

number of 0.0116 are shown in Figure 4-4. Figure 4-5 presents typical distributions of the

zones of soot formation at various 
^S/ 

numbers and constant R¿ number of 7682.
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4.2. Discussion

The instantaneous images (see Figure 4-4,5) reveal that soot is predominantly formed in

sheets of varying thickness. As expected, very little soot is observed in the neat nozzle

region, consistent with the idea that the formation of soot in appreciable quantities is

kinetically limited (see Turns et al., (1989)). Also readily observable is a wide variety of soot

zone structure types in the flames. As mentioned in the previous section, there are very broad

regions of low srgnal spanning much of the flame (eg. Figures 4-5d and 4-6d). These broad

regions are more prevalent in the high Sr number flames where strain lates are lower and

residence times are longer (Newbold et a|.,1996,2000).

The low signal from these zones could potentrally result either from Rayleigh scattering from

moleculesl or from Mie scattering from soot particles with a low concentration. The

probability that these low signals results from Mie scattering from soot is high since the

strength of such signals exceeds by more than 100 ttmes the signal sffength from the Rayleigh

scattering (see Eckbreth (1988)). Thus, the signal strength from the Rayleigh scattering is

comparable with the noise level in the current experiments and could not be distinguished

from the noise.

If the hypothesis that these very broad regions of low signal result from the light scattered by

low concentration soot is true, it suggests that pyrolysis may be occuring in broad regions on

the fuel rich side of the dominant reaction zones. This has not been observed in these flames

before and is worthy of fi-rther investigation. However the areas of low intensity signal may
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4. Results and Discussion

not be necessarily due to pyrolysis. It is also possible that these soot particles have been

transported from the flame-front by circulation of hot gases (vortex motions). To resolve this

question requires further, more detailed investigahon.

Note that the broad low intensity zones that were observed in the current experiments may

not, in fact, be uniform but layered. Turns e/ al., (1989) observed a wide variety of soot zone

structure types in the flames at Reynolds number of the jet (based on the cold fuel properlies

and exit diameter) of 10000 and 20000, but no such broad zones of low intensity. They used

a film camera that provides much more detailed spatial resolution than the CCD array that

was used in the current experirnents. Use of data collection equipment that could provicle

better spatial resolution is something that could be recommended for future investigations'

lA "o-*on 
concelï in all two dimensional imaging of three dimensional lurbulent structures

L

is that the edges of three-climensional soot bearing structures are impinging on the two

dimensional plane at an oblique out-of-plane angle. This out-of-plane fringing could also be

one of the causes for the existence of the broad low soot intensity zones. The large scale

precessing nature of the flame makes this kind of out-of-plane behaviour more probable than

in a simple axisymmetric jet. ]

Turns ¿/ al., (1989) found that, in general, the largest structures have a more-or-less vertical

orientation, while the smaller-scale streaks and swirls appear to be of more random

orientation. The vortical structures in the present flames appear to be more prevalent for the

higher Reynolds number flames and, in the upper region of the flames, soot zones are

I The Rayleigh scattering is usually associated with dispersion of electrotnagnetic radiation by particles that have

a radius less than apploxirnately l/10 the wavelength ofthe radiation.
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4. Results and Discussion

frequently disconnected. This is consistent with increased three-dimensionality ìn the

structure with increased Reynolds number. In the current study, it was found that the

thickness of the high concentration sheets of soot is substantial, often reaching 30-40 mm.

The sheets are found to be gently culed, and not highly strained, also consistent with the

global measurements of Newbold et at. (1997), who found that these unconfined PJ flames

are dominated by buoyancy and low strain. This supports the hypothesis that low strain in a

diffusion flame promotes soot formation and high emissivity (ie. soot formation correlates

inversely with flame strain). There is also a trend of less soot being present at the lower

Strouhal numbers. The observation that soot formation is favoured by reduced low strain

rates is consistent with the pioneering work of Kent and Bastin (1984).

It is still questionable whether the thin soot-bearing structures obserued in many images can

be associated with laminar flameletsl. Laminar flamelets can only exist where the smallest

char.acteristic scales of turbulent motion are larger than the characteristic width of the entire

flame zone for all species. However, no data are available on the Kolmogorov scale of

turbulent motion, and no information is available on the characteristic flame width in terms of

the major participants, i.e. the gaseous species. Note that soot has an effective molecular

scale (laminar) diffusivity that is in orders of magnitude less than that of the gaseous species.

Thus, even vigorous turbulent stirring will retain thin layer-like soot strata in the flow, which

makes soot strata to be not good markers of characteristic flame width anyhow.

I A description of the phenomenological model of a turbulent flame as a ensemble of laminar flamelets can be

found in Wìl1iams (1g74),Carrier et at. (197s),Liew et at. (1984) and Miake-Lye and Toner (1987).
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5. Conclusions

The Mie diagnostic technique was successfully in-rplemented to provide qualitative

visualisation of the zones of soot f-ormation in MPJ burner flames. A range of

condihonally sarnpled experiments was carried out. The characteristic Reynolds

number based on úte nozzle diameter, was varied from 4329 to 11223 and the Strouhal

number based on The nozzle diameter, was varied from 0.0042 to 0.0245. The nozzle

diameter was fixed at 5 mm and the jet exit angle at 45 degrees. The phase of the jet

precession was kept the same in each image

[Experimental data were collected and used to perform semi-quantitative soot intensity

calculations, using the proportionality between the intensity of the scattered signal and

the number of soot particles in the flame envelope, and to estimate the soot intensity

correlation with flame strain.J

The instantaneous images reveal that soot is predorninantly formed in sheets of varying

thickness, often reaching 30-40 mm. Very little soot is observed in the neat nozzle

region, which is consistent with the idea that the fotmation of soot in appreciable

quantities is kinetically limited. Readily observable are very broad regions of low

signal spanning much of the flame. These broad regions are more prevalent in the high

,S/ number flames where strain rates are lower and residence times are longer. It is most

likely that these zones of low signal result from the light scattered by low concentrations

of soot.
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5. Conclusions

The semi-quantitative measurements of soot intensity reveal that the it increases with

increase in both Re ands/ numbers. However, the latter is more influential.

The current observations that soot formation is favoured by reduced low strain rates (i.e.

soot formation correlates inversely with flame strain) is consistent with the work of

other investigators.

Recommendations for future work:

It was found that the work of the electric motor used to rotate the burner generates an

intensive electro-magnetic fielcl that leads to the appearance of an additional noise in the

form of chaotic white spots in the images. The appearance of such a non-optical noise

could be reduced in future work by an installation of a metal shield to surround the

engme.

There are very broad regions of low signal spanning much of the flame that could result

from the light scattered by low concentrations of soot. If this hypothesis is ttue, then it

is necessary to determine whether this soot results from pyrolysis on the fuel-rich sides

of the reaction zones, or if it is recirculated soot that has been transported from the

flame-front by circulation of hot gases (vortex motions).

The broad low intensity zones that were observed in the current experiments may not be

gniform but layered. To reveal this, it would be necessary to use in future experiments a

data acquisition system that allows better spatial resolution.
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5. Conclusions

Full modelling and experimental studies of soot formation in a highly turbulent

diffusion flame is a formidable task. Nevertheless, the aim of the current wotk, to

provide further insight into the relationship between flame strain and soot formation,

\Mas successfully fulfrlled. More detailed studies in which parameters such as the nozzle

exit angle and diameter are varied would provide significant additional information.
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Appendix A

Contents of Appendices and a Summary of the Experimental

Conditions

Table A. tal conditions and index of the location.

A-3521.657.046.00.01066s5535

A-3411.966.038.00.0106s43734

A-3314.305.030.50.01064329JJ

A-3237.0813.066.00.00911122332

A-3133.0811.060.00.0091100123r

A-3029.209.553.30.0091884030

A-2925.388.046.60.0091768229

A-2821.657.040.00.009165s528

A-27t7.966.033.00.0091543727

A-2614.305.026.40.0091432926

A-2537.0813.060.50.00831122325

A-2433.0811.054.40.00831001224

A-2329.209.548.40.0083884023

A-2225.388.042.30.0083768222

A-2121.657.036.30.0083655521
^-20

17.966.030.00.0083543720

A-1914.305.024.00.0083432919

A-r837.0813.051.80.00691122318

A-t729.209.540.00.00698840r7

A-1625.398.03s.00.00697682l6
A-1521.667.030.00.00696555l5

A-14t4.305.020.00.0069432914

A-1337.0813.045.00.006111223t3

A-1229.209.536.00.00618840t2

A-112s.398.031.50.0061768211

A-1021.657.027.00.0061655sl0
A-917.966.022.00.006154379

A-814.305.0t7.60.006143298

A-737.0813.040.30.0056112237

A-633.0811.036.30.0056100126

A-529.209.532.30.005688405

A-425.388.028.20.00s676824

A-321.657_024.20.00566s553

A-211.966.020.00.005654372

A-114.305.016.00.00564329I

Appendix No.(I o (m s-1)P (kPa)f , (Hz)S¡ReNo

A-l



Appendix A

A-1137.0813.070.00.0094112237l

A-7037.0813.036.00.00491122370

A-6933.08I 1.040.00.0061r 001269

A-6829.209.566.00.0r 13884068

A-6729.209.54s.00.0077884067

A-6629.209.526.60.0046884066

A-6525.408.050.00.0099768265

A-6425.408.040.00.0079768264

A-632s.408.030.00.0059768263

A-6225.408.027.00.00s3768262

A-612s.408.024.20.004876826l

A-6025.408.022.40.0044768260

A-5921.657.070.00.016265s559

A-5821.657.036.20.0083655558

A-5721.657.022.40.00s26s5557

A-5621.657.020.00.0046655ss6

A-5521.657.018.00.0042655555
^-54

17.966.070.00.0195543754

A-5317.966.060.00.01675437s3

A-5217.966.0lB.00.00s0s43752

A-5114.305.070.00.024543295l
A-5014.305.060.00.0210432950
^-49

14.305.050.00.0175432949

A-4814.30s.036.30.0127432948 ^-41
25.388.070.00.0139768247

A-4621.6s7.060.00.01396s5546

A-4511.966.050.00.0139543145

1'4414.305.040.00.0139432944

A-4329.209.568.00.0116884043

A-422s.388.059.10.0116768242

A-4121.657.0s0.00.0116655541

A-4017.966.041.50.0116s43740

A-3914.30s.0.]J.J0.0116432939

A-3833.08I 1.070.00.01061001238

A-3729.209.561.10.01068840JI

A-362s.388.054.00.0r06768236

Remark: Noise in a form of the chaotic white speckles can be seen on the some of the

images. This is a result of the interaction between the ICCD camera and the intensive electro-

magnetic field, which was generated by the electric motor used to rotate the burner.

Legend:
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mrn

Soot intensity

max
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Appendix A-1

1. Experirnental Conditions

Re=4329; ,Sl=0.0056; f=16Hz; P=5kPa;

2. Typical Images from the Zones of Soot Formation
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Appendix A-2

r!
ñ

l. Experimental Conditions

Re= 5437; S/ = 0.0056; f =20 Hz; P = 6 kPa;

2. Typical Images from the Zones of Soot Formation
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Appendix A-3

.S

.ì-

l. Experimental Conditions

Re=6555; 'S/=0.005ó; f=24.2H2; P=7kPa;

2. Typical Images from the Zones ofSoot Fonnation
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Appendix A-4

,i

.S
\-

l. Experimental Conditions

Re=7682; Sl=0.0056; f=28.2H2; P=8kPa;

2. Typical Images frorn the Zones of Soot Forrnation

(\ d

\
\-

x/d

al
rô

c\ó

.S

^-

x/d

(\ (\
cô

.s

^'

U o=25'39 m s-r

x/d

x/d

ô
046

046

0

0
46

46

I
¡.{

0

S\

0

v

x/d
46

c

x/d
46



Appendix A-5

.s

^.t-

l. Experimental Conditions

Re=8840; ,Sl=0.0056; f=32.3H2; P=9-5kPa; Uo=29.20ms-l

2. Typical Images from the Zones of Soot Forrnation
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Appendix A-6

l. Experimental Conditions

Re = l0}l2; 
^S/ = 0.0056; f = 36.3 Hz; P = ll kPa;

2. Typical Images from the Zones of Soot Formation
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Appendtx A-7

l. Experimental Conditions

Re = 11223; ,S¡ = 0.0056; f = 40.3 Hz; P = 13 kPa;

2- Typical Images from the Zones of Soot Fonnation
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Appendix A-8

l. Experimental Conditions

Re=4329; S/=0.006t; f=17.6Hz; P=5kPa;

2. Typical Images fi'om the Zones of Soot Formation
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Appendix A-9

l. Experimental Conditions

Re=5437; ,S¡=0.006l; f=22H2; P=6kPt;

2. Typical Images from the Zones of Soot Formation
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Appendix A-10

l. Experimental Conditions

Re=6555; S/=o.o06t; f =2'7 Hz; P=7 kPa;

2. Typical Images frorn the Zones of Soot Formation
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Appendix A-11

l. Experimental Conditions

Re=7682; ,S/=0.0061; f=3l.5Hz; P=8kPa;

2. Typical Images fror¡ the Zones of Soot Formation
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Appendtx A-12

l. Experimental Conditions

Re--8840; .Sl=0.0061; f=36Hr; P=9-5kPa; Uo=29'20ms-l

2. Typical Images frorr the Zones of Soot Formation
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Appendix A-13

^'

l. Experimental Conditions

Re = 11223; Sl = 0.0061; f = 45 Hz; P = 13 kPa;

2. Typical hnages from the Zones of Soot Formation
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Appendix A-14

l. Experimental Conditions

Re=4329; S/=0.0069; f=2oHz; P=5kPa;

2. Typical Images frorn the Zones of Soot Formation
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Appendix A-15

l. Experimental Conditions

Re--6555; ^S/=0.0069; f =30H2; P=7 kPa;

2. Typical Images frorn the Zones of Soot Formation
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Appendix A-16

l. Experimental Conditions

Re = 7682; 
^St = 0.0069; J' = 35 Hz; P = 8 kPa;

2. Typical Images from the Zones of Soot Formation
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Appendix A-I7

l. Experimental Conditions

À¿=8840; ^tl=0.0069; f=40H"; P=9-5kPa; Uo=29'20ms-l

2. Typical Images from the Zones of Soot Formation
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Appendix A-18

l. Experimental Conditions

Re=tt223; Sl= 0.0069; f =5r.8.2H2; P=13 kPa;

2. Typical Images from the Zones of Soot Formation
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Appendix A-19

l. Experimental Conditions

Re=4329; Sl=0.0083; f=24.2H2; P=5kPa;

2. Typical Images from the Zones of Soot Formation
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Appendix A-20

l. Experimental Conditions

Re=5437; S/=0.0083; f=3oHz; P=6kPa;

2. Typical Images from the Zones of Soot Fotmation
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Appendix A-21

1. Experimental Conditions

Re=6555; ^S/=0.0083; f=36.3H2; P=7kPa;

2. Tlpical Images from the Zones of Soot Formation
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Appendíx A-22

1. Experimental Conditions

Re=7682; Sl=0.0083; f=42.3H2; P=8kPa;

2. Typical Images from the Zones of Soot Formation
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Appendix A-23

1. Experimental Conditions

Re=8840; Sl=0.0083; f=48.4H2; P=8kPa;

2. Typical Images from the Zones of Soot Formation
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Appendix 
^-24

l. Experimental Conditions

Re = 10012; 
^Sl = 0.0083; f = 54.4.3 Hz; P = l1 kPa;

2. Typical Images from the Zones of Soot Forrnation
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Appendrx A-25

ñ

l. Experimental Conditions

Re = 11223; ,Sl = 0.0083; f = 60.5 Hz; P = 13 kPa;

2. Typical Images from the Zones of Soot Formation
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Appendix A-26

l. Experimental Conditions

Re=4329; S/=0.009t; f=26.4H2; P=5kPa;

2. Typical Images frorn the Zones of Soot Formation
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Appendix A-27

l. Experimental Conditions

Re=5437; Sl=0.009t; f=ßHz; P=6kPa;

2. Typical Images from the Zones of Soot Formation
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Appendix A-28

,i
l. Experimental Conditions

Re = 6555; Sl = o.oo9l; f = 4o Hz; P =7 kPa;

2. Typical Images from the Zones of Soot Formation
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Appendtx A-29

l. Experimental Conditions

Re=7682; Sl=0.0091; f=46.6H2; P=8kPa;

2. Typical Images from the Zones ofSoot Fonnation
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Appendix A-30

l. Experimental Conditions

Re=8840; ^S/=0.009t; f=f.3Hz; P=9.5kPa;

2. Typical hnages frorn the Zones of Soot Formation
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Appendix A-31

l. Experimental Conditions

Re=10012; ^S/=0.0091; f=60H2; P=llkPa;

2. Typical Images frorn the Zones of Soot Forrnation
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Appendix A-32

l. Experimental Conditions

Re=tr223; S/=0.009t; f =66Hz; P=13kPa;

2. Typical Images frorn the Zones of Soot Formation
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Appendix A-33

l. Experirnental Conditions

Re=4329; Sl=0.0106; f =30.5 Hz; P=5 kPa;

2. Typical Images from the Zones ofSoot Fonnation
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Appendtx A-34

l Experimental Conditions

Re=5437; Sl=o.olo6; f=38H2; P=6kPa;

2. Typicat hnages from the Zones ofSoot Formation
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Appendix A-35

l. Experirnental Conditions

Re = 6555; 
^Sl = o.ol06; f = 46 Hz; P =7 kPa;

2. Typical Images from the Zones of Soot Formation

d ôl

(J o= 27.65 m s-l

x/d

x/d

.s

^-

.s
\-

ô
0 046 46

46

-!
N-

.S\

x/d

x/d
46

s
ñ

.S
\-

(\
cô

ô.¡ó

al
t¡

ô.1
cô

0
c

0

0

x/d
46

x/d
46



Appendix A-36

l. Experimental Conditions

Re=7682; S/=o.ol06; f=54H2; P=8kPa;

2. Typical Images from the Zones of Soot Formation
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Appendix A-37

l. Experimental Conditions

,Re=8840; S/=0.0106 f =61.7 Hz; P=9,5kPa; Uo=29.20ms-r

2. Typical Images frorn the Zones of Soot Formation
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Appendix A-38

l. Experitnental Conditions

Re=10012; ^S/=0.0t06; f=70H2; P=llkPa;

2. Tlpical Images from the Zones of Soot Formation
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Appendix A-39

1. Experimental Conditions

Re=4329; ,Sr=o.ott6; f=ß.3H2; P=5kPa;

2. Typical Images from the Zones of Soot Formation
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Appendix A-40

l. Experimental Conditions

Re=5437; S/=0.0tt6; f=4l.5Hz; P=6kPa;

2. Typical Images frorn the Zones of Soot Formation
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Appendix A-41

l. Experimental Conditions

Re = 6555; ,S/ = o.ot t6; f = 5o Hz; P =7 kPa;

2. Typical Images frorn the Zones of Soot Formation
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Appendtx A-42

l. Experimental Conditions

Re=7682; S/=0.0tt6; f=59.lHz; P=8kPa;

2. Typical Images from the Zones of Soot Fotmation
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Appendix A-44

l. Experimental Conditions

Re=4329; Sl= o.ot39; f =40 Hz; P=5 kPa;

2. Typical Images from the Zones of Soot Formation

Òì
c.l

C\
cñ

\s
ñ

S

^-

U o= 14'30 m s'l

x/d

x/d

46

00

00 46

46

^rì

ô.to

c.l

x/d

x/d
46

al
ca)

al
aô

.s\

0 0

^-
I

x/d
46

e

x/d
46



Appendix A-50

l. Experimental Conditions

Re=4329; ^Sl=0.0210; f=60H2; P=5kPat

2. Typical Images from the Zones of Soot Formation
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Appendix A-51

l. Experimental Conditions

Re=4329; St=o.oz+5; f=70H2; P=5kPa;

2. Typical Images from the Zones of Soot Formation
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Appendix A-52

l. Experimental Conditions

Re=5437; ^S/=o.oo5o; f=18Hz; P=6kPa;

2. Typical Images frorn the Zones of Soot Folmation
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Appendix A-53

l. Experimental Conditions

Re=5437; ,Sl=0.0t67; f=6oHz; P=6kPa;

2. Typical Images from the Zones of Soot Formatìon
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Appendix A-54

l. Experimental Conditions

Re=5437; ,Sl=o.ol95; f=70H"; P=6kPa;

2. Tlpical Images from the Zones of Soot Formation
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Appendix A-55

l. Experimental Conditions

Re=6555; S/=o.oo4z; f =18Hz; P=7 kPa;

2. Typical Images from the Zones of Soot Formation
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Appendix A-56

^rì
.S

^-

l. Experimental Conditions

Re=6555; ^Sl=0.0046; f=2oHz; P=7kPa;

2. Typical Images from the Zones of Soot Formation
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Appendix A-57

l. Experimental Conditions

Re=6555; ^Sl=0.0052; f=22.4H2; P=7kPa;

2. Typical Images from the Zones of Soot Formation
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Appendix A-58

\

l Experìmental Conditions

Re=6555; S¡=0.0083; f =36.2H2; P=7 kPa;

2. Typical Images from the Zones of Soot Formation
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Appendix A-60

1. Experimental Conditions

Re--7682; S/=0.0044; f=22.4H2; P=8kPa;

2. Typical Images from the Zones of Soot Forrnation
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Appendix A-61

l. Experirnental Conditions

Re =7682; ^S/ = 0.0048; f =24.2 Hz; P =8 kPa;

2. Typical Images from the Zones of Soot Formation
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Appendix A-62

l. Experirnental Conditions

Re=7682; S/=0.0053; f=27H2; P=8kPa;

2. Typical Images from the Zones of Soot Formation
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Appendix A-63

.S
ot-

l. Experimental Conditions

Re7682=i Sl=0.0059; f=30H2; P=8kPa;

2. Tlpical Images from the Zones of Soot Formation
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Appendix A-64

L Experimental Conditions

Re =7682', ^S/ = 0.0079; f = 40 H"; P =8 kPa;

2. Typical Lnages fromthe Zones ofSoot Formation
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Appendix A-65

t. Experimental Conditions

Re =7682; ,Sl = o.oo99; f = 5o Ht; P =8 kPa;

2. Typical Images from the Zones of Soot Formation
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Appendix A-66

l. Experimental Conditions

Re = 8840; ,Sl = 0.0046; f = 26.6 Hz; P = 9.5 kPa;

2. Typical Images from the Zones of Soot Formation
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Appendix A-67

\
N

l. Experimental Conditions

Re=8840; St=0.0077; f=45H2; P=9.5kPa;

2. Typical Images frorn the Zones of Soot Formation
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Appendix A-68

l Experimental Conditions

Re=8840; ^Sl=0.0113; f=66H2; P=9.5kPa;

2. Typical Images frorn the Zones of Soot Formation
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Appendix A-69

\ì
^\

l Experirnental Conditions

Re=10012; ^l/=0.006t; f=40H2; P=llkPa;

2. Typical Images from the Zones of Soot Formation
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Appendix A-70

l Experimental Conditions

Re = 11223; 
^Sl = 0.00+9; f = 36 Hr; P = 13 kPa;

2. Typical Images frorn the Zones of Soot Formation
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Appendix A-71

,i
l. Experimental Conditions

Re = 11223: .Sl = 0.009+; f = 70 Ht; P = 13 kPa;

2. Typical Images from the Zones of Soot Formation
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Appendix B

I

Visual Examination of Zones of High Luminosity

The first aim of this investigation was to estimate the height and width of flames produced by

the mechanical precessing jet (MPJ) nozzle for clifferent conditions of flow and frequency of

precession, and correspondingly, to locate the zones of high luminosity (these are the zones of

high soot volume fraction),[so that Mie scattering images could be taken of these regionsJ

1. Experimental Equipment

The experimental system is illustratecl by the schematic diagram shown in Figure B-1. The

performance characteristics of most of the equipment (MPJ Burner, Gas Controlling Board,

etc.) are given in Chapter 3.

The data acquisition equipment included a digital video camera (model DCR-TRV900E),

together with focusing and filtering devices. The specification of the camera is given in Table

B. The field of view of the camera could be altered by adjusting the distance between the

flame to be imaged and the camera. The distance between the camera and the flame was

fixed at 2.5 m, which allowed the capturing of the entire flame. Images were initially taken

using five diffelent shutter speeds for each condition (300, 600, 1000, 1250 and 1750). The

images were then examined, and the highest shutter speed (1750) selected for further use.

I

tJ

:
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Timing
Box

Nozzle
frequency

control box

Gas
Controlling

Board

Magnet &
Magnetic

Sensor

Low Pressure
Natural Gas

High Pressure
Natural Gas

MPJ
Burner
Base &
Engine MP.I

Burner
Nozzle

LED Computer

Video
Camera

Fig. B- I . A schematic diagram of the experimental system used to determine
flame height, width and zones of high luminosity.

rll

'i

,i
I

Table B. Specification of digital video camera (model DCR-TRV900E), Sony (1998)

I

fi'om 4 to 10000 s-rShutter frequency

25 s-lFrame frequency

fiom 4 to 100 000luxIllumination range

from 4.3 to 51.6 mmFocal distance

Combined power zoom lens, 48x (digital), 12x (opltcgl)Lens
3CCD (Charge Coupled Device 1/a"),32biLImage device

I
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Appendix B

A high shutter speed is favourable, as it reduces the likelihood of saturation of same pixels

when images are taken. The shutter speed had to be low enough, however, to allow the light

from the LED to be seenl.

Before carrying out the experiment, standard operating procedures were established for

starting up and shutting down of the flame, as well as safety and emergency procedures.

These procedures were approved by the safety officer of the School of Chemical Engineering

at the University of Adelaide. A full risk assessment and hazard identification checklist were

also written up and approved.

A) Start-up Procedure

The start-up procedure included a sequence of the following steps

l. Ensure suction fan ofexhaust duct is on.

2. Check that fuel on/off valve is closed.

3. Open valve on bottle and set operating pressure using regulator.

4. Select suitable frequency of rotation of the electncal engine using the control box.

5. Open fuel on/off valve.

6. Select suitable low gas flow rate for ignition.

7. Ignite the natural gas.

8. Turn on the control box.

I To provide a phase reference for the determination ofconditionally averaged images, a high-intensity LED was
attached to the timing box and placed in the field of view of the camera. A magnetic Hall-effect sensor was
mounted to the rotating base of the MPJ bumer to generate a triggering pulse with each rotation. The LED was
energised for 1 . I zs following each signal from the sensor.

B-3
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9. Select suitable shutter speed on the video camera.

10. Turn on the video camera.

B) Data Collection

Filming was carried out in the dark to minimise background noise. For each condition, the

flame was filmed for approxirnately 20 seconds. For each condition, approximately l0

images were downloaded fiom the camera onto the computer. Images were selected from the

camera corresponding to the bioA" fighl being on. This indicated that the magnet on the

nozzle had passed the magnetic sensor ancl a signal had been sent to the timing box at a

constant phase of the nozzle relative to the camera.

C) Shut-down Procedure

l. Turn off the video camera.

2. Reduce the f'low rate to lninimum.

3. Turn off the fuel on/off valve.

4. Turn off the engine.

5. Turn off the valve at the gas cylinder

2. Expenmental Results

A range of conditionally sarrpled experiments was carried out at various combinations of Re

and ,St numbers ftom 4329 and 0.0042 ro 11223 and 0.0245, respectively, nozzle diameter of
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5 mm and the jet exit angle of 45 degrees. Typical visual images of the flames for the selected

cases at various Re and,S/ numbers are shown in Figure B-2. The size of the visual images is

fixed on 27 cm width and 44 cm height. The bright yellow colour is produced by the soot

particles.

It was found that the flame size and shape were variable and they depended on the required

experimental conditrons (Re and Sr numbers). The flame height increases, while the width

decreases with the increase of R¿ number. The change of the Sl number does not impact

significantly on the flame size. The flame luminosity increased with increase in both Re and

Sl numbers, however, the latter was more influential.

Since the size of the image field of the ICCD camera used for the instantaneous Mie

scattering imaging is much smaller (0.23 m x 0.16 m) than the actual flame size (typically

0.25 m x 0.4 m), only selected areas of the flame could be captured. The distance between the

axis of the laser beam and the top of the MPJ burner was chosen to be 0.15 rn. The

instantaneous Mie scattering images were taken from the area with height of 0.16 m,

symmetrically located along the laser beam axis.
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ï ç $,
a) Re=4329; St=0.0139; b) Re=4329; St=0.0175; c) R¿=4329; St=0.0245,

d) Re=5ß7; St=0.0139; e) Re=5ß7; St =0.0167; Ð Re=5ß7; St =0.0195;

Ð St=0.0116; Re=6555; B) S¡=0.0116; Re=7682; h) Sl=0.0116; Re=8840;

i) Sl=0.0139; Re=4329; j) Sf =0.0139; Re=6555; k) S/=0.0139; Re=7682;

Fig. B-2. Typical images of the visual flames for the selected cases at various Re and

S/ numbers. The size of the visual images is fixed on 27 cm width and 44 cm height.
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