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Abstract

This workhas been aimed at applying laser induced incandescence imaging for the measurement of
soot concengition within a variety of noveldme sources and setupsser induced incandescence

(LI is an optical technique used in laser diagnostics to measure soot volume fraction and estimate
particle sizen-situ. Using imaging to measure LIl allows for a range of combustion environmerds to b
investigated and soot volume fractions to be measured. An experimental methodology had to be setup
to measure the LIl signal using a Nd:YAG laser, ICCD camera and flat flame burner and calibrated
along with another optical technique known as extincfldris allowed for the soot volume fraatido

be calibrated and measured and this gives the stacasedor calibrating other measurements in

different flames.

From burner setup it is possible to change thendary temperature of the flame. It was thuuthat

by changing this temperature it would be possible to change the soot concentration within the flame.
However, using LIl imaging it was shown that despite this change in temperature thelsmet vo
fraction remains the same, this was also eventimliyd to be the case when modellthgse types of
flames This gives confidence in different experimental setups between groups can be used for

comparison.

The burner being characterised by a standard setup allows for comparison whendif§argnt

excitation source, a longulsed fibre laser. Using a long pulse fibre laser has benefits and it is shown in
this work that it is possible to get a comparable result with LIl centre line height boer HAB)

profiles matchingModelling also allows focomparisons and understanding on how the laser temporal

and spatial profile can affect the LIl signal.

The rise of the interest in sustainable energy generation has led to the increase of using alternative fue
sources such as biofueldsing the methodeveloped it was possible to record soot volume fraction
images within a wick diffusion flame which used a selection of biofuels and show improvement on
previously published temporal profiles produced in these flames. The sooting propensity of each fuel
was able to be characterised more accuratsiyg spatially resolved profiles over temporally measured

profile.
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Introduction

1 Introduction

1.1 Combustion in todayds world and th

Energyconsumption in the world is rising every yéarhe EIAin 2017 predicts 28 % increase in the
world energy use by 2040 and that fossil fuels will still account for more than three quarters of the

world energy cosumption by theA.

A number of sources have produced an outlook of scenarios for the primary energy consumption b
fuel and even in the best case scenarios, the outlook still has oil and basvary significant energy
providers**® This demonstrates that even the most environmental friendly resstatesven with a

best case scenario; they will still be far from enough telprcc i ng enough energy
energy supply. This means that oil and gas will still be a main source of energy production. In othel
words combustion will still be the main way of providing energy however combustion poses a problem

in the pollutants that it create.

The main pollutants from combustion are typically carbon monoxide, nitrogen oxides and particulates
also known as soot. These emissiongdarmeaging to the environment and health. It is well reported in
media outlets such as the BBC, in the UK, cities such as London and Glasgow rank below average |
the soot pollution league in the European city rankiBgot pollution causes damaging effects on the
public healttf twasthel 9206 s was when tfisestudiegphawing theifmpact of o t
the inhalation of sdoand the link to lung cancer. Along with damaggffgcts to human health, the
release of piutants into the atmosphere is a larger problem. Highwood and Kinnessteg that the
effects soot has on the climate are multiple. Oneffdctsis the breakdown of soot changing the
properties of the sol almportanttsoattpollation aecounts for everBraer t |
quarter of the total pollution in the air. Numerous legal regulations have been enforced for combustior
processes releasing pollutants into the atmosphereasutie Air quality Control Ac but is necessary

to understand of combustion processes in order to better understand combustion. The development a
improvement of accurate measurement techniques during combustion is important to better understat
combustion processesd reduce the damiag effects of soot pollutionCombustion process details
could only be assumed before labased diagnostics. A t t hat ti me, resear
combustion and pollutants were proved wrong by the results gatheleddrydiagnostics. riissions
numbers and particle sizé®m engines to be regulatéeéttersince improvements would lead to better
instrumentation to identify key health hazards commerciaflimprovements in measurement using
laser diagnostic techniqu&s® One of the key diagnostics usexirheasure soot within flame iaser
inducedincandescencell]). LIl can give information on the soot concentration and the primary

particle size.The bulk of this work has been focussed on using this technique of laser induced
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incandescence (Llin flames and is concerned with the measurement and characterisation of a variety
of flames under a variety of conditions as well as novel methods onHhewllt measurement was
done.

Chapter 2 discusses elements of soot formation and provides a short overview of the techniques used
acquire information about pollution formation going into detail atb@sgrinducedncandescence (LII),

the technique thatas used throughout this project.

Chapter 3 goes into detail about the laser induced incandescence modibkirgnapter shows details
into the heat transfer components and how coupled equations can show the process behind L

Production of a standard more allows for further development of the model which is used in chapter 7.

Chapter 4 describes the methodology behind using the laser induced incandescence téchoapie.
into detail about how the equipment utilised and wstain pieces of equipmeneresuitable for laser

induced incandescence imaging.

Chapter 5 shows the validation and characterisation of the methodology and the standlardeflat
burner used for soot calibration. Chapter 5 shows the results of mgasooinconcentration within a
flame using laser induced incandescence. The results will show the characterisation and comparison
a sooting flameThere is also an investigation into this flame into using a way to measure soot
precursors using subtraatidrom two different signals. This was done in a standard laboratory flame
since it is allows for more control of the flame and allow for measurements to be stable and

reproducible.

Chapter 6 is an investigation into the heat transfer effects of thertsgtup. It was hypothesised the
temperature of the flame could be changed by varying the temperature of the stabilisation plate and tt

effect on soot formation was studied.

Chapter 7 uses the technique developed in the previous chapter but with entiglesitation laser

source. By changing the laser source it allows for another level of flexibility in being able to use this
technique to measure soot pollution in a range of circumstances using a different type of laser
However, there are difficultiesf using this laser and the chapter will discuss these downsides and the

best ways to overcome them.

The increase in the need for sustainable energy using biofuels has become more evident. It is importe
to understand pollutant formation and combustesociated with using these types of fuels. Chapter 8
uses the techniques detailed in the previous chapters to then measure the soot volume fraction withir
set of biofuel flames stabilised on a wick burner. These fuels are chosen to mimic wood coralndstion
were previously measured using LIl and point measurement; imaging methods were used to overcon

the disadvantages associated with point measurements.
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The results produced throughout this thesis may in the future be used to as input for various@ombus
models for validation purposes. This thesis has a mix of experimental and some modelling result

throughout.
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2 Background on soot formation and detection

Over the last 50 or so years there has been muchdeork in the study of soot formation such as the
developments and established pathways for soot formétion.

This chapter gives a brief overviemto sootformation in the combustion process, the current accepted
routes of sootormation. The chapter will also discuss the diagnostic techniques used to determine soo

structures and properties and the advantages and disadvantages of these techniques.
2.1 Combustion and soot formation

2.1.1 Types of flames
Combustion involves two reactiveroponents: the fuel and the oxidiser. The fuel contains the chemical
energy which is liberated through oxidation. The exothermic reactions involved are complex even with

a simple fuel®

Combustion can either hgremixed or nofpremixed. Premixed is where the oxidiser is mixed before
ignition of the flame. Nospremixed is where the fuel and oxidiser mix at the boundary |8yes.
advantage of premixed combustion is that there is muchegreantrol of combustiorNon premixed
flamesare more complex since the fuel to oxidiser ratwers the range of rich combustion on the fuel

side and lean combustion of the air sitle

In diffusion flames the oxidiser mixes with tlieel by diffusion. Therefore, theate of reactioris
limited by the rate of diffusion because of changes the structure of the flame when compared to th
premixed flame. The work within this thesis has measurements of soot within a premixed laminar flame

and norpremixed diffusion flames.

2.1.2 Equivalence ratios

In LIl the most common fuel used éhylene. Ethylene is commonly used in combustion research for
its ability to produce controllable sooting flames as well as its availability of pure ethyilaee.
ethyleneoxygen complete combustion reaction is dedi as:

00 o0 0 ©¢0O0 ¢ov 0 Equation
2-1

One way of describing the fuel to oxidiser mixture is with the equivalence rat)o If the fuel and
oxidiser are burned completely itissaichat t he fl ame i s stoichi omet

>litissaidtobefuet i ch and i f thereds more -lemxi<tli ser t he



Background on soobfmation and detection

€ Equation
2-2

Where:

Nier@nd Ryigiserdle thenumberof moles measured in the gas mixturehaf stoichiometriconditions

The larger the equivalence ratio the higher the sooting propensity due to higher fuel to oxidiser ratic
which causes more incomplete combustion to take place which causes unburnt fuel to becom
pollutants such as soot and produce nzamon nonoxide. Fothis work it is important to understand

how the equivalence ratio changes the sooting propensity changes.

2.1.3 Growth of soot within a flame

While there have been wadktablished chemical reaction pathways and physical processes for soot
formation further imestigation is needed for a better understanding and production of optimum
combustion conditions within different fuels, burner types and the respective appli¢ations.

The laser diagnostic technique LIl used throughout this thesis is independent of the process of so

formation anddependsolely on the concentration and particle st is produced

Sod formation and growth

The simple stages of soot formation and growth start with the molecular zone, particle nucleation
surface growth and coagulatiand,finally aggregatiorwhich causeagglomerate formation. Soot goes
through thesetages alongyith reactiontime. The sooformation startsvith the pyrolysis of the fuel.

The high temperature of the reaction zone breaks the fuel into smaller hydrocirbbeee is an
abundance of Acetylene in rich flames. Acetylene is #dimg precursor forpolycyclic aromatic
hydrocarbons, known @AHs, which make soot particles. The next step is the production of aromatic
hydrocarbons which grow with the addition of other aromatic hydrocarbons and other smaller
hydrocarbong? There are several different potential pathways from PAHs toenasoot, which is
typically around 6 nm t hough they arenot defined by t
significantly more aromatic character than aliphatic and can maybe contain oxygenated 'Spadies.

soot particles then grow by addition of smaller hydrocarbon molecules in a process known as surfac
growth. Coagulation also occurs with surface growth and it is the reason why surface growth causes tt
particle to fom in nonrrspherical shapes. The larger soot particles can then aggregate. Mature soot tend
to be composed of primary particle sizes ranging fronb@Ghm with high levels of Carbon to

Hydrogen, C/H ratios. One likely pathway for this is known as the HA@#hou'"?°
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HACA

In the process known as the HACA method, which stands for Hydrogen abstraction carbon addition
these PAHs get larger with tercombining with other PAHs or the other radicals preSdfigure2-1

shows the mechanism tife PAH growth. Particle formation occurs and because of surface growth and
coagulation the soot growklowever,over time, the growth on the surface of the soot will be less
because of the reduction in Hydrogen atom concentration. The particles joimetodgletough
aggregation which is where the soot particles form aggregates of smaller soot particles to form large
particles which are approximately several hundred of nanometres in size and not spherically shape
Soon the soot particles oxidise which caduce the particles mass and $iZ&%*

Figure 2-1: PAH growth with the HACA mechanism adapted from Davis et al?®

Nascentsoot

Nascent soot is soot whichdaust been freshly nucleated. Nascent soot has typically lower C/H ratio
and can be potentially liquid. It isnportant for soot formatiofecause itepresats the area of the
growth phase where the products are between gas molecules and pariattete It was discovered
that this area has what is called a ¢6dark zo
meaning that the soot particles are not at a large enough mass to measure by typical Liparfiokse

tend to be below 10 m and absorb light differently when compared to larger partiéies.
When measuring nascent soot particles using laser diagnostics a wavelength longer than 700 nm shot
be used due to the stronger wavelength dependasnedsorptionThe formaibn of nascent soot is an
important step in soot formation. Modelling and other studies focussed in this region show the need fo
improved experimental technicsi¢o help develop these modé&lremixed lames have given and

continue to give a lot of data on nascent soot formation and with the improvement of cesitun in
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techniques this area of soot formation can be studied more accurately and improved models coul

maybe be produced.

2.1.4 Soot diagnostics
Soot produced in a flame can be characterised using two categories of technique, probe and optic
methods. Discussed here is a quick overview of some technigadsn the field of soot diagnostics,

followed by a more extensive discussion on lasduced incandescence.

Probe techniques

Using probe techniques over optical techniques is useful for gathering data sensitively and selectively
Transmission electromicroscopy uses a sample of soot from a flame to gather information. Typically
for this technique is to use a wire mesh iiserted into the flame which captures soot
thermophoretically. The mesh can be removed and the soot stuck on the mesh can thaisimgge
transmission electron microscopy (TEM). TEM typically uses beams of electrons transmitted through
the soot sample. This method typically gives information about primary partSies as well as
aggregatedJsing bright and dark field TEM Vand&val*’ was able to show the crystalline structufe o
soot produced from a flame. Dark field is when the image in the field is literally dark, and bright field is
when there is a light background. Dark field is when the image in the field is literally dark, and bright
field is when there is a light backgmuiand a schematic diagram of each setup can be seen in Vander
Wal.?® Results showed that the two TEM methods appear to complement each other for qualitative
measurements. Vander WWahlso compared optical results of LIl and LIF using Bright and Dark field
TEM. Using TEM Vander Wal was able to show clear and similar trends of the soclepsies when

compared with LIl and LIF optical technique measurements.

Scanning Mobility Particle Sizing (SMPS) was first described by Wang and Elafganaerosol

analysis. SMPS cam measure the particle distribution of particles from 5 nin“ton with

concentrations between °l&nd 16* particles per r Kruger et af has carried out studies comparing
Laser Induced Incandescence results with SMPS. These results show that laser heating during LIl h
an influence on the soot particle size distribuffSBMPS measures the particle size when moving in air
which is affected by an electric field and providesmeasurement on the total size of the particles
whereas LIl is related by the primary particle diameters meaning that when comparing SMPS and LI

the particles are best not to be aggregited.

Probe techniques results can give interesting information on tharewphology however the main
problems with probe techniques are the flame may be disturbed when sampling, thus interfering witl
the recorded data as well as the time it takes to produce and analyse the results is much longer th

optical techniques:

Opticaltechniques
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Nonrinvasive optical techniges have been used in the investigation into soot formation. These
techniques typically consist of various spectroscopy methods and light scattering techniques. Optic:
techniques have advantage over probe techniques as typically, measurements cannbe tak
instantaneous. On thether hand probe techniques have a lag betweemoving thesample and
analysis and are invasive to the flame, which may perturb combustion and risk uncertainty of the

sample not being representative of the measured ffame.

For LIl there is a ctical need for supplementary diagnostics to relate to unanswered questions relatec
to soot formation as well as important LIl parameters such as temperature and pressure, and gas ph

combustion constituents.

One method used to study particulate matter is light scattering methods. Scattering techniques typical
work by having a fraction of laser lightattered by hitting the soot particle. Elastic Light Scattering
(ELS) has been used combined with Laser Induced Incandescence to allow for a quantitative two
dimensional determination of morphological characteristic properties such as aggregatesatfahe so
shown in Reimann et &.Reimann et a* used a combination of light scattering and LIl to measure
two-dimensionally soot properties such aggregates along with soot volume fraction. This setup used
532 nm laser light and a typical LIl setup for LIl measurements and for ELS measurements a simila
setup was used except a continuous laser Nd:YAG beam was used as this provided a betaniaser b
profile. The results show successfuD2measurements with some overlaying assumptions about the
particles measured. This technique showed the results agreed with micreessdfs/Typically elastic

light scattering works by measuring the scatteaseér light from a soot particle with the detector piace

at an angle to the measurement plane, the intensity of the Rayleigh scattering can then be measured. |
et al®* used a combination of LIl and Laser Induced Scattering with previous calibration methods to

find the soot volumdraction, mean diameter size and number density in a laminar diffusion. flame
32,34,3536

Photoacousti techniques have been shown to be capable of measuring soot volume fraction across
range of conditions. These are line of sight techniques where the signal is path integrated across tl
flame. Photoacoustic detection works by the absorption of lasegyeleading to change in the heat
transfer, this produces an acoustic pressure wave and using laser modulation the intensity can |
measured. Humphries et®alshow the intensity of the photoacoustic signal has been calibrated and

compared with LIl signals to produce a relialileight above burneHAB) profile.®’
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2.2 Laser Induced Incandescence (LII)

2.2.1 History of LIl and development of LII

For the study of soot voluenfraction and particle sizing$erinducedincandescence (LIl) has become
widely used. Detection of soot by LIl requires that the soot is able to absorb the laser at the specifi
wavelength and the particles are matemeugh to be heated without vaporising or undergo photolysis
therefore incipient soot is difficult to measure by 'IAdvances in LIl have led to particles as small as
2.5nm and possibly 2nm being detected with changes in soot primary particle size and concentratio
being resolved till about 10 nrff > Once the mature sb particles have been heated up to a hot enough
temperature to emit broadband light. The intensity of this light can then be used to determine soc

volume fraction.

The formation of soot has been studied using lamkrcedincandescencsincet he mi d 1970
techniqueallows for soot volume fraction to lmketerminedand paticle sizing to be carried out subject

to various assumptions about the soot propertieshéfurtiscussed in this chaptebll is a laser
diagnostic technique that wa by using light energy produced by a laser, either pulsed or continuous,
to heat particlate matter (mainly soot) to heat up and the incandescent light produced from this heating

can be measured.

Previous work focussed on the development and applicationll has led to temporally as well as
spatially resolved data to be gathered when measuring LII within a flame. This has led to multiple

research groups measuring a variety of these flames and conditions using LII.

EckbretH* first discovered LIl when carrying out Ramapestroscopy diagnostic pgriments, a source
of important interference, this lead to particle size being related to the decay of incandescence throuc
time. Melton then presentedhaat transfer model supporting subsequent work to measure soot volume

fraction andinvestigate sodiormation using Lllexperimentally**

To ensure that modelling data as well as experimental datac@raparable between groups several
conditions when making standard measur ements

f 1l ames 8 whi-definedhsat wfeconditions & lallow for comparison and modelling. Even with
these set conditions dle still is some choice in parameters in models such as refractive index, soot
density etc. which can lead to massive differences and large error ssrdhis is why it is important

when modelling and calculating results from experiments to wiselysehthese factord.here have

been efforts within the LIl research community to improve comparisons between lab models anc

experiments?

LIl has been carried out in a number of different conditions and environments. Hofmarin retva.

demonstrated using LIl at higher pressure. The investigation was to find the influence of pressure o
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factors such as laser fluence and time resolved detection. This investigation found that the pressure or
has a minor influence on two key comporsenf LIl heat transfer components (vapourisation and
conduction). This was inconsistent with expectations and so this shows the need for modelling as we

as experimental investigations to truly understand the soot behaviour.

Current research and futureretitions of LIl includes research such as the determination of detection

limits for volumefractions as well looking to narrow the uncertainties associated wiffi LII.

2.2.2 LIt heory

Described as the&e wor khor se f or soot vol ume fraction
c o mb u $°tLdser induced Incandescence works by using a pulsed laser which heats the soot particl
up to near sublimation temperatures. When the gadicle heats up it emiteore intense visibléght
spectraover a short period of time, the soot particle then cools desimy key cooling mechanisms
changes the signal over this short period of time. Since the soot acts as a near blackijmettuhe

of wavelength of lightemitted is dependent on the temperatakhoughsi nce t he soo
explicitly behave like a blackbody there is an emissivity coefficient assodiatédrhe intensity of

light emitted by these particles is proportional totbkime fractionof particles and the time it takes

for the light to decay is related to the primary size of the soot parfldiesis based on the fact that the
soot particles are all heatedttee same temperature and the prompt detection for the measurement of
the soot volume fraction. Since the soot particle diarftgjes smaller than the wavelength it follows

the Rayleigh approximation whetal,/ << 1 meaning it absorbs the laser engwhere ¢is the

primary particle diameter*-+?
The emitted | ight: foll ows Planckbés | aw

¢ W p Equation
N 2-3

Where:

B..is theSpectral Radianc@V sr* m? Hz")

h is Planck Constar(] s)

cis thespeed of ligh{m/s)

ais theWavelengthim)

k, is theBoltzmann Constaf{m® kg)/(s’ K))
T is theTemperaturef the Soot Particle (K)

Soot volume fractioran bedescribed by

10
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0 6U & 0 E-(luation
Where:

fy= Soot Volume Fractiofppm)

Np=Number of density of aggregates per wdtume

n,= average number of particles per aggregate

d,= particle diametefm)

Since there is a close linear relationship between the peak LIl signal and the soot volumesiraetion
it is a near blackbogdyit can be useful in finding out the soot volume fraction within a flame. This
shows that larger particles have a much stronger effect on the resulting signal than the smaller particl

Equation2-5 shows an early approximation of the LIl signal by Melton.

8 Equation

~ B &
Y ©0Q o5

Heat transfefrom thesoot to the surrounding gaach as conduction and evaporation as se€igire

2-2 and by using the decay in signialis possible to find a time decay for the particle which can then be
used to infer particle sizeSince smaller particlehave highersurface to volume ratio, the smaller
particles cool faster than the larger partichesl the relative signal of smaller particles compared to
larger decreasdasterwith time which could be a problem when using a gatedsurement systefor

soot volume fraction measuremefits

Conduction

Energy Absorbed from Laser

Sublimation/
Evaporation

Radiation

Figure 2-2: Typical heat transfer components of LIl in soot

11
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An example of aypical model of the signal the soot produces can be sd&gune2-3 with individual
heat transfer component rates showirigure2-4. More information on how the modelas generated

is given in chaptes.

%10

—
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Figure 2-3: Example of modelled LIl signal over time**
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Figure 2-4: Modelled heat transfer rates

measur ements i s tTiheset PAHsh e r

One problem of L1
typically fluoresce when using 532 nm excitation wavelefijtfOne way around this is to use an

appropriatedetectionfilter which in the work done throughout this thesis uses a 450 nm since this is a
lower wavelength than the excitation wavelength and since the fluorescence is red shifted meaning tt
signal produced will be usually higher in wavelength will cause a reduction in interferesaeg U
1064nm Nd: YAG lasefor excitation source reduces fluorescence interfersime using this laser

12
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wavelength means that there is likely no interference fromdhomnce from other specisimice the

PAH species dondét absorb at this wavelength.

Using a different excitation wavelength can affect at how the particle absorbs light energy and therefor
this can give a different fluence curve. A fluence curve is theorese of LIl signal to change in energy

per unit area and helps describe the relation of signal to soot volume fraction. Another issue is that th
signal changes with detection wavelength. Therefore care has to be taken in experiments to make st

that thesignal being measured is comparéable.

Particle sizing using time resolved LIl (TiR.Il)

The rate of cooling of the soot particle is related to the 8wefinding ime resolved(TiRe-LII)

profiles of the LII signalcan be analysed to find a decay time which theoretically is related to particle
diameter.** The larger the soot particle the longer the temporal decay time meaning that they cool
slower. Smaller particles shorter temporal decay time meaning that they cool fastarg€hgarticles

cool slower than the smaller ones due to a smaller surfacecavelume ratio. Since conduction
typically is the main heat transfer mechanism the conduction is modelled to fit the deéa{Ptitie

find the decay time an exponential decay can be fitted tmaheal log of the Lllprofile. The fit is

done at around 100ns after the peak sigoathat the main method bEat transfer between the soot
particles is conduction and effects such as vapourisation can be neglected. These results can then
used to help model particle sizing, however the model in use could be more complicated as well a
inaccurate due to paramset such as particle density, refractive index etc.

t 6A@PP O Equation
2-6

Where:

Ais a constant
® s the decay rate(3

tis the decay time(s)

The decay timg can be used to infer information about the particle size. For premixed flames the
decay time is lower as examples presented by Axelsson’@tatelsson et at’ demonstrate using a

PMT time resolved profile in a premixed laminar flame to produce a technique for soot particle size
measurements. To experimentally find primary particle sizes, a line was fitted to a log decay of the LII
signal 150ns after tle peak LIl signals. Results show decay times produced for two different heights of
stabilisation plates. These decay times can then be used to estimate particle size. Particle size w
compared with scattering results and it was found that at lower hedighite was good agreement

between the two techniques however at larger HABs where the soot particle was larger there was

13
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disagreement of around 28. This has been put down to aggregation as well as an uncertainty in the

flame temperature.

2.2.3 Absorption function E(m)

For LIl measurements there is a need to know and understand the optical properties of the soot. One
these optical properties is the widely debated absorption fun&i¢m). There has been shown to be a
high variability between LII groupshosen value of E (m). The E (m) factor depends on many things
such as soot maturity and spectral dependence. E (m) describes the efficiency ostigttiabof the

soot particle Schulz et af* shows the variability of different groups derived absorption functions and
how the dffer between wavelengths. For the work presented here the E (m) value used was the 0.3 +
0.06 was deemed to be acceptable since it is approximately constant from the visible-IR near
region>?

Recent discussion at an LIl worksfidpas suggested 0.36 or 0.38 an acceptable value for mature soot.
Mature soot is composed of smatimary particles around 380 nm in diameter which can be bound

in aggregates of different sizé.

2.2.4 Fluence curve

The fluence curve is important to laser induced incandescence as it describes the dignah&wgy

per unit area of the laser pulse. Depending on the flame and how the signal is collected this can have
dramatic effect on the fluence curve. The collection of signal depending on the measurement such :
measuring the curve using prompt or gasgghal. With gated signal the influence of fluence on the

gated signal is more severg>®** Modelling shows this in chapter 3.

Bladh et af* shows a change in the fluence curve fghthe leaner flansd o n 6t r each a p
whereas the more fuel rich flame does reach a plateau. This is believed to be because the particles .
more nascent and just produced and that the optical properties and physical properties of this type

soot is different from mature soot.
2.2.5 Calibration of LIl signal into soot volume fraction

Extinction

In this thesis whenxtinction is mentioned, its solelya process which uses absorption of light by soot
particles and by using the beer lambert law is able to calibrate into a soot volume fraction. The
calibration relies on the absorption function which as discussed previously has a large uncertaint
attachedo the value around 2% in the absorption functiorSince this is such a large uncertainty it is

the main source of uncertainty in extinction.

When doing extinction measurements it is important to avoid scattering so that the only loss of intensit

is caused by extinction. Scattering is where the light is displaced in different directions instead of being

14
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absorbed. To avoid scattering the wavelength of light used should be chosen to avoid scatterin
regimes.For soot using an infrared wavelength will igglly avoid most scattering.Using this

wavelength will also avoid absorption from PAH interference.

Extinctionworks by measuring the laser intendily) without the flame and then measuring the power
after the beam has been through the flél¥)jeandseeing a decrease in the power due to soot absorbing

some of the laser energy

Figure 2-5: Extinction measurement, BeeiLambert law example showing the laser propagating through the flame and
decreasingin output power due to extinction

Figure 2-5 shows an example of how the extinction measurement wdhHes BeefLambert law uses
the relationship othe amount of substance to the amount of light attenuated by absorption. Using the

BeerLambert law the soot volume fraction can be calculated for soot volume fraction:

.0 . Q. Equation
| 16 U —U 2.7

Where:

ais the wavelength,
Kcthe dimensionless extinction coefficient
L the length of the absorbing medium (the diameter of the flame).

15
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The soot concentration along the optical path is assumbd tmnstant andssumed no scattering of
the light takes placé®’

Ke can be estimate be:

) a ) Equation
v 0" Oa ¢ Oa 2-8
a C
, o¢ ¢ Q Equation
V) : = = 2-9

e Q ¢ Te Q

Where¢ andQ are the real and the imaginary parts of the complex soot refractive index m,
respectivelyThe absorption function E(m) has been discussed earlier and is depaméavelength
and the properties of the soot.

Overall, when combining equation for extinction and absorpsome it is assumed there is no

scatteringthe equation can be given as:

— i T"O Equation
(pu OIO ('x uO 2'10
Overall the accuracy of LIl calibration based on extinction is limited by uncertainties relatedstuoth
extinction coefficient the absorption function) and by uncertainties in the soot optical property

variation within agiven combustion or flame system such as the soot index of refratfion.

While extinction is commonly used, the technique is has disadvantages because the calibration occu
not simultaneous with the LIl signal recorded, meatiirag the flame may change if unstable or if there

is any changes in the conditions However, because of the simplicity antbessynature, there have
been multiple experimental setups that have been used for this te¢hrizpreelating the relative soot
volume fractions, i.e. LIl intensities, with the average soot volume fraction of the integral extinction
provides the following expression for the calibration constant:

i i"O Equation
=g 2-11
"Y

WQw

This technique is discussed more in the methodology and section, where it has been implemented
calibrate soot volume fraction throughout this project.iri€xion is a simple process that has been
demonstrated useful in many studies. Unlike natural luminosity measurements extinction does not rel

upon the temperature of the soot invol¥&d.

16



Background on soobfmation and detection

Many studies have decided to use extinction methods and incorporate them further into the LIl setug
Quay et af® used extinction and scattering to find an agreernreqrofiles of soot volume fraction
which negates the need for the conventional line of sight extinction method. Axelssoti leavad.
demonstrated a novel measurement technigque fordimensional measurements of soot volume
fraction and particle size by using a combined method of simultaneous LIl and extinction. The LII
signal is collected by using a 1064 nm excitation wavelengtere extinction uses a 532 nm
wavelength. This method worked on stable flames successfully however with turbulent flanes,
particle sizing must useither of two different casras or a fast enough camera to execute two images

within a time of a few hodred nanosecosd

Two-colour LI

There has been multiple ways of measuringptbeksoot temperature. The main way of measuring this
is to use a form of thermometry known as<C@lour LIl. Unlike standard pyrometry, as shown by
Cignoli et al®*, there is no need for abel inversion and corrections based on poSitiorcolour LIl

soot volume fraction calibratiois advantageous as it reduces the error in soot refractive index

E(m) .62,63

Since with a neablackbody the light emitted has a more dominant wavelength caused by the
temperatureby being able to take a ratio of the signal at 2 diffedgtectionwavelengths at their
temporal peak, indicating that the peak temperature of incandescent soot particles is almost constant
the index of refraction is assumed not to vary significadtiBy using two different detection
wavelengths using the expressith:

Equation

Y — a¢ 212

®p p ., Y06
Q

Where:

_ is the detection wavelength of the second detector (m)

_ Is the detection wavelength of the first detector (m)

C, is the calibration constant of the detector for the first wavelength
C,is the calibration constant of the detector for the second wavelength
S is the LIl signal at the first wavelength

S is thelll signal at the second wavelength

Knowing the flamaemperaturethe soot volume fraction at a local point can then be obtained without

the need for correlation to another measurement of soot like extinction, by:

17
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@ Equation
o Ao a
Y = fb_= y P 2.13
0_0 p ¢ wAOa

0

S is the LIl signal at the wavelength measured
C is absolute intensity calibration

Wy is the width of the laser beam

This method for calibration could be used either for point measurements and imaging measurement
De luliis et al®® demonstrated a method forc@lour LII for measurement of absolute volume fraction
within a flame. They use a PMT to produce a spatial profile of an ethylene diffusion flahey used

a tungsten ribbon lamp for temperature calibration. Potenza®ttisgd twedimensional twecolour

LIl in a laminar diffusion flame to find the primary particle size from the temperature decrease. 50

images for each point were deemed as acceptable to provide enough images to find reliable results.

However, because of the complexity in calibrattmch as hang to use 2 expensiviatensified CCD
(ICCD) cameras and temperature calibration with tungsten lamp as well as the uncertainty of the
wavelength dependence of the absorption function is not wellknowng t echni gque has

this project so fa

2.2.6 Methods of LIl signal detection
The way the signal is measured can affect the outcome of data that can be found using LIl. Typicall

the signal is measured by imaging or point measurements.

Imaging
LIl signal can be collected using imaging techniquBsis mainly involves uses a gatadensified
CCD (ICCD) camera

Using an intensifier to amplify the amount of light collected by a CCD chip, which is placed behind the
intensifiea allows for low levels of light signal to be collected. The function efithage intensifier is

the multiplication of the incominghotons allow for measurement of single photons .The intensifier is
typically consists of a photocathode, micro channel plate (MCP) and a phosphor screen. The
photocathode converts the photons teckbns, these electrons then are guided through the MCP, the
MCP multiples the electrons which uses the phosphor screen to convert the electrons produced back
photons.The intensifier has &ontrollable gain which determines how much the photon sigeal
increased;his enables the ICCD camera to take imagexi@émely low light conditionsThe photons

can then be guided to the CCD, which corresponds to the pixels shown in the readout. The chip is the
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able to convert the number of photons to a sinligital value by creating electreérole pairs on the

CCD and creating a charge that can be accumulatedoanerted to the digital vallé.

The intensifier also allows for short time integrals of signal toddkected and the amount of time that
the intensifier is open to collect signal is known as the @dte.relatively short gate is able to be
achieved as a quick change in voltage in and across the photocathode allows the electrons to escape.
low gainlevels the signal will not be amplified enough and no signal would be shown on the digital

readout®’

An advantage of an ICCD camera over normal CCD is the ability to capture signal over a short perio
of time. The ability to use short gate using an ICCD camera allows for critical discrimination of the
background luminosity of the flam@nce the signal is collected with respect to the gate time, the signal

is then released to the CCD surface by phosphor decathan imaged onto the surfae®

Sun et al”®

use a experimental setup where 4 ICCD cameras are setup t@takeultaneous single
shot andfind thetime resolved profile of the flame using just a single laser shot. The information from
this experiment can then be used to calculate soot particle size and soot volume fraction. Tran et al
show an example of twdimensional , two colour time resolved LI(2ZBC-TiRe-LIl). They were able
to produce soot temperatur@dasoot primary particle sizehey achieve temporal resolutiory b

shifting the gate of the ICCD camera by 20 ns for each individual measurement.

Point measurements

Anotherway to measure the time resolved profile of idithrough the use of a Photomultiplier Tube
(PMT). The PMT works ¥ the photons emitted from Lllacisingan emission of electrons caused by

the photoelectric effect. The PMT is able to then amplify and cause an electric current which can thel
be measured and examined using an oscilloscope. The PMT allows for téynpeslved

measurements of the Ldlgnal to be taken wittelatively lowsignal to noise rati&>°
2.3 Laser induced fluorescence (LIF) signals from LIl images

2.3.1 Introduction

Laser Induced Fluorescence is a laser diagnostic technique that is comsszhlg adombustion for the
gquantitative measurement of specific species. LIF has the ability to identify small molecules within the
flame as well as being able to determine a temperature of the flame, without the need to be invasive

the flame using a pbe!®

Being able to monitor these smaller molecules is useful for the understanding of flame chemistry
including through their role as precursors to PAH formation. The size of aromatic structures increase

thewavelength of emitted light increases. Therefore LIF can be used to identify where larger molecule:
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are and the development of soot formation, it is expected that larger PAH will be found at larger HABS

and smaller PAHs will be found at lower in the flam&.

2.3.2 Laser inducedfluorescence theory

Fluorescenceemission is achievetly a specific molecule absorbing energy which causes it to be
excited to a higher energy level. The molecule will then have some energy loss through non radiativ
transitions, and then then the fluaresce light emission brings the molecule back to a ground state.

The energy emitted from fluorescence is lower than what is absorbed and this causes the waveleng

emi tted -sthoi fbtee débr eads t he wavel ength i s Uesceemier .
Figure2-6.”
A
J, Non Radiation Transitions
v s,
hase Absorption Fluorescence

hv
S

Figure 2-6: Energy leveldiagram, fluorescenceemissiondescription

The problems which are evident during fluorescence may be contributions to the relaxation of the
molecule by processes such as quenching and when trying to produeatdative signal must be
taken account follt is found is that PAH concentration is found to not be proportional to the LIF signal
because of the temperature dependence of quenching as well as having signal from multiple specie
The LIF signalconsist of mul ti pl e signals from different
specific molecules however it can be used to identifyocagiof molecules through sizEluorescence
measurements overcome the disadvantages of absorption spectroscaopysnbgtiimaging the light
emission rather than the transmitted light, fluorescence is a zero base line technique, meaning that
does not measure the fractional chamgiich measures small change in a large value meaning that
fluorescence is more precisedanot being a line of sight technique which means that with fluorescence

spatial inhomogeneity can be resolvEd.
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2.3.3 Fluorescence from subtracted Lllsignal

It would be advantageous to imply fluorescence signal from an LIl signal. Previous work within the
group have used signal from incandescence and fluorescence at two differel@ngthge Since
fluorescence isnodt e X pla@monied tha Nd: YAG [mser andaekpected 6 4 n
occur in 532nm % harmonic of the Nd: YAG laser, the temporal signal was gathered and the peak
values can be subtracted to give théorescene signal producedit is indicative that it is the
fluorescence contribution to the signal other than the laser pulse because the FWHM of the fluorescen
signal is around 16ns whereas the laser FWHM is abduh& This shows the importance of being
ableto use other wavelengths to give information of fluorescence in flames may be difficult to measure
fluorescence due to the larger soot volume fraction. For this type of experiments to work the fluence
has to be matched to ensure empirically the samaldgproduced after the fluorescence lifetime since
because the fluorescence lifetime is short it only affects the point of peak signal in the LII+LIF signal.

Advantage of this optical technique is the ability to measure the whole soot formation process.

6
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£3 —532 nm
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Figure 2-7: Comparison of Signal at 2 different wavelengths for the same equivalence ratiopied from Dunn’?

Vander Wal has shownR2 imagesby simultaneous combined LIEll signal from 266 nm and 1064

nm excitation wavelength§.Smyth et af’ state that it was difficult to visualiseAP! fluorescence
measurements only using standard one colour. While this group had previously only done poin
measurement some other groups have used imaging to subtract LIl to infer LIF signal. These signa
can be used to infer the size of the fluoreggirarticles. Schoemaecker et’hivas able to use the
differences in LIl signals from two images with two different excitation wavelengths and produce and
image of the PAH fluorescence within a diffusion flame. Quantitative vakezs found for soot

volume fraction as well as PAH concentration inR Bsolved flame. These results show that the PAH
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concentration occurs at lower points within the flarSéaddix et ai® also took simultaneous PAH
PLIF and panar LIl measurements. They showed in a turbulent flame that near the top of the flame
where there is a strong LIl there is a low PAH LIF signal with a larger PAH LIF signal lower down in

the flarre.

Meyer et al’’ has a setup which allows for simultaneous planar LIl, OH PLIF aneSdagtering in a
swirl-stabilised combustor. Treetup consists of splitting a 532 nm Nd:YAG laser pulse into two
separate beams. One laser is used for exciting the LIl and the other to send to a dye laser to produce &

laser beam waveleng#t 308 nithat will cause OH fluorescence.
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3 Description of modelling laser induced ncandescence

3.1 Introduction to LII heat transfer modelling

By being able to model LII signal it gives the chance to compare to results and improve data sets ar
test hymthesis about soot formatioi€onsiderableeffort has gone into modellingaser induced
incandescence because by being able to accurately ribdah give information on primary particle

size andevensoot volume fractionMost LIl models work byaccounting for heat and mass balance
equations.Michelsen et df. shows a comparison of many different models and shows how the
difference in how some variables and assumptions such as the method of calculating vapourisation
how the density of the soot particle olgas with temperature, can lead to large differences in the final

signal generation output.

In MATLAB been developed and further implemented for LIl. This model was found to be like other
models in with it follows the main components of heat transfer thighability to add or reduce the
amount of heat transfer componedepending on the assumptions that is m&di¢h the purpose of a
creating a standard working model, this can then be developed to produce a model comparin

long-pulsed LIl modelling asliscussed further in the lofmmilsed LIl chapter.

3.1.1 Assumptions

For the standard version of the LIl model used a few assumptions would have to be in place to sta

with*:
1 All primary particles are spherical
1 Theprimaryparticles are monodisperse, meaning theyadirthe same size.
1 No chemical changdo the particleas a result of laser heating

1 Energy is equally distributed throughout the particle, meaning that it is the same temperature a

every position in the particle.
1 The particles surface is stationarydavapour is carried away lajffusion.
1 Vaporisation is from the entire surface of the particle.
1 Any vapour produce does not affect the signal received from the particle.

I Carbon Soot assumed to consist {33, carbon chains

9 The gas temperature of thame was assumed to be constant and not change over time
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3.2 Heat transfer components

LIl models arebased on the consideration of various modelseaft transfer.This section will discuss
the standard implementation of this model of these heat trangfepoments and how they are
quantified, what they mean and theifect on the overall modeThe typical method is to solve heat

balance equation using the Rurgetta 4" order method.

3.2.1 Overall

The overall heat transfer components of LIl can be desciffet:

0 0 0 0 0 0 Equation
31

Where

Qntis the rate of change of internal energy of the soot particle being heated (W)

Qasis the rate of change energy of absorption of the laser sotitgoarticle being heated

Qsubis the rate of change of energy lost through the effect of vapourisation/sublimation

Qqonis the rate of change of energy lost from conduction from the soot particle to the surrounding gas
QoS the rate of change of energgused by the oxidation of the soot particle

Qraais the rate of change of energy lost from radiation of the soot particle

3.2.2 Internal energy
The energy of the particle is often termed as the internal energyafighef change ahternal energy

ratedepends on the specific heat, density, volume, and rate of change of the temperature of the particle

- . Q QY Equation
v w E 00 32
" . pd p Qo Equation
O PpUXYT YL —T— 33

Where:

Qmt is theinteral energy of the soot particle
" is the density of soot (kgfn
C, is the heat capacity of the soot particle (J/ kg K)
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d,is the particle diameter (m)
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Figure 3-1: Model graph showing the change oheat capacity with temperature

Figure 3-1 shows the change on specific heat capaeftysoot has with temperaturaccording to
Equation3-3 showing thata use of asinglp e at capacity c¢anotouldleadtos ed

errors

" CoOTMP P X O @E 1 Y Equation
34

Where
" is the density of the soot particle in kd/m

3.2.3 Absorption
One of the most important aspects of the model is to try and model the absorption of laser light from th

soot particle

0 8 0o Equation
3-5

The rate of absorptioQ.,sdepends on the absorption cross sed@iggand the fluencé&(t) as well as

temporal profileof the laserThereforeEquation3-6describes how the energy changes over time:
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00 "OQo Equation
3-6

Where

g(t) is the normalised laser temporal profile
F(t) is the energy per unit time over time
F is the overall fluence (Jfn

The laser temporal profilor a pulsed lasds assumed to b8&aussiarand therefore follow&quation

3-7 as to ensure the norm@hussiardistributiorn

N Equation
o]
Q0 —_A@p> 37
» G C »
"Ow 00 Equation
CUCag 38
The absorption cross section is given by:
“ Q. Equation
0 —0a 39

This relies on thesoot absorption functioie(m) which indicates how much light is lost through
absorptionas discussed in chapt2r2.3 Equation3-10 and Equation3-11 show how this valuas

related to the complex refractive index of soot

o . ,('x P (pg Q Equation
Oa OO(d S ~ P 3-10
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A IS Q0 Equation
3-11
Where:

E(m)is the absorption coefficient

mis the refractive index

Nm IS the real part of the soot refractive index

kn is the imaginary part of the soot refraction index

3.2.4 Conduction

One of the main methods for heat transfer from the particle is conductimnsddtion of the model

aims to build a model of heat transfer of conduction that is reasonable and can be used to calculate t
amount of heat lost by conduction reliabGonduction occurs througtaused by energy being lost at

the particle surface due tollisions withgasmolecules. There ardwo distinctregimesin conductiam

free molecular and continuuthThe influence these regimes have on the heat transfer by conduction is
determined by the Knudsen number. The Knudsen number is determined by the ratio of the mean fre
pathof moleculego the diameter of thgoot primaryparticle and iseen inEquation3-12:

Equation

v E Q 3-12

Where:

Knis the Knudsen number

is the mean free path (m)

If the Knudsen number ratio sigh (@pprox..Kn>1) then this means that the main method of heat
transfer is in the Free Molecular Reginamd the mean free path of the molecule isgarable to the
length scale whiclmeans that the soot partisleehave like the gas moleculdgshe Knudsemumber

lis low (‘approxKn<0.1) this means that the most heat transfer occurs in the Continuum velgiche
means that the particles are big compared to the mean free path meaning that the surrounding gas i
continuous fluid flowing around the soot pele. If the ratio is neither explicitly high nor low then that
means that a transition regime may be used to account for the effect both regimes have on the loss
heat due to conductidfi.*°
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The free molecular regime is where partioielecule collisions are the main source of heat transfer.
This is described here since this is usually the main mode of conduction when using the model. The fre
molecular regime is described by tBguation3-13to Equation3-16:

rZ

_ AR "Y Equation
5 oY B e L G
¢ o p Y 3-13
Where
W is the heat gaacity ratio for air
8 is the thermal accommodation factor
cfis the average molecule speed (m/s)
Tpis the particle temperature (K)
Tyis the gas temperature (K)
The average molecule speed is given by:
. L|J~Q—Y :qlljlatlon
('l’r “ 'L‘) a3
This then can be related by:
L2 0 RYE p oY :“1‘;""“0”
n lIJ TQ"Y q—'“[‘) 3 o v, P _
. . 5 WY Y & o Y quuation
5 . hd — .
h g “0 o p Y P 16

Where

ks is the Boltzmann constant tikg)/ (s K)

Ro is the Universal Heat constant (J/ mol K)

In the continuum regiméhe main method of heat transfer is the moleaulgecule interactions rather

the particlemolecule interactions, however it will have a larger amount of particlkecule
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interactions than the free molecular phase, because of this the rate of conductea isf gtrongly
increased compared to the free molecular regime. This is a much more standard way of heat transf
since it only considers the bulk of the gas component and depends mainly on the thermal conductivit
of bulk. The continuum regime exists whihe Knudsen number is low, this allows for the molecules to
directly collide rapidly and energy will be dissipated through these collisions rather than direct
molecular contact between surfaces. In the continuum regime, heat transfer is independssiucé pr
since increasing the pressure affects the number of gas molecules but also reduces the distance of
molecular collisions and these two essentially cancel each other out.

Overall the McCoy ath Cha equation describ&ansition regime between tio distind regimes and
is the typically used heat transfer equation for the mdtdean be seen that if the Knudsen number is
high it tends towards the free molecular regime and if it is low it only takes into account the continuum

regime.Equation3-17 shows the overall equation for conduction

cQ 0 Y Y Equation
V] h - . 317

Where G is the gometry heatransfer factor

3.2.5 Vapourisation / Sublimation

At higher fluences the particles reach temperatures so high that they are enough to cause evaporati
Evaporation not only causes energy loss it also causes thelosassd thus the diameter of the
particle b change. The energy lost through evaporation is dependent on the enthalpy of evaporation «
soot and the rate at which the mass is lost. The energy lost by evaporation per particle is shown belc
in Equation3-18:

- Yo i Equation
0 Qo 3-18

Where
YO s the enthalpy of vapourisation for soot (J/kg)
Msyis the molecular weight of soot vapour (kg/mole)

m, is the mass of the soot particle (kg)
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The term My is the mean molecular weight of the soot vapour, not the solid Carbon, because the hec
of evaporation is the energy required to evaporate one mole of solid into gaseous Carbon gpecies. C
the most abmdant species produced in the vapour. The mean molecular weight of the soot vapour is
temperature dependant meaning that if the temperature is increased to 2000 K then the mean molecu
weight is increased by a factor of 2 and if to 4000 K thenitigimcs ed by a factor

be accounted for if a value w8s used that wasHt

Mass change during evaporation can be described by a mass balance using the equatpsfiom
3-19to Equation3-20:

(9 we . D Equation

w0 T 319

. Q . “Q Equation
@ Qg 2w 320
Qo Qo (0.0 Qo

Where
N, is the Avogadro number

Nsyis the moleculamolar transfer

Equation3-21to Equation3-23 shows the derivation of mass change in the particle over time and how
it can be relatetb the soot flux from soot evaporation.

) “0 Equation
Q Q .'.[8) ” 13 'Q m 3-21
Qo Qo
Since “0 ) — Equation
3-22
xQ cO O Equation
Qo "0 323

This flux Ng, is a transitional flussince hat neitheflux regime can be discounted. The Continuum flow

regime is when there is a short mean free path and there are a lot of moletrdale collisions. The
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Free Molecular flux is the regime where there is a long mean free path and no raoleladele

collisionstake place. The molecular flux in the two regimes can be descrilequation3-24:

P P Equation
) -
0 0 3-24
th o Equation
with v [ 3.05
andi C - Equation
3-26
R wy v Equation
, doy YUy d
(@) ey 3-27
Tt U 0

Where

Nsvis the overall mass transfer

Nemis the free molecular molar mass transfer regiriien($)
Ncis the continuum regime molar mass transfer regimen®
Dabis diffusion coefficient (rffs)

+ is macroscopic cross section’{m

As the temperature increases the vapour pressure of the soot increase since there will be a larger volu
of soot vaporised, the average molecular weight increases as larger Carbon molecules in the soot will |
vaporisedncreasing the molecular weight thus the macroscopic cross section of the molecules becaus
of this effect the model has to account for it using the equations belovEfjaation3-28 to Equation

3-31 The polynomial coefficients for the following equations can be fouffcibles-1. ** *°
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Equation
ABD 0"Y 3-28
Equation
0 a'y 3-29
Equation
30 QY 3-30
Equation
t » U 331
Table 3-1: Evaporation heat transfer coefficients®
[ Pi m; h; ”
0 -111.4 0.01718 205398 1.8x10%°
1 0.0906 6.865x10" 736.6 -1.857x10*"
2 -2.764x10° 2.996 X0° -0.4071 1.404 X10%
3 4.175 A0° -8.595x10% 1.199 x0* -2.503 0™
4 -2.488x10%" 1.049 X0 -1.795x10° 2.075 10"
5 0 0 1.072x10% -6.667 X0

Equation3-32 describes how the diameter changes with mass it is assumed that the particle is stil

spherical:

Pz a

oz m

Equation
3-32
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3.2.6 Radiation

Pl anckdé Function allows the energy of the rac
blackbody. To account for the fact that the Carbon soot is not a perfekb&tycan emissivity term is
applied.- is known as the emissivity factor. This is t@nsistant approximation of thelative ability

of a component to emit energy by radiation compared to that of a blackbody i.e. if it was a perfect
Blackbody, emissity=1. The emissivity is dependent ¢ime wavelengthin the visible and infrared

regions®® This equation gives the amount of radiation coming fronwthele particle.

Radiation is independent of pressure compared to other methods of heat transfer and is typically muc
slower method of heat loss compared to heating and vaporisation; however at lower pressures
becomes a larger factor in the overall heasfer and has to be taken into account. To account for loss

by radiation the model started off using Pl an

wavelengths:

. 0 Y ® o Equation
U ‘o - U !
Qo = 3-33

If the model is integrated and the wavelength is converted to an energy it gives:

. P WWQ 0"Y 04 Equation
oo 3-34

3.2.7 Oxidation
The effect of oxidation was added to the model sinteresresearcher®® have suggested its influence

may be more significant for lorgulse excitation, which is subject of a later chapter

When the particle is heated by a laser pulse, it reaches temperatures high enbuphatsihe carbon
reacts with any oxygen in the surrounding gas through oxidation. As this is an exothermic reaction, i

increases the temperature of the particle.

At atmospheric conditions, the reaction of carbon and oxygeinalyy produces both CO drCO,in
almost equal amounts. As temperature increases, however, as does the ratio of G@rtd foOthe

temperatures involved in LIl the reaction produces almost entirely"CO.

The reaction used is:
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Equation
6 -0 2900
335
The increase in the amount of energy of the particle castieated by
= “rr R o o) Equation
’ YO 90 Vg 3-36

Where 6\¢s is the specific heat capacity of carbon monoxidgj N Av o g a d r|d¥issthe n u m
t her mal a c c o mmdQy, ast theo heat of areattionr and, gs the rate constant in
1(i ¢t %).Within this model, it is assumed that the reaction is not dependent on the diffusion of oxygen

to the particle surface, i.e. the surface is continuously exposed.

The rate constant is expressed as:

0 . Q o Equation

Where

P,z is the partial pressure of Oxygen

"Q s the overall rate constant for Oxidation (1/Stm

"Q is the rate constant for oxidation at site A on the particle surface (¥ atron
"Q is the rate constant for oxidation at site B on the particle surface (£/atron
"Q is the Rate constant for surface oxide formation at A sites (1/atm)

... isthe mass fraction of soot annealed

Equation3-37 takes into account or the existence of two different types of active site upon which
oxidation can ocur. These are type A and a less active type B and which have been denoted with rat:
constants ofQ and"Q respectively. According to Stricklar@onstable, that A sites can change to form

B sites due to annealing at a r&®°° For typical experiments the partial pressure gigdaken to be

0.209 atm however Michelsen et®3have stated that using a lower value may give better agreement

between experimental results and modelled.

The fraction of available sites that are type A is:

34



A Description orof Modelling Laser Induced Incandescence

. pPg LLP TT Equation
Q vZpm A QBW 3-38
e LEP T Equation
Q LZp T A QD# 3-39
. T @Epm Equation
Q oxepmA QDT 3.40

Where

"Q is the total rate constant

Another important factor in the role of oxidation is the relationship between chemisorption and
desorption, which can also be described as the rate at which solid oxides fthm surface of the
particle itself. This is denoted 3 and expressed as follows:

. @ Equati
9 ¢ &AQ% quation

341

When incorporating the energy loss due to oxidation, one mustiraiale the mass that is lost

expressed as:

Qa ¢‘Qw Q Equation
o 342

Where
W, is the Average Molecular weight of air

If this model were to take into account the effects ofateealing of particles, there would have to be
an inclusion of an annealed surface rate of oxidation. This is due to the difference in active site densit

that occurs in carbon materials that have more order than soot

3.2.8 Signal modelling
The signal is prodted from radiatiorfrom a single particles o t he si gnal is rel

integrated over all solid angle$he difference between radiation and the signal is the radiation is
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integrated over all wavelengths while the signal is just integrated fhe collection wavelength as
shown inEquation3-43. The effect temperature and particle diameter which is time dependant has on

the signal and explains how the signal evolves over time can be seen.

By integratingover all wavelengths and including an emissiwtymEquation3-45 can be produced

& o~ s Y , Equation
oo ) A QW Q_ 3-43
= Z Y o p
The emissivity is given by:
L O Equation
) - od 344
oy P“Q 60X 0d Equation
A G " 345
P50 P

Where:
- is the emissivity factor

The signals at certain wavelengths can then be subtracted to give a total relative signal. This depends
the band pass walengths setup in experimenfBo gain an overall empirical model the spectral
response of the detector has to be taken into account as well as the solid angle of the detection sour
This model also only shows the results if the fluence of the particles is one value, if forars&nc
beam shape was namiform the signal would have to be weighted. This can be seen in the fager lo
pulsed LIl chapter.
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3.3 Modelling results

3.3.1 Validation of implemented model

Figure 3-2 shows the modaekith the simple components oapourisationconduction,absorption and
radiation included. It is compared with a similar model the LIl SIM program, a common and well
referened model within the LIl community and ran with the similar input valiié signal plotted is
based off oEquation3-45

This shows the model is working as expected differences are put down to the different assumption
such as the equation for densitydividual heat transfer components have been checked and made sure
they are producing reasonable valassseen in Michets et al***® For standard LIl measuremertte

model is shown to behave well. Results indicate trends and values when compared to literature such
Schulz et af* give similar values on the same scale. Validation of the model has been done at the earl;
stages of use and found to match other modelling software such ag LIISI

1.00E-02
S mLISIM  #Model
% 5.00E-03
T
c
2
n

0.00E+00

0 500 1,000

Time (ns)

Figure 3-2: LIl model comparison with LIl SIM Program m atching fluencesbetween models

This model comparison has the primary particle diameter set to 30 nm, the absorption function of 0.3
and a detction wavelength of 450 nnan initial gas temperature of 1700 K and a fluence of 220
mJknt. The model value is found frofquation3-34
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3.3.2 Fluence awrve

The model is able to be adapted to account for differendemarthemeasuremeris takenthrough the
form of gating. Typically when using PMT measurements the max sigpassble to use whereas
with the camera it has to be gated over the4ies®lved profile.One of the main changes this can

cause is the difference in the fluence curves.
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- ®
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€ 4.00E-01 o7 ® Gated 20ns Signal
S o
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0

5000 10000
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Figure 3-3: Modelled fluence arves using results from peak signal as well as signal integrated over 29

Figure 3-3 showsmodelled fluence curgawith two differentmethodsof detection measuremer@ne
measurement uses the peak signal often used when measuring with a photomultiplier and the other
using a integrated sighaver a gateof 20 ns over the peak of the sigmdich is how an intensified

CCD camera measures the LIl signal.

These redis showthe influence vapourisation has on gwot particle Whereas the peak maximum
signal increases the effect which causes mass loss is decreased at highenfloiehceben measured
over a gate causes a decrease in the signal meagilied compagd to literature such as Bladh ef%l.

it shows a similar trend to what is expect&€tis model comparison has the primary particle diameter
set to 30 nm, the absorption function of 0.36 and a detection wavelength of 450 nm, gas temperature
1700 K. The model value is found frolequation3-34
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3.3.3 Soot particle diameter comparison

Figure 3-4 shows the model with different particle sizes which have been normalised to each particles
largest size. This shows the difference in decays between the different particle sizes. This result shov
the fad that the model correctly predicts the smaller particles cool faster due to their larger surface are
to volume ratio. What this demonstrates is that the model can produce the trend that is expected f
increasing the particle size as demonstrated byerti et af’
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0.00E+00 : : ;
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Figure 3-4: Model Results for normalised LIl signal decay from different sized particles by a 220 mJ/chat
1064nm excitation and 450 nm detection and gas temperature of 1700 K
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3.5 Potential for further developments

3.5.1 Potential for further developments and improvements in the model
Future work and expansion of this model is being carried out into the dmetopf this model and
should be used for comparison of data in the near future.

The physical properties of soot can also be further developed to accurately model by including the
polydispersity of primary particle size as well as the formation of aggegaach of these factors will
affect the rate at which the particles cool, as well as their ability to absorb energy from the laser. Tht
particle size distribution of primary particles follows a lognormal distribution, in that it is slightly more
probableto find a particle larger than the median size than it is to find one smaller than the median.

s A N Equation
I 1Q Il lov O
\_’p‘ - A@DE — Q0 3-46
NG Q a ¢ q ]
Equation
Y Y Q QQ 3Q 3-47

Where
0 U 'Gs the count median diameter
» 1S the variance in the geometric width of the particles/

Y is the signal from the polydisperse particles

Another source of uncertainty in modelling isedto the highiemperatures involved with Lthe carbon
particle can restructure to a more ordered configuration such as a carbothomigi both melting of

the particle to then recrystallize, as well as through the curvature of the graphite layerexidation

and sublimationThis will likely affect the refractive index of the particle, the rate at which the particle
vaporises ath the rate at which the particle is able to conduct heat to the surrounding gasr(tiaé the
accommodation coefficient). This is something that could be very difficult to model therefore it could
be important not to have the particles at a high temperauugea longer period of time, something

which may affect the longulse results as discussed in chapter 6.
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Aggregation of the soot particle is another f
Aggregation can affect the soot particle temgture because of a shielding effect which may change the

heat of conduction thus affecting the temperature.

Other components such dgetmionic emissions could also be modelled and is the process in which
electrons are thermally ejected from tharticle?® Another process which could be modelled is the
effect of annealing howev for modelling standard behaviours the components used are typically
acceptedHowever because of the dominant components such as absorption and conduction , it i

thought these factors wonodt®change the overall
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4 LIl _experimental set-up, measurement and data processing

methodoloqgy and development for conventional experiments

4.1 Introduction to experimental approach for LIl measurements

This chapter describes in detail the-sptand approach tmake LIl imaging reliable and repeatable.
The equipment used is described in substantial detail and justification is provided for the methodolog
adopted. The equipment can be split up into different sections including the sooting flame, the
excitation sotce (pulsed laser) and the detection measurement. The way the data is processed
discussed showing how the data recorded can be used to provide a soot volume fraction image, HA
profile, radial profile and temporal signal profiles. This includes a qasgmiinto a flat field correction

that may have to be applied depending on the experimental circumstances.

Details about the fluence of the laser as well as comparisons of fluence matching betwegn the 1
harmonic (1064 nm light) and"2harmonic frequeny (532 nm) of the laser excitation source are also
provided. This helps to ensure that, with experiments involving two different excitation wavelengths,

the particles are being heated to the same temperature.
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4.2 Conventional LIl methodology

4.2.1 LIl experimental apparatus for imaging and point measurements

LIl imaging measurement setip

The schematic diagrarfor a typical LIl imaging experimentsed throughout this thesis shown in
Figure4-1. A Nd:YAG 1064nm laser produces Gaussiarbeam which is approximately m (1/€)

in diameter at a frequency of 10HZf the Nd:YAG has the doubling crystal attached and to produce
532 nm light this can be separated from the fundamental using two dichroic mirrors and a beam dump
This beam is positioned using specifid:YAG 532/1064nm mirrors. The beam is then expandsd
negative cylindrical lens of$ -100 mm and allowed to expand for 8th where it is collimated in one
direction by a cylindrical lens of focal length=f400 mm. This then passes through a slit afn in

height and either 1 or@m in width. This sliis to 1ape the sheet to try to make it as close to a top hat
profile as possibleThe slit is placed as close to the burner as reasonably possible to avoid diffraction

effects.

For experiments requiring accurate control of the power, the pulse erdrgylaser is controlled and
can be adjusted by a halfaveplate and a polariser and the power is measured using a thermophile
Coherent PV14 power meter.

The signal is then collectamh a perpendicular axierough thdCCD camera, lens and filtersh& front

of the collection lens is typically placed 50 cm away from the centre of the burner and from the front of
the lens. An object of known size is used to help focus and scale the camera for taking measuremer
and is always perpendicular to the flarfi&®
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Figure 4-1: LIl Laser sheetmethodologysetup
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The camera has typically three settings which have to be input into the software: the gate duration, tf
gate timing and the intensifier gain settifidne gate time delais the time the gate is opened at with
respect to the trigger into the camera. Thie ghuration is the amount of time the camera is recording
an image for. The intensifier gain is a factor of how much the signal is intensifi€wbi/ll the gate

durationis set to either 20 ns or 50 ns depending on the application.

Point measurementet-up

The other detection setup, used for point imaging is showigare 4-2. This setup includes a
Photomultiplier Tube (PMT), which can tempoyatesolve of the LIl signal. The PMT has a 1 mm
pinhole placed in front of the entrance of the PMT housing and the image is formed and focused at thi
point by using a spherical focusing lensfef 50 cm.2-f imaging results in a magnification of unity.

The PMT is attached to anyxtranslation stage to allow for the precise movement of the pinhole

especially in the vertical direction to maximise the signal level.

Power Flat Flame Burner

Meter 16 om
Y Nd:YAG
. Mirror
30 em 1 mm
_ Pinhole Glan Polariser

Collection and
Lens =50 1/2 Wave-plate
cm

30 cm

1064 nm Nd:YAG

. Laser
PMT,1 mm
pinhole and
Filters

Figure 4-2: PMT detectionsetup
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4.3 Equipment description used in LIl

4.3.1 LIl excitation source equipment

Nd:YAG 1064nm1* harmonic laser

For typical LIl experiments, the excitation source used avd964nm Nd: YAG (neodymiumdoped
yttrium aluminium garnetjaser is used for the excitati@ource This laser generates short pulses of
1064 nm Gaussiarbeamlight at a repetition rate of 10 Hz, which used to heat up soot particulate
matter within the flame. This laser allows for high energy pulses of a short amount of time meaning tha
it is ideal for LIIsince it provides enough energy for the soot particles to absorb the light in a short
enough time to heat the soot hot enough to induce incandescence to a point where the signal can
measuredUsing 1064 nm light also avoids exciting PAksd other molecules, causitige generation

of afluorescence signal and interfacewith the LIl signal**** The laser used is urelite Continuum

Il SLII-10.°° The laser was found to haweaximumpulse energpf 560 mJ at 1Mz (flashlamp voltage

of 1.44 kHzQ-switch delay of 18@s at 1064nm). The fundamental frequen&aspulseduration of 5

7 ns (FWHM). It was foundo have a 200 mJ maximum pulse energy at thea2monic 532 nm under

the same condins with a similar pulse duratich

S
i \ Quenching
Flashlamp =)
Enerey | | b Emitted
A Light
So .

Figure 4-3: Excitation of laserneodymium lons

The Nd:YAG is a solid state laser which usegAG crystal doped with Neodymium ion$he YAG
crystalis excited wheroptically pumped by the flashlamp as seenFigure 4-3. This crystal is the
active gain medium which is placed between two mirrors (optical resonators). i@oe is fully
reflective and the other mirror is an optical switch which waits for a maximum population inversion in
the ions before being opened and when opened allows coherent light to escape the cavity. This is knov

as Qswitching and the time when-§witching happens with respect to the optical resonation can affect
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the pulse energy though to control the pul se
profile etc.. Q-switching allows for high intensity pulses at a pulsefifgroof naroseconds, hile
Nd:YAG lasers can emit a range of wavelengths depending on the transition [Bwelsypical

emission is the 1064 nm fundamental frequency.

The light can then be frequency doubled to emit B32light usinga 2™ harmonic Crystal instaid in
front of the lasercavity before the beam fully exits the housiRgequency doubling essentiallyovks

by the 106sm laser light being effectively combinéatough norinear optical interactioto generate
photons of double the frequendhius hafl the wavelength of the initial photonghis light can be then
used toperform LIl measurementsafter separation from the residual light at the fundamental
wavelengti® This could be then doubled again usiffgr@rmonic crystal to give 358m wavelengths

however thisvas used in the prasework

Figure4-4 shows the laser pulse shape of the Nd:YAG laser measured by directing a weak reflection o
the beam(so to avoid saturation of tHede) onto a fast Si photodiodd{orlabsPDF10A the spec

sheet can be found in the appendiXhe data sheet can be found in the appendices for further
information® An estimated FWHM of 7.5 ns is shown whisimilar to the stated value the laser

manualas seen in the spec sheet in the appeiidiis could therbe used for modelling purposes.
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Figure 4-4: Nd:YAG laserpulse stapemeasuredusing Siphotodiode

Beam $aping optics
For these experiments @lanarimagng, a laser shedtad to be made. To do this the beam from the

laser was expanded using a cylindrical lens o&lféengthf = -100 mm and then collimated using a
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positive cylindrical lens of focal length= 400 mm, as mentioned previousiylindrical lenses were
usedover a positive spherical lens because the spherical lens focuses the beam tightly in alidirectio
When attemptingo usea sphericalens it was found that the sheet spatial profile increased the fluence
of the laser at the focus sauch to the point where it affectéite uniformity of the images and extreme
vapourisation of the soot particle hetcentre of the focus of the sheet. It has also been stated that when
using imaging techniques it is simpler not to have vast changes in the shape of the laser profile which :

discussed in the lorgulsed LII chapter can be a bit of an issue.

To ensurauniformity of the laser profile an optical slit was employasirepresenteih Figure4-5. For
these experiments ar@m or 1mm slitwereused depending on the demamwdithe experimentsiith a

tradeoff between spatial resolution aridnal to noise.

Negative and Positive 2mm Wide by 1cm Height
Cylindrical Lenses Slit

Figure 4-5: Optical lenses (rgative cylindrical f = -100 mmand positive cylindrical f = 400 mmand dlit for laser sheet
shaping

In other experiments, point measurements were performed usinghattbpamFigure4-6 shows what
happens when the beainis reduced fromaround7 mm to 1mmusing thepinhole. The size of the
pinhole or slit determines the divergence of the |asethe burner is placeds close tahe slit as
possible. Diffraction occurs after a certain distance after the pinhole related to the beam width. This

affectsthe profile of the laser and can change dramatically if the distance of the beam is large enough.
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1 mm Diameter Pinhole

Figure 4-6: 1mm pinhole used for shaping laser beanfrom Gaussianspatial profile to top-hat "

The reason for the use of the sldaad pinholeis that when the bearmsourceexits the laser it is
collimated anchas aGaussiarspatial profile. Since th&aussiarprofile results indifferent fluences at
different radial positions within the measurement voluntemears that some particles wouldot be
heated to the same temperature within the measurement volterefore to heat the particles to the
same tempaiture a toghat spatial profile andlit/pinholeis used to select a near portion of the beam at
the centre of theGaussianprofile. The principle isshown in Figure 4-7, with the shaded area

representing the energy that is lost by the shaping of the beam using the pinhole/slit.

Intensity (a.u.)
Intensity {&.u.)

Beam width (mm) Beam width [mm)

Figure 4-7: The change in shapérom Gaussianto top hat and the aitting of beam intensity using pinhole/slit 2

Beam attenuator

For experiments requiring precise control of power a variable beam attenuatgr skta half
waveplate and Glapolariser(Thorlakis GL10) was used in a setup as seefigure4-8. By modifying
the position of the waveplatethen the light passes throutiite beam polarisation direction is changed.

The polariser is able to attenuate the beam transmitted dependingmarthef polarisation with the
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other part of the polarised light being reflected into a beam dump. The polariser only transmits one
component of polarisation to pass through. This is a common way to have precise control of the powe

necessary for some expments’?%

5 wave-plate  Glan Polariser

Laser I Il { 5 qq N _’_|_

Beam
Dump

Figure 4-8: Schematic of the variable attenuator setup

4.3.2 Detection equipment

ICCD camera lensandfilters

For imaging experimentslaaVision ICCD Nanostacamera was useé. general description of how an
ICCD camera works can be found in the previous background chapgection2.2 The camera is
controlled and parameters set udirayison DaVissoftware. The camera can be triggered externally by
connecting the BNC connextfrom the Laser to thpulse triggering unit in the programmable timing
unit (PTU) computey which is attached anased to control the camerahd camera can be trigget to
match the 10 Hz output from the laser. Timainig of this trigger can be adjustedth relation to the
laserpulse and the camera can also be set athém take a recording known astgdelay. The camera
can be set to trigger when the externalgeigeither rising edge or falling edge depending on the
circumstancesTherefore a wide range of trigger inputs can be usedtfe cameraWhen the PTU
receives this triggethe image cathen be taken with the camefde camera hasrainimumtemporal
resolution of 20 ns which makes it the smallest gate that can be Aisglibrt gate dramatically
increases the chances of a larger signal to the bawkdras discussed previously, whisimportant

for LIl imaging experiments. The camera has a high gaiting to increase the LIl signal when there is
a low light level. Throughout this thesis the largest gaiarbitrary setting on the camera @ was

used to produce the best signal to noise posaitdehis is linear with signal.
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The camera was focuseising an imge in the object plane produce the best spatial resolutittnvas

assumed that no distortion occurred in the collection of images.

The camera has a chip of 1024x1280 pixbérdfore if a known sized objestich as a resolution test

cardis imaged it can be founslhat length scale one pixel relates to and a scaling factor can be found.

An object of known size, such as a ruler, was imaged to allow for scaling of the Thaegamerdens

is aNikkon UV-105 4.5 multispectral imaging lens. It is useful in applications requiring imaging in
the ultraviolet, visible and infrarespectral regionssit is free of chromatic aberrations across this
wavelength region.

To supress background radiation from the flanb@ nm (10 nm FWHM) bandpass filter was used
This filter also has the advantage of avoiding interference signal froBw@nn band$**°® From

T h or |daté Bgare 4-9 shows the optical transmission of tied  d i diltee where the
transmission width has a small FWHM.
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Figure 4-9: 450nm Bandpass Filter ifiormation from Thorlabs Manufacturing

Photomultiplier tube (PMT)
For point measurements throughout this thesis a photomultiplier tube (ABfamMatsu R6360°
was used. Rotons emitted frorthe soot particle due tdl causes an emission of electrorfthrough the

photoelectric effect) when focussed in the PMhe PMT is able to amplify and cause an electric
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current which can then be measured and examined using an oscillo&depH. allows for temporal

measurementf the LIl sighal to beecordedwith afavourable signal to noise ratio

For experiments using PMT measurersgetite PMT replacdthe camera and separate collection lens
wasadded. A Imm pinhole was used to select the centre gfattte beam. A focusing lens wased in

front of the PMTpinhole with a focal lengtlof 15 cm. This was used in2f setup giving 8 cm
between the centre of the flame athe detector. The signal from the PMT was analysed using a
Tetronix DPO 2024 oscilloscope and triggered from the laser pulse just likartierac By using an
oscilloscope it allows for averages to be tak
diameter 450im bandpass and 582n notch filters to avoid interference from the lasam be useth a

way similar to the camersetup.

Powermeter

Throughout experiments accurate power measurements are important to know the fluence curve
discussed in previous background on LIICAherent PM10V1ihermophilepower meter was used for

the calculation of the fluenc&his power meteruses a sensor which is specially designed for high
power, low repetition €witched conventional Nd:YAG lasers. It works by having the volume
absorbing substrate in front of the detector which uses the heat production to give a power readin
Therefore foraccurate readings the power has to be measured in the absence of a hediksarce

flame
4.3.3 Sooting sourceequipment- porous plug burner setup

Massflow controllers

To ensureahe correct masiow of gases to the burnerGole Palmer MC Seriemass flow controller

was used forair and fuel gas (bylend. The accuracy for each of these mdssvfcontrollers was
+/-0.8% of eading and +0.2% of full scale®® These mass flow controllemsere checkedgainst
manualvolumetric bubble flowmetes to ensure the correct output flow for air and ethylene. This is
done by using a tube of known length and volume; the gas from the flow meters is passed through tt
tube with a soap bubble, which then rises between two known length points, the time telkeh this
volume can be measured and thus a volumetric flowrate can be found. The flow meters were originall
calibrated for air so therefore it was crucial to also test for ethylene. These measurements agree with
to their expected error limits. The floates were set using Standard Litres per minute which is 1 atm
and 20°C.

Burners
A flat flame burnerwas used fosstandard experiments and calibration imadess a stainless steel
porous plug burner. This burner is used to produce a one dimensional Tlae flameised throughout

this thesigs not strictly astandardMcKenna burner because it lacksair coflow from the sides. The
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burner is also smaller than typical McKenna burners and thus the flow rates have to be accounted fi
exit velocity and rass flux. By using a flat flame burner it is possilitehave a idimensional famein
the centrdine. By using this type of burndiocuses on the chemical reactioredevant toon the

production of pollutantby simplifying thefluid mechanicof the systeni’

N — O ai

I iFunl+Air

Figure 4-10: Diagram of Burner showing the effect of no coflow

Figure4-11 shows the burner at a flansenditionwhich is moderately sootingt an equialence ratio

of 2.2 The area of soot can be seen in the middle whereas moving along thefwidtHlame can be
seen to be bluareawhere there is less soot, if any produdeat. standard experiments, the porous plug
diameter is 33 mm whereas the dialition plate is 38 mm wide and 30 mm thick.

Figure 4-11: Porous Plug Burner @. =2.2
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Thestabilisation plate stabilises the flow, and is of much interest later ithtsss, in the heat transfer
effects chapterhy theoretically acting like a heat sink. Téeparation between the stabilisation plate
andthe burner is set at 21 nith.

Initially, a procedure was followed whereby measurements were sa@atl5 minutes after the flame
has been ignitetb allow for thermal stbilisation After roughly 25 minutes measurements are usually
stopped and the flame is turned off and the stabilisation plate left to cool and be deanea build

up of soot which can interfere with data collection. However as seen later redlttransfer effects
chapter6.2.3 it was found that the time when the image is takean be seen it has no effect on the

soot signal.

Targetflames

The Internationa LIl workshop and International Sooting flame worksHopave set rules for a
standard flame in keeping with similar sdotming flatflames studied by others; notwithstanding the
narrow burner dimensions already noted. In the LIl chapiecan be seen that the porous plug burner
can be seen to be compamahlith a flatflame McKenna burneiThe standarduel usel for this burner

is ethyleneThe ratio of fuel to air is described as the equivalence ratio séaquation3-1.

w Equation
I 41
%o 3

=y

W p

The target flames for experiments using this porous plug flat flame burner are shoablad-1. A
wide range of equivalence ratios was used to demonstrate the changes in sooting propensity and ¢
typically used values when measuring soot in a flat flame burner. The volumetric flowrates are state

based on the standard temperature diand stadard pressure of 1 atm.

Table 4-1: Fuel and Oxidiser Flows and Equivalence Ratios

Fuel Setting | Air Setting | Total exit
(SLPM) (SLPM) (SLPM) | Xuel Xar |- m flux | velocity
0.377 2.663 3.04 0.124 | 0.876| 2.03| 0.063 | 0.059
0.387 2.643 3.03 0.128 | 0.872| 2.10| 0.063 | 0.059
0.407 2.623 3.03 0.134 | 0.866| 2.22| 0.063 | 0.059
0.417 2.613 3.03 0.138 | 0.862| 2.29| 0.063 | 0.059
0.428 2.593 3.02 0.142 | 0.858| 2.36| 0.063 | 0.059
0.448 2.583 3.03 0.148 | 0.852| 2.48| 0.063 | 0.059

One chapter focuses on the heat transfer eféeadsvolves a comparison using a larger capiliboje

burner, which was used in group members previous studies such a direct flame fialteeburner
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was 64 mm in diameter just under double the size of the porogsbplmer. The stabilisation plate,
which was used for this burner, was still placed the standard 21 mm away from the burner and the siz
of the plate was 35 mm thick and 64 mm in diameter. The LIl signal was conigreeken these two
burners and for a cqmarable measurement the equivalence ratio had to be the Ealbhe4-2 show

the flowrates used for this larger burner. Figure shows an example bfither in use witlirigure4-12

showing the larger burner at an equivalence ratio of 2.2.

Table 4-2: Fuel and Oxidiser flows and Equivalence Ratios for the Larger Burner

Fuel Setting | Air Setting | Total exit
(SLPM) (SLPM) (SLPM) Xuel Xair | m flux | velocity
1.52 9.87 11.39 0.133 | 0.867 | 2.20| 0.063 | 0.059
1.49 9.89 11.39 0.138 | 0.8 | 2.30| 0.063 | 0.059

Figure 4-12: Image oflarger burner @ . =2.2

4.4 Data processing

4.4.1 MATLAB code for image processing

The camera produces a series of IM7 imagel,i ¢ h i s file fovhat svhiah cadtains the full
information of the experimental setufin illustration of the blocks the data is processed through and
the results produced can be foundrigure4-13. The main key points needed from the images are a
soot volume fraction image, centre line HAB profiles as well as radial profiles at different HABs. T

average and process this daaVATLAB program haseenwritten where the data can be extracted
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averaged and filtered using a median filter which helps reduce noisearaiable way to smooth the

imageas seen ifrigure4-14. A median filter is widely used in image processing as it removes hoise

while also preserving the edges of the focussed iffatf&’*

Single Recorded .IM7
Image(1024x1280

pixels)

| 100 Images |

| 1100, Apply 3x3 Median Fitter

Averaged Image

Subtract Averaged Background
| Image

| | Convert To Length Scale
¥

LIl Image

Apply Flat Field Correction |

| Apply Flat Field Correction | Apply Flat Field Correction if

Integrate Signal Ower needed
imm in height forall Integrate Signal Ovwver 1 mm 4

radial positions at Centre Line

Increase HAB Increment Increase HAB Increment by 1

by 1 mm mm

| | Soot Volume Fraction Calibration

A w
Soot Wolume

Fraction ‘ | Soot Volume Fraction Calibration |
Calibration |

Figure 4-13: Data processingflowchart for producing an average LIl image from 100 images (Blue shows important
outputs)

The code works by first using a FOR loop to read in the IM7 images, where each pixel has ar
associated value of signarhe backgrond can be subtracted by reading in an image of the background
with no laser irradiation of the same number of averages and subtracting it from the LIl image giving
the overall image. The background does not vary much across the images and is arounds90 cour
maximum The camera dynamic range is 16 bit, which means signal can vary from°0 Th&image

can then be averaged and a standard deviation of the signal can also be pfodntatmedian filter

of 3 by 3 pixels is applied as this is more aateithan a mean filter and helps smooth the image while
preserving the sharp gradients in the images. The scale can be found by recording a correspondi
known size object and finding the amount of pixels that are the length of the object. This calothen al
for a scaling factor by knowing the pixels per unit leng.having a scaling factor which scales the

pixels into length values which can be overlapped timtoLIl image to show the length scales of the
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LIl emissions. The positiolAB=0 mm can beletermined by comparing the burner and object and a
scale can be applied for all of the measurement @teacode is then set up in a FOR loop so that for
every increase in HAB by 1mm the signal is integrateer which regiorihis gives a vertical profile as

seen inFigure4-16. An increase in the loop by 1 mm for measurements was chosen since this is what is
commonly meased in LIl and keeps the code to a reasonable time. It was also used because this wa
the measurement of spatial resolution of the comparative PMT measureiftemtstandard error
between all of the images is also calculated for this set of results abd péotted with them.

Another loop is setup so it produces a horizontal radial profile across the flame for each HAB as seen i
Figure4-15 and withthe standard error of all images includedrigure4-18. These results can be then
normalised as well as scaled using a calibration based on mximieasurements to give a soot
volume fraction as seen Figure 4-19, Figure4-17. For the calibration an image is taken in a flame
with known soot concentratidoy extinctionin a. = 2.48 flame with a HAB of 15 mm, it can then be
used to provide a factor relating a signal count to soot voluastidn constantlt was found that the

number of images needed to be at least 50 to ensure correct averaging.
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Figure 4-14: LIl signal imagefor . =2.3 at gate of 50 ns Figure 4-15: Sootvolume fraction acrossimageintegrated
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Figure 4-16: HAB centre line signal profile measured Figure 4-17: LIl soot volume fraction Imagefor . =2.3
over 1mm Width for . =2.3 for gate of 50 ns. The error
bars represent the standard error between all images
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Figure 4-18: Horizontal profile acrossimage atdifferent Figure 4-19: Sootvolume fraction in ppm at Centre Line
HAB integrated over a height of 1 mm with error bars HAB for . =2.3
represent the standard error between all images

Flat-field correction

There is the rare occasion when there are spatialiniformities in the laser, this can lead to errors in
the LII signal profile to correct for this a fiield correction can be applie@he flat field correction
works by comparing the results of anaige set against a knovanofile of soot volume fractioprofile

and finding a correction factdor each vertical position in the beairhis correction factor can then be
applied to other flames for each HAB of the beam. Previous experiments from otlyes gewve shown

flat field being reproducibl&®® For most cases the flat field correction was not need to be applied since
there were no larger vertical nomiformities in the laser g®t. The correction is based anPMT

measurement and the HAB can be comghare
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Comparisons of Signals. If
| slight disagreement a

| correction factor can be
applied.

Figure 4-20: Flat-field correction (FFC) block diagram showing how the FFC was produced

Another way of performing a correction without a calibration image is to translate the burner by one
mm. The carection should be the same at each translation +1 mm. Therefore there should be overla
and a correction can be madehis method is particularly useful when using the B82 laser light
because the impact fluorescence may have at this wavelength. Tlohayeber will demonstrate this.

4.4.2 Data processng for PMT measurements

Using an oscilloscope, it is possible to record the LIl temporally usptgemultipliertube (PMT).It
records an average of shots/LII results in increments from 8, 16, 32 64, 1ZBh2s&andard number
used for most experiments is the &h example of recorded results is shownFigure 4-21. The
tempaal signal can be recordedid a MATLAB code is used to processes the signal.
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Figure 4-21: Example PMT sgnal resultat different HABs for . = 2.3 PMT Gain=600

By finding the temporal profile, the peak signal which is related ¢ wolume fraction and the decay
which is related to particle size can be found. The code records the value of the peak signal and can th
be used to produce a log signal at around 120 ns after the peak ensuring that the decay is in the h
conduction rgime allowing an exponential fit. A line can then be fitted to the log to produce a decay
time ™ The fit is produced using MATLABaSlinfit fitting function to the model function which fits a
nortlinear regression fitCare has to be taken when producing a fitted curve as it is important to start
the curve in the heat conduction regims well as the signal being large enough signal to reduce the
noise to get a good fitJsing LIl modelling techniques it could be possible for modelling data to be
fitted to the data.

4.4.3 Time resolved LII (TiRe LII) imaging

Gatetiming with relation to LIl signal

Figure 4-22 shows the camera using two different glategthswith relation to the peak signarhe
gating causes integian over signal within this periodb0 ns is a common gate time used for
experiment$? Since camera images are gatedvapourisation was to occur this could cause a
difference in LIl signal therefore it is important to know in relation to the signal where is being

measured®

These gates were lengths of 29 and 50ns both deemed to be prompt enowaghseen in the next
chapter, when compared to other literature such as Hadef%¢ft& PMT was found to havetine

response transiime of 20ns so therefore when comparing the gate to signah#gds to be taken into
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account and thedst way to produce a peak signal image is to do a temporal pfdfilewas found by
to be the case by camera imagdm®’

35
3 #Camera
25 Gate 50ns
4
S\ L g B Camera
é 15 L 2 Gate 20ns
o »
S y ¢ PMT
n ) ¢ Standard
W—g Signal
0
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Figure 4-22: Graph showing different gates @ peak signal collectiowithout correction for LIl PMT signal transit
time. Os is arbitrary

Time Resolved Imaging

To produce a time resolved LIl (TiRpjofile from LIl imaging, these experiments used a short prompt
gate of 20 nsby using a short prompt gate allows for a maximumptaal resolution to be achieved,

and when the gate is opened taen delayed with respect to the laser pulse to measure the signal of the
LIl signal forward in time Eachimage can be processedeaich time delagnd then a HAB profile for

each time delagan then be plotted to give a temporal signal dvee using imaging technique. Using
time resolved imagingiorks best in stable orgimensional flames however this technique is expected
to be applied to more complex flames such as the biofuel bifrt&tDecay Times can then be found

by fitting a linear fit though a log signadfter 120ns so to ensure the fit isttee heat conduction
regime.

4.4.4 Choice of laser fluence

The fluence regime plays an important part in the absolute soot volume fraction measurement as well
the spatial distribution of laser light fluence can have a significant effect on measured LIl Zgghal
1>

et al’’ show that there will be an optimum choice of fluence depending on the optical and detection

setup. It is well stated that the spatial distribution of the laser can have an effect upon thasubieche

signalsuch as a topat beam will show a different fluence curve when compared to-laatiopeam
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Figure4-23 shows the fluence when measured with a cameataiaing a laser sheet profile at measured
at the same gate position each time Widble4-3 showing some detection parametéithen using the
laser &eet, he highest fluence available when it is starting to enter a plataagime.This is similar

to where the plateau occurs in other fluence curves of around 200 fmJltenresults also show

similar fluence curves indicating similar soot propertf&g'%

The fluence curve has an underestimatidrsignal at lower fluences because the maximum signal
occurs at different times as the fluence decreaveseas the camera gate remained fixed in relation to
the laser trigger, this is a particularly relevant point in the uuiged LIl chapter and can be
demonstrated even through modelling. This is quite a subtle point but shows that for measuremen
usingcamera detection method the position of the gate with respect to the peak signal has to be know
to get comparable results. For all these measurements used in this thesis the highest fluence achie\
for a beam sheet was used and the position of thesgatewn and covers the peak signal as known by
recording the temporal profile of the LII signal.

Camerasheetprofile

Table 4-3: Detectionset up for fluence measurements using the camera

Intensifier Gain 8tting 99 (maximum value)

Number of Images used to average 200

Gate 20 ns

Filters 450nm Bandpass
532nm Notch
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Figure 4-23: Sheetfluence measured by Camera 20rgate to produce maximum signal @ = 2.3 at different HAB
normalised to the same point

For soot volume fraction measurements in highly sooting environments higher fluences are preferre
due to vanting to overcome extinction.dwever because it is importarib imagingto not cause
perturbirg the flame in not as extremely sooting environment a lower flueaseusedo reduce the
effects of vapourisation, an effect which when using imaging has a large effect on the signal.
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4.5 Excitation with 532 nm experiments

For experiments where ttiiorescence signal is implied from the subtraction of the LIl signals form
two different excitation wavelengths, (532 fin1064 nm), using a process discussed in the previous
theory chapter, the fluence curve has to be compared and overlapped soahaittheof laser energy
absorbed by the soot particles can be estimated and is the same for each excitation wavhiength. T
fluences must be matched to ensure the temperatures the soot particles rigchaane and the signal
matches For 532nm excitation wavelength the setup is similar to the 1064 nm excitation wavelength
except in this case theoutput of the laser is frequency double and the residual 1064nm light is

discarded'®”’

The fluence washosen for 1064 nm based on maximum possible so there being a good signal to nois
ratio therefore aorrespondindluence has to be uséar the 532 nm wavelength to ensure the particles
absorb the samamount of laser energy and reach the same temperahedluence curve was done

by plotting the LII centre line signal after 160 ns seeFRigure 4-24. By measuring the fluence with
delayed detection, whethe signalis at delay of 160 ns,ensures nanterference from fluorescence
which when the signal is measured over the peak signal because of the fast lifetime of fluorescence wi
interfere withthe LIl signal®

It was found that to match the fluences the 532nm wavelength is arouddl ithes the 1064 nm
wavelength fluenceThe fluences usefdr this investigatiorwere 210 and ®mJ/cnf for 1064 nm and

532 nm respdively. There may be a small mismatch in the fluences however a small correction can be
applied which doesndt dlieffleecce cutvas eoulg be adtter if d pylariaer
and halfwaveplate was used and more discrete points werehugesince the doubling crystal was in
place the polariser was removed as it was only coated for a wavelength of 1064 nm causing a hazard

it was to be used.
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Figure 4-24: Fluence comparison between 53@m and 1064 nm Excitation wavelengthts @. = 2.3 at a delay detection
of 160 ns as to avoid interference of Fluorescence. The 532 nm wavelength fluence in measured in the-ps<
whereas the 1064 nm fluence was measured on the bottom
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4.6 LIl methodology summary

This methodology will be used in the next chapter to measure and characterise the flat flame burner th
has been discussed in this chapter. The way the data is processed is described and allows for
comparable dataset of soot volume fractiondiff¢érent equivalence ratios. After this burner has been

characterised it also allows for other burners such as the capillary burner (comparing against the san
equivalence ratio) and the biofuel diffusion wick flame (which uses the porous plug burner for

calibration into soot concentration).

The fluence has been characterised as to relate to soot volume fraction as well as fluence curv
between two wavelengths have been matched at delayed detection as to allow for comparison of tl
inferred LIF signain the next chapter.
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5 Validation of LIl imaging methodology and characterisation of

a flat flame burner

5.1 Introduction

This chapter shows how the soot LIl image is calibrated to a soot volume fraction. This chapter alsc
demonstrates how the methodology discussed in the previous chapter may be changed in ways
accommodate different requinents for experiments and validates any changes made to the

methodology.

For validation LIl imaging results are compared against different techniques (both extinction and LII
point measurements) to ensuediability in the procedureTl his then allows foen accurate soot volume
fraction calibration to be used to give soot profiles within the flame and burner being measured. LI
using the camera produces a signal which is proportional to light intensity. By using extinction
measurements a calibration betwesignal and soot volume fraction can be performed. Characterisation
of the burner using LIl can be done in multiple different ways such as HAB profiles of soot volume
fraction and radial profiles across the burner at specific heights. These resultsisad bea variety of

flames with different equivalence ratios.

These results are taken in the water cooled porous plug burner as discussed in the methodology chap
Measurements take place in a flame of ethylene fuel and air oxidiser flame over samggeof
stoichiometries from slightly to more substantially sooting. The range of height measurements vary
from experiment to experiment, because the height of the stabilisation plate is 21 mm this range wa
chosen because it allows for a wide range @asurements without the laser sheet clipping the
stabilisation plate with the light sheet covering 1 cm in height. Typically soot volume fraction profiles
can be measured from 7 to around 18 mm. This is typical standard height measurements used in L

experiments'%® 1%

This chapter shows results of different LIl images at different equivalence ratios. This chapter show:
the extinction measurement results used to produce a soot volume fraction. The calibration is then ust

to produce images of the soot volufraction of the flame as well as soot volume fraction profiles.

Temporal profile measurements using the camera and PMT can be taken and decay times can
produced. This is useful especially for the camera as it allows for incandescence lifetime medsureme

to be taken at each individual point within the flame.

For verification that the methodology and technique is characterising the flame property results shov

comparisons to other techniques and include comparisons between collection methods such
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comparison between point measurements using a photomultiplier tube and imaging measurements usil
an ICCD camera. These include HAB profiles as well as radial profile measurements. They may als

include comparisons between temporal profiles produced.

For valdation and to allow for changes in the methodology, this chapter includes a detailed
investigation of the effect of parameters including gate timing, filter type and size and slit size. The
comparison between these factors allows for flexibility in tkgeemental set up so if the need for a
slight change to the procedure to allow for better measurement conditions for a specific flame. Fo
example by changing this slit size width from 2 mm to 1 mm it is possible to measure more precise
positions which iespecially useful in the case of the diffusion wick burner used in the biofuel chapter

later on in the thesis.

After characterising the burner using tiféHarmonic 1064 nm excitation wavelength of the Nd:YAG
laser, the 2 Harmonic 532 nm was used ittduce incandescence as well. A comparison could take
place to infer fluorescence signal from the subtraction of the two signals as discussed in the previou
chapter. Previous research has shownulithtan increasedquivalence ratio there is an increaséhe

fluorescing specie®.

5.1.1 Experimental factors and conditions

Table 5-1 shows the experimental factors used within this set of expetsm#é shows the range of
stoichiometries used, the excitation wavelengths and fluences used which was the largest capable usi
this methodology for the 1064nm light. As previously discussed the flames were of premixed ethylene
and air and a detectionawelength of 450 nm used.

Table5-2 shows some information on the detection settings typically employed and some information

on the data processing used.
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Table 5-1: Conditions and information relating to the experiments

Stoichiometry

2.05,21,22,23,24,25

Excitation wavelength/ fluence

532 nm 105 mJ/ch

1064 nm 220 mJ/ch

Fuel

Ethylene

Oxidiser

Air

Detection wavelength

450 nm +/ 10 mm

Table 5-2: Detection settings and data processing factors

Number of images 300
Camera gate 20ns 50ns
Camera gain 99

Camera delay

20 ns for prompt signal

Median filter applied to images

3x3
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5.2 Laser induced incandescence results in a premixed flat flammurner

5.2.1 Images of LIl signals in a flame

Figure 5-1 to Figure 5-6 show the LIl signal measured in counts at different equivalence ratios when
measured using a 50 ns gate and a 99 intensifier gain setting. These are produced by the data proces:
discussed in the previous chapter. These images atktascreate radial and vertical profiles. The
results shown have no flat field correction after comparison to reference measuremerttsaastiosve

was not one needed and not included even at the edges.
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5.2.2 Centre-line profiles measured using camera and laser sheet

Figure5-7 shows the centre line HAB profiles measured average over 1 mm by 1 mm of pixel over

the burner centre for different equivalence ratios. This is a common way of characterising the burner
Results show that with HAB burner measurements show what is as expected with this type of flame

when a flat feld correction is applied. Soot formation occurs at around HAB=7mm and has a steady

70



Validation of LIl imaging methodology and characterisation of a flat flame burner

rise and growth which typically levels out and forms a plateau region. Around this point particle growth
ceases since there is a decrease in soot particle interactients#ne is decreasing hydrogen content

and decreasing particle surface caused by coaguftion.
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Figure 5-7: Centre line signal measured over width of 1 mm at different HABs at different equivalence ratios at 50ns
Camera Gate averaged over 200 image$he error bars represent the standard error taken over all the images

5.2.3 Radial profiles measured using camera and laser sheet
Figure 5-8 to Figure5-14 show the radial profiles measured and averaged over by 1 mm. for different

equivalence ratios.

For profiles up untit = 2.4 the profile at HAB= 15 mm is uniform however above this equerate
ratio there is a large dip in the centre. This is believed to be caused by signal trapping. The width of th

soot forming area is also seen to increase with the increase in equivalence ratio as expected.
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Figure 5-12: Radial profiles at different HABs for . =2.4

At lower heights for flames above = 2.2, the profile is axisymmetric for these heights until at higher
positions above the burner they typically become unifdfrRigure 5-13 shows the start of the dip in

the centre for when the equivalence ratio increases particularly tke2.5 flame.This is where the
extinction within the flamecan be clearly seen with extinction measurements so it makes sense that
some signal trapping would happen at the equivalence ratio. Care has torbavhakeusing any

equivalence ratio above the 2.5 flame.

73



Validation of LIl imaging methodology and characterisation of a flat flame burner

A10 mm
>11 mm
K12 mm
®13 mm
+14 mm

Signal (Counts)

-15mm

—16 mm

Radial Profile (cm)

Figure 5-13: Radial profiles at different HABs for . =2.5

Signal trapping at larger equivalence ratios

Signal trapping is believed to exist in sheet imaging because when the equivalence ratio increases
»  =2.6 and above there is a dip in signal in the centre of the fleigare5-14 shows the radial profile

for the, =2.6 profile.
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Figure 5-14: Radial profile s at different HABs for . =2.6
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At larger equivalence ratias=2.6 and above the radial PMT measurements indicate that it is a uniform

centre lime profile as measuredrigure5-15
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Figure 5-15: Radial Profile across burner at HAB of 15 mmat approx.. =2.9

It is believed that this is caused by the dédecaperture heightens this effect. Whereas with the PMT
the limiting aperture is the collection leadarge aperture whereas the limiting factor for the camera is

the different sized lens assumed to be smaller lens. Signal trapping may be overcoimg ag asion

like correction techniqu€. Ho we v e r |, because of the scope of

until high, unrealistieequivalence ratiotherefore a correctiotechnique was mot developed. Boufflers
et al™! show the radial effects that signedpiping has on the LIl signdeam steering also becomes a
problem in more sooting environments which also may contribute to this effect as seen in Liti et al.
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5.3 Validation of LIl methodology

5.3.1 LIl of laser beam Measured by camera, with comparison to measurements made

with lasersheet
By comparing with other methods bfi excitation, it is possible to see if the results produced by each
method compare and confirm that the methodology is workihg. local fluences of the sheet and
beam will be different with the beam having higher fluences meaning it should be sitakéeto help
generate a profile for flat field correction. While the fluence may change the results, a larger fluence o
480 mJ /crhwas used for the beam to ensure the beam has entered the plateau region of the fluen

curve and previous work carriedtdn this burner also deemed this level of fluence acceptable.
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Figure 5-16: Example Image of LIl using laser beam @480mJ/cfa Measured using ICCD Camera @ =2.3

Figure5-16 shows an image of LIl in an =2.3 flame at HAB =15mnilhe laser beam profile can also
be assumed to be relatively thpt but taking a vertical profile of the image could givereno

information. The gate was 20 ns so that it could be compared against the laser sheet value.
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Figure 5-17: Radial profile s of beam measured using ICCOramera for. =2.3 at a gate of 20 ns

Figure 5-17 shows the profile using laser beam measured with the ICCD camera. This is what is
expected from previous resultsise it exhibits the behaviour of soot formation to be axisymmetric at
lower height above burners and at larger heights the soot profile is much more uniform similar as tc
what is seen when measured with the laser sheet. Overall they give agreement lisatsigaal even

though the comparisons between the beam and sheet have different fluences.
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Figure 5-18 Comparison between laser beam and laser sheet @= 2.3 using the same camera gate botformalised to
their respective largest signal
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Figure 5-18 shows a comparison between the normalised signal for the laser sheet and beam, whei
both dhta sets have been normalised to each their largest value. Results show good agreement and
profiles aresimilar and uniform indicating the imaging technique could also work with a beam if 1

dimensional measurements were needed.

¢ Laser Beam
B Laser Sheet

Normalised Signal

-3 -2 -1 0 1 2 3
Radial Profile (mm)

Figure 5-19: Radial profile Comparison of the laser sheet and beam at HAB=1&m for . = 2.3. Both normalised to
each their own largest signal

5.3.2 LIl signal measured with photomultiplier tube (PMT)

To compare against results fibre beam sheet a PMT comparison had to be made. This was done in
similar way to measuring the LIl beam signal using the camera except with aHPMBT profiles and

Radial profiles. More information can be found in the methodology section. For the rafilakphe

burner was moved 1 mm perpendicular for each measurement into the beams path and a recording w

taken. This was done for two different HABs for comparison.

For the HAB profiles the laser was placed in the centre through the burner, thenddabglamm ad
then a recording was takerhis was done for two differeiieightsabove burners (15 mm and 10 mm).

To make sure that camera imaging measurements are properly measured, results can be measu
against point measurements using a laser beam. The flame is moved with respect to the laser along
radial axis to measure at each radial point. A PMT recorofitagn average of 64 shots was recorded on

an oscilloscope for each radial position.
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Figure 5-20: PMT beam and camera sheet comparisorat 2 different HABs at. = 2.3. Normalised to eachespective
beam and sheet measurements largest value

Figure 5-20 shows a comparison between the beam and sheet, measured using the PMT and came
comparison taén ato =2.3 at two different HABs of 10 mm and 15 mm. PMT measurements were
taken by moving the burner 1 mm perpendicular to the PMT, parallel to the laser beam. The profile alst
shows the extinction profile in the next section. The results shows gomehant for the profiles are 2
different heights where the largest signal has been normalised indicating the profiles are similar so i
the relative signal compared to both HABThese results also help explain the extinction profiles
where the centre line of the lower heights is ovareged by extinction because of the larger soot

signal at the edges.
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Figure 5-21: Camera image signal and peak PMT measurement centre line comparison.at= 2.3 with normalisation
occurring at largest value

Figure 5-21 shows the comparison when measuring the HAB with the PMT and laser sheet camere
imaging. It shows good agreement indicating thatelsnique when applied with a flat field correction

is suitable to use. They have both been normalised to their own maximum for comparison. Overall thi:
result is important as the PMT beam is used to help create the flat field correction and show that th

soot volume fraction calibration can be used.
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5.4 Soot volume fraction calibration and calculation

5.4.1 LIl signal profiles used for calibration

Figure 5-22 shows the profiles used for the soot volume fraction calibration and calculation that are
shown later irFigure5-32. Figure5-22 is shown earlier but is shown again to show the calculation for
soot volume fraction. Results show thatwHAB burner measurements show what is as expected with
this type of flame, when a flat field correction is applied. Soot formation occurs at around HAB=7mm
and has a steady rise and growth which typically levels out and forms a plateau region. Around thi:
point particle growth ceases since there is a decrease in soot particle interaction since there

decreasing hydrogen content and decreasing particle surface caused by cod@ulation.
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Figure 5-22: Centre-line profile for different HABs at different equivalence ratios used for soot volume calibration

5.4.2 Extinction measurements

Extinction Measurements were carried out and calculated in the same way aetti@ discussed in
chapter2.2.5using a 1060 nm continuous fibre laser and measuring the change in intensity using &
diode and lock in amplifier as seenRigure5-23. A lock in amplifier was used to improve accuracy by
only registering the change in the 1060 nm wavelength. This wavelength was used as it is similar to th
wavelength of the Nd:YAG laser meaning the E(mugavhich is wavelength dependant is the same. It

is also assumed that at this higher wavelength no scattering takes place due to the size, which might r

be the case if a shorter wavelength was ¢%ed.

Measurements were taken.at = 2.48 as this was the lowest equivalence ratio that gave a reliable

reading. The soot volume fraction svithen calculated using the extinction coefficient measured. E(m)
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was taken to be 0.3 +/ 28°* as well as 32mm diameter for path lengthese measurements were

repeated twice.
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Figure 5-23: Extinction measurements using 1060nm DFBTransmission at different HAB @. =2.48 in a premixed
ethylene flame.Standard error based on 3 measurements

Figure 5-23 shows the transmission of the results from extinction measurements and as the HAB the
transmission decreases indicating to results simildC@D camera measured soot volume fraction
profiles. It can be seen that at larger HABs the error becomes [ahggis probably due to the fact it is

a line of sight technique. The error bars show the standard errorebethivee different measurements.

Figure 5-24 shows the overall soot volume calibration and at is expected and compared to other soo
volume fraction from literature such as Hadef ef oot formation starts at around 7 mm HAB which

is consistent with previous results.
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Figure 5-24: Soot Volume Fraction Calculated from Extinction Measurements @ =2.48

Figure5-25 shows the armalisedto the value at 17 miftom extinction measurements and the results
from the LII sheet imaging experiments.at= 2.3. They show similarities except at lower heights this
is probably due to the fact extinction is a line of sight technique whéreamaging is a centre line
measurement; therefore at points where the profile is axisymmetrictthetiex will be overestimated.
Since the calibration only needs to be dependent on one point this is not much of an issue.
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Figure 5-25: Extinction and LIl comparisons of burner at . =2.48

5.4.3 Soot volume fraction results calibrated from extinction measurements

Soot Volume Fraction Calibrated Images

Figure 5-26 to Figure 5-31 show the colour map of soot volume fraction for flames where from
=2.05 to 2.5 using camera gate of 20 ns and measured at the peak signal. These are a set of imag

averaged over 300 imageBhe variation in these images is typically 5% or belo®hese are the

calibraed images shown previously. Teeot volume calibration works by finding a soot concentration

to pixel calibration constant for the = 2.5 flame from extinction measurements. This value can then

be used to find the full soot volume fraction profile of each image.

The images give reasable results and show what would be expected in this burner up until above
= 2.5 where a large dip in signal occurs in the centre of the flame. This is believed to be caused b

mainly signal trapping as discussed previously. An interesting side nitat ias the signal from the

flame increases the signal from the burner can be seen in the images; therefore care must be taken wi

using measurements in high equivalence ratios flames to avoid interference from the burner plate.
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Figure 5-27: Image of soot volume fraction @ =2.1
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Figure 5-29: Image of soot volume fraction@. = 2.3
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Figure 5-31: Image of soot volume fraction @ =2.5
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Figure 5-32: Soot volume fraction centreline profiles at different equivalence ratios

Figure 5-32 shows the soot volume fraction calculated using the extinction measurements for
calibration This was measured using a measurement of different images to produce a full soot profile
It gives results similar to what was expected. The largest error is assumed to be in the E(m) calculatic
which is around 2®6, whereas the standard error of feswf signal is always below about 5 %.

Therefore no error bars have been attached to the figure.

The results are whatere expectedas they show soot formation at similar HABs as well as being
reasonable when comparing to other similar burners. Thagesww a good similarity to the results
shown in Hadef et & With the increase in equivalence ratio there is an increase in signal thus soot
volume fraction, this can typically even be seen by eye with the flame glowing brighter with large
equivalence ratios. This is expected as it indicates that with less fuel there will be a decrease in partic

or the arount of soot particulate's®

The overall i mages show reliable images up ul
typically be usedri typical experiments. For all flame conditions there wadetectedsignal below 7

mm implying that there is no matter that can be large enough to incandescence there such as soot ¢
because it is assumed the 1064nm does wloican fluorescence in tHeAHs or that theletectori s n 6 t
sensitive enough to measure LIl at these positigven when visually looking at the flame, there

appears to be no orange glow at these heights which is characteristic.

The profiles exhibit typical behaviour where sootiation occurs around8 mm and rise steady due

to surface and coalescence growth and reaches a plateau region. This has been accredited due to
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decrease in soot particle activity caused by decreasing number of hydrogen atoms or the decrease

particle surface caused by coagulatiéir>>°
The shape of the profiles is also similar to aromatic compounds previously Byalelton et al+*

5.4.4 Temporal profile of LIl measured using an ICCD camera in a flat flame burner

As dscussed in the methodology section it was possible to move the camera gate with respect to tf
signal, allowing the measurement of temporal profiles. Temporal profiles from images were able to be
produced by moving the gate forward 20 ns with two exampiagemporal profiles with different
eguivalence ratios seen kigure 5-33 andFigure5-34. The gate was kept as prompt as possible to 20
ns which ensure a more reliable profile. Temporal profiles show good agreement with what is to be
expected for conventional LIl signals. These results consist of an average of 50 images.sThis wa
chosen since De Risi et %lused the same amount of images for time resolved profile in a diffusion
flame and showethat this was enough averages to reduce the standardioearound 3.5%There was

only one position of the centre line that was measured. However, it is possible to measure the decay
different positionsThe decay time gives an indication of the joéetsize and by using a model and

assumptions it is possible to estimate the particle size. The larger the particles the larger the decay tim
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Figure 5-33: Camera temporal profile for . =2.3 with Figure 5-34: Camera temporal profile for . = 2.4 with
20nsGate 20ns Gate

Results showthat the higher the sootingropensitythe higher the signalks produced. One main
advantages of being able to uséithensional images is being able to take LIl images and produce
temporal images withintable flames for stable flamé&s.Further work in modelling may allow for a
model LIl signal to be fitted on to the experimental curve allowing for a primary particle diambter to

estimated. As discussed previously a decay curve is able to be produced by taking the relevant part
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the curve after 120 ns where conduction is the main regime for heat transfer, and by plotting the log ¢

the curve, the curve can then have a fitligoo it:

L o] E ti
0QRHGA 2D g anen
Where A is a constant
Where U is the decay ti me.
The decay time is related to the decay rate by:
i~ e~ o e R Equation
QQwWwWwwi ?oo Q 5.2

As discussed previously larger particles will have longer decay times due to smaller surface to volum

ratio than smaller particles so the particle size can be estimated.
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Figure 5-35: Decay times taken from 12(s delay

A natural log curve was produced and a fit was taken at 120 ns after to the curves to produce a straig
line equation and using the technique discussed before in the theory chapter, to produce a decay tin

Decay profiles at the equivalence ratio of 20@bild not be used because of teey weaksignal when
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fitting the decay. Bladh et 4f.demonstrated time resolved profiles in low soosogalled nucleation
flame with the extrenely low sooting flames and tovercome low signal had to use broadband

detection.

Figure5-35 shows the decay times calculated from the temporal profiles. This time was chosen to avoic
the heat transfer components ettthan the conductionegime. The decay times are in the same
magnitude as other decay time measurements from other groups such as AxelsstrTaegs. are

slight differences which are possibly caused by differences in calculation of decay time. Examples ar

differences in fluence which can cause change in particle size and consequently changey tineedeca

Thereis an issue with a fit at lower point in the flame where the signal to noise ratio and the fit is not as

reliablearound HAB=10 mm depending on the equivalence ratio.
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Figure 5-36: Different decay times for different HABs at increasing equivalence ratio

Figure5-36 shows the difference in decay time with equivalence ratio at different height above burners.
The results show similarities to results shown in Hadef EtRésgroux et al*® also show that with

lower equivalence ratios there is also a lower decay mal@n pressure methane flamé&sgure 5-36

shows that with all HABs the decay time increases however it seems to level off more with eact
increase inequivalence ratio. For the lowest equivalence ratio, the only HAB that could be roughly
calculated was 16 mm as the rest showed results which were not applicable. Overall these results sh
that being able to take a reliable temporal LIl profile is possinid at different heights the temporal

signals can be simultaneously collected which is one advantage over using a PMT.
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5.5 Imaging results characterising the effect of various measurement

parameters on experimental performance

This section of the thesiavestigate the effects of changing some parts of the methodology that would
be useful in other types of environments. These changes include changing the camera gate leng
changing from a 2 mm wide slit to a 1 mm wide slit which would be useful inghitame fronts, and
changing the filter size from a 20 dimeter fi
experiment al par ameters doesnodt affect t he ¢
interchangeable and therefore carubed for when an experiment requires the use of a certain setup.

Having demonstrated that the default procedure gives reliable results and generated images of sc
volume fraction, we now address some experimental situations where modifications tohiheohogty

are needed such as the need to increase the gate time or change the imagingrsiéssizshanges are
needed dependant on signal level, geometry of the flamer and other factors that need to be taken ir
accounto allow changes when the expeental work requires slight changes to the methodology.

5.5.1 LIl signal comparison using different gate lengths

For some types of flames the signal to noise ratio may be so low that a longer gate may have to t
employed. However, this can lead to differencesxpected signal and radial profiles since the signal
coll ection isnoét as prompt, and therefore fo
compared. So when doing a calibration image the same gate should be used therefore it is important
test the differences in gate for this flat flame burtfer.

This is particularly important for comparison to the lgndsed laser excitation source chapter where
the gate has to be 50 ns as the signal to noise ratio was too low for the 20 risgatemphis is also
important for the biofuel chapter where the large amount of signal requires a smaller gate which help
distinguish between the movements within the flame that occur as well as ingptbegiresolution of

the signal.
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Figure 5-37: Comparison between 50 ns and 20s Gate @ HAB=15mm @ =2.3

Figure5-37 andFigure5-38 shows the radial profile at one HAB5mm, a commonly measured HAB)
with Figure5-38 showing the normalised comparissimowing overlap and the same prafile

Stirn et al**® found no influence of the stabilisation plate on the decay curve at this height giving good
indication it proviegts a reasonable position to measure the radial profile. A normalised comparison
where each gate profile was normalised to their highest value can be fokiglia 5-38 showing

good agreement indicating that the particle size profile is uniform across the burner.
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Figure 5-38: Normalised Signal Comparison between Camera Gates @= 2.3 @ HAB=15mm

Figure 5-39 shows the normalised profile centre line signals of these two different gate lengths. Both
gates are normalised to their largest value. The results stahagpeement indicating that for this type

of flat flame burner the gate length does not have a considerable difference between the points so
makes no difference to the profile. This means that if a case occurs where a longer gate has to be us
the caibration image will still be reliable. The normalised signal does not depend on the soot
concentration but rather the particle size, therefore this trend will not change over equivalence ratios.
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Figure 5-39: Normalised Centre Line between 20 ns and 50 ns @HAB=15 m@ . =2.3
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Figure 5-40 and Figure 5-41 shows the overall signals for 2 different gates at the same HABs and
equivalence ratios for just one set of images of 300 images. The signal was integrated over a height
1 mm and a width of 1 mm. This is a standard length measuntefor HAB profiles and a similar size

measured by the photomultiplier tube.

They both show similar profiles as well as similar profiles to literaftfé*® It was found that soot

growth mainly starts at around9®nm however stés even lower for re sooting flames as expectéd.
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Figure 5-40: Centre line signal measured over width of 1 mm at different HABs at different equivalence ratios &0ns
camera gate averaged over® images
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Figure 5-41: Centre line signal measured over a width of 1. mm at different HABs at different equivalence ratios

measured at 20ns gate averaged over 200 images

5.5.2 LIl signal comparison using different slit sizes

For these experiments the experimental procedure is kept the same as-upeexptained in the

methodology except a slit size of 1 mm was used for shaping the laser sheet was used instead of the
mm slit, which has been used throughout this chapter. By asiinggr slit the measurement volume

becomes more fine which allows for smaller diameter burners to be measured accurately, in particule
the biofuel wick diffusion burner which is the subject in a later chapter. To ensure that when using the
narrower slif signal remained acceptable. The profiles using these two slits were measured and
comparison was produced. With a narrower slit from experiments the vertical profile was seen to be les

precise with a flat field correction needed more when the narnmmMwidth slit was in use.

Figure5-42 shows a comparison of the normalised signal differences between using a 1 mm slit or 2

mm slit. This shows no real difference between the slit profiles, therefore for experiments it makes nc

real difference whether a 1 mm slit or 2 mm slit is in use.
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Figure 5-42: Slit size comparison @i = 2.3 at a gate of 50 ns

The overall resultant signals when using a smaller width slit are shdviguire5-43.
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Figure 5-43: Centre line signals measured over 1 mm width at Different HABs at different equivalence ratios
@ 50ns for 1 mm slit
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5.5.3 LIl signal comparison using different filter sizes on the detection lens

For experiments when using th® B ar moni ¢ of the liaasdraa ormaltlhe
would have to be used in conjunction with a 532 nm notch filter lens to make sure né“dtayn@nic

light from the laser could strike the camera. Therefore, a different size of filter would have to be used t
make sure that the signals are comparable. A comparison had to be made between different filter siz
to make sure that nothing unexpetcteppens with this change. For these experiments the experimental
procedure is kept the same as theupeexplained in the methodology except the filter attached to the
camera that was changed comparison on filter size was used to ensure the calesolid angle

change didnodét affect the profiles of the two
1.2
w© 1 a
= a
o
& 0.8 - "
o Ol
306—
= ‘ # 2inch Filter
©
£ 04 - B 1 inch Filter
o
202 - v
0 |L“‘.| T 1
0 5 10 15 20
HAB (mm)

Figure 5-44: Size of filter comparison @. =2.3

Figure5-44 shows the comparison of the normalised centre line signal with the two different filters. It
shows good agreement and therefore it does no
notch filter however as seen it daest change the overall LIl profiles of the flame while it will cause a
slight change in the empirical signal. Overall it can be seen that the change in filter size does not chang
the profile and using the smaller filter only decreases the signal tomaditsdut is suitable to use for

experiments.

5.5.4 Overall conclusions on adapting the methodology
Overall we can see that the changes in setup do not change the normalised laser induced incandesce

signal meaning that for different burner and setup needsétieodology can be adapted.
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5.6 Excitation with 532 nm with comparison and subtraction of 1064m

excitation signals to produce fluorescence profile

The flat flame burner has been characterised with the 1064 nm laser light and imaging, it is now
possible tacharacterise fluorescence in the same flame by comparing 1064 nm and 532 nm results an
using subtraction to infer Laser induced fluorescence of certain PAHs species. As discussed previous
in the background and methodology chapters, the fluences bethree2064 and 532 nm have to match

to the same signal after delayed detection (160 ns) so that the signal is able to be comparatively simile
The detection wavelength is shorter than the excitation wavelength at 532 nm; this may indicate that n
fluoresceace will contribute to signal due to red shift nature of fluorescence. However, for some sized
PAHs the energy levels are closely spaced, the thermal population is higher than the ground sta
making it possible that excited particles fall to the grouatkesibsing larger amounts of energy than
was induced through excitation indicating it is possible to o®¢tit.

No decay times were taken with the lower excitation wavelength as it was assumed to not make

difference and has besren in the past to have no effect.

Results show as expected that when imaging with 532 nm excitation wavelength it is better to us
delayed detection (signal obtained at a time past the peak signal, since interference can affect tt
prompt signal (the pé&eof the LIl signal).

5.6.1 LIl temporal comparisons between 1064 nm and 542 nm excitation

Figure 5-45 shows an example of the temporal profile comparisstwéen 1064nm and 532nm taken
using the camera. Overall the results show that the peak signal is not the same, which can be attribut
to the fluorescence of species included in the result. This is a good indication that the difference i
signals can bettibutable to fluorescence due to its much shorter lifetime causing the peak signals to be
different however after the peak they have the same signal over the temporal profile. This is what i
believed to be expected when comparing to other previous reeaenis of temporal measurements of
excitation by different wavelengths done by previous members of this group. A shorter gate and large
collection angle would also help increase the LIF to LIl ratio.
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Figure 5-45: Timing comparison between 532 and 1064 nm excitation at = 2.2 using 20 ns gate at a HAB of 15 mm

These results indicate that delayed detection should be used if wanting to calculate the soot volur

fraction when using 532 nm.

5.6.2 LIl images with 532 nm laser excitation

Figure 5-46 shows the image taken with the 532 nm excitation wavelength. The gate time for
measurement of 532 nm light w20 ns. The signal was measured at the peak signal to ensure that a
subtraction of the 1064 nm excitation wavelength could take place. The detection filter is measured ¢
450 nm as discussed previously with a camera gate of 20 ns which is over tBegpabto ensure the

maximum signal where fluorescence occurs.
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Figure 5-46: LIl Imaging using 532 nm laser excitation @. = 2.3 using20 ns at a delay of 20ns to ensure peak signal

To make sure that no flat field correction is needed to take place, the sheet can be translated and
different HABs there should be overldgigure 5-47 shows these profiles taken with translation of 1
mm to ensure that the correct signal can take place. A good overlap is visible in the HAB profile
meaning that there is not a large need for a flat field correction.
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Figure 5-47: 532nm centre line signal with 1mm Translations measured over 1 mm width and 20 ns camera gate length
@. =23
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5.6.3 Comparison between 2 laser excitation wavelengths at 2 differeafjuivalence

ratios
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Figure 5-48:Comparison of HAB centre line profiles with Figure 5-49: Comparison of HAB centre line profiles
1064nm and 532nm excitation wavelength at peak signal @ with 1064nm and 532nm excitation wavelength at peal
=2.3 camera gate @ 20ns sighal @. =2.2 camera gate @20ns

The results show in that at much lower heights the signal is higher in the 532nm results than excitatio
with 1064 nm. This idicates interference from fluorescence of nascent soot and other interfering
particles at this heightrigure 5-50 shows the fully subtracted signahda shows some interesting
characteristicsThese results araonsimultaneousFor where. =2.3 it seems there is a steady
increase in fluorescence at around 5 mm until 11 mm then a drop till 144 mm and then a plateal
onwards. Whereas for the =2.3 flamea steady increase can be seen until around 12 where it decreases
slightly and then rises up again. This could be because while it is expected that lower down in the flam
there will be more but smaller PAHs which is what is assumed to be contributing ladrescence.

The signal increases because the larger PAHs and have a larger florescence signal. The section wh
the signal decreases could maybe be attributed to oxidation as a heat mechanism. Oxidation causes

breakdown of some soot molecules b PAHs!?® 121

The amount of fluorescence signal between the equivalence ratios is theedxplere the flame with
the higher soot concentration has a theoretically higher concentration of PAHs and other excitabls

compounds?
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Figure 5-50: Fluorescence Subtracted Signat 2 different equivalence ratios

The fluorescence subtracted signal could maybe be improved if the signal to noise could be improve
However, because of the constraints of the experiments typical options such as increasing the filter si:
and shortente gate | ength arendt possible. The sig
to background can be used. Previous work in the group using a larger equivalence ratio could also he

produce a large enough fluorescence sighal.
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5.7 Discussion of validationand future work

This chapter shows validation when using standard methodology. Beam comparisons to laser she
comparisons using camera imaging measurements show good agreement when measuring normalis
profiles .Though when usinfpe sheet a flat field correction might have to be applied sometimes when
required. This correction factor can be different depending on the setup and positioning of the slit on
day to day basis so care must be taken and a calibration image mushite &dt@ieve a good flat field
correction. Overall the methodology can be used in a variety of setups such as changes to filter siz
gate time and optical slit size. As long as the same conditions are met for the calibration image thes
setups can be uséal calculate soot volume fractions. The results show the same trend when normalisec

and gives a good overlapping signal indicating the techniques in use are is reliable.

Extinction measurements show good agreement with standard LIl images taken atjsxaleree

ratio. When comparing signals between experiments care must be taken and typically for experiments
calibration image should be taken to ensure a correct soot concertation to pixel intensity factor can kb
found. Using LIl imaging it is possibl® get repeatable and reproducible results and produce an image
of soot volume fraction within the flame. The soot volume fraction results are similar to other results
from literature and are determined to be reasonable. LIl decay time shows good agieaemirits
between point measurement and imaging measurements meaning that the method used is acceptable

long as the factors involved are taken into consideration. This allows for modelling of particle sizing.

So far, it appears the burner has belearacterised well using this LII. It would be advantageous to and
maybe to provide more information on the flame such as results from microscopy or Rayleigh
scattering.” More work could be done to measure incipient soot at lower HABs or in lower equivalence
ratios. Some work has already been carried out by using LIl followed by TEM as well as SMPS. These
techniques while not wsitu can help give information such as particle size distributions and overall

morphology”®

Using imaging it is possible to subtract signals it is possible to infer fluorescenak #igras shown

that with an increase in equivalence ratio there is an increase in fluorescence signal. This indicates th
with larger equivalence ratio there is a larger abundance of PAHs within the flame. It was also seen th:
there is PAH signal at \eer HABs. More work could maybe be done to identify certain compounds
and calibrate quantitatively, possibly by using more specific detection filters for species that fluoresce a
532nm laser light. It would be possible to do this if a mix of PAHs wadeskand mixed with the
flame. While some of the added known PAH will undergo reactions if a large enough amount of them

were added it could be identified by the greater quantities in sfgnal.
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Using a higher detection wavelength filter could maybe deliver fhwseescence signal at these lower
wavelengths. A spectrometer could be used for both wavelengths to see the difference in signal

between detection wavelengths.

Further work could be done and th® Barmonic of the laser could be used as well to hefp th

fluorescence of smaller species. Previous work has shown that using the 283 nm light and comparing
with the 532 nm laser light, there is a difference in signal at different heights caused by the different
sizes of PAH$? Additional work could be done in another field to extend exhaust emissions as there

has been a lot of work aldy carried out on exhausts using LIl and LIF separately.
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6 An investigation of the effects of heat transfer to the

stabilisation plate on soot volumefraction in ethylene air

premixed laminar flat-flames

6.1 Introduction

Throughout this project it was thought that heat transfer effects caused by the stabilisation plate coul
cause changes in the temperature of the flame and therefore could change tlwdusomtfraction.

This follows the idea that by changing the stabilisation plate within the flame it would be possible to
study soot formation with a range of temperatures without changing the premixed gas comjosition.
was hypothesized that the tempeans of theupper regionsof the flame could be influenced by
changing the stabilisatigolate. Alarger amount of heatould be removeffom the flame by changing

the dianeter and thickness of the stabilisation plate, as previously observed in thelgwagvisible

that the temperatures were different between the burners of different diameter even with sam
equivalence ratios. This was assumed to have happened because of the different sized stabilisati
plates used in each burner causing heat trapffiects therefore it was important to measure the plate

temperature between these burners and to investigate the influence of soot volumée®*fraction.

The influence of temperature on soot formation has been well documented to show that at large
temperatures in the flame the lower soot volume fraction. Bohm'&sitows the strong and non
linear dependence of the soot concatitn on the flame temperature and Xuan é%athow with
modelling that premixed laminar flames, at lower temperatures and with a decrease in oxygen cause tl
flame to be colder and more soot rich. Bockhorn &'ahows the different types of stabilisation plates
used with a premixed ethylene/air flame in a McKenna burner such as a solid plate, a plate with a cent
hole and a plate with a stdéss steel mesh have different soot voldraetions;however this is down

to changes in the flame geometry. Bockhorn ét*dlas shown that the soot concentration e s n 6t v
much with the change in heights of stabilisation plate while Axelsson®thals shown a comparison

of decay time thus particle size at different HABs using the stabilisation plates at two different heights.
It was seen that at larger heights above burner the plates has an influence on the flame. With the plate
a height of 26 mm the decay becomes longer than the 21 mm stabilisation plate by around HAB of 1°
mm. This seemed to be caused by the soot particles becoming larger with the flame temperatul

influencing the particle size.

Experiments were carried out to @stigate the heat transfer effects caused by the stabilisation plate:
temperature measurements of 2 different sized stabilisation plates using a thermocouple to see if there
a temperature difference in the plates positioned in the same burner; imagésgssignal from LII

over time; measurements of temperature in 2 different sized burners; comparison of measurements
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LIl signal in two different burners. Some modelling of the flame centre line temperature was done using
the Canterasoftware at two dferent equivalence ratios at different boundary condition temperatures

which represents the temperature of the stabilisation plate.
6.1.1 Experimental factors

Experimental and processing factors for burner experiments
Table6-1 shows the experimental factashenusing the camera in this investigation. The experiments

were typically repeated twice with 100 images recorded for each repeat.

The gate length vgaset to 20 ns or 5@s and the gain was set to the maximum. The detection source
had a 450nm filter. The fluence was always recorded to ben2I6nd.

Table 6-1: Camera experimental parameters

Laser fuence 210mJ/cnt

Number ofimagesecorded 2sets 0f100

Gate length 20 ns or 50 ns

Intensifier gain setting 99

Camera delay 20 ns to cover Peak Signal
Detection fiter 450nm(10 FWHM)
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6.2 Heat transfer and flame stability results

6.2.1 Stabilisation plate experiments

Typically the stabilisation plate is used to keep the flow stdbleigure 6-1 shows the flame at an
equivalence ratio of 2.3 without a stabilisation plate &mngure 6-2 shows theflame with the
stabilisation plate. It is visible from the images that the plate changes the dynamics of the flow as wel
as the stability with a lot of movement in the flame. It can be seen that the flame is also lifted showing :
higher start of the flamfrom the reaction zone. The flame also becomes narrower with increasing HAB
due to the buoyancy and there r e w0 n-dimensibral.Llloimages were taken without the
stabilisation plate however because of flame and flow fluctuations the result®werer e pr odu c i
shroud ceflow had been used, a more stable image would be recorded and a comparison could be dor

between the burner with and without the pfate.

Langenkamp et af> show experimental and modelling LIl and light scattering results in a Mckenna
burner without the stabilisation plate but with aflw to limit the number of control parameters

compared to other studies.

Figure 6-1: Flame @. = 2.3 with no stabilisation plate Figure 6-2: Flame @. = 2.3 with stabilisation plate

To test the effedhe stabilisation plate has on temperature -dnemocouple was used to measthe
temperature of the flame.dwever by putting the thermocouple straight into the flame it decreased the
reliability of the temperature readings due to soot depositioim@mprobeas well as intruding on the
flame making it difficult to take LIl measurements to the corresponding temperature readings. An

example of this problem can be seefrigure6-3.
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Figure 6-3: Burner with lager plate (64 mm diameter)and thermocouple intruding on the flame@ . =2.2

Therefore a setup likEigure 6-5 was employed to ensure reliable temperature reading with the drilled
holeasclose to the plate as reasonably practithk setup is pictured iRigure6-4. The drilled hole is

about 1 mm from the plate; and the diameter of the hole is about 1/4 inch.

Figure 6-4: Burner wit h large plate(64 mm diameter)with thermocouple inserted into the tabilisation
plate@. =2.2
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Thermocouple and
Temperature
Measurement Recording
Device

Stabilisation plate
with hole drilled 1
mm from the edge
Diameter of the hole
drilled in plate
approx. 1/4 inch

Water Cooled
Porous Plug
Burner

Figure 6-5: Drawing of burner with plate with hole drilled on top

The platesused onthese experiments were a 2cm thaskd 38mm diameter plate and a 3.5cm thick
plate and 64mm diametelape. These plates were chosen becéusas deemed that they would cause
a large enough difference for heat transferwatld also havereasonable legth and diameter to be

used.

600 -
¢ 2cm Plate @¢=2.3

500 - [
2]
I= | % m3.5¢m Thick 64mm
3 400 m X A Diameter Plate @
O | ¢=2.3
% 300 o X 2cm Plate @9=2.2
£ 200 - aX X
n 100 a X +3.5¢m Thick 64mm

X Diameter Plate
=2.2
0 L . R @
5 10 15 20
HAB (mm)

Figure 6-6: Raw LIl signals using two differentplates.
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at different equivalence ratios

600 -

500 -
) "%y
= % XX
S 400 - X 4 2cm thick 38 mm diameter
o u Plate @ ¢=2.3
Q 300 - N X ®3 5cm Thick 64 mm
o Diameter Plate @2.3
g) 200 - | X 2cm thick and 38 mm
.CE X diameter plate @p2.2

100 - [ | <3.5¢m Thick 64mm

X Diameter Plate @ ¢=2.2
0 KA ﬂ : |
5 10 15 20
HAB (mm)

Figure 6-7: Flat field corrected (FFC) LIl signals using two different plates

at different equivalence ratios

It was thought that a larger plate would act as a larger heat sink because of its larger thermal ma:
reducing the temperature in the flanitowever this was found not to be thmse as when the soot
signals were compared there was no real difference betilvearthus indicating no real difference in

soot concentration as seenHigure 6-6. The raw data signal from the experiment with the flat field
corrected signal shown iRigure 6-7. The experiment was carried outtato different equivalence
ratios which have discernible difference in soot volume fraction to ensure that the change in soo

concentration is caused by the change in equivalence ratio.
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Figure 6-8: Surface emperature of the stabilisation plateover time using two different plates@. =2.3

The temperature results show a difference in temperature of abod€ 14 seen irfrigure 6-8 and

Figure 6-9. Also, as expected that as the plate thermal mass decreases the time taken to reac
equilibrium decreaseslowever this corresponds to the resultEigure6-15 where lower temperatures

of the plate at earlier timgand thus lower plate temperataitethe time of acquisitod o e s né6t af f
signal. This indicates that there is no real way to control the sooting propensity of the gas by
manipulating the stabilisation plate ar@#is indicates that the temperature at theaswged points in

the flane  d o &fechtbet soot concentratioBesides, the comparison between equivalence ratios

shows a higher temperature at lower equivalence ratios, as one might expect.
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¢ 2cm
H3.5cm 64mm Plate

Temperature (°C)

0 10 20 30 40
Time(min)

Figure 6-9: Surface emperature of the stabilisation platevs time using two different plates @ =2.2

6.2.2 Larger burner experiments
A comparison against tHarger burnedescribed in the methodology chaptedwasused to check the

difference in the burner temperature.

600 -
500

400 ¢ Larger Burner

Temperature (°C)

HSmaller
200 Burner
A Smaller
100 Burner with
Larger Plate
0 T T T T T T 1
0 4 8 12 16 20 24 28

Time(min)

Figure 6-10: Surface temperature of stabilisation plate comparison for different burners @ . =2.2
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Figure 6-10 shows a comparison between the larger burner and the smaller porous plugntileer
measuring the temperatures of thé | asimg theplatesand setumas before.Figure6-11 andFigure
6-12 show the averaged LIl results for the larger and smaller igng their own respective

stabilisation plate.

£ g
:18 -.v_m'(.‘ 150 \:18 R A VL 150
AN T TS . ¥\ 1y
215 [ { l!m Atk 05915 bl W d
> =}
m ! m : 100
o 10 100 ° 10
> >
3 35
<5 50 < 50
o 0 o 0
T 2 1 0 1 2 T 2 -1 0 1 2
Radial Position(cm) Radial Position(cm)
Figure 6-11: Larger burner @. =2.3 Figure 6-12 Smaller burner @. =2.3

Figure 6-13 shows the comparisoof the centre line signals between the two buraeFigure 6-14
shows the flat field corrected at the upper erd®ey show similarities in the profile as well as
empirical signal. This indicates that theot volume fraction within the flame is similar if not the same.
Significant extinction takes place the larger pla, therefore if any other measurements were to be
made in this burner ax similar large burner care has to be takémr the first half of the burner the
signal can be seen to be pretty constant (the laser travels right to left in the imagéjnal dropdue

to extinction caused by the reduced local fluertgece the fluence is just in the pdau regime the
extrapath lengtthas reduced the signdlherefore it would berecommended to increase the fluence by
adding another telescope to decrease the power lost by the expansion of the beam
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Figure 6-13: Raw LlII
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Figure 6-14: Flat field corrected burner comparison @.

6.2.3 Flame stability and the LIl signal over burner operating time

To investigate the influence of time on the measurement of soot concentration it is important to measur

the LIl signal within the flames over time. The same wasntaking raw data fronusing the flame it

is important the flame is stabEnd measurements are consistdfeasurements that shosv stable

flame include low standard error between dieghot images, no significant changes in soot volume
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fraction over timePrevious experiments in the group have shown measurements shouldrbeueaig

10 to25 minutes.

Figure6-15 shows the LIl signal measurég the ICCDcamera over timelhe results were taken over

the Imm x 1mm from theentre line and the signal was integrated and average. Theytlshiavere is

no real change in soot volume fraction over time except at 2mins where the flame appears to be mo
unstable. Therefore it is important to ensure that measurements are tyaicatiyafter 2mins. No flat

field correction has taken place as to ensure no change in the rawWdatiat field corrected image

can be found ifrigure6-16.
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Figure 6-15: Raw LIl signal over burner operating time @ . =2.2
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Figure 6-16: Flat-field corrected signal of centre line comparing operating times @ =2.2

Interestingly these results shesno change in soot volume fraction over flame running ti&eown in
Figure 6-9, these different times have different temperatures of stabilisptadas of the burner thus
implying differences in temperature of the flame.

For theseexperimentstherewastypically at least a waitg time of 5 mins for the flame to be running
and the experimentsere finishedbefore 25 mins where itoald be visibly seen that the stabilisation
plate lad soot which effects the flame and may clog the porous plug bffrner.

It was found thatthessot concentration al so doesmdwell change
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6.3 Modelling

Within the group, the Cantemnmodel was used to model the steady statedimensional reacting
flows. The code allows for the temperature of the boundary condition to be set, with input of the
reactant concentrations. The Cantera model works by modelling flames along a stagnation flo
reducing the governing equations to a single dimension. The fluids are assumed to behave as ideal ga

and the tangential velocity is assumed to be Z&ro.

1600
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800 1
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Figure 6-17: Modelled centre line temperatures of different plate temperatures using ABfAppel-Bockhorn-Frenklach)
mechanism @ = 2.3 and mass flux 0.0629 kg/s (55C is the larger plate temperature recorded, 36C is the plate at
initial conditions, plate temperatures shown in legend ifiC)

Figure 6-17 shows the results using a model for the chemical kinetics and species production
throughout the flame. The results showed the boundary tempeiliaurhe temperature of the
stabilisation fate does not change up much until around 20 mm HRiBure6-18 shows the results at
a different equivalence ratio of 2.2. These results were sitnikigure6-17 where the temperature has
no real effect until closer to the plate. The mass fluxes used here were the same as the experimen

mass fuxes.

116



An investigation of the effects of heat transfer to the stabilisation plate on soot volume fraction in ethylene air premixed
laminar flatflames

3
g
o)
[
=
g 550
S Y m450
= " 300
@ 400!
l_ -
200
0 T T T T T 1
0 5 10 15 20 25
HAB (mm)

Figure 6-18: Modelled centre line temperatures of different plate temperatures using ABF mechanism @= 2.2(550°C
is the larger plate temperature recorded, 30C is the plate at initial conditions plate temperatures shown in legend in
OC )

An interesting aside is that when the mass flux was lowered, there was a change lower in the flame
around 16 mm as seen kigure 6-19. Experimentally it seemed unreasonable to test at the low
flowrates while keeping the same equivalence ratios because in practice the flame would be difficult tc
stabilise.
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Figure 6-19: Modelled centre line using ABF mechanism at a lower mass flux of 0.167 kglarger plate boundary
Temperature=300C, smaller plate 450°C) @. =2.3
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6.4 Conclusionsand future work

Overall the results produced veeinteresting. da transfer effects caused by changing the thermal mass
of the stabilisation plate hatb noticeable effect on the soot volume fraction within the centre of the
flame. The ®mparison between the same equivalence ratios in 2 diffeueneérs provide the same

soot volume fraction even though thegre at different temperatureg\nother interesting point is that
there seemed to be no change in soot volume fraction with the amount of time the burner had bee
running for from recordings pito 25 minutes. The results from these set of experiments were
unexpected considering the initial hypothesis, but the overall results were shown to be in agreemen
Modelling results have shown that the plate temperature at standard conditions and $anthanve

no real effect on the temperature throughout the flame until very near the boundary layer and therefor
agrees that there wonot be change in the soo
When the mass flux was reduced thoitgivas found to have an effect on the temperatures at around

16 mm because of the type of burner for theserfibes this is not feasible to run experimentally.

These experiments show that the time when measurements are taken is not importante Widrefo
comparison between group data this is not an issue that needs to be focussed on. The results also stoj
the redundancy of data collected between groups who used different burner stabilisation plates meanin

direct comparisons can take place.
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7 Investigation of a bng-pulsed fibre laser as an excitation source

for LII

7.1 Introduction to long-pulsedand high repetition rate LII

The desire for accurate measments of soot concentration in exhausts dagine certification
standard$as led to an increase in the need for methods to accumsalure soot volume fractidfor

LIl to be effedive in industrial test environmenitss important that the laser source to be adaptatie a
easy to insert into a combustion test rig without the need to interfere with the combustipnaseit

allow for efficient beam delivery. The G4 lopalsed filve laser allows for efficient beam delivery to

and therésal so safety advantages associated with u
be mirrored into measurement position. The G4 Jpuiged fibre laser is compact and inexpensive
excitaion source with the potential for high rep rate measureméf{tSypically the most common LIl
excitation source is the Nd: Yolky, ineficers andhe most h |
costly part 'dand#amethddbloggcarsbe esmblished the G4-prsed fibre laser

may have commercial appeal with these advantages over the Nd:YAG laser.

1128 who

A previous example of a high repte fibre laser being used, is shoby McCormick et a
demonstratethe proofof principle of for the application of this type of laser in engine exhausts (since
current requirements for emission certification require a SAE smoke ntifithés type of laser could
facilitate this measurement thereby improving engine measuremi@n@serall the resits shows that

LIl tended to follow the relative trends of the engine when compared with extractive measurements
These results show the need for an investigation into weiitrolled laboratory flames to assess the
capabilities and limitations of thisdar, which is essential to establish the basis of the technique for
measuring the soot volume fraction. With imaging in a smaller laboratory burner it is an advantage tha
the camera may be physically closer to the measurement allowing better spatigioresold help the

understanding of the signal across the image.

While there has not been much investigation of LIl using this type of fibre lasers, there have been som
other investigations into high repetition lasers. One set of investigations carriegl dichael et at®
showed the effects caused by the gas heating effects when using high pulse energy. This laser was &
used to showplanar laser induced fluoresceriogaging by Slipchenko et &f? and shown to monitor

low frequency instabilities and high speed fluid dynamics of a lifted methane diffusica Agoolsed

burst laser consists of a burst mode Nd:YAG with an incorporated fibre oscillator aledplioped
solid-state amplifier typically producing high pulse energies and high rep rates (15 mJ at 100 kHz).
Michael et af*! used a standard sooting flame to show the effect of changing the repetition rate on the

fluence curve and the effect these have on gas heating. By aigulséurst laser to overcome the

119



Investigation of a longulsed fibre laser as an excitatisource for LIl

problems associated with fluid flame interactions, they showed that the high repetition rate of 100 kHz
allowed for better analysis of the flufthme interactions in more turbulent flames. Cenker Efalso

carried out investigations using high repetition rate detection camera to take images and show the effe
of laser induced heating of the bath gas using a standard Nd:YAG laser. Results show that at hig
fluences above 300 mJ/ém large region of laser heated volume of the bath gas is heated. Since long
pulsed lasers have a longer pulse over this fluence tleist @fas neglected for this work, though some
checks could be performed toake verify this. Boxx et af’ used a kHd.ll solid-state laser in a
diesel engine cylinder to stv qualitative images of the LIl signal uses a high speed CMOS camera.

As well as highrep rate measurements using solid state Nd:YAG lasers there bassbme
measurements using lomylse lasers. Ditaranto et’al.used a longulsed LIl setup (fundamental
Nd:YAG laser with some temporal shaping capabilities to change the ladeattppofiles of duration

range 5601500 ns in a laminar diffusion flame) to show that the measurement of soot volume fraction i
not impaired by the use of a range of pulse durations. The difference between the Nd:YAG setup an
the fibre laser used in this thesis is the Nd:YAG has the ability to produce high enough laser puls:
energy. This allows for spectral filter of a bandpissr of 488 nm as well as a standard rep rate is
used compared to the fibre laser. Results show unexpected LIl signal for pulses longer than 100 r
showing a rebound effect of LIl signal. A follow up study by Ditaranto & alith long-pulsedlaser
induced incandescence using the same fundamental Nd:YAG laser with some temporal shaping
capabilities to change the laser 4ot profiles of duration 100 ns, 200 ns and 450 nslamanar using

the fundamental of a pulsed Nd:YAG laser aimed to reduce the experimental shortcomings of the
uncontrolled laser fluence and beam shape which showed two peaks appearing in the temporal L
signals at high fluence with strong fluence dependeand overall results indicate unexpected LlII
signal behaviour may be physically linked to the las®ot interaction. Hvervéd ruled out PAH
fluorescence as a phenomena which may cause twin peaks using the discussed setup. It is suggested
is caused by morphological changes in the soot as well as new particlesrbdinged by sublimation.

Since the pulse energies are much larger using the Nd:YAG compared to the fibre laser it may see
that from results with the fibre laser do not suffer from this phenomenon. Overall these show the nee
to produce a relldle methodabgy using lonepulse fibre laser to allow for soot concentration

measurements.

The limitations of using the lorgulsed fibre laser is that while the laser has a typically high average
power but lower pulse energy compared to standard Nd:YAG lasers cthsinged to focus the beam
leading to aGaussiarspatial profile. This means that the beam has different fluences radially across the

beam. Another disadvantage is the irregular laser temporal profile making it harder to model.

This chapter shows the téts obtained using a lorgulsed fiber laser. The output launch optics shown

in Figure7-1 with comparisons of results produced using conventional:&AG laser. The aim of this
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chapter is to try and produce results that could characterise the flame and show a method of producing
soot volume fraction measurement using this type of excitation source. The results consist of fluenc
curves, LIl imagesrad signal levels plotted as with centre line HAB profiles and radial profile as well
as comparison with photomultiplier results and temporal profiles which was measured by the camera b
sequentially varying the timing of the camera gate. These resulis falioa direct comparison with
measurements taken from the Nd: YAG excitation source. These results can help establish this basis
the technique which could maybe be used in more complex flames.

Building from a standard LIl heat transfer model, a modéhe longpulsed LIl was developed. Past
literature shows the need for developing a model that can be adopted from standard LIl models. Th
results showed the effect that lepglses at high fluences can have on the vapourisation of the soot
particle andthus the particle mass and size. Comparisons with time resolved profiles do show
considerable difference possibly due to the assumptions being made in the model as well as oth
components of heat transfer such as annealing not being taken into accaimtcarhieffect model
assumptions such as absorption coefficient can be changed by annealing which is more prevalent wh
the soot particle is being heated lontf&r->°

=

Figure 7-1: Image oflong-pulsed fibre laser launch optics and focusing lens
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7.2 Long-pulselaser induced hcandescence methodology

Power Flat
Meter Flame Focusing
Burner Lens SPI G4 1060nm

Fibre Laser

SPI G4 1060nm
Power Supply

[CCD Camera -

Figure 7-2: Experimental Setup of SPI bng-pulsed LII

The set up for using the lomlsed laser is shown Figure7-2. By replacing the Nd:YAG laser with

the G4 SPI fiber laser allows for placement without the needriarors to align the beam, The
focussing len§=32mm) is used for focussing the divergent beam which focuses to a minimdm 1/e
waist size at the centre of the burneneTaser source is commercially available SPI redENEGERY
G4 1060nm wavelength clasdgilder laser. The laser source was set to a repetition rate of 30 kHz. This
can be changkremotely from a range of 1 kHz and 100 kibwever for the purpose of these
experiments it was kept to a standard rate of 30ddHas to compare with McCormiek al*?® as well

as it being the optimum repetition rate fwoducing the highest and most stadsver outputs found

in the appendice in the datasheet for this laser

Using aThorlalfs dual scanning slit beam profilBP2091R/M)** the 1/é diameterof the lasewas
measured to be approximately @rin at the tightly focused centas seen in lhe beam sizing profile
wherethe full measured beam profile can be foufide profile was then moved backim each time

to then produce a full spatial profile.

The laser temporal profile was measured by directing weak beam reflections from a micréideope s
onto a fast photodiod@he laser pulse shape was found to chatigatly with differences in power, so
therefore any powers used to measure LIl also had to have corresponding pulse shapes however f

durationof the laser pukswas approximately 20 at all pulse energies tested.
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A focusing lens is used in thigtupandcan beseenthatthe laser spatial profile iaussianThis can
cause many problems especially when trying to calculate the fluence across the flame. Experimen
were carried outising the flat flame laminar burner previously mentioned so that a comparison between

the two different laser types could be produced.

Like previous experimentdescribed in this thesissing an ICCD camera was setup positioned at right
anglesto the lasebeam axisandata distance from the flame to allow for the best spatial profile. A 50
ns gate was used as it was found than2® di dnot produced enough s|
background became harder to subtsigte the signal to noise ratio became lowkhile the laser has

a repetition rate of 30 kHz the camera only has a recording rate of approximately TheH2TU
attached with the camera is able to $yoaisethe camera and laser tecord at the optinm interval.

Also to improve the signal to noise ratio no spectral filter was used in front of the camera. This may
influence the results by having the signal weighted in favour of different wavelengths in comparison to
the previous camera measuremeitisis also led for the need for the background subtraction to take
place during post processing of the raw image.

It is suspectethat highfluencesmay perturb the combustion and the flavagising the gas temperature
to increasé®**3! Most measurements were taken at the power re8d28jV(109 mJ pulse energype

lulliis et al***

showedthe effect that a large enough flow rate can reduce the effects caused by repetitive
pulsing using a standadaserl t was estimated that the fluenc:e

heating because of the small measurement area of approximatelys2@6timating that the speed of

the flame is high enough(around 3 m/s) to remove the heated particlestbefocan influence the gas

temperature.

To control the laser such as power, pulse frequency etc., commands were sent from the comput
hyperlink to an electrical breakobbard connected to the las@he output power of the laser was
controlled by a hyer terminal on the computer. The S| Hyperlink command controlled the current in
the laser which determines the output power. It was seen that the power was linearly proportional t
drive current as seen Fgure7-3 and it was shown that the power of the laser was very reproducible to

this command showing the close control of output power without the need for a polariser.
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Figure 7-3: Computer Command Input to Power at a rep rate of 30 kHz

The beams terminated using a thermophile power enéd measure the power output as well as reduce

any scattered light in the laboratory.

7.2.1 Experimental factors and ®ttings

Table7-1 shows the factors and inputs which were used for the experiments using the camera. For th
signal to noise ratio of the camera resulb filter was used and a 50 ns gate would have to be used.
Most results were a combination of three experimental repeats of 100 recorded images. The camera w

at a fixed distance of 30 cm away from the centre of the burner.

Table 7-1: Typical Camera Settings for LPLII Experiments

Number of Images 300
Intensifier Gain Setting 99

Gate length 50 ns
Optical Filter None
Laser wavelength 1060 nm

Table 7-2 shows the factors which were used for the experiments using the RidTgain was sdb

1000 and a Schott Cut on Filter was used to help reduce the signal to noise ratio. The PMT results we
two experimental repeats witR56 averages on thesoilloscope.The number of averages was
increased, so as to reduce the noise on the oscilloscope as compared with typical LIl there is lowe

signal and a higher gain setting which causes more random nois
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Table 7-2: Typical PMT settings for LPLII experiments

Number ofaverages

256

Optical Filter

Blue Schott Low pass Filter

Gain

1000 V
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7.3 Long-pulsed laser induced incandescence experimental results

7.3.1 Long-pulse laser shape profile

The laser spatial profile is important for lepglse LII measurements since unlike standard LIl
measurements where the shape is typically and preferably uniform, the profile for thmilsedaser

is Gaussiammeaning thathe fluence changes across the measurementrageae 7-4 shows the beam
diameter after the focussing lens; the minimum diameter thicknesy i€l/E78um. The reason the
1/¢ width was chosen as it is a widely accepted way of measuring laserdismagters as it is better
practice than to just use the FWHA it states more of the laser outplitis the distance between the
two points on the poer intensity chart that are f/ef the maximum value. Any fluence value stated

will calculated using the 17area, particularly at the focal point.
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Figure 7-4: Beam Shape after being focusséfbcal point occurring 330 mm after the lens) Measured in two planes x
andy

This was taken at pul se energy of 0.09 mJ and
the increase in power measured by weak reflection to the beam profiler. The measwastaken at

this power since higher powers may have damaged the beam profiler.
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Figure 7-5: Profile of long-pulsed laser at focussed waisMeasured using beam profiler (1 unit in the scale equates to
100um) The yellow lines show the measured intensity whereas the red lines show the fit

Figure 7-5 shows the profile of the beam measured at the centre of the focussed beam. It shows th
beam to befairly Gaussianand circular.This is useful to know especially when comparison with
modelling. The beam profile was measured using a beam profiieh was also used to measure the
waist size to be determinetihe measured values were used for measuring the beam diameters not the

fitted function.

Further confirmation that the measurement beam was foundGalssiarwas the measurement of LI
signal profiles at the centre line signal at individual points as Begire 7-5. By taking a point just
below the measurement beam in the centre line and MATLAB cam tilanslate up the beam and
integrate the signal over the horizontal position of 0.4 mm. The resultant signal across the beam i
shown to beGaussiarand MATLAB can fit aGaussiarfunction gauss2(a two termGaussiarmodel,

which is a fit based off @ausianand linear profile allowing for a background signal subtraction). The

fit is shown to fit well showing that the beam is v&gussian
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Figure 7-6: Example signal across thecentreline ina. =2.2flame

7.3.2 Long-pulse laser temporal profile
Standard LIl uses a laser which typically haGaussiartemporal profile with a FWHM of ®@ns and

because of the short times when modelling the laser temporal profile was have less of an effect on tt
whole LII sighal when changed, however with lopglse the pulses being longer and different shape
may cause the LIl signal out to change dramatically therefore its important measure the tempore
profile. Thelaser pulse shape was found usin§ikcon fastphotodiode.As seen inFigure 7-7, the

pulse is around 30 times larger than what is used in conventionariBxample shown in previous
parts of this thesisuch as chaptes. The laser pulse shape changes with change in power output from
the laser in a seemingly random manner, it does seem that the results are repetitmbieezms that

when measuring LIl signal images it is important to measure the pulse shape saying it has no re:
uniform shapeCare has to be taken when using the laser at specific powers as this may have an effe

on the signal due to the pulse shapthe laser.
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Figure 7-7: Laser pulseshape at a range of different pulse energiesormalised to the largest signal
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7.4 Long-pulse laserimages

For images the values chosen was the mean @specifiedarea. It was assumed that no extinction
takes place across the flame since none could be measured at these equivalence ratios and there
assumed ineligible. This assumption then allows for the fluence to be found locally at different points
within the leam by dividing the pulse energy by the’ bleam waist area.

7.4.1 Camera images at different fluences

Figure 7-8 to Figure 7-11 show examples images of average images at2.2 at different pulse
energies. At the lower powers it can be seen that the background emission of the flame may place
significart part in image it is only when the pulse energy is above 109 mJ that the background
correction becomes relatively much lower than the beam. If there was a way a filter was put in use
with the camera without drastically changing the signal to noise tlisomay help the improve the
image quality at lower fluences as seerfFigure 7-8 as it could allow for some of the background

flame radiation.
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Figure 7-12: Radial Profile at different pulse energies, showing the change in profile with increase of local fluence
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Figure7-12 shows the radial profile at different pulse energies. It shows that at lower heights the profile
i's more uniform because fluence in the centre
pulse energy profiles it can beesethat the centre lime signal still rises but then only slightly rises with
the increase in pulse energy, it can be seen that the edges increase between the images until it reach
point where the signal starts to plateau this is a good indicationaifisvbxpected to happen. The data
was found by as discussed in the previous section integrating across 1 mm of the beam to ensure all t

signal is collected for the radial profile.

It can be seen that there is a slight incline of the laser beam prdimaiayise of the optical lens used.
The images give an exaggerated impression of this effect. It can be seen that this is not too much of
problem since it is approximate incline of 0.08 mm from one peak at one side to the peak signal at th

other side aseen an example Figure7-13.
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Figure 7-13: Vertical profile of LIl signal across the beam (thezero level of the height scale is arbitrary)
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7.5 Long-pulse laser fluence measurements

It is important to know the fluence curve, to understand the relationship between LIl signals and the
laser energy density. To simplify these results the fluence wadataid using the power measured by

the power meter and the area of the waist measured using the beam profiler. The signals temporal she
changes with pulse energy thougkamshape does not. Since with lepglsed LIl the laser temporal
profile slightly changes with the pulse energy it means that peak signal will occur at different time for
different pulse energy as seenHigure7-7. This makes takim a fluence curve by changing the power
difficult. For camera fluence measurements it was deemed that the best way to find a fluence curve wi
to measure the fluence across the burner profile then the signal which has been corrected for cro
sectional aa, this can then be used to produce a fluence curve. This fluence curve can then be used

correct the radial profile, in cases where the radial uniformity cannot be assumed.

7.5.1 Fluence curve measured by camera and radial profile with correction

Figure 7-14 shows thevariation offluence across the burner when the pulse ener@i @6 mJ. The
fluence is calculated by using the Adéameter to calculatihe cross sectional area. Unlike the temporal
profile of the laser the laser spatial profile is known not to change over changes in the output puls

energy.
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Figure 7-14: Fluence calculated across thburner measured at pulse energy of 105 mJ.

Figure 7-15 shows the fluence curve when the signal is corrected for the cross sectional area. The
correcton is done by dividing by the cross sectional area which is measured by the beam profiler anc

the focus being at the centre of the burner and then normalising the signal from the LIl image. This wa
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done at a HAB of 16 mm where the profile is known to bdoum The fluence is taken at radial
positions where soot volume fraction is known from other measurements at HAB of 16 mm. The result:
show the trend that is expected foGaussiarprofile where the signal levels off but still increases

slightly with increasing fluence due to the contribution of the wings of the beam profile.
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Figure 7-15: Fluence Curve with area corrected signal at for overall pulse energy of 105 mJ in = 2.2 Flame
@HAB=16 mm

Figure 7-16 shows the correction for half the radial profile in.an= 2.2 flame. The correction was
made by multiplying the signal that was correctedtf@ measurement area with the fluence curve
normalised signal. The profile is slightly uniform at O cm outwards till about 1 cm as what is expected
in the central part of the flame. The profile only shows half the radial profile just now as the correction
in made easier when just considering the half of the radial profile. This profile is close to what is
expected with it being neamiform though it can be seen that this is causedabgom variation

Another way to check would be to use the PMT and meamtnoss the laser using a translation stage.
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Figure 7-16: Corrected ¥ Radial profile for overall pulse energy of 105 mJ in = 2.2 Flame @HAB=16 mm

7.5.2 PMT fluence awrve

The LIl fluence curve can be seerbi® different depending on the measurement deandethe way the
signal is collectedThis is most likely due to the gated nature of the cankégare7-17 show results of

the peak signal as well as the signal integrated over 50 ns. The difference between the fluence curv
between camera and PMT is because of some of the same factors wiiene thieere the peak of the

LIl signal changes and the camera has a fixed gate position discussed in the methodology chapter
well as because of the different filters and spectral responses of the detection equipment. These rest
show a similar trencbtthe fluence curve produced Bytaranto et a&f°>who uses longulses showing a
steady rise followed by a slight levelling off and then a rise in signal again. This is also similar to what

is shown by Hverve*

These results show the importance of measuring using the saentiaret
method. Asexpected th&platead occurs earlier with the integrated camera signal whereas the peak
signal form the PMT show a levelling off but still an increase in signal with fluinee the fluence
curve using the PMT measures the peak $ignag he change in the tempor

measurement.
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Figure 7-17: Fluence curve of PMT ggnal integrated over 50ns at Centre Line @ =2.2

Model and PMT fluence curve comparison

Figure7-18 shows the difference between a modelled {patged LIl fluence curve and a measured

PMT fluence curve. The peak signal was used for both fluence curves. The model carries quite a few
assumptions such as absorption coefficient, density as well as particle size of 30 nm. It shows a simila
trend, thé could maybe be improved with more averages in experimgmdit could also be improved

between the two curves.
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Figure 7-18 Comparison between PMT and model pealdience curve

Overall there is a watp overcome the gaussian beam problem for signal interpretation. More work
could be done further to investigate how to improve the signal interpretation however shown is a way o

working to overcome this issue.
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7.6 LIl images at different HABs for different equivalence ratios

To produce a quantitative signal from the images, mean signals were recorded over a specific area of
mm. This area was the same for all measureméitis measurements of the HAB signasults were

taken atpulse energy 00.109 mJ These resudt allowed the centre line to enter the plateau region
without having too much emphasis on sublimation of the particles and by validating with the model

which is discussed further on in this chapter.

7.6.1 Centre line signal HAB comparisons for lom-pulse detection measurements and
LIl excitation measurements
Figure7-19 shows the centre line signal collected using the camera. The resultsistilawities as to
what is expected with the profile rising steadily until it plateaus off. The signal for soot starts at around
9-10 mm. Similar to Nd:YAG results however it seems that signal to noise ratio at the lower heights

may affect where the signe&n be seen.
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Figure 7-19: Centre line profile of HABs at different equivalence ratios using LRLII at 0.109 mJ at camera gate of 50
ns

Time resolved point measurements wegeorded as seen kigure7-20 usng a Schott long pass filter

as mentioned previously, telpincreasehe signal to noise ratio, and results show a good conoparis
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to the camera HAB profilesThe overall signal could then be fitted with a smooth fit as the signal to
noise was larger without it. The ability to try agelt a decay time from the PMT signal also proved to
be difficult due to tk shape of the signal over #mThe peak signal was then used for comparison for

centre line HAB measurements as seefigure7-21.
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Figure 7-20: PMT results @. = 2.4 for different HABs

Figure 7-21 shows the comparison between the cameras with a 50 ns gatpulead LIl centre he
signaland PMT measured lofaulse centre line signal measured at the same laser pulse energy at 1089
mJ/ pul se. Comparing PMT measurements and carm

matter what detection setup is used to measure the soot volutienfthe answer will be the same.
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Figure 7-21: Long-pulsed Laser Imaging and PMT neasurements comparisons with HAB entre line measurements

Figure 7-22 shows the comparison for the standard LIl Nd:YAG laser excitainmce measurement
and the longpulse excitation source centre line signals. For the normalisation the Nd:YAG results were
divided by he largest number for the signalllected by the camerd&results show good agreement
indicating that a calibration can be achieved and an absolute soot volume fraction can be done
However at the lower heights for the lower equivalence ratios the longe daker becomes
overestimated due to the background subtraction not being larger enough due to the signal t

background becoming much lower.
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Figure 7-22: Long-pulsedlaser centre line HAB comparison withNd:YAG results

7.6.2 Long-pulsed LIl temporally resolved image profile

Figure7-23 shows the temporal profile measured in.an2.2 flame. This indicatethat the technique
is able to be adapted to give an imaging temporal préfil€are does have to be taken with
backgroud subtraction to ensure the starting and finishing points are cofi@stis a point which

could be improved through the use of filters.
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Figure 7-23: LP-LIlI temporal profile measured with amera @. =2.2 @ 109 mJ
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7.7 Long-pulse LIl modelling

For modellinglong-pulsed LIl there has to be differences in the code to account for differences in the
experimental setup. This is the temporal laser profile, laser spatial profile and detection efficiency a

multiple wavelengths.

7.7.1 Laser temporal profile modelling

When considering LIl modellingne key area in which lorgulse LIl differs from short pulse LIl is the
lasertemporalprofile. As previously mentioned, the laser profile can vary significantly due to the laser
power and pulse length. By creating a laser profile model that is dependent on both of these factors, tl
accuracy of the model will be significantly increasedotaer method that could be used to represent
the laser profile more accurately is to import experimental data, and model the data as a function whic

can then be implemented in the model.

The tenporal profile was changed fayrgpulsed LIl compared to thstandard model by implementing

the pulse recorded on the photodiode from experiments. The data for the laser from the experiment
read into the model, the model then accounts for differences in time steps etc. by making a fit of th
curve. The fit of he curve can then be normalised so the area is equal to one under the graph. This |
done by finding the integral of the fit read in and normalising the profile. Fit the curve has shown to
produce an artefact from the data of some ringing but overallstiiso u | d n 6t i nfl ue!

produced.

7.7.2 Laser spatial profile modelling
When modelling LPLII it is important to accaufor the spatial profile. Theohgpulse LIl follows a
Gaussianprofile which needs to be accounted for unlike the standard LIl whsgds a tofhat

profile 8-

Fraction Cross Sectional Area
<1— of Beam measured with the
same fluence

Figure 7-24: Cross ®ction of the beam measured

The profile is accounted for by knowing the width of the laser beam. A power can be inputted and thet
a FOR loop rub a sequence of radial positions in the beam, a fluence can be calculated for eac

increment as seen Figure7-24. The signal for this fluence can begduced and multiplied by a factor
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which accounts for the annulus of tBawussiarprofile at each position within the beam. The fluence
for the area of the segment of Baussiarprofile follows theGaussiardistribution as seen in Bladh et

al %

Equation
Qi T 7-1

Where

F(r) is the local laser fluence at position r in the beam (nf)/cm
P is the average Laser power (W)

fis the pulse frequency (Hz)

r_is the laser radius. (m)

This gives the laser fluence however a correction has to be applied to the signal for the annulus of tt

beam:

“Tow p 1w Equation

[T

l 7-2

Where:
8 js the fractiorof the area of the annulus

7.7.3 Spectral detector efficiency

Since in thdongpulsed LIl experiments there was no filter used on the camera meaning that different
wavelengths collected will have different collection efficiencies due to the detection medium therefore &
way of modelling this effect has to be developed. This was donedsing in a recording of the
detection efficiencies fFigweni-25The deteddienrefiiceenciesaread a |
into the model, can be interpolated with a set of wavelengths that want to be used. The model can the
produce a signal at each wavelength stated, which &as tultiplied by thecollection efficiency
factor. The model has therefore calculated a spectrum of the LIl signal weighted for detection efficiency
at each radial position in the beam at for each time Bigpre 7-25 shows the detector efficiency for

the camera which is used in this motel.
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Figure 7-25: Camera ollection efficiency adapted from the Nanostar Lavision Manuaf’

7.7.4 Long-pulsed LIl modelling overall results

Figure 7-26 shows the model temperature over time results at different range sef @uérgies. The
results show as expected that the larger fluences the temperature is larger and at the highest pu
energy of 0.22 mJ shows a prolonged time at the maximum temperature. The assumptions used in t

model similar to the ones that are useelusly. Some assumptions used in the model include:
A Initial Particle Diameter = 30 nm
A Gas Temperature = 1700 K
A Initial Density = 2200 kg/rh
A

Absorption Function=0.36
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Modelling measurements at different fluences
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Figure 7-26: Modelled LIl profile at pulse energy of 0.22 mJ (fluence 680 mJ/cf

Figure7-26 shows the modelled LIl profile alongith the Laser pulse profile measured experimentally
and included in the model. It shows where the peak signal is compared to the laser temporal profile.
can be seen that the laser pulse spends a considerable time over the modelled peak LIl siggal show

that the soot particle is being heated over a long time.
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Figure 7-27: Modelling temperature of sootvs time comparisons at different range of fluences. Fluences range from 680
mJ/cm? for the high fluence, 290 mJ/crafor the medium fluence and 145 for the mJ/crifor the low fluence.
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Figure7-27 shows the modelled temperature for the LIl model at 3 different fluences. The results show
an extended time the patticspends at peak temperatufbe peak temperature shows a temperature

which is consistent to typical LIl modelling.

Figure 7-28 and Figure 7-29 shows results of the model at ttardest fluence modelled which has a
pulse energy of 0.22 mligure 7-28 shows the heat transfer components rate of energy changed
involved in the modl. It can be seen that absorption and vaporisation have a very large effect on the

model which was also affect the mass and diameter greatly.
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Figure 7-28: The contribution of different heattransfer components rate of energy change over time for pulse energy of
0.22 mJ

Figure 7-29 shows the change in the mass of the particle over time which corresfmmnide heat

transfer components showing the large effect vapourisation has.
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Figure 7-29: Mass of particle over time at the pulse energy of 0.22 mJ(fluence 680 mJ/@m
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Figure 7-30 and Figure 7-31 shows the resultsef the model at 0.109 mFigure 7-30 shows the heat

transfer components energy transfer; it shows that the effects of the absorption and vapbsasatio

less of an effect compared to the larger fluence.
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Figure 7-30: The contribution of heat transfer components at the pulse energy of 0.109 mJ (fluence 290 mJm

This can also be seen kigure 7-31 which shows the change in mass of the particle is very small

compared td-igure 7-29 which has a larger fluence. These results show indication that the model is

working in ways that it is supposed to. Oxidation as a heat and mass transfer mechanism was includ
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as it was thoght that the longer laser pulses may have an effect however it can be seen that the effect

relatively small
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Figure 7-31: Mass of particle over time at the pulse energy of 0.109 mJ (fluence 290 mJfm

7.7.5 Model comparison

Figure7-32 shows a comparison between ta@nerameasurement and the modelled signal. It shows a
difference between the modelledsals. The modelled signehsmanyassumptions associated which
may cause the difference between the sigriett® modelling conditions are the same as shown in
chapter 3 with E(m)=0.36 and the partiotkameterof 30 nm and at a pulse energy of 0.109 Tk

model may not include all theomponents that affect the signal such as annealing. Annealing has been
stated to effect signdly changing properties of the soot partietpecially if the soot particle has spent

a longer time at higher temperatures, this shows the need for maybea fietrdopment in the

mode|133139

149



Investigation of a longulsed fibre laser as an excitatisource for Ll

—_—
[N}
|

—_—
1

4 Camera measured
profile

B Modelled Profile

o
[o¢]
1

Normaulsed Signal
o o
£ 2]

o
Mo

o

0 200 400
Time(ns)

Figure 7-32: Time resolved camera comparison with modelled signal

Overall it seems that the loymulse modelling behaves as expected with relation to changes in pulse
energy. Trying to get a fit with the temporabfile is difficult because of the unknown factors therefore

more work must be done to try and get the best fit between the model and experimental results.
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7.8 Conclusions and future work

In-situ LIl has been denmstrated using high power, lomgised fibre laser to measure soot volume
fraction within a flat flame burneResultswith averaged Llimageshavebeenprocessed and shown to

give comparable profiles to the benchmark data measured bypsietLIl shown in the thesis in a
previous chpter The radial profile shows somewhat agreement with what is expected with it producing
a uniform profile; lmwever by assuming no absorption across the flame the fluence and difference in
beam widththis can seemingly be accounted fodoes lead to sue noise in the resultThere was a
correction for the fluence and the beam width which seemingly provides a similar radial profile across

the burner, showing that a correction is possible to use in variety of circumstances.

Overall results show good agment with Nd:YAG excited LIl HAB profiles for different equivalence
ratios, reliable fluence curves, reliable temporal profile results. Modelling shows promising results with
steps being taken into the broadband detection, longer temporal profileeactthatige in radius of the
beam being different to the standard models typically used in LIl modelling. With some further
development such as developing an annealing component in the model, it could produce results th

give us more detail into the effeaflong-pulsed heating on the soot particles.

Figure 7-33: Image showing vsible LPLII using mobile phone camera

The laser could be tested in more complex or turbulent flames such as the biofuel burner or aero engil
to see if it can give results similar to modelling in these complex flames. Using filters could also allow
for 2-colour LIl to be arried out using this laser source. One way of improvinddahgpulsed Laser

LIl set up and technique would be to also use with a filter to reduce flame background radiation as thi

will help be able to produce a more reliable images as help simplifpleenmodelling. Another
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investigation would be into the effect the laser at high pulses has on the surrounding gas temperature,
well as changing the pulse frequency to see how that affects the surrounding gas temparsattire

Lllsignal 128142
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8 L aser induced incandescence imaging in diffusion flames of

liguid fuels relevant to biomass combustion

8.1 Introduction to biomass combustion and use of representative pure

liquid fuels for experimental investigation

8.1.1 Introduction and background

The requirement for sustainable energy generation has led to an increase in the utilisation of biofue
sources in combustioThere has been a global drive to finding-based alternative fuels to partially
replace fossil fuls. It is important to investigate the formation of pollutants from using these alternative

fuels, particularly the formation of aromatic hydrocarbons and soot.

Tran et al®

measured soot volume fraction of different biofuel blends in a dieseusirg LI, in a

wick diffusion. They showed that the smoke point increases in height with blends containing larger
biofuel content, showing the comparison witH Ithages. The smoke point is way of measuring
sooting propensity, and it is measured by the maximum flame height before the flame emits a visible
track of smoke. Measurements using this type of burner were performed to study biodiesel blending an
sooting propnsity. As the biofuel percentage is increased in the fuel the LIl signal decreased.
Extinction was used to calibrate the LIl signafital the soot volume fractiorf8. Soot volume fraction

in these types of flames and fuels can vary from 1 ppm to 300 ppm depending on a wide range of burn
configurations and fuel types. Tolomelli et'&lalso showed similar results to Tran ef®athowing

biofuel blends but wh no calibration to soot concentration. Salamanca &t &lypothesisedhat when
ethanol is added to the fuel there is a reduction in coagulation efficiency or a slowdown in the
mechanism of nanoparticle formation and growth. They showed how ethanol additives can have on th
effect of particle size distributions in ethylepeemixed flamesJozsa et df*® demonstrated the
chemiluminescencef a rapeseed oil flame in a laminar premixing flame, with a large peak at 554 nm
in the spectra belonging to the Gadical compared to standard diesel measurements. The fesuits
these sources show the importance rdwing the method of soot formation. These sources also show
the potential of the widespread use of biofuels to be used as a fuel source such as in the transp
industry and if these fuels can be used to help limit the use of fossil fuels there is @t in using

liquid and solid biomass fuels.

With the increased interest in using alternative fuels such as wood/cellulosic fuels the number o
investigations into lowtemperature biofuel combustion has also been increasing. Venkataram#fi et al.
have stated that using low temperature biofuel combustion can result in more production of PAH

compared to the highéemperature industrial combustion. Therefore, if filvenation of PAHSs rises
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this will lead to a rise in the soot concentration which could be interesting to measure. Biomass fromn
wood is one form of biofuel sourc&/ood and cellulose compoundse compkx fuek so there is a

need to first analyssimplest compounds involved in the combustion of wimbetter understand the
underlying mechanisms of pollutant formatidrypically wood when heated undergoes pyrolysis which
frees organic gases and leavekibe the charcodf"**® Since p to 85% of the mass and 60% of the
heating value from wood is contained in trapoursproduced by pyrolysis, tihefore it is important to

try to mimic the conditions faed when burning these producf&=%>!

Wilson et al**® used Eugenol, Furfural andDecane in a wickurner gimilar used in this project) and

used aerosol timef-flight mass spectrometer (ATOFMS) for the study of soot formation.
Experimentally produced results revealed the mass spectra of the products of burning these biofuel
There was accompanying computational combustion modelling. The model takes into abeount t
different pathways of soot production for different flames as sedfigare 8-1. Since there is a
difference in the PAH formation routes it would imteresting to see if the sooting propendityt tmay

be influenced by thisCPD (cyclopentadienyl dimerizatiom§ a mechanism involving the reaction of
cyclopentadienyl radicals, which generates naphthalene and indene to then produce soot threugh furth

HACA mechanisms.

Atiku et al'*® studied the products from the fuels eugenol, furfuratlecane and anisole, used
throughout this section of the project. They also compared the combustion products using TEM ant
showed the mechanisms of sdotmation for certain fuels. LIl point measurements were recorded in
this study and for better understanding of the soot concentration and soot distribution it was decide

that imaging could be used to better understand these flames.
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Figure 8-1: Diagram showing the PAH formation pathway in the three flames (adapted from Wilson et df?)

This chapter investigatébesebiofuels (Furfural, Eugenol, Anisole and a conventional hydrocamson
Decane for comparisonusing a wick diffusion flame burnerfo represent components that are
devolatilised apyrolysis products during combustion of wooBrevious work in Atiku et df° have

used point measurements to measure the soot volume fraction and the radial profile for each of the
fuels, it was thought for more precise results imaginglavbe a better method to understand the soot
distribution within these flames. By calibrating with a flat flame burner a spaté&gdbived, two
dimensional maps of soot volumedtion were found for each fuak well as this is a time resolved
profile can be producedThe images were either averaged or they were single shot(one image
recorded). It was found that using single shot images showed the flame structure more accurately as
wasndt suppr es s emlimdalyeanvestigaticns ima tidgiestance signal generated

using 532 nm excitation were performed.
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8.2 Biofuel burner experimental procedure

The biofuel setup is similar to methodology used in earlier previous chapters of this thesis with the mai
exception that the flat flame burnkas been replaced by the biofuel wick diffusion flame as seen in
Figure8-2. The four fuels used were >98% pure from Fischer Scientific. LIl measutemere carried

out using 1064 or 532 nm excitation wavelength. The same optics as previously discussed in th
methodology chaptewasused with a 1 mm wide slit being employed since the diameter of the biofuel
flames is smaller. This allows for a tradff between the spatial resolution of the burner and signal

level since the signal level is large enough.

For experiments in which two wavelengths were to be a€$8P nm notch filter was used in addition

to the bandpass filter. This was used so that ntiestay from the 532nm light can affect the signal
produced by the image intensifier. No notch filter was needed at 1064 nm since the image intensifier i
not sensitive to that wavelength. Signal levels were sufficient to allow for sihgteimaging of sot

volume fraction in these flames, with favourable spatial resolution.

Figure 8-2: Biofuel burner wick experiment

The wick burner used here does however result in problems with repeatability and inability to produce
precisly symmetrical flames. Using a constant wick height length of 7 mm and a wick diameter of 2

mm, however helps to ensure reasonably reproducibievixeur.®® 1*°
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