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Abstract

This work has been aimed at applying laser induced incandescence imaging for the measurement of
soot concentration within a variety of novel flame sources and setups. Laser induced incandescence
(LI is an optical technique used in laser diagnostics to measure soot volume fraction and estimate
particle size in-situ. Using imaging to measure LIl allows for a range of combustion environments to be
investigated and soot volume fractions to be measured. An experimental methodology had to be setup
to measure the LI signal using a Nd:YAG laser, ICCD camera and flat flame burner and calibrated
along with another optical technique known as extinction. This allowed for the soot volume fraction to
be calibrated and measured and this gives the standard case for calibrating other measurements in
different flames.

From burner setup it is possible to change the boundary temperature of the flame. It was thought that
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 the soot volume
fraction remains the same, this was also eventually found to be the case when modelling these 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 when using a different
excitation source, a long-pulsed 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 LII centre line height above burner (HAB)
profiles matching. Modelling also allows for comparisons and understanding on how the laser temporal

and spatial profile can affect the LII signal.

The rise of the interest in sustainable energy generation has led to the increase of using alternative fuel
sources such as biofuels. Using the method developed 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 accurately using spatially resolved profiles over temporally measured

profile.
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Introduction

1 Introduction

1.1 Combustion in today’s world and thesis outline

Energy consumption in the world is rising every year." The EIA in 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 consumption by then.?

A number of sources have produced an outlook of scenarios for the primary energy consumption by
fuel and even in the best case scenarios, the outlook still has oil and gas to be very significant energy
providers.®>*® This demonstrates that even the most environmental friendly resources state even with a
best case scenario; they will still be far from enough to producing enough energy to meet the world’s
energy supply. This means that oil and gas will still be a main source of energy production. In other
words combustion will still be the main way of providing energy however combustion poses a problem

in the pollutants that it creates.®

The main pollutants from combustion are typically carbon monoxide, nitrogen oxides and particulates
also known as soot. These emissions are damaging 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 in
the soot pollution league in the European city ranking.” Soot pollution causes damaging effects on the
public health.® It was the 1920’s was when the impact of soot was first studied, showing the impact of
the inhalation of soot and the link to lung cancer. Along with damaging effects to human health, the
release of pollutants into the atmosphere is a larger problem. Highwood and Kinnersley® state that the
effects soot has on the climate are multiple. One of effects is the breakdown of soot changing the
properties of the solar radiation at the Earth’s surface. Importantly, soot pollution accounts for over one
quarter of the total pollution in the air. Numerous legal regulations have been enforced for combustion
processes releasing pollutants into the atmosphere such as the Air quality Control Act,™ but is necessary
to understand of combustion processes in order to better understand combustion. The development and
improvement of accurate measurement techniques during combustion is important to better understand
combustion processes and reduce the damaging effects of soot pollution. Combustion process details
could only be assumed before laser-based diagnostics."" At that time, researcher’s hypothesis on
combustion and pollutants were proved wrong by the results gathered by laser diagnostics. Emissions
numbers and particle sizes from engines to be regulated better since improvements would lead to better
instrumentation to identify key health hazards commercially by improvements in measurement using
laser diagnostic techniques.”*** One of the key diagnostics used to measure soot within flame is laser
induced incandescence (LII). 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 (LII) in flames and is concerned with the measurement and characterisation of a variety
of flames under a variety of conditions as well as novel methods on how the LIl measurement was

done.

Chapter 2 discusses elements of soot formation and provides a short overview of the techniques used to
acquire information about pollution formation going into detail about laser induced incandescence (LI1),

the technique that was used throughout this project.

Chapter 3 goes into detail about the laser induced incandescence modelling. The chapter shows details
into the heat transfer components and how coupled equations can show the process behind LII.

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 technique. It goes
into detail about how the equipment utilised and why certain pieces of equipment were suitable for laser

induced incandescence imaging.

Chapter 5 shows the validation and characterisation of the methodology and the standard flat-flame
burner used for soot calibration. Chapter 5 shows the results of measuring soot concentration within a
flame using laser induced incandescence. The results will show the characterisation and comparison of
a sooting flame. There is also an investigation into this flame into using a way to measure soot
precursors using subtraction from 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 the burner setup. It was hypothesised the
temperature of the flame could be changed by varying the temperature of the stabilisation plate and the

effect on soot formation was studied.

Chapter 7 uses the technique developed in the previous chapter but with a different excitation 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 difficulties of 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 important
to understand pollutant formation and combustion associated with using these types of fuels. Chapter 8
uses the techniques detailed in the previous chapters to then measure the soot volume fraction within a
set of biofuel flames stabilised on a wick burner. These fuels are chosen to mimic wood combustion and
were previously measured using LIl and point measurement; imaging methods were used to overcome

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 combustion

models for validation purposes. This thesis has a mix of experimental and some modelling results

throughout.
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2 Backaground on soot formation and detection

Over the last 50 or so years there has been much work done in the study of soot formation such as the

developments and established pathways for soot formation.***

This chapter gives a brief overview into soot formation in the combustion process, the current accepted
routes of soot formation. The chapter will also discuss the diagnostic techniques used to determine soot

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 reactive components: 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 be premixed or non-premixed. Premixed is where the oxidiser is mixed before
ignition of the flame. Non-premixed is where the fuel and oxidiser mix at the boundary layer. The
advantage of premixed combustion is that there is much greater control of combustion. Non- premixed
flames are more complex since the fuel to oxidiser ratio covers the range of rich combustion on the fuel

side and lean combustion of the air side.*®

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

and non-premixed diffusion flames.

2.1.2 Equivalence ratios

In LIl the most common fuel used is ethylene. Ethylene is commonly used in combustion research for
its ability to produce controllable sooting flames as well as its availability of pure ethylene. The
ethylene-oxygen complete combustion reaction is defined as:

CHy+30,+N, > 2H,0+2C0,+ N, Equation
2-1

One way of describing the fuel to oxidiser mixture is with the equivalence ratio (¢ ). If the fuel and
oxidiser are burned completely it is said that the flame is stoichiometric. If there’s an excess of fuel ¢

>1 it is said to be fuel-rich and if there’s more oxidiser than fuel it is said to be fuel-lean ¢ <1.
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Nryel Equation
N s )gas mixture
_ oxidiser 2-2
® = n
fuel )
stochiometric
Noxidiser

Where:

Nfuer 2N Noyigiser ar€ the number of moles measured in the gas mixture of the stoichiometric conditions

The larger the equivalence ratio the higher the sooting propensity due to higher fuel to oxidiser ratio
which causes more incomplete combustion to take place which causes unburnt fuel to become
pollutants such as soot and produce more carbon monoxide. For this 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 well-established chemical reaction pathways and physical processes for soot
formation further investigation is needed for a better understanding and production of optimum
combustion conditions within different fuels, burner types and the respective applications.’

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

formation and depends solely on the concentration and particle size that is produced.

Soot formation and growth

The simple stages of soot formation and growth start with the molecular zone, particle nucleation,
surface growth and coagulation and, finally aggregation which causes agglomerate formation. Soot goes
through these stages along with reaction time. The soot formation starts with the pyrolysis of the fuel.
The high temperature of the reaction zone breaks the fuel into smaller hydrocarbons.®® There is an
abundance of Acetylene in rich flames. Acetylene is a building precursor for polycyclic aromatic
hydrocarbons, known as PAHs, 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
hydrocarbons.'* There are several different potential pathways from PAHs to nascent soot, which is
typically around 1-6 nm though they aren’t defined by their size. These particles typically have
significantly more aromatic character than aliphatic and can maybe contain oxygenated species. *° The
soot particles then grow by addition of smaller hydrocarbon molecules in a process known as surface
growth. Coagulation also occurs with surface growth and it is the reason why surface growth causes the
particle to form in non-spherical shapes. The larger soot particles can then aggregate. Mature soot tends
to be composed of primary particle sizes ranging from 10-50 nm with high levels of Carbon to

Hydrogen, C/H ratios. One likely pathway for this is known as the HACA method."?
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HACA

In the process known as the HACA method, which stands for Hydrogen abstraction carbon addition,
these PAHSs get larger with time combining with other PAHSs or the other radicals present.? Figure 2-1
shows the mechanism of the PAH growth. Particle formation occurs and because of surface growth and
coagulation the soot grows. However, over time, the growth on the surface of the soot will be less
because of the reduction in Hydrogen atom concentration. The particles join together through
aggregation which is where the soot particles form aggregates of smaller soot particles to form larger
particles which are approximately several hundred of nanometres in size and not spherically shaped.

Soon the soot particles oxidise which can reduce the particles mass and size.'"**#

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

Nascent soot

Nascent soot is soot which has just been freshly nucleated. Nascent soot has typically lower C/H ratio
and can be potentially liquid. It is important for soot formation because it represents the area of the
growth phase where the products are between gas molecules and particulate matter. It was discovered
that this area has what is called a ‘dark zone’ where optical technique measurements show a signal
meaning that the soot particles are not at a large enough mass to measure by typical LII. These particles
tend to be below 10 nm and absorb light differently when compared to larger particles.'®*
When measuring nascent soot particles using laser diagnostics a wavelength longer than 700 nm should
be used due to the stronger wavelength dependence on absorption. The formation of nascent soot is an
important step in soot formation. Modelling and other studies focussed in this region show the need for
improved experimental techniques to help develop these models.> Premixed flames have given and

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

maybe be produced.?

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

followed by a more extensive discussion on laser-induced incandescence.

Probe techniques

Using probe techniques over optical techniques is useful for gathering data sensitively and selectively.
Transmission electron microscopy uses a sample of soot from a flame to gather information. Typically
for this technique is to use a wire mesh is inserted into the flame which captures soot
thermophoretically. The mesh can be removed and the soot stuck on the mesh can be imaged using
transmission electron microscopy (TEM). TEM typically uses beams of electrons transmitted through
the soot sample. This method typically gives information about primary particles sizes as well as
aggregates. Using bright and dark field TEM Vander Wal?” was able to show the crystalline structure of
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 background and 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 Wal®® also 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 soot particle sizes when

compared with LIl and LIF optical technigue measurements.

Scanning Mobility Particle Sizing (SMPS) was first described by Wang and Flagan® for aerosol
analysis. SMPS cam measure the particle distribution of particles from 5 nm to 1 pum with

concentrations between 10° and 10™ particles per m®. Kruger et al®

has carried out studies comparing
Laser Induced Incandescence results with SMPS. These results show that laser heating during LIl has
an influence on the soot particle size distribution.** SMPS measures the particle size when moving in air
which is affected by an electric field and provides a measurement on the total size of the particles
whereas LIl is related by the primary particle diameters meaning that when comparing SMPS and LII

the particles are best not to be aggregated.*

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

optical techniques.*

Optical techniques
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Non-invasive optical techniques have been used in the investigation into soot formation. These
techniques typically consist of various spectroscopy methods and light scattering techniques. Optical
techniques have advantage over probe techniques as typically, measurements can be taken
instantaneous. On the other hand, probe techniques have a lag between removing the sample and
analysis and are invasive to the flame, which may perturb combustion and risk uncertainty of the

sample not being representative of the measured flame. *

For LII there is a critical need for supplementary diagnostics to relate to unanswered questions related
to soot formation as well as important LIl parameters such as temperature and pressure, and gas phase

combustion constituents.’

One method used to study particulate matter is light scattering methods. Scattering techniques typically
work by having a fraction of laser light scattered 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 aggregates of the soot as
shown in Reimann et al.** Reimann et al.** used a combination of light scattering and LIl to measure
two-dimensionally soot properties such as 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 similar
setup was used except a continuous laser Nd:YAG beam was used as this provided a better laser beam
profile. The results show successful 2-D measurements with some overlaying assumptions about the
particles measured. This technique showed the results agreed with microscopy results .Typically elastic
light scattering works by measuring the scattered laser light from a soot particle with the detector placed
at an angle to the measurement plane, the intensity of the Rayleigh scattering can then be measured. Lee
et al.* used a combination of LIl and Laser Induced Scattering with previous calibration methods to

find the soot volume fraction, mean diameter size and number density in a laminar diffusion flame.
32,34,35,36

Photoacoustic techniques have been shown to be capable of measuring soot volume fraction across a
range of conditions. These are line of sight techniques where the signal is path integrated across the
flame. Photoacoustic detection works by the absorption of laser energy leading to change in the heat
transfer, this produces an acoustic pressure wave and using laser modulation the intensity can be

|37

measured. Humphries et al.”* show the intensity of the photoacoustic signal has been calibrated and

compared with LI signals to produce a reliable height above burner (HAB) 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 volume fraction and particle sizing laser induced incandescence (LII) has become
widely used. Detection of soot by LIl requires that the soot is able to absorb the laser at the specific
wavelength and the particles are mature enough to be heated without vaporising or undergo photolysis
therefore incipient soot is difficult to measure by L11.*” Advances in LII have led to particles as small as
2.5nm and possibly 2nm being detected with changes in soot primary particle size and concentration
being resolved till about 10 nm. %% Once the mature soot 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 soot

volume fraction.

The formation of soot has been studied using laser induced incandescence since the mid 1970’s. The
technique allows for soot volume fraction to be determined and particle sizing to be carried out subject
to various assumptions about the soot properties (further discussed in this chapter). LIl is a laser
diagnostic technique that works by using light energy produced by a laser, either pulsed or continuous,
to heat particulate matter (mainly soot) to heat up and the incandescent light produced from this heating

can be measured.

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

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

Eckbreth™ first discovered LII when carrying out Raman spectroscopy diagnostic experiments, a source
of important interference, this lead to particle size being related to the decay of incandescence through
time. Melton then presented a heat transfer model supporting subsequent work to measure soot volume

fraction and investigate soot formation using L11 experimentally.™*

To ensure that modelling data as well as experimental data was comparable between groups several
conditions when making standard measurements was set out. These conditions set known as ‘target
flames” which have a well-defined set of conditions to allow for comparison and modelling. Even with
these set conditions there still is some choice in parameters in models such as refractive index, soot
density etc. which can lead to massive differences and large error margins so this is why it is important
when modelling and calculating results from experiments to wisely choose these factors. There have
been efforts within the LIl research community to improve comparisons between lab models and

experiments.*®

LIl has been carried out in a number of different conditions and environments. Hofmann et al.*® have

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

as experimental investigations to truly understand the soot behaviour.

Current research and future directions of LIl includes research such as the determination of detection

limits for volume-fractions as well looking to narrow the uncertainties associated with L11.“°

2.2.2 LIl theory

Described as the ‘workhorse for soot volume fraction and mass concertation determination in
combustion’ ** Laser induced Incandescence works by using a pulsed laser which heats the soot particle
up to near sublimation temperatures. When the soot particle heats up it emits more intense visible light
spectra over a short period of time, the soot particle then cools down using key cooling mechanisms
changes the signal over this short period of time. Since the soot acts as a near blackbody the spectrum
of wavelength of light emitted is dependent on the temperature although since the soot doesn’t
explicitly behave like a blackbody there is an emissivity coefficient associated (¢). The intensity of
light emitted by these particles is proportional to the volume fraction of particles and the time it takes
for the light to decay is related to the primary size of the soot particles. This is based on the fact that the
soot particles are all heated to the same temperature and the prompt detection for the measurement of
the soot volume fraction. Since the soot particle diameter(d,) is smaller than the wavelength it follows
the Rayleigh approximation where md,/ 4 << 1 meaning it absorbs the laser energy,where d, is the

primary particle diameter.>**42

The emitted light follows Planck’s law:

2hv 1 Equation
Bils) =—5—m — ”3
e ksTs —1

Where:

B, is the Spectral Radiance (W sr* m? Hz™")

h is Planck Constant (J s)

c is the speed of light (m/s)

A is the Wavelength (m)

ko is the Boltzmann Constant( (m? kg)/(s® K))
Ts is the Temperature of the Soot Particle (K)

Soot volume fraction can be described by:

10
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Equation

fy = ZNpn,d3
=—Npn
14 6 b p“p 24

Where:

fy= Soot Volume Fraction (ppm)

Np=Number of density of aggregates per unit volume
ny= average number of particles per aggregate

dp= particle diameter (m)

Since there is a close linear relationship between the peak LIl signal and the soot volume fraction since
it is a near blackbody, it 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 particles
Equation 2-5 shows an early approximation of the LIl signal by Melton.

40154 Equation
Spr < Nd™ - Adet 2-5

Heat transfer from the soot to the surrounding gas such as conduction and evaporation as seen in Figure
2-2 and by using the decay in signal, it is possible to find a time decay for the particle which can then be
used to infer particle size. Since smaller particles have higher surface to volume ratio, the smaller
particles cool faster than the larger particles and the relative signal of smaller particles compared to
larger decreases faster with time which could be a problem when using a gated measurement system for

soot volume fraction measurements.*

Conduction

Energy Absorbed from Laser

Sublimation/
Evaporation

Radiation

Figure 2-2: Typical heat transfer components of LII in soot
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An example of a typical model of the signal the soot produces can be seen in Figure 2-3 with individual
heat transfer component rates shown in Figure 2-4. More information on how the model was generated

is given in chapter 3.
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Figure 2-3: Example of modelled LI1 signal over time*
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Figure 2-4: Modelled heat transfer rates

One problem of LII measurements is that there is possible interference from PAH’s. These PAHs
typically fluoresce when using 532 nm excitation wavelength.”* One way around this is to use an
appropriate detection filter 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 the
signal produced will be usually higher in wavelength will cause a reduction in interference. Using

1064nm Nd: YAG laser for excitation source reduces fluorescence interference since using this laser

12
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wavelength means that there is likely no interference from fluorescence from other species since the

PAH species don’t absorb at this wavelength.

Using a different excitation wavelength can affect at how the particle absorbs light energy and therefore
this can give a different fluence curve. A fluence curve is the response of LII signal to change in energy
per unit area and helps describe the relation of signal to soot volume fraction. Another issue is that the
signal changes with detection wavelength. Therefore care has to be taken in experiments to make sure

that the signal being measured is comparable.*

Particle sizing using time resolved LII (TiRe-LI1)

The rate of cooling of the soot particle is related to the size. By finding time resolved (TiRe-LII)
profiles of the LII signal can 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 faster. The larger particles
cool slower than the smaller ones due to a smaller surface area-to-volume ratio. Since conduction
typically is the main heat transfer mechanism the conduction is modelled to fit the decay time*“®*° To
find the decay time an exponential decay can be fitted to the natural log of the LII profile. The fit is
done at around 100ns after the peak signal so that the main method of heat transfer between the soot
particles is conduction and effects such as vapourisation can be neglected. These results can then be
used to help model particle sizing, however the model in use could be more complicated as well as

inaccurate due to parameters such as particle density, refractive index etc.

T =Aexp(—«t) Equation
2-6

Where:

A is a constant
« is the decay rate(s™)

T is the decay time(s)

The decay time t can be used to infer information about the particle size. For premixed flames the
decay time is lower as examples presented by Axelsson et al. *° Axelsson et al.*® demonstrated 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 LIl
signal 150 ns after the 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 was
compared with scattering results and it was found that at lower heights there was good agreement

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

13
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disagreement of around 18 %. This has been put down to aggregation as well as an uncertainty in the

flame temperature.

2.2.3 Absorption function E(m)

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

soot particle. Schulz et al.>

shows the variability of different groups derived absorption functions and
how the differ 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 to near-IR

region.

Recent discussion at an LIl workshop™ has suggested 0.36 or 0.38 an acceptable value for mature soot.
Mature soot is composed of small primary particles around 10-50 nm in diameter which can be bound

in aggregates of different size.>

2.2.4 Fluence curve

The fluence curve is important to laser induced incandescence as it describes the signal to the energy
per unit area of the laser pulse. Depending on the flame and how the signal is collected this can have a
dramatic effect on the fluence curve. The collection of signal depending on the measurement such as
measuring the curve using prompt or gated signal. With gated signal the influence of fluence on the

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

Bladh et al.** shows a change in the fluence curve where the leaner flames don’t reach a plateau region
whereas the more fuel rich flame does reach a plateau. This is believed to be because the particles are
more nascent and just produced and that the optical properties and physical properties of this type of

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

Extinction

In this thesis when extinction is mentioned, it is solely a 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 uncertainty
attached to the value around 20 % in the absorption function. Since 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 intensity

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 scattering
regimes. For soot using an infrared wavelength will typically avoid most scattering. Using this

wavelength will also avoid absorption from PAH interference.

Extinction works by measuring the laser intensity (lp) without the flame and then measuring the power
after the beam has been through the flame (I7) and seeing a decrease in the power due to soot absorbing

some of the laser energy.

Figure 2-5: Extinction measurement, Beer-Lambert law example showing the laser propagating through the flame and
decreasing in output power due to extinction

Figure 2-5 shows an example of how the extinction measurement works. The Beer-Lambert law uses
the relationship of the amount of substance to the amount of light attenuated by absorption. Using the

Beer-Lambert law the soot volume fraction can be calculated for soot volume fraction:
Equation
In—=-K ]iL 2.7
Where:

A is the wavelength,
K. the 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 assumed to be constant and assumed no scattering of

the light takes place. **’

K. can be estimated to be:

m?—1 Equation
K,=—-6mE =6ml 2-8
o =—6mE(m) = 67 Im(———)
36mny k, Equation
2-9

K, =
¢ ME—kZ+2)24+4ndk}

Where n, and k; are the real and the imaginary parts of the complex soot refractive index m,
respectively.The absorption function E(m) has been discussed earlier and is dependant on wavelength
and the properties of the soot.

Overall, when combining equation for extinction and absorption, since it is assumed there is no
scattering, the equation can be given as:

Iy Equation
—) 2-10
It

fo (

= enlEm™

Overall the accuracy of LII calibration based on extinction is limited by uncertainties related to the soot
extinction coefficient (the absorption function) and by uncertainties in the soot optical property

variation within a given combustion or flame system such as the soot index of refraction.>® *’

While extinction is commonly used, the technique is has disadvantages because the calibration occurs
not simultaneous with the LII signal recorded, meaning that the flame may change if unstable or if there
is any changes in the conditions However, because of the simplicity and easy-to-use nature, there have
been multiple experimental setups that have been used for this technique®. Correlating 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 Equation
Aln (ﬁ) h

6m E (m) [, Suy(x)dx

Cear =

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

upon the temperature of the soot involved.*

16
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Many studies have decided to use extinction methods and incorporate them further into the LII setup.
Quay et al.*® used extinction and scattering to find an agreement in profiles of soot volume fraction
which negates the need for the conventional line of sight extinction method. Axelsson et al.*® have
demonstrated a novel measurement technique for two-dimensional measurements of soot volume
fraction and particle size by using a combined method of simultaneous LII and extinction. The LII
signal is collected by using a 1064 nm excitation wavelength where extinction uses a 532 nm
wavelength. This method worked on stable flames successfully however with turbulent flames, the
particle sizing must use either of two different cameras or a fast enough camera to execute two images

within a time of a few hundred nanoseconds.

Two-colour LII

There has been multiple ways of measuring the peak soot temperature. The main way of measuring this
is to use a form of thermometry known as 2-Colour LII. Unlike standard pyrometry, as shown by
Cignoli et al.*, there is no need for abel inversion and corrections based on position. Two-colour LII
soot volume fraction calibration is advantageous as it reduces the error in soot refractive index

E(m).62,63

Since with a near-blackbody the light emitted has a more dominant wavelength caused by the
temperature by being able to take a ratio of the signal at 2 different detection wavelengths at their
temporal peak, indicating that the peak temperature of incandescent soot particles is almost constant if
the index of refraction is assumed not to vary significantly.** By using two different detection

wavelengths using the expression:

. _hc<1 1)1 S,C,28\ " Equation
P T\ 4/ | \S,0008 212

Where:

A, is the detection wavelength of the second detector (m)

A4 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 the LIl signal at the second wavelength

Knowing the flame temperature, the soot volume fraction at a local point can then be obtained without

the need for correlation to another measurement of soot like extinction, by:
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hc Equation
6 — | -
fo= s @ <exp <kb A T) 1) 2-13
V' CAwp,  12mc?hE(m)

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

W, is the width of the laser beam

This method for calibration could be used either for point measurements and imaging measurements.
De luliis et al.”> demonstrated a method for 2-colour LII for measurement of absolute volume fraction
within a flame. They use a PMT to produce a spatial profile of an ethylene diffusion flame. They used
a tungsten ribbon lamp for temperature calibration. Potenza et al.** used two-dimensional two-colour
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 calibration such as having to use 2 expensive intensified CCD
(ICCD) cameras and temperature calibration with tungsten lamp as well as the uncertainty of the
wavelength dependence of the absorption function is not well known this technique hasn’t been used in

this project so far.

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

the signal is measured by imaging or point measurements.

Imaging
LIl signal can be collected using imaging techniques. This mainly involves uses a gated intensified
CCD (ICCD) camera.

Using an intensifier to amplify the amount of light collected by a CCD chip, which is placed behind the
intensifier allows for low levels of light signal to be collected. The function of the image intensifier is
the multiplication of the incoming photons 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 to electrons, these electrons then are guided through the MCP, the
MCP multiples the electrons which uses the phosphor screen to convert the electrons produced back to
photons. The intensifier has a controllable gain which determines how much the photon signal is
increased; this enables the ICCD camera to take images at extremely low light conditions. The photons

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

CCD and creating a charge that can be accumulated and converted to the digital value.®®

The intensifier also allows for short time integrals of signal to be collected and the amount of time that
the intensifier is open to collect signal is known as the gate. The relatively short gate is able to be
achieved as a quick change in voltage in and across the photocathode allows the electrons to escape. For
low gain levels 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 period
of time. The ability to use short gate using an ICCD camera allows for critical discrimination of the
background luminosity of the flame. Once the signal is collected with respect to the gate time, the signal

is then released to the CCD surface by phosphor decay and then imaged onto the surface.®® ®

|70

Sun et al. ™ use an experimental setup where 4 ICCD cameras are setup to take a simultaneous single

shot and find the time 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. Tian et al "
show an example of two-dimensional , two colour time resolved LII(2D-2C-TiRe-LII). They were able
to produce soot temperature and soot primary particle sizes. They achieve temporal resolution by

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

Point measurements

Another way to measure the time resolved profile of LIl is through the use of a Photomultiplier Tube
(PMT). The PMT works by the photons emitted from LIl causing an emission of electrons caused by
the photoelectric effect. The PMT is able to then amplify and cause an electric current which can then
be measured and examined using an oscilloscope. The PMT allows for temporally resolved

measurements of the LI1 signal to be taken with relatively low signal to noise ratio.”>*

2.3 Laser induced fluorescence (LIF) signals from LIl images

2.3.1 Introduction

Laser Induced Fluorescence is a laser diagnostic technique that is commonly used in combustion for the
guantitative 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 to

the flame using a probe.®

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 increases

the wavelength of emitted light increases. Therefore LIF can be used to identify where larger molecules
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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 flame.”>"™

2.3.2 Laser induced fluorescence theory

Fluorescence emission is achieved by 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 radiative
transitions, and then then the fluorescence 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 wavelength
emitted to be ‘red-shifted’ as the wavelength is longer. An example of these transitions can be seen in

Figure 2-6.”

)
! J, Non Radiation Transitions
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Figure 2-6: Energy level diagram, fluorescence emission description

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 produce a quantitative signal must be
taken account for. It 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 species.
The LIF signal consists of multiple signals from different PAH molecules so it can’t be used to identify
specific molecules however it can be used to identify a group of molecules through size. Fluorescence
measurements overcome the disadvantages of absorption spectroscopy methods by imaging the light
emission rather than the transmitted light, fluorescence is a zero base line technique, meaning that it
does not measure the fractional change-which measures small change in a large value meaning that
fluorescence is more precise and not 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 L1 signal

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 different wavelengths. Since
fluorescence isn’t expected to occur at 1064nm 1* Harmonic of the Nd: YAG laser and expected to
occur in 532nm 2" harmonic of the Nd: YAG laser, the temporal signal was gathered and the peak
values can be subtracted to give the fluorescence signal produced. It is indicative that it is the
fluorescence contribution to the signal other than the laser pulse because the FWHM of the fluorescence
signal is around 16ns whereas the laser FWHM is about 5-7 ns. This shows the importance of being
able to 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 same signal is produced 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.
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Figure 2-7: Comparison of Signal at 2 different wavelengths for the same equivalence ratio copied from Dunn’?

Vander Wal has shown 2-D images by simultaneous combined LIF-LII signal from 266 nm and 1064
nm excitation wavelengths.”® Smyth et al.”” state that it was difficult to visualise PAH fluorescence
measurements only using standard one colour. While this group had previously only done point
measurement some other groups have used imaging to subtract LIl to infer LIF signal. These signals
can be used to infer the size of the fluorescing particles. Schoemaecker et al.®® was able to use the
differences in LII signals from two images with two different excitation wavelengths and produce and
image of the PAH fluorescence within a diffusion flame. Quantitative values were found for soot

volume fraction as well as PAH concentration in a 2-D resolved flame. These results show that the PAH
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concentration occurs at lower points within the flame Shaddix et al.”® also took simultaneous PAH
PLIF and planar 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 flame.

Meyer et al.”

has a setup which allows for simultaneous planar LII, OH PLIF and Mie-Scattering in a
swirl-stabilised combustor. The setup 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 a

laser beam wavelength at 308 nm that will cause OH fluorescence.
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3 Description of modelling laser induced incandescence

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 and
test hypothesis about soot formation. Considerable effort has gone into modelling laser induced
incandescence because by being able to accurately model LII can give information on primary particle
size and even soot volume fraction. Most LIl models work by accounting for heat and mass balance
equations. Michelsen et al®®. 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 or
how the density of the soot particle changes with temperature, can lead to large differences in the final

signal generation output.

In MATLAB been developed and further implemented for LII. This model was found to be like other
models in with it follows the main components of heat transfer with the ability to add or reduce the
amount of heat transfer components depending on the assumptions that is made. With the purpose of a
creating a standard working model, this can then be developed to produce a model comparing

long-pulsed LIl modelling as discussed further in the long-pulsed LII chapter.

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

with*:
o All primary particles are spherical
e The primary particles are monodisperse, meaning they are all the same size.
¢ No chemical changes to the particle as a result of laser heating

e Energy is equally distributed throughout the particle, meaning that it is the same temperature at

every position in the particle.
e The particles surface is stationary and vapour is carried away by diffusion.
e Vaporisation is from the entire surface of the particle.
e Any vapour produce does not affect the signal received from the particle.

e Carbon Soot assumed to consist of C,-C,, carbon chains

® The gas temperature of the flame was assumed to be constant and not change over time
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3.2 Heat transfer components

LIl models are based on the consideration of various models of heat transfer. This section will discuss
the standard implementation of this model of these heat transfer components and how they are
quantified, what they mean and their effect on the overall model. The typical method is to solve heat

balance equation using the Runge-Kutta 4™ order method.

3.2.1 Overall

The overall heat transfer components of L11 can be described **°**:

Qint = Qabs — Qsup T Qox — Qcon — Qraa Equation
3-1

Where:

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

Qans is the rate of change energy of absorption of the laser to the soot particle being heated

Qsub is the rate of change of energy lost through the effect of vapourisation/sublimation

Qcon is the rate of change of energy lost from conduction from the soot particle to the surrounding gas
Quxis the rate of change of energy caused by the oxidation of the soot particle

Qraq is 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 energy. The rate of change of internal energy

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

dg daT Equation

Qint = Cps Ps (T[ ?) dt 3-2
(1.5149E8) Equation

C, = 1878 +(0.1082T) — (T) 23

Where:

Qimt IS the interal energy of the soot particle
ps is the density of soot (kg/m®)
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 of heat capacity with temperature

Figure 3-1 shows the change on specific heat capacity of soot has with temperature according to
Equation 3-3 showing that a use of a single heat capacity can’t be used when modelling would lead to

errors.

ps = 23031.1 — ((7310.6 x1075) T,) Equation
3-4

Where:
ps is the density of the soot particle in kg/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 the

soot particle

Qaps = Caps F(t) Equation
3-5

The rate of absorption Qg depends on the absorption cross section Cg,s and the fluence F(t) as well as

temporal profile of the laser. Therefore Equation 3-6describes how the energy changes over time:
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F(t)=F g(t) 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 (J/m?)

The laser temporal profile for a pulsed laser is assumed to be Gaussian and therefore follows Equation

3-7 as to ensure the normal Gaussian distribution:

© 1 : 1 ((t _ M)>2) Equation
= exp(——= -
FWHM Equation
g =—
22 In2 3-8
The absorption cross section is given by:
ng Equation
Caps = -——E(m) 3.9

AEth

This relies on the soot absorption function E(m) which indicates how much light is lost through
absorption as discussed in chapter 2.2.3. Equation 3-10 and Equation 3-11 show how this value is

related to the complex refractive index of soot:

m?—1 6N ko, Equation
m2+2 (2, — k2 + 2)% + 4n2 k2, 3-10

E(m) = —Im
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m=n,, — ki Equation
3-11
Where:

E(m) is the absorption coefficient

m is the refractive index

Nm is the real part of the soot refractive index

km s the imaginary part of the soot refraction index

3.2.4 Conduction

One of the main methods for heat transfer from the particle is conduction. This section of the model
aims to build a model of heat transfer of conduction that is reasonable and can be used to calculate the
amount of heat lost by conduction reliably. Conduction occurs through caused by energy being lost at
the particle surface due to collisions with gas molecules. There are two distinct regimes in conduction
free molecular and continuum.** The 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 free
path of molecules to the diameter of the soot primary particle and is seen in Equation 3-12:

Amsp Equation
d 3-12

Where:

Kn is the Knudsen number

Amyp is the mean free path (m)

If the Knudsen number ratio is high (approx.. Kn>1) then this means that the main method of heat
transfer is in the Free Molecular Regime and the mean free path of the molecule is comparable to the
length scale which means that the soot particles behave like the gas molecules. if the Knudsen number
lis low ( approx. Kn<0.1) this means that the most heat transfer occurs in the Continuum regime which
means that the particles are big compared to the mean free path meaning that the surrounding gas is a
continuous fluid flowing around the soot particle. 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 of

heat due to conduction.®® %
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The free molecular regime is where particle-molecule 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 free
molecular regime is described by the Equation 3-13 to Equation 3-16:

pgCy*+1 (T, Equation
QConduction,FM =X T dzza T v —1 (T_z -1 3-13
Where
y* is the heat capacity ratio for air
o is the thermal accommodation factor
¢ is the average molecule speed (m/s)
Ty is the particle temperature (K)
Tqis the gas temperature (K)
The average molecule speed is given by:
Equation
8kgT,
c= 59 3-14
M,
This then can be related by:
ndg B[ ksTy y 1 (T, i‘;""“c’”
o< _—— -
U="78 kT, |“7M, y—1 \T,
P [BRoT, y* +1 (T, Equation
Qconductionpm =X T dp 8 | Mg v —1 E - 3-16

Where

kg is the Boltzmann constant (m? kg)/ (s* K)

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

In the continuum regime the main method of heat transfer is the molecule-molecule interactions rather

the particle-molecule interactions, however it will have a larger amount of particle-molecule
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interactions than the free molecular phase, because of this the rate of conduction of heat is strongly
increased compared to the free molecular regime. This is a much more standard way of heat transfer
since it only considers the bulk of the gas component and depends mainly on the thermal conductivity
of bulk. The continuum regime exists when the 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 independent of pressure
since increasing the pressure affects the number of gas molecules but also reduces the distance of the
molecular collisions and these two essentially cancel each other out.

Overall the McCoy and Cha equation describes transition regime between the two distinct regimes and
is the typically used heat transfer equation for the model. It can 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. Equation 3-17 shows the overall equation for conduction:

Equation
Q 3 (27T drz) kg (Tp - Tg)) 3-(17
Conduction,McCoy (dp + G Amfp)

Where G is the geometry heat transfer factor

3.2.5 Vapourisation / Sublimation

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

in Equation 3-18:

Qv = AH ygp dmy, Equation
vap = i}
@ Mg, dt 3-18

Where
AH y 4, is the enthalpy of vapourisation for soot (J/kg)
My, is the molecular weight of soot vapour (kg/mole)

m, is the mass of the soot particle (kg)
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The term Mgy, is the mean molecular weight of the soot vapour, not the solid Carbon, because the heat

of evaporation is the energy required to evaporate one mole of solid into gaseous Carbon species. Cs is

the most abundant 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 molecular

weight is increased by a factor of 2 and if to 4000 K then it is increased by a factor of 4, this wouldn’t

be accounted for if a value was used that wasn’t temperature dependant.®

Mass change during evaporation can be described by a mass balance using the equations from Equation

3-19 to Equation 3-20 :

dm,,

dm
dt

P _

Msy

- dzN
7T SVN

nd3 d3
_ e ) _ 4y

) dd,

dt

Where
N4 is the Avogadro number

Ngy is the molecular molar transfer

dt

dd,

dt

Equation
3-19

Equation
3-20

Equation 3-21 to Equation 3-23 shows the derivation of mass change in the particle over time and how

it can be related to the soot flux from soot evaporation.

nd;
d(pp 55 05 p, w2 dd,
dt Po T %o gt
. dam M
Since d—t” = —m dj Ny Ni:
ddp _ - 2 NSV MVS
dt - pp NA

Equation
3-21

Equation
3-22

Equation
3-23

This flux N, is a transitional flux since that neither flux regime can be discounted. The Continuum flow

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

collisions take place. The molecular flux in the two regimes can be described by Equation 3-24:

Where

Ngy is the overall mass transfer

P RT,
kBTp 27TMSV

P D
and N, = 2-5-=2b
KTy dyp

5 _ fksT, |RoT,
45, P | Mgy

Nen is the free molecular molar mass transfer regime (s* m?)

N is the continuum regime molar mass transfer regime (s m?)

Da is diffusion coefficient (m?/s)

gy IS macroscopic cross section (m™)

Equation
3-24

Equation
3-25

Equation
3-26

Equation
3-27

As the temperature increases the vapour pressure of the soot increase since there will be a larger volume

of soot vaporised, the average molecular weight increases as larger Carbon molecules in the soot will be

vaporised increasing the molecular weight thus the macroscopic cross section of the molecules because

of this effect the model has to account for it using the equations below from Equation 3-28 to Equation

3-31. The polynomial coefficients for the following equations can be found in Table 3-1.
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5 Equation
Pys = exp(Z(PiTp")) 3-28
i=0
5 Equation
My = z m; T} 3-29
i=0
5 Equation
AHygqy = Z hiT, 3-30
i=0
5 Equation
Loy = Z Oj Mli/s 3-31
i=0
Table 3-1: Evaporation heat transfer coefficients®
i Pi m; hi g;
0 -111.4 0.01718 205398 1.8 x10¥
1 0.0906 6.865 x10°" 736.6 -1.857 x107
2 -2.764 x10° 2.996 x10° -0.4071 1.404 x10°
3 4.175 x10° -8.595x10°% 1.199 x10™ -2.593 x10™
4 -2.488 x10 1.049 x10°*® -1.795 x10° 2.075 x10"
5 0 0 1.072 x10* -6.667 x10™

Equation 3-32 describes how the diameter changes with mass it is assumed that the particle is still

spherical:

Jury

6+m)\3
dp=
T * Py

Equation
3-32
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3.2.6 Radiation

Planck’ Function allows the energy of the radiation given off at a specific temperature for a perfect
blackbody. To account for the fact that the Carbon soot is not a perfect Blackbody an emissivity term is
applied. g, is known as the emissivity factor. This is the consistant approximation of the relative ability
of a component to emit energy by radiation compared to that of a blackbody i.e. if it was a perfect
Blackbody, emissivity=1. The emissivity is dependent on the wavelength in the visible and infrared

regions. # This equation gives the amount of radiation coming from the whole particle.

Radiation is independent of pressure compared to other methods of heat transfer and is typically much
slower method of heat loss compared to heating and vaporisation; however at lower pressures it
becomes a larger factor in the overall heat transfer and has to be taken into account. To account for loss
by radiation the model started off using Planck’s function and integrating it over all solid angles and
wavelengths:

2mc? Equation

Qrea =72 [ (&) i _
Rad p J;) A 25((exp (/1 ZBCT )) _1 3-33
D

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

B (199 7T3d15;)(k3 Tp)5 E(m) Equation
Rad = h(hc) 3-34

3.2.7 Oxidation
The effect of oxidation was added to the model since some researchers®®* have suggested its influence

may be more significant for long-pulse excitation, which is subject of a later chapter.

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

increases the temperature of the particle.

At atmospheric conditions, the reaction of carbon and oxygen typically produces both CO and CO,in
almost equal amounts. As temperature increases, however, as does the ratio of CO to CO, and for the

temperatures involved in LII the reaction produces almost entirely CO. #

The reaction used is:
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c 1 0 co Equation
o027 3-35
The increase in the amount of energy of the particle can be estimated by ®:
d? kox Equation
Qox = (—AHpy — 2arCSOT) N, 3.6

Where Cpco is the specific heat capacity of carbon monoxide, N, is Avogadro’s number, aT is the
thermal accommodation factor, AH,, is the heat of reaction and k., is the rate constant in
1(scm®).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:

kaxa Equation

kox =12 Py, [1+—kzPoz + k(1 — xa)] 3.37

Where

Po. is the partial pressure of Oxygen

ko, is the overall rate constant for Oxidation (1/s cm?)

k, is the rate constant for oxidation at site A on the particle surface (1/ s cm® atm)
k, is the rate constant for oxidation at site B on the particle surface (1/ s cm® atm)
k, is the Rate constant for surface oxide formation at A sites (1/atm)

X4 is the mass fraction of soot annealed

Equation 3-37 takes into account or the existence of two different types of active site upon which
oxidation can occur. These are type A and a less active type B and which have been denoted with rate
constants of k. and ks, respectively. According to Strickland-Constable, that A sites can change to form
B sites due to annealing at a rate kT.% For typical experiments the partial pressure of O, is taken to be
0.209 atm however Michelsen et al.** have 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:
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23 —1.255 = 105 Equation
ko=5%10 exp(T) 3.38

1 —6.352 % 10* Equation
k, =5%10 exp(T) 339

—4.06 * 103 Equation
kT = 3.79 1027 exp (T) 3-40

Where

k 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 form on the surface of the
particle itself. This is denoted as kz and expressed as follows:

1.713E4 Equation

kz =213 exp(T) 3-41

When incorporating the energy loss due to oxidation, one must also include the mass that is lost

expressed as:

dm — 2nd*Wik,, Equation
(G )ox = TN, 342

Where
W, is the Average Molecular weight of air

If this model were to take into account the effects of the annealing 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 density

that occurs in carbon materials that have more order than soot

3.2.8 Signal modelling
The signal is produced from radiation from a single particle, so the signal is related to Planck’s law

integrated over all solid angles. The difference between radiation and the signal is the radiation is
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integrated over all wavelengths while the signal is just integrated from the collection wavelength as
shown in Equation 3-43. 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 integrating over all wavelengths and including an emissivity term Equation 3-45 can be produced:

_ , Ay Qrnh Cz) Equation
S =mdy(t) i & - o dA 3.43
15(exp (ot ) — 1
1 (exp ks T, (D) )
The emissivity is given by:
4m d, Equation
a=—7 Em 3-44
8m d3(t) hc? E(m) Equation

5o (EmTm) D

3-45

Where:
g, is the emissivity factor

The signals at certain wavelengths can then be subtracted to give a total relative signal. This depends on
the band pass wavelengths setup in experiments. To 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 source.
This model also only shows the results if the fluence of the particles is one value, if for instance the
beam shape was non-uniform the signal would have to be weighted. This can be seen in the later long-

pulsed LII chapter.
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3.3 Modelling results

3.3.1 Validation of implemented model

Figure 3-2 shows the model with the simple components of vapourisation, conduction, absorption and
radiation included. It is compared with a similar model the LIl SIM program, a common and well
referenced model within the LIl community and ran with the similar input values. The signal plotted is
based off of Equation 3-45

This shows the model is working as expected differences are put down to the different assumptions
such as the equation for density. Individual heat transfer components have been checked and made sure
they are producing reasonable values as seen in Michelsen et al. *** For standard LIl measurements the
model is shown to behave well. Results indicate trends and values when compared to literature such as

|5l

Schulz et al.>" give similar values on the same scale. Validation of the model has been done at the early

stages of use and found to match other modelling software such as LIISIM.
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Figure 3-2: L1l model comparison with LII SIM Program matching fluences between models.

This model comparison has the primary particle diameter set to 30 nm, the absorption function of 0.36
and a detection wavelength of 450 nm, an initial gas temperature of 1700 K and a fluence of 220

mJ/cm?. The model value is found from Equation 3-34
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3.3.2  Fluence curve

The model is able to be adapted to account for differences in how the measurement is taken through the
form of gating. Typically when using PMT measurements the max signal is possible to use whereas
with the camera it has to be gated over the time-resolved profile. One of the main changes this can

cause is the difference in the fluence curves.
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- ®
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Figure 3-3: Modelled fluence curves using results from peak signal as well as signal integrated over 20 ns

Figure 3-3 shows modelled fluence curves with two different methods of detection measurement. One
measurement uses the peak signal often used when measuring with a photomultiplier and the other is
using a integrated signal over a gate of 20 ns over the peak of the signal which is how an intensified

CCD camera measures the LI signal.

These results show the influence vapourisation has on the soot particle. Whereas the peak maximum
signal increases the effect which causes mass loss is decreased at higher fluences which when measured
over a gate causes a decrease in the signal measured. When compared to literature such as Bladh et al.*®
it shows a similar trend to what is expected. This 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 of

1700 K. The model value is found from Equation 3-34
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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 shows
the fact that the model correctly predicts the smaller particles cool faster due to their larger surface area
to volume ratio. What this demonstrates is that the model can produce the trend that is expected for

|87

increasing the particle size as demonstrated by Leipertz et a
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Figure 3-4: Model Results for normalised L11 signal decay from different sized particles by a 220 mJ/cm? at
1064 nm 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 development of 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 aggregates. Each of these factors will
affect the rate at which the particles cool, as well as their ability to absorb energy from the laser. The
particle size distribution of primary particles follows a lognormal distribution, in that it is slightly more
probable to find a particle larger than the median size than it is to find one smaller than the median.

di =————exp _l(ln(dp) - ln(CMD))2 Yid Ejl;ation
1T 2rd, na, 2 Ino? p _
N Equation
SPOlydiSp@TSe = Z Smono(dp) df (dp) Ad 347

i=1

Where:
CMD is the count median diameter
ag is the variance in the geometric width of the particles/

Spotydisperse 1S the signal from the polydisperse particles

Another source of uncertainty in modelling is due to the high temperatures involved with LIl the carbon
particle can restructure to a more ordered configuration such as a carbon onion through both melting of
the particle to then recrystallize, as well as through the curvature of the graphite layers due to oxidation
and sublimation. This will likely affect the refractive index of the particle, the rate at which the particle
vaporises and the rate at which the particle is able to conduct heat to the surrounding gas (the thermal
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 temperature over a longer period of time, something

which may affect the long-pulse results as discussed in chapter 6.
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Aggregation of the soot particle is another factor which could be added but hasn’t been implemented.
Aggregation can affect the soot particle temperature because of a shielding effect which may change the

heat of conduction thus affecting the temperature.

Other components such as thermionic emissions could also be modelled and is the process in which
electrons are thermally ejected from the particle.** Another process which could be modelled is the
effect of annealing however for modelling standard behaviours the components used are typically
accepted. However because of the dominant components such as absorption and conduction , it is

thought these factors won’t change the overall signal significantly. %
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4 LIl experimental set-up, measurement and data processing

methodology and development for conventional experiments

4.1 Introduction to experimental approach for LIl measurements

This chapter describes in detail the set-up and approach to make LII imaging reliable and repeatable.
The equipment used is described in substantial detail and justification is provided for the methodology
adopted. The equipment can be split up into different sections including the sooting flame, the
excitation source (pulsed laser) and the detection measurement. The way the data is processed is
discussed showing how the data recorded can be used to provide a soot volume fraction image, HAB
profile, radial profile and temporal signal profiles. This includes a description into 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 between the 1%
harmonic (1064 nm light) and 2™ harmonic frequency (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 LI1 methodology

4.2.1 LIl experimental apparatus for imaging and point measurements

LIl imaging measurement set-up

The schematic diagram for a typical LIl imaging experiment used throughout this thesis is shown in
Figure 4-1. A Nd:YAG 1064 nm laser produces a Gaussian beam which is approximately 7 mm (1/¢?)
in diameter, at a frequency of 10Hz. If 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 specific Nd:YAG 532/1064 nm mirrors. The beam is then expanded by
negative cylindrical lens of f = -100 mm and allowed to expand for 30 cm where it is collimated in one
direction by a cylindrical lens of focal length f = 400 mm. This then passes through a slit of 1 cm in
height and either 1 or 2 mm in width. This slit is to shape the sheet to try to make it as close to a top hat
profile as possible. The 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 energy of the laser is controlled and
can be adjusted by a half-waveplate and a polariser and the power is measured using a thermophile
Coherent PV10-1 power meter.

The signal is then collected on a perpendicular axis through the ICCD camera, lens and filters. The 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 measurements

and is always perpendicular to the flame. *°,%
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Figure 4-1: LIl Laser sheet methodology setup
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The camera has typically three settings which have to be input into the software: the gate duration, the
gate timing and the intensifier gain setting. The gate time delay is the time the gate is opened at with
respect to the trigger into the camera. The gate duration is the amount of time the camera is recording
an image for. The intensifier gain is a factor of how much the signal is intensified by. For LII the gate

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

Point measurement set-up

The other detection setup, used for point imaging is shown in Figure 4-2. This set-up includes a
Photomultiplier Tube (PMT), which can temporally resolve of the LII 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 this
point by using a spherical focusing lens of f = 50 cm. 2-f imaging results in a magnification of unity.
The PMT is attached to an x-y translation 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
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Figure 4-2: PMT detection setup
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4.3 Equipment description used in LI

4.3.1 LIl excitation source equipment

Nd:YAG 1064nm 1* harmonic laser

For typical LIl experiments, the excitation source used was a 1064 nm Nd: YAG (neodymium-doped
yttrium aluminium garnet) laser is used for the excitation source. This laser generates short pulses of
1064 nm Gaussian beam light at a repetition rate of 10 Hz, which is used to heat up soot particulate
matter within the flame. This laser allows for high energy pulses of a short amount of time meaning that
it is ideal for LIl since 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 be
measured. Using 1064 nm light also avoids exciting PAHs and other molecules, causing the generation
of a fluorescence signal and interference with the LII signal.*>>* The laser used is a Surelite Continuum
11 SL11-10.% The laser was found to have maximum pulse energy of 560 mJ at 10 Hz (flashlamp voltage
of 1.44 kHz Q-switch delay of 180 us at 1064 nm). The fundamental frequency has pulse duration of 5-
7 ns (FWHM). It was found to have a 200 mJ maximum pulse energy at the 2™ harmonic 532 nm under

the same conditions with a similar pulse duration.”

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

Figure 4-3: Excitation of laser neodymium lons

The Nd:YAG is a solid state laser which uses a YAG crystal doped with Neodymium ions. The YAG
crystal is excited when optically pumped by the flashlamp as seen in Figure 4-3. This crystal is the
active gain medium which is placed between two mirrors (optical resonators). One mirror 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 known

as Q-switching and the time when Q-switching happens with respect to the optical resonation can affect
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the pulse energy though to control the pulse energy this way isn’t preferred due to issues such as beam
profile etc.. Q-switching allows for high intensity pulses at a pulse profile of nanoseconds, while
Nd:YAG lasers can emit a range of wavelengths depending on the transition levels. The typical

emission is the 1064 nm fundamental frequency.

The light can then be frequency doubled to emit 532 nm light using a 2™ harmonic Crystal installed in
front of the laser cavity before the beam fully exits the housing. Frequency doubling essentially works
by the 1064 nm laser light being effectively combined through non-linear optical interaction to generate
photons of double the frequency, thus half the wavelength of the initial photons. This light can be then
used to perform LIl measurements after separation from the residual light at the fundamental
wavelength.” This could be then doubled again using 3™ harmonic crystal to give 355 nm wavelengths,

however this was used in the present work.

Figure 4-4 shows the laser pulse shape of the Nd:YAG laser measured by directing a weak reflection of
the beam(so to avoid saturation of the diode) onto a fast Si photodiode(Thorlabs PDF10A, the spec
sheet can be found in the appendix). The data sheet can be found in the appendices for further
information.®* An estimated FWHM of 7.5 ns is shown which similar to the stated value in the laser

manual as seen in the spec sheet in the appendix. This could then be used for modelling purposes.
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Figure 4-4: Nd:YAG laser pulse shape measured using Si photodiode

Beam shaping optics
For these experiments of planar imaging, a laser sheet had to be made. To do this the beam from the

laser was expanded using a cylindrical lens of focal length f = -100 mm and then collimated using a
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positive cylindrical lens of focal length f = 400 mm, as mentioned previously. Cylindrical lenses were
used over a positive spherical lens because the spherical lens focuses the beam tightly in all directions.
When attempting to use a spherical lens, it was found that the sheet spatial profile increased the fluence
of the laser at the focus so much to the point where it affected the uniformity of the images and extreme
vapourisation of the soot particle at the centre 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 as

discussed in the long-pulsed LII chapter can be a bit of an issue.

To ensure uniformity of the laser profile an optical slit was employed, as represented in Figure 4-5. For
these experiments a 2 mm or 1 mm slit were used depending on the demands of the experiments with a

trade-off between spatial resolution and signal to noise.

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

Figure 4-5: Optical lenses (negative cylindrical f = -100 mm and positive cylindrical f = 400 mm and slit for laser sheet
shaping

In other experiments, point measurements were performed using a top-hat beam. Figure 4-6 shows what
happens when the beam it is reduced from around 7 mm to 1mm using the pinhole. The size of the
pinhole or slit determines the divergence of the laser, so the burner is placed as close to the slit as
possible. Diffraction occurs after a certain distance after the pinhole related to the beam width. This

affects the 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 beam from Gaussian spatial profile to top-hat "

The reason for the use of the slits and pinhole is that when the beam source exits the laser it is
collimated and has a Gaussian spatial profile. Since the Gaussian profile results in different fluences at
different radial positions within the measurement volume, it means that some particles would not be
heated to the same temperature within the measurement volume. Therefore to heat the particles to the
same temperature a top-hat spatial profile and slit/pinhole is used to select a near portion of the beam at
the centre of the Gaussian profile. The principle is shown 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 shape from Gaussian to top hat and the cutting of beam intensity using pinhole/slit 2

Beam attenuator

For experiments requiring precise control of power a variable beam attenuator set-up of a half-
waveplate and Glan-polariser (Thorlab’s GL10) was used in a setup as seen in Figure 4-8. By modifying
the position of the waveplate, when the light passes through the beam polarisation direction is changed.

The polariser is able to attenuate the beam transmitted depending on the plane of 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 power

necessary for some experiments.?*%

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, lens and filters

For imaging experiments a LaVision ICCD Nanostar camera was used. A general description of how an
ICCD camera works can be found in the previous background chapter in section 2.2. The camera is
controlled and parameters set using LaVison DaVis software. The camera can be triggered externally by
connecting the BNC connector from the Laser to the pulse triggering unit in the programmable timing
unit (PTU) computer, which is attached and used to control the camera. The camera can be triggered to
match the 10 Hz output from the laser. The timing of this trigger can be adjusted with relation to the
laser pulse and the camera can also be set as to when take a recording known as gate delay. The camera
can be set to trigger when the external trigger either rising edge or falling edge depending on the
circumstances. Therefore, a wide range of trigger inputs can be used for the camera. When the PTU
receives this trigger, the image can then be taken with the camera. The camera has a minimum temporal
resolution of 20 ns which makes it the smallest gate that can be used. A short gate dramatically
increases the chances of a larger signal to the background as discussed previously, which is important
for LIl imaging experiments. The camera has a high gain setting to increase the LIl signal when there is
a low light level. Throughout this thesis the largest gain of arbitrary setting on the camera of 99 was

used to produce the best signal to noise possible and this is linear with signal.
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The camera was focused using an image in the object plane to produce the best spatial resolution. It was

assumed that no distortion occurred in the collection of images.

The camera has a chip of 1024x1280 pixels therefore if a known sized object such as a resolution test

card is imaged it can be found what 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 image. The camera lens
is a Nikkon UV-105 /4.5 multispectral imaging lens. It is useful in applications requiring imaging in
the ultraviolet, visible and infrared spectral regions as it is free of chromatic aberrations across this

wavelength region.

To supress background radiation from the flame a 450 nm (10 nm FWHM) bandpass filter was used.
This filter also has the advantage of avoiding interference signal from C, Swann bands.****® From
Thorlab’s data Figure 4-9 shows the optical transmission of the 1” diameter filter where the
transmission width has a small FWHM.
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Figure 4-9: 450nm Bandpass Filter information from Thorlabs Manufacturing

Photomultiplier tube (PMT)
For point measurements throughout this thesis a photomultiplier tube (PMT) Hamamatsu R636-10%
was used. Photons emitted from the soot particle due to LII causes an emission of electrons (through the

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

measurement of the LIl signal to be recorded with a favourable signal to noise ratio.

For experiments using PMT measurements, the PMT replaced the camera and a separate collection lens
was added. A 1 mm pinhole was used to select the centre part of the beam. A focusing lens was used in
front of the PMT pinhole with a focal length of 15 cm. This was used in a 2-f setup giving 30 cm
between the centre of the flame and the detector. The signal from the PMT was analysed using a
Tetronix DPO 2024 oscilloscope and triggered from the laser pulse just like the camera. By using an
oscilloscope it allows for averages to be taken and the typical average taken was 64 shots. The same 1”
diameter 450 nm bandpass and 532 nm notch filters to avoid interference from the laser can be used in a

way similar to the camera set-up.

Power meter

Throughout experiments accurate power measurements are important to know the fluence curve as
discussed in previous background on LII. A Coherent PM10V1 thermophile power meter was used for
the calculation of the fluence. This power meter uses a sensor which is specially designed for high
power, low repetition Q-switched 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 reading.
Therefore for accurate readings the power has to be measured in the absence of a heat source like a

flame
4.3.3 Sooting source equipment- porous plug burner setup

Mass flow controllers

To ensure the correct mass flow of gases to the burner a Cole Palmer MC Series mass flow controller
was used for air and fuel gas (ethylene). The accuracy for each of these mass flow controllers was
+/-0.8% of reading and +0.2% of full scale. * These mass flow controllers were checked against
manual volumetric bubble flowmeters 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 the
tube with a soap bubble, which then rises between two known length points, the time taken to reach this
volume can be measured and thus a volumetric flowrate can be found. The flow meters were originally
calibrated for air so therefore it was crucial to also test for ethylene. These measurements agree within
to their expected error limits. The flowrates were set using Standard Litres per minute which is 1 atm
and 20 °C.

Burners
A flat flame burner was used for standard experiments and calibration images. It is a stainless steel
porous plug burner. This burner is used to produce a one dimensional flame. The flame used throughout

this thesis is not strictly a standard McKenna burner because it lacks an air co-flow 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 for
exit velocity and mass flux. By using a flat flame burner it is possible to have a 1-dimensional flame in
the centre-line. By using this type of burner focuses on the chemical reactions relevant to on the

production of pollutants by simplifying the fluid mechanics of the system.”’

N — O ai

I iFunl+Air

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

Figure 4-11 shows the burner at a flame condition which is moderately sooting at an equivalence ratio
of 2.2. The area of soot can be seen in the middle whereas moving along the width of the flame can be
seen to be blue area where there is less soot, if any produced. For standard experiments, the porous plug
diameter is 33 mm whereas the stabilisation plate is 38 mm wide and 30 mm thick.

Figure 4-11: Porous Plug Burner @ ¢ =2.2
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The stabilisation plate stabilises the flow, and is of much interest later in this thesis, in the heat transfer
effects chapter, by theoretically acting like a heat sink. The separation between the stabilisation plate

and the burner is set at 21 mm.**

Initially, a procedure was followed whereby measurements were started about 5 minutes after the flame
has been ignited to allow for thermal stabilisation. After roughly 25 minutes measurements are usually
stopped and the flame is turned off and the stabilisation plate left to cool and be cleaned due to a build-
up of soot which can interfere with data collection. However as seen later in the heat transfer effects
chapter 6.2.3, it was found that the time when the image is taken it can be seen it has no effect on the

soot signal.

Target flames

The International LIl workshop and International Sooting flame workshop® have set rules for a
standard flame in keeping with similar soot-forming flat-flames studied by others; notwithstanding the
narrow burner dimensions already noted. In the LII chapter 4 it can be seen that the porous plug burner
can be seen to be comparable with a flat-flame McKenna burner. The standard fuel used for this burner
is ethylene. The ratio of fuel to air is described as the equivalence ratio seen in Equation 3-1.

Xfuel Equation

d) — xair 4-1

Xfuel,stoic

xair,stoic

The target flames for experiments using this porous plug flat flame burner are shown in Table 4-1. A
wide range of equivalence ratios was used to demonstrate the changes in sooting propensity and are
typically used values when measuring soot in a flat flame burner. The volumetric flowrates are stated

based on the standard temperature of 20 °C and standard pressure of 1 atm.

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

Fuel Setting | Air Setting | Total exit
(SLPM) (SLPM) (SLPM) Xruel Xair | ® 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 effects and involves a comparison using a larger capillary-hole

|99

burner, which was used in group members previous studies such a direct flame fuel cell.™ The burner
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was 64 mm in diameter just under double the size of the porous plug burner. The stabilisation plate,
which was used for this burner, was still placed the standard 21 mm away from the burner and the size
of the plate was 35 mm thick and 64 mm in diameter. The LIl signal was compared between these two
burners and for a comparable measurement the equivalence ratio had to be the same. Table 4-2 show
the flowrates used for this larger burner. Figure shows an example of this burner in use with Figure 4-12

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) Xruel Xar | & 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 | 0.862 | 2.30 | 0.063 | 0.059

Figure 4-12: Image of larger burner @ ¢ =2.2

4.4 Data processing

4.4.1 MATLAB code for image processing

The camera produces a series of IM7 images, which is LaVision’s file format which contains the full
information of the experimental setup. An illustration of the blocks the data is processed through and
the results produced can be found in Figure 4-13. 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. To

average and process this data, a MATLAB program has been written where the data can be extracted
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averaged and filtered using a median filter which helps reduce noise and is a reliable way to smooth the

image as seen in Figure 4-14. A median filter is widely used in image processing as it removes noise

while also preserving the edges of the focussed image.*®1%-10?

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
mm
by 1 mm | | Soot Volume Fraction Calibration
N
Soot Wolume

Fraction ‘ | Soot Volume Fraction Calibration |
Calibration |

Figure 4-13: Data processing flowchart for producing an average L11 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 an
associated value of signal. The background 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 around 90 counts
maximum. The camera dynamic range is 16 bit, which means signal can vary from 0 to 2*°. The image
can then be averaged and a standard deviation of the signal can also be produced. A small median filter
of 3 by 3 pixels is applied as this is more accurate than a mean filter and helps smooth the image while
preserving the sharp gradients in the images. The scale can be found by recording a corresponding
known size object and finding the amount of pixels that are the length of the object. This can then allow
for a scaling factor by knowing the pixels per unit length. By having a scaling factor which scales the

pixels into length values which can be overlapped onto the LII image to show the length scales of the
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LIl emissions. The position HAB=0 mm can be determined by comparing the burner and object and a
scale can be applied for all of the measurement area. The code is then set up in a FOR loop so that for
every increase in HAB by 1mm the signal is integrated over which region this gives a vertical profile as
seen in Figure 4-16. An increase in the loop by 1 mm for measurements was chosen since this is what is
commonly measured in LIl and keeps the code to a reasonable time. It was also used because this was
the measurement of spatial resolution of the comparative PMT measurements. The standard error
between all of the images is also calculated for this set of results and can be plotted with them.

Another loop is setup so it produces a horizontal radial profile across the flame for each HAB as seen in
Figure 4-15 and with the standard error of all images included in Figure 4-18. These results can be then
normalised as well as scaled using a calibration based on extinction measurements to give a soot
volume fraction as seen in Figure 4-19, Figure 4-17. For the calibration an image is taken in a flame
with known soot concentration by extinction ina ¢ = 2.48 flame with a HAB of 15 mm, it can then be
used to provide a factor relating a signal count to soot volume fraction constant. It was found that the

number of images needed to be at least 50 to ensure correct averaging.
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Figure 4-14: L1 signal image for ¢ = 2.3 at gate of 50 ns  Figure 4-15: Soot volume fraction across image integrated
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Figure 4-16: HAB centre line signal profile measured
over 1mm Width for ¢ =2.3 for gate of 50 ns. The error
bars represent the standard error between all images

Figure 4-17: LI11 soot volume fraction Image for ¢ =2.3
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Figure 4-18: Horizontal profile across image at different
HAB integrated over a height of 1 mm with error bars

Figure 4-19: Soot volume fraction in ppm at Centre Line
HAB for ¢ =2.3

represent the standard error between all images

Flat-field correction

There is the rare occasion when there are spatial non-uniformities in the laser, this can lead to errors in
the LII signal profile to correct for this a flat-field correction can be applied. The flat field correction
works by comparing the results of an image set against a known profile of soot volume fraction profile
and finding a correction factor for each vertical position in the beam. This correction factor can then be
applied to other flames for each HAB of the beam. Previous experiments from other groups have shown
flat field being reproducible.® For most cases the flat field correction was not need to be applied since
there were no larger vertical non-uniformities in the laser sheet. The correction is based on a PMT

measurement and the HAB can be compared.
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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 correction should be the same at each translation +1 mm. Therefore there should be overlap
and a correction can be made. This method is particularly useful when using the 532 nm laser light
because the impact fluorescence may have at this wavelength. The next chapter will demonstrate this.

4.4.2 Data processing for PMT measurements

Using an oscilloscope, it is possible to record the LIl temporally using a photomultiplier tube (PMT). It
records an average of shots/LII results in increments from 8, 16, 32 64, 125,252. The standard number
used for most experiments is the 64. An example of recorded results is shown in Figure 4-21. The
temporal signal can be recorded and a MATLAB code is used to processes the signal.
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Figure 4-21: Example PMT signal result at different HABs for ¢ = 2.3 PMT Gain=600

By finding the temporal profile, the peak signal which is related to soot volume fraction and the decay
which is related to particle size can be found. The code records the value of the peak signal and can then
be used to produce a log signal at around 120 ns after the peak ensuring that the decay is in the heat
conduction regime allowing an exponential fit. A line can then be fitted to the log to produce a decay
time.*® The fit is produced using MATLABs nlinfit fitting function to the model function which fits a
non-linear regression fit. Care has to be taken when producing a fitted curve as it is important to start
the curve in the heat conduction regime as well as the signal being large enough signal to reduce the
noise to get a good fit. Using LII modelling techniques it could be possible for modelling data to be
fitted to the data.

4.4.3 Time resolved LII (TiRe LII) imaging

Gate timing with relation to LI1 signal

Figure 4-22 shows the camera using two different gate lengths with relation to the peak signal. The
gating causes integration over signal within this period. 50 ns is a common gate time used for
experiments.** Since camera images are gated if vapourisation was to occur this could cause a
difference in LII signal therefore it is important to know in relation to the signal where is being

measured.*®

These gates were lengths of 20 ns and 50 ns both deemed to be prompt enough as seen in the next

|59

chapter, when compared to other literature such as Hadef et al.”™ The PMT was found to have a time

response transit time of 20 ns so therefore when comparing the gate to signal this needs to be taken into
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account and the best way to produce a peak signal image is to do a temporal profile. This was found by

to be the case by camera imaging®**
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Figure 4-22: Graph showing different gates @ peak signal collection without correction for LII PMT signal transit
time. Os is arbitrary

Time Resolved Imaging

To produce a time resolved LII (TiRe) profile from LIl imaging, these experiments used a short prompt
gate of 20 ns, by using a short prompt gate allows for a maximum temporal resolution to be achieved,
and when the gate is opened can then delayed with respect to the laser pulse to measure the signal of the
LIl signal forward in time. Each image can be processed at each time delay and then a HAB profile for
each time delay can then be plotted to give a temporal signal over time using imaging technique. Using
time resolved imaging works best in stable one-dimensional flames however this technique is expected
to be applied to more complex flames such as the biofuel burner. "% Decay Times can then be found
by fitting a linear fit though a log signal, after 120ns so to ensure the fit is to the 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 as
the spatial distribution of laser light fluence can have a significant effect on measured LI signal. Zerbs
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 the LIl measured

signal such as a top-hat beam will show a different fluence curve when compared to a top-hat beam.
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Figure 4-23 shows the fluence when measured with a camera and using a laser sheet profile at measured
at the same gate position each time with Table 4-3 showing some detection parameters. When using the
laser sheet, the highest fluence available is when it is starting to enter a plateau regime. This is similar
to where the plateau occurs in other fluence curves of around 200 mJ/ cm?. The results also show

similar fluence curves indicating similar soot properties.**1%

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

Camera sheet profile

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

Intensifier Gain Setting 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: Sheet fluence measured by Camera 20ns gate 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 preferred
due to wanting to overcome extinction. However, because it is important in imaging to not cause
perturbing the flame in not as extremely sooting environment a lower fluence was used to 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 the fluorescence signal is implied from the subtraction of the LIl signals form
two different excitation wavelengths, (532 nm — 1064 nm), using a process discussed in the previous
theory chapter, the fluence curve has to be compared and overlapped so that the amount of laser energy
absorbed by the soot particles can be estimated and is the same for each excitation wavelength. The
fluences must be matched to ensure the temperatures the soot particles reach are the same and the signal
matches. For 532 nm excitation wavelength the setup is similar to the 1064 nm excitation wavelength
except in this case the output of the laser is frequency double and the residual 1064nm light is

discarded .1’

The fluence was chosen for 1064 nm based on maximum possible so there being a good signal to noise
ratio therefore a corresponding fluence has to be used for the 532 nm wavelength to ensure the particles
absorb the same amount of laser energy and reach the same temperature. The fluence curve was done
by plotting the LIl centre line signal after 160 ns seen in Figure 4-24. By measuring the fluence with
delayed detection, when the signal is at delay of 160 ns, ensures no interference from fluorescence
which when the signal is measured over the peak signal because of the fast lifetime of fluorescence will

interfere with the L11 signal.®®

It was found that to match the fluences the 532nm wavelength is around 1.9-2.1 times the 1064 nm
wavelength fluence. The fluences used for this investigation were 210 and 105 mJ/cm? for 1064 nm and
532 nm respectively. There may be a small mismatch in the fluences however a small correction can be
applied which doesn’t affect the peak signal too much. The fluence curves could be better if a polarizer
and half-waveplate was used and more discrete points were used but since the doubling crystal was in
place the polariser was removed as it was only coated for a wavelength of 1064 nm causing a hazard if

it was to be used.
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Figure 4-24: Fluence comparison between 532 nm and 1064 nm. Excitation wavelengths @ ¢ = 2.3 at a delay detection
of 160 ns as to avoid interference of Fluorescence. The 532 nm wavelength fluence in measured in the top x-axis

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 that
has been discussed in this chapter. The way the data is processed is described and allows for a
comparable dataset of soot volume fractions at different equivalence ratios. After this burner has been
characterised it also allows for other burners such as the capillary burner (comparing against the same
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 curves
between two wavelengths have been matched at delayed detection as to allow for comparison of the
inferred LIF signal in 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 also
demonstrates how the methodology discussed in the previous chapter may be changed in ways to
accommodate different requirements 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 ensure reliability in the procedure. This then allows for an accurate soot volume
fraction calibration to be used to give soot profiles within the flame and burner being measured. LII
using the camera produces a signal which is proportional to light intensity. By using extinction
measurements a calibration between signal and soot volume fraction can be performed. Characterisation
of the burner using LII 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 results can be used in a variety of

flames with different equivalence ratios.

These results are taken in the water cooled porous plug burner as discussed in the methodology chapter.
Measurements take place in a flame of ethylene fuel and air oxidiser flame over a wide range of
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 was
chosen because it allows for a wide range of measurements 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 LII

experiments. % 1%

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

to produce images of the soot volume fraction 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 be
produced. This is useful especially for the camera as it allows for incandescence lifetime measurements

to be taken at each individual point within the flame.

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

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

include comparisons between temporal profiles produced.

For validation 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 the experimental set up so if the need for a
slight change to the procedure to allow for better measurement conditions for a specific flame. For
example by changing this slit size width from 2 mm to 1 mm it is possible to measure more precise
positions which is especially useful in the case of the diffusion wick burner used in the biofuel chapter

later on in the thesis.

After characterising the burner using the 1% Harmonic 1064 nm excitation wavelength of the Nd:YAG
laser, the 2" Harmonic 532 nm was used to induce incandescence as well. A comparison could take
place to infer fluorescence signal from the subtraction of the two signals as discussed in the previous
chapter. Previous research has shown that with an increased equivalence ratio there is an increase in the

fluorescing species.®®

5.1.1 Experimental factors and conditions

Table 5-1 shows the experimental factors used within this set of experiments. It shows the range of
stoichiometries used, the excitation wavelengths and fluences used which was the largest capable using
this methodology for the 1064nm light. As previously discussed the flames were of premixed ethylene

and air and a detection wavelength of 450 nm used.

Table 5-2 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

2.05,2.1,22,23,24,25

Excitation wavelength/ fluence

532 nm 105 mJ/cm?

1064 nm 220 mJ/cm?
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 20 ns 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 flame burner

5.2.1 Images of LII signals in a flame

Figure 5-1 to Figure 5-6 show the LII 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 processing
discussed in the previous chapter. These images are used to create radial and vertical profiles. The
results shown have no flat field correction after comparison to reference measurements show that there

was not one needed and not included even at the edges.

69



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

- 70 20
E 20 E 150
60
15 }:15
2 50 g
3 2 100
5 10 40 m
) )
35 30 325
o) o)
< < 50
< 0
o 0 i)
© 10 )
I T .
1 0 1 0 R
Radial Position(cm) Radial Position(cm)
Figure 5-1: Image @® = 2.05 at 50 ns gate Figure 5-2: Image @ ® = 2.1 at 50 ns gate

mm)
- - N
o [&)] o
- - N
o [&)] o

[¢)]

o
o

Height Above Burner (
()]
Height Above Burner (mm)

400 500
300
200
200
100 . 100
o 0

Radlal Posmon(cm Radlal |:’OS”'O”(Cm

Figure 5-3: Image @ ® = 2.2 at 50 ns gate Figure 5-4: Image @ ® = 2.3 at 50 ns gate

€ 20
§20 600 o
800
515 500 =18
E (0]
400 £
g 10 E 10 600
o 300 o
48: ° 200 é ° e
< <
—— o 200
5.) 100 % 0
T 0 -
0
-2 -1 . 0 3 1 2 -1 0 1 2
Radial Position(cm) Radial Position(cm)
Figure 5-5: Image @ @ = 2.4 at 50 ns gate Figure 5-6: Image @ ® = 2.5 at 50 ns gate

5.2.2 Centre-line profiles measured using camera and laser sheet

Figure 5-7 shows the centre line HAB profiles measured and 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 field correction is applied. Soot formation occurs at around HAB=7mm and has a steady
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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 interaction since there is decreasing hydrogen content

and decreasing particle surface caused by coagulation.®’
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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 images. The 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 Figure 5-14 show the radial profiles measured and averaged over by 1 mm. for different

equivalence ratios.

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

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 uniform.™° Figure 5-13 shows the start of the dip in
the centre for when the equivalence ratio increases particularly the ¢ = 2.5 flame. This is where the
extinction within the flame can be clearly seen with extinction measurements so it makes sense that
some signal trapping would happen at the equivalence ratio. Care has to be taken when using any

equivalence ratio above the 2.5 flame.
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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 to
¢ = 2.6 and above there is a dip in signal in the centre of the flame. Figure 5-14 shows the radial profile
for the ¢ = 2.6 profile.
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Figure 5-14: Radial profiles at different HABs for ¢ = 2.6
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At larger equivalence ratios ¢ =2.6 and above the radial PMT measurements indicate that it is a uniform

centre lime profile as measured in Figure 5-15
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Figure 5-15: Radial Profile across burner at HAB of 15 mm at approx. ¢ =2.9

It is believed that this is caused by the detection aperture heightens this effect. Whereas with the PMT
the limiting aperture is the collection lens-a large aperture whereas the limiting factor for the camera is
the different sized lens assumed to be smaller lens. Signal trapping may be overcome by using an onion
like correction technique.” However, because of the scope of the work and the fact it doesn’t happen
until high, unrealistic equivalence ratios therefore a correction technique was mot developed. Boufflers
et al."™™* show the radial effects that signal trapping has on the LIl signal. Beam steering also becomes a
problem in more sooting environments which also may contribute to this effect as seen in Liu 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 laser sheet
By comparing with other methods of LII excitation, it is possible to see if the results produced by each
method compare and confirm that the methodology is working. The local fluences of the sheet and
beam will be different with the beam having higher fluences meaning it should be suitable to use to help
generate a profile for flat field correction. While the fluence may change the results, a larger fluence of
480 mJ /cm?® was used for the beam to ensure the beam has entered the plateau region of the fluence

curve and previous work carried out in this burner also deemed this level of fluence acceptable.
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Figure 5-16: Example Image of LI1 using laser beam @480mJ/cm?. Measured using ICCD Camera @ ¢ = 2.3

Figure 5-16 shows an image of LIl in an ¢ =2.3 flame at HAB =15mm. The laser beam profile can also
be assumed to be relatively top-hat but taking a vertical profile of the image could give more

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 profiles of beam measured using ICCD camera 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 results since 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 to
what is seen when measured with the laser sheet. Overall they give agreement in normalised signal 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 both normalised 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, where
both data sets have been normalised to each their largest value. Results show good agreement and the
profiles are similar 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=15 mm 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 for the 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 a PMT- HAB profiles and
Radial profiles. More information can be found in the methodology section. For the radial profiles the
burner was moved 1 mm perpendicular for each measurement into the beams path and a recording was

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

For the HAB profiles the laser was placed in the centre through the burner, then translated by 1mm and
then a recording was taken. This was done for two different heights above burners (15 mm and 10 mm).

To make sure that camera imaging measurements are properly measured, results can be measured
against point measurements using a laser beam. The flame is moved with respect to the laser along the
radial axis to measure at each radial point. A PMT recording of an 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 comparison at 2 different HABs at ¢ = 2.3. Normalised to each respective
beam and sheet measurements largest value

Figure 5-20 shows a comparison between the beam and sheet, measured using the PMT and camera
comparison taken at ® =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 also
shows the extinction profile in the next section. The results shows good agreement for the profiles are 2
different heights where the largest signal has been normalised indicating the profiles are similar so is
the relative signal compared to both HAB.* These results also help explain the extinction profiles
where the centre line of the lower heights is overestimated by extinction because of the larger soot

signal at the edges.

79



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

1.2
= 1 - |
S N
b 0.8 - .
8 ¢ . #PMT Centre Line
R 0.6 - [ Signal
© * mLIl Sheet Signal
g 04 - |
o
<02 v
0 lj g : . .
5 10HAB (mm)15 20

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 camera
imaging. It shows good agreement indicating that the technique when applied with a flat field correction
is suitable to use. They have both been normalised to their own maximum for comparison. Overall this
result is important as the PMT beam is used to help create the flat field correction and show that the

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 in Figure 5-32. Figure 5-22 is shown earlier but is shown again to show the calculation for
soot volume fraction. Results show that with HAB 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 this
point particle growth ceases since there is a decrease in soot particle interaction since there is

decreasing hydrogen content and decreasing particle surface caused by coagulation.®
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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 as the method discussed in
chapter 2.2.5 using a 1060 nm continuous fibre laser and measuring the change in intensity using a
diode and lock in amplifier as seen in Figure 5-23. 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 the
wavelength of the Nd:YAG laser meaning the E(m) value which 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 not

be the case if a shorter wavelength was used.*

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

reading. The soot volume fraction was then calculated using the extinction coefficient measured. E(m)
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was taken to be 0.3 +/ 20 %" as well as 32mm diameter for path length. These measurements were

repeated twice.
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Figure 5-23: Extinction measurements using 1060nm DFB. Transmission 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 similar to ICCD camera measured soot volume fraction
profiles. It can be seen that at larger HABs the error becomes larger. This is probably due to the fact it is

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

Figure 5-24 shows the overall soot volume calibration and at is expected and compared to other soot
volume fraction from literature such as Hadef et al.*® Soot 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

Figure 5-25 shows the normalised to the value at 17 mm from extinction measurements and the results
from the LIl 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 whereas the imaging is a centre line
measurement; therefore at points where the profile is axisymmetric the extinction 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
¢ =2.05to 2.5 using a camera gate of 20 ns and measured at the peak signal. These are a set of images
averaged over 300 images. The variation in these images is typically 5% or below. These are the
calibrated images shown previously. The soot 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 reasonable 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 by
mainly signal trapping as discussed previously. An interesting side note is that as the signal from the
flame increases the signal from the burner can be seen in the images; therefore care must be taken when

using measurements in high equivalence ratios flames to avoid interference from the burner plate.
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Figure 5-26: Image of soot volume fraction @ ¢ =2.05
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Figure 5-28: Image of soot volume fraction @ ¢ =2.2
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Figure 5-30: Image of soot volume fraction@ ¢ =2.4
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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 centre line 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) calculation
which is around 20 %, whereas the standard error of results of signal is always below about 5 %.

Therefore no error bars have been attached to the figure.

The results are what were expected as they show soot formation at similar HABs as well as being
reasonable when comparing to other similar burners. The results show a good similarity to the results

shown in Hadef et al.>®

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 larger
equivalence ratios. This is expected as it indicates that with less fuel there will be a decrease in particle

or the amount of soot particulates.'*®

The overall images show reliable images up until a point where an equivalence ratio that wouldn’t
typically be used in typical experiments. For all flame conditions there was no detected signal below 7
mm implying that there is no matter that can be large enough to incandescence there such as soot and
because it is assumed the 1064nm does not induce fluorescence in the PAHSs or that the detector isn’t
sensitive enough to measure LIl at these positions. Even 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 soot formation occurs around 8-9 mm and rise steady due

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

particle surface caused by coagulation. 2>

The shape of the profiles is also similar to aromatic compounds previously stated by Melton et al.***

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

As discussed in the methodology section it was possible to move the camera gate with respect to the
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 examples of temporal profiles with different
equivalence ratios seen in Figure 5-33 and Figure 5-34. 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. This was
chosen since De Risi et al.** used the same amount of images for time resolved profile in a diffusion
flame and showed that this was enough averages to reduce the standard error to around 3.5%. There was
only one position of the centre line that was measured. However, it is possible to measure the decay at
different positions. The decay time gives an indication of the particle size and by using a model and

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

Results show that the higher the sooting propensity the higher the signal is produced. One main
advantages of being able to use 2-dimensional images is being able to take LIl images and produce
temporal images within stable flames for stable flames.”” Further work in modelling may allow for a
model LII signal to be fitted on to the experimental curve allowing for a primary particle diameter to be

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

the curve, the curve can then have a fit applied to it:

t Equati
Decay = A exp(— ;) 5_c1ua ton
Where A is a constant
Where 7 is the decay time.
The decay time is related to the decay rate by:
1 Equation
decayrate = - 5.2

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

ratio than smaller particles so the particle size can be estimated.
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Figure 5-35: Decay times taken from 120 ns delay

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

Decay profiles at the equivalence ratio of 2.05 could not be used because of the very weak signal when
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fitting the decay. Bladh et al.** demonstrated time resolved profiles in low sooting so-called nucleation
flame with the extremely low sooting flames and to overcome low signal had to use broadband

detection.

Figure 5-35 shows the decay times calculated from the temporal profiles. This time was chosen to avoid
the heat transfer components other than the conduction regime. The decay times are in the same
magnitude as other decay time measurements from other groups such as Axelsson et al. *® There are
slight differences which are possibly caused by differences in calculation of decay time. Examples are

differences in fluence which can cause change in particle size and consequently changes the decay time.

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

reliable-around 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

Figure 5-36 shows the difference in decay time with equivalence ratio at different height above burners.

|.59 |.115

The results show similarities to results shown in Hadef et al.”™ Desgroux et a also show that with
lower equivalence ratios there is also a lower decay rate in low pressure methane flames. Figure 5-36
shows that with all HABs the decay time increases however it seems to level off more with each
increase in equivalence 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 show
that being able to take a reliable temporal LIl profile is possible and 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 thesis investigates 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 length,
changing from a 2 mm wide slit to a 1 mm wide slit which would be useful in thinner flame fronts, and
changing the filter size from a 2 dimeter filter to a 1”” diameter filter. By ensuring that changing these
experimental parameters doesn’t affect the empirical trends and data that the set up can be

interchangeable and therefore can be used for when an experiment requires the use of a certain setup.

Having demonstrated that the default procedure gives reliable results and generated images of soot
volume fraction, we now address some experimental situations where modifications to the methodology
are needed such as the need to increase the gate time or change the imaging slit size. These changes are
needed dependant on signal level, geometry of the flamer and other factors that need to be taken into
account to allow changes when the experimental 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 be
employed. However, this can lead to differences in expected signal and radial profiles since the signal
collection isn’t as prompt, and therefore for this burner the effect of gate length on signal was
compared. So when doing a calibration image the same gate should be used therefore it is important to
test the differences in gate for this flat flame burner.>

This is particularly important for comparison to the long-pulsed laser excitation source chapter where
the gate has to be 50 ns as the signal to noise ratio was too low for the 20 ns prompt gate. This is also
important for the biofuel chapter where the large amount of signal requires a smaller gate which helps
distinguish between the movements within the flame that occur as well as improving the resolution of

the signal.

90



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

———
2
c
S
S
~— 420 ns Gate
g W50 ns Gate
2
w

-2 -1 0 1 2
Radial Profile(cm)

Figure 5-37: Comparison between 50 ns and 20 ns Gate @ HAB=15mm @ ¢ = 2.3

Figure 5-37 and Figure 5-38 shows the radial profile at one HAB (15mm, a commonly measured HAB)
with Figure 5-38 showing the normalised comparison showing overlap and the same profile.

Stirn et al.™*® found no influence of the stabilisation plate on the decay curve at this height giving good
indication it provides a reasonable position to measure the radial profile. A normalised comparison
where each gate profile was normalised to their highest value can be found in Figure 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 show good agreement indicating that for this type
of flat flame burner the gate length does not have a considerable difference between the points so it
makes no difference to the profile. This means that if a case occurs where a longer gate has to be used
the calibration 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=15mm @ ¢ = 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 of
1 mm and a width of 1 mm. This is a standard length measurement for HAB profiles and a similar size

measured by the photomultiplier tube.

They both show similar profiles as well as similar profiles to literature.**"**® |t was found that soot

growth mainly starts at around 8-9mm however starts even lower for more sooting flames as expected.?
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Figure 5-40: Centre line signal measured over width of 1 mm at different HABs at different equivalence ratios at 50ns
camera gate averaged over 300 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 the set-up explained in the
methodology except a slit size of 1 mm was used for shaping the laser sheet was used instead of the 2
mm slit, which has been used throughout this chapter. By using a finer slit the measurement volume
becomes more fine which allows for smaller diameter burners to be measured accurately, in particular
the biofuel wick diffusion burner which is the subject in a later chapter. To ensure that when using the
narrower slit, signal remained acceptable. The profiles using these two slits were measured and a
comparison was produced. With a narrower slit from experiments the vertical profile was seen to be less

precise with a flat field correction needed more when the narrow 1-mm width slit was in use.

Figure 5-42 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 no

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

The overall resultant signals when using a smaller width slit are shown in Figure 5-43.
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Figure 5-43: Centre line signals measured over 1 mm width at Different HABs at different equivalence ratios
@ 50 ns 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 the 2" harmonic of the laser a smaller 1”filter instead of the standard 2”
would have to be used in conjunction with a 532 nm notch filter lens to make sure no stray 2™ harmonic
light from the laser could strike the camera. Therefore, a different size of filter would have to be used to
make sure that the signals are comparable. A comparison had to be made between different filter sizes
to make sure that nothing unexpected happens with this change. For these experiments the experimental
procedure is kept the same as the set-up explained in the methodology except the filter attached to the
camera that was changed. A comparison on filter size was used to ensure the collection solid angle

change didn’t affect the profiles of the two measurements.
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Figure 5-44: Size of filter comparison @ ¢ =2.3

Figure 5-44 shows the comparison of the normalised centre line signal with the two different filters. It
shows good agreement and therefore it does not matter to the profile. The 17 filter also uses a 532nm
notch filter however as seen it does not change the overall LII 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 change
the profile and using the smaller filter only decreases the signal to noise ratio but 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 incandescence

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

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 to characterise fluorescence in the same flame by comparing 1064 nm and 532 nm results and
using subtraction to infer Laser induced fluorescence of certain PAHSs species. As discussed previously
in the background and methodology chapters, the fluences between the 1064 and 532 nm have to match
to the same signal after delayed detection (160 ns) so that the signal is able to be comparatively similar.
The detection wavelength is shorter than the excitation wavelength at 532 nm; this may indicate that no
fluorescence will contribute to signal due to red shift nature of fluorescence. However, for some sized
PAHSs the energy levels are closely spaced, the thermal population is higher than the ground state
making it possible that excited particles fall to the ground state losing larger amounts of energy than

was induced through excitation indicating it is possible to occur.®®**

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

difference and has been seen in the past to have no effect.

Results show as expected that when imaging with 532 nm excitation wavelength it is better to use
delayed detection (signal obtained at a time past the peak signal, since interference can affect the
prompt signal (the peak of the LII signal).

5.6.1 LIl temporal comparisons between 1064 nm and 542 nm excitation

Figure 5-45 shows an example of the temporal profile comparison between 1064nm and 532nm taken
using the camera. Overall the results show that the peak signal is not the same, which can be attributed
to the fluorescence of species included in the result. This is a good indication that the difference in
signals can be attributable 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 is
believed to be expected when comparing to other previous measurements of temporal measurements of
excitation by different wavelengths done by previous members of this group. A shorter gate and larger

collection angle would also help increase the LIF to LII 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 volume

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 was 20 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 at
450 nm as discussed previously with a camera gate of 20 ns which is over the peak signal to ensure the

maximum signal where fluorescence occurs.
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Figure 5-46: LIl Imaging using 532 nm laser excitation @ ¢ = 2.3 using 20 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 at
different HABs there should be overlap. Figure 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
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5.6.3 Comparison between 2 laser excitation wavelengths at 2 different equivalence

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 peak
=2.3 camera gate @ 20ns signal @ ¢ =2.2 camera gate @20ns

The results show in that at much lower heights the signal is higher in the 532nm results than excitation
with 1064 nm. This indicates interference from fluorescence of nascent soot and other interfering
particles at this height. Figure 5-50 shows the fully subtracted signal and shows some interesting
characteristics. These results are non-simultaneous. For where ¢ =2.3 it seems there is a steady
increase in fluorescence at around 5 mm until 11 mm then a drop till 14 mm and then a plateau
onwards. Whereas for the ¢ =2.3 flame a 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 flame
there will be more but smaller PAHs which is what is assumed to be contributing to the fluorescence.
The signal increases because the larger PAHs and have a larger florescence signal. The section where
the signal decreases could maybe be attributed to oxidation as a heat mechanism. Oxidation causes the

breakdown of some soot molecules back to PAHs.** #*

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

compounds.®®
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Figure 5-50: Fluorescence Subtracted Signal at 2 different equivalence ratios

The fluorescence subtracted signal could maybe be improved if the signal to noise could be improved.
However, because of the constraints of the experiments typical options such as increasing the filter size
and shorten the gate length aren’t possible. The signal needs to be prompt so therefore the max signal
to background can be used. Previous work in the group using a larger equivalence ratio could also help

produce a large enough fluorescence signal.”
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5.7 Discussion of validation and future work

This chapter shows validation when using standard methodology. Beam comparisons to laser sheet
comparisons using camera imaging measurements show good agreement when measuring normalised
profiles .Though when using the 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 a
day to day basis so care must be taken and a calibration image must be taken to achieve a good flat field
correction. Overall the methodology can be used in a variety of setups such as changes to filter size,
gate time and optical slit size. As long as the same conditions are met for the calibration image these
setups can be used to calculate soot volume fractions. The results show the same trend when normalised

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

Extinction measurements show good agreement with standard LIl images taken at same equivalence
ratio. When comparing signals between experiments care must be taken and typically for experiments a
calibration image should be taken to ensure a correct soot concertation to pixel intensity factor can be
found. Using LIl imaging it is possible to 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 agreement in results
between point measurement and imaging measurements meaning that the method used is acceptable so

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

So far, it appears the burner has been characterised 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 in-situ 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 fluorescence signal. It was shown
that with an increase in equivalence ratio there is an increase in fluorescence signal. This indicates that
with larger equivalence ratio there is a larger abundance of PAHs within the flame. It was also seen that
there is PAH signal at lower 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 at
532nm laser light. It would be possible to do this if a mix of PAHs was seeded and 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 signal.”
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Using a higher detection wavelength filter could maybe deliver more fluorescence signal at these lower
wavelengths. A spectrometer could be used for both wavelengths to see the difference in signals

between detection wavelengths.

Further work could be done and the 3™ Harmonic of the laser could be used as well to help the
fluorescence of smaller species. Previous work has shown that using the 283 nm light and comparing it
with the 532 nm laser light, there is a difference in signal at different heights caused by the different
sizes of PAHs.* Additional work could be done in another field to extend exhaust emissions as there

has been a lot of work already carried out on exhausts using L1l and LIF separately.
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6 An investigation of the effects of heat transfer to the

stabilisation plate on soot volume fraction 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 could
cause changes in the temperature of the flame and therefore could change the soot volume fraction.
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 composition. It
was hypothesized that the temperature of the upper regions of the flame could be influenced by
changing the stabilisation plate. A larger amount of heat would be removed from the flame by changing
the diameter and thickness of the stabilisation plate, as previously observed in the group. It was visible
that the temperatures were different between the burners of different diameter even with same
equivalence ratios. This was assumed to have happened because of the different sized stabilisation
plates used in each burner causing heat transfer effects therefore it was important to measure the plate

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

The influence of temperature on soot formation has been well documented to show that at larger

122

temperatures in the flame the lower soot volume fraction. Bohm et at.™ shows the strong and non-

I 123

linear dependence of the soot concentration on the flame temperature and Xuan et a show with

modelling that premixed laminar flames, at lower temperatures and with a decrease in oxygen cause the

flame to be colder and more soot rich. Bockhorn et al.*?*

shows 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 centre
hole and a plate with a stainless steel mesh have different soot volume fractions; however this is down
to changes in the flame geometry. Bockhorn et al.** has shown that the soot concentration doesn’t vary
much with the change in heights of stabilisation plate while Axelsson et al. *° has 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 at
a height of 26 mm the decay becomes longer than the 21 mm stabilisation plate by around HAB of 15
mm. This seemed to be caused by the soot particles becoming larger with the flame temperature

influencing the particle size.

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

over time; measurements of temperature in 2 different sized burners; comparison of measurements of
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LIl signal in two different burners. Some modelling of the flame centre line temperature was done using
the Cantera software at two different 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
Table 6-1 shows the experimental factors when using the camera in this investigation. The experiments

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

The gate length was set to 20 ns or 50 ns and the gain was set to the maximum. The detection source
had a 450nm filter. The fluence was always recorded to be 210 mJ/cm?’.

Table 6-1: Camera experimental parameters

Laser fluence 210 m/cm’

Number of images recorded 2sets of 100

Gate length 20 ns or 50 ns

Intensifier gain setting 99

Camera delay 20 ns to cover Peak Signal
Detection filter 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 stable.""® Figure 6-1 shows the flame at an
equivalence ratio of 2.3 without a stabilisation plate and Figure 6-2 shows the flame with the
stabilisation plate. It is visible from the images that the plate changes the dynamics of the flow as well
as the stability with a lot of movement in the flame. It can be seen that the flame is also lifted showing a
higher start of the flame from the reaction zone. The flame also becomes narrower with increasing HAB
due to the buoyancy and therefore won’t be one-dimensional. LIl images were taken without the
stabilisation plate however because of flame and flow fluctuations the results weren’t reproducible. If a
shroud co-flow had been used, a more stable image would be recorded and a comparison could be done

between the burner with and without the plate.'®®

Langenkamp et al.'*

show experimental and modelling LIl and light scattering results in a Mckenna
burner without the stabilisation plate but with a co-flow 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 effect the stabilisation plate has on temperature an S-thermocouple was used to measure the
temperature of the flame. However, by putting the thermocouple straight into the flame it decreased the
reliability of the temperature readings due to soot deposition on the probe, as 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 seen in Figure 6-3.
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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 like Figure 6-5 was employed to ensure reliable temperature reading with the drilled
hole as close to the plate as reasonably practical. The setup is pictured in Figure 6-4. 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 with large plate(64 mm diameter) with thermocouple inserted into the stabilisation
plate @ ¢ =2.2
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Temperature
Measurement Recording
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approx. 1/4 inch

Water Cooled
Porous Plug
Burner

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

The plates used on these experiments were a 2cm thick and 38mm diameter plate and a 3.5cm thick
plate and 64mm diameter plate. These plates were chosen because it was deemed that they would cause
a large enough difference for heat transfer but would also have reasonable length and diameter to be

used.
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Figure 6-6: Raw LI1 signals using two different plates ¢
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at different equivalence ratios
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Figure 6-7: Flat field corrected (FFC) LI1 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 mass
reducing the temperature in the flame. However, this was found not to be the case as when the soot
signals were compared there was no real difference between them thus indicating no real difference in
soot concentration as seen in Figure 6-6. The raw data signal from the experiment with the flat field
corrected signal shown in Figure 6-7. The experiment was carried out at two different equivalence
ratios which have discernible difference in soot volume fraction to ensure that the change in soot

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

The temperature results show a difference in temperature of about 100 °C as seen in Figure 6-8 and
Figure 6-9. Also, as expected that as the plate thermal mass decreases the time taken to reach
equilibrium decreases. However this corresponds to the results in Figure 6-15 where lower temperatures
of the plate at earlier times, and thus lower plate temperature at the time of acquisition doesn’t affect the
signal. This indicates that there is no real way to control the sooting propensity of the gas by
manipulating the stabilisation plate area. This indicates that the temperature at the measured points in
the flame doesn’t affect the soot concentration. Besides, the comparison between equivalence ratios

shows a higher temperature at lower equivalence ratios, as one might expect.
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Figure 6-9: Surface temperature of the stabilisation plate vs time using two different plates @¢ =2.2

6.2.2 Larger burner experiments

A comparison against the larger burner described in the methodology in chapter 4was used to check the

difference in the burner temperature.
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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 plug burner while,
measuring the temperatures of the ‘flame’ using the plates and setup as before. Figure 6-11 and Figure

6-12 show the averaged LII results for the larger and smaller burners using their own respective

stabilisation plate.
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Figure 6-11: Larger burner @¢ =2.3 Figure 6-12: Smaller burner @ ¢ =2.3

Figure 6-13 shows the comparison of the centre line signals between the two burners and Figure 6-14
shows the flat field corrected at the upper ends. They show similarities in the profile as well as
empirical signal. This indicates that the soot volume fraction within the flame is similar if not the same.
Significant extinction takes place in the larger plate, therefore if any other measurements were to be
made in this burner or a similar large burner care has to be taken. For the first half of the burner the
signal can be seen to be pretty constant (the laser travels right to left in the image), the signal drops due
to extinction caused by the reduced local fluence. Since the fluence is just in the plateau regime the
extra path length has reduced the signal. Therefore, it would be recommended 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 LI1 signal profiles comparisons between 2 different burners ¢ =2.2 @ camera gate 20 ns
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Figure 6-14: Flat field corrected burner comparison @ ¢ =2.2

6.2.3 Flame stability and the LII signal over burner operating time

To investigate the influence of time on the measurement of soot concentration it is important to measure
the LII signal within the flames over time. The same was when taking raw data from using the flame it
is important the flame is stable and measurements are consistent. Measurements that show a stable

flame include low standard error between shot-to-shot images, no significant changes in soot volume
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fraction over time. Previous experiments in the group have shown measurements should be taken during
10 to 25 minutes.

Figure 6-15 shows the LIl signal measured by the ICCD camera over time. The results were taken over
the Imm x 1mm from the centre line and the signal was integrated and average. They show that there is
no real change in soot volume fraction over time except at 2mins where the flame appears to be more
unstable. Therefore it is important to ensure that measurements are typically taken after 2mins. No flat
field correction has taken place as to ensure no change in the raw data. The flat field corrected image

can be found in Figure 6-16.
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Figure 6-15: Raw L11 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 showed no change in soot volume fraction over flame running time. Shown in
Figure 6-9, these different times have different temperatures of stabilisation plates of the burner thus
implying differences in temperature of the flame.

For these experiments, there was typically at least a waiting time of 5 mins for the flame to be running
and the experiments were finished before 25 mins where it could be visibly seen that the stabilisation
plate had soot which effects the flame and may clog the porous plug burner.”

It was found that the soot concentration also doesn’t change over time in the larger burner as well.
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6.3 Modelling

Within the group, the Cantera model was used to model the steady state one-dimensional 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 flow
reducing the governing equations to a single dimension. The fluids are assumed to behave as ideal gases

and the tangential velocity is assumed to be zero.*?®
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Figure 6-17: Modelled centre line temperatures of different plate temperatures using ABF(Appel-Bockhorn-Frenklach)
mechanism @¢ = 2.3 and mass flux 0.0629 kg/s (550 °C is the larger plate temperature recorded, 30 °C is the plate at
initial conditions, plate temperatures shown in legend in °C)

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

mass fluxes.
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Figure 6-18: Modelled centre line temperatures of different plate temperatures using ABF mechanism @¢ = 2.2(550 °C
is the larger plate temperature recorded, 30 °C 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 at
around 16 mm as seen in Figure 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 to
stabilise.

1400

1200 -

—_

(=]

o

o
1

800 -

# Larger Plate Simulation
600

HESmaller Plate
Simulation

Temperature (K)
i N

0 10 20
HAB(mm)

Figure 6-19: Modelled centre line using ABF mechanism at a lower mass flux of 0.167 kg/s (larger plate boundary
Temperature=300°C, smaller plate 450 °C) @¢ =2.3
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6.4 Conclusions and future work

Overall the results produced were interesting. Heat transfer effects caused by changing the thermal mass
of the stabilisation plate had no noticeable effect on the soot volume fraction within the centre of the
flame. The comparison between the same equivalence ratios in 2 different burners provided the same
soot volume fraction even though they were at different temperatures. Another interesting point is that
there seemed to be no change in soot volume fraction with the amount of time the burner had been
running for from recordings up to 25 minutes. The results from these set of experiments were
unexpected considering the initial hypothesis, but the overall results were shown to be in agreement.
Modelling results have shown that the plate temperature at standard conditions and standard flux have
no real effect on the temperature throughout the flame until very near the boundary layer and therefore
agrees that there won’t be change in the soot volume fraction throughout the LIl measurements areas.
When the mass flux was reduced though it was found to have an effect on the temperatures at around

16 mm because of the type of burner for these flux rates, this is not feasible to run experimentally.

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

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

7.1 Introduction to long-pulsed and high repetition rate LI

The desire for accurate measurements of soot concentration in exhausts for engine certification
standards has led to an increase in the need for methods to accurately measure soot volume fraction. For
LIl to be effective in industrial test environments it is important that the laser source to be adaptable and
easy to insert into a combustion test rig without the need to interfere with the combustion set-up and
allow for efficient beam delivery. The G4 long-pulsed fibre laser allows for efficient beam delivery to
and there is also safety advantages associated with using a fibre laser in that the beam doesn’t have to
be mirrored into measurement position. The G4 long-pulsed fibre laser is compact and inexpensive
excitation source with the potential for high rep rate measurements.*”* Typically the most common LII
excitation source is the Nd:YAG laser which has been described as ‘bulky, inefficient and the most

127

costly part of an LII system’ =" and if a methodology can be established the G4 long-pulsed fibre laser

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

128
1.7,

A previous example of a high rep-rate fibre laser being used, is shown by McCormick et a who

demonstrates the proof of principle of for the application of this type of laser in engine exhausts (since

129

current requirements for emission certification require a SAE smoke number this type of laser could

130 Overall the results shows that

facilitate this measurement thereby improving engine measurements).
LIl tended to follow the relative trends of the engine when compared with extractive measurements.
These results show the need for an investigation into well- controlled laboratory flames to assess the
capabilities and limitations of this laser, 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 that
the camera may be physically closer to the measurement allowing better spatial resolution and help the

understanding of the signal across the image.

While there has not been much investigation of LII using this type of fibre lasers, there have been some
other investigations into high repetition lasers. One set of investigations carried out by Michael et al.**!
showed the effects caused by the gas heating effects when using high pulse energy. This laser was also
used to show planar laser induced fluorescence imaging by Slipchenko et al.*** and shown to monitor
low frequency instabilities and high speed fluid dynamics of a lifted methane diffusion flame. A pulsed-
burst laser consists of a burst mode Nd:YAG with an incorporated fibre oscillator and diode pumped
solid-state amplifier typically producing high pulse energies and high rep rates (15 mJ at 100 kHz).
Michael et al.**" 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 using a pulse-burst laser to overcome the
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problems associated with fluid flame interactions, they showed that the high repetition rate of 100 kHz
allowed for better analysis of the fluid-flame interactions in more turbulent flames. Cenker et al.* also
carried out investigations using high repetition rate detection camera to take images and show the effect
of laser induced heating of the bath gas using a standard Nd:YAG laser. Results show that at high
fluences above 300 mJ/cm? a large region of laser heated volume of the bath gas is heated. Since long-
pulsed lasers have a longer pulse over this fluence this effect was neglected for this work, though some
checks could be performed to make verify this. Boxx et al."** used a kHz-LII solid-state laser in a
diesel engine cylinder to show qualitative images of the L1I signal uses a high speed CMOS camera.

As well as high-rep rate measurements using solid state Nd:YAG lasers there has been some
measurements using long-pulse lasers. Ditaranto et al.**® used a long-pulsed LII setup (fundamental
Nd:YAG laser with some temporal shaping capabilities to change the laser top-hat profiles of duration
range 50-1500 ns in a laminar diffusion flame) to show that the measurement of soot volume fraction is
not impaired by the use of a range of pulse durations. The difference between the Nd:YAG setup and
the fibre laser used in this thesis is the Nd:YAG has the ability to produce high enough laser pulse
energy. This allows for spectral filter of a bandpass filter 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 ns

showing a rebound effect of LII signal. A follow up study by Ditaranto et al."*

with long-pulsed laser
induced incandescence using the same fundamental Nd:YAG laser with some temporal shaping
capabilities to change the laser top-hat profiles of duration 100 ns, 200 ns and 450 ns in a laminar 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 LII
signals at high fluence with strong fluence dependence and overall results indicate unexpected LII
signal behaviour may be physically linked to the laser-soot interaction. Hverven'® ruled out PAH
fluorescence as a phenomena which may cause twin peaks using the discussed setup. It is suggested this
is caused by morphological changes in the soot as well as new particles being produced by sublimation.
Since the pulse energies are much larger using the Nd:YAG compared to the fibre laser it may seem
that from results with the fibre laser do not suffer from this phenomenon. Overall these show the need
to produce a reliable methodology using long-pulse fibre laser to allow for soot concentration

measurements.

The limitations of using the long-pulsed fibre laser is that while the laser has a typically high average
power but lower pulse energy compared to standard Nd:YAG lasers causing the need to focus the beam
leading to a Gaussian spatial 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 results obtained using a long-pulsed fiber laser. The output launch optics shown

in Figure 7-1 with comparisons of results produced using conventional a Nd:YAG 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 a
soot volume fraction measurement using this type of excitation source. The results consist of fluence
curves, LIl images and 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 by
sequentially varying the timing of the camera gate. These results allow for a direct comparison with
measurements taken from the Nd: YAG excitation source. These results can help establish this basis of
the technique which could maybe be used in more complex flames.

Building from a standard LIl heat transfer model, a model of the long-pulsed LIl was developed. Past
literature shows the need for developing a model that can be adopted from standard LIl models. The
results showed the effect that long-pulses at high fluences can have on the vapourisation of the soot
particle and thus 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 other
components of heat transfer such as annealing not being taken into account which can effect model
assumptions such as absorption coefficient can be changed by annealing which is more prevalent when

the soot particle is being heated longer.*® ¥

=

Figure 7-1: Image of long-pulsed fibre laser launch optics and focusing lens
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7.2 Long-pulse laser induced incandescence 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 long-pulsed LII

The set up for using the long-pulsed laser is shown in Figure 7-2. By replacing the Nd:YAG laser with
the G4 SPI fiber laser allows for placement without the need for mirrors to align the beam, The
focussing lens(f=32mm) is used for focussing the divergent beam which focuses to a minimum 1/e?
waist size at the centre of the burner. The laser source is commercially available SPI redENEGERY ™
G4 1060nm wavelength class 4 fiber laser. The laser source was set to a repetition rate of 30 kHz. This
can be changed remotely from a range of 1 kHz and 100 kHz, however for the purpose of these
experiments it was kept to a standard rate of 30 kHz so as to compare with McCormick et al**® as well
as it being the optimum repetition rate for producing the highest and most stable power output as found

in the appendice in the datasheet for this laser.

Using a Thorlab’s dual scanning slit beam profiler (BP209-1R/M)**, the 1/e? diameter of the laser was
measured to be approximately 0.2 mm at the tightly focused centre as seen in the beam sizing profile
where the full measured beam profile can be found. The profile was then moved back 1 mm each time

to then produce a full spatial profile.

The laser temporal profile was measured by directing weak beam reflections from a microscope slide
onto a fast photodiode. The laser pulse shape was found to change slightly with differences in power, so
therefore any powers used to measure LIl also had to have corresponding pulse shapes however the

duration of the laser pulse was approximately 200 ns at all pulse energies tested.
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A focusing lens is used in this setup and can be seen that the laser spatial profile is Gaussian. This can
cause many problems especially when trying to calculate the fluence across the flame. Experiments
were carried out using the flat flame laminar burner previously mentioned so that a comparison between

the two different laser types could be produced.

Like previous experiments described in this thesis using an ICCD camera was setup positioned at right
angles to the laser beam axis and at a distance from the flame to allow for the best spatial profile. A 50
ns gate was used as it was found that 20 ns didn’t produced enough signal whereas with 100ns the
background became harder to subtract since the signal to noise ratio became lower. While the laser has
a repetition rate of 30 kHz the camera only has a recording rate of approximately 10 Hz. The PTU
attached with the camera is able to synchronise the camera and laser to record at the optimum 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 measurements. This also led for the need for the background subtraction to take
place during post processing of the raw image.

It is suspected that high fluences may perturb the combustion and the flame causing the gas temperature
to increase.****! Most measurements were taken at the power reading 3.29 W(109 mJ pulse energy). De

lulliis et al.***

showed the effect that a large enough flow rate can reduce the effects caused by repetitive
pulsing using a standard laser. It was estimated that the fluence wouldn’t be high enough to cause gas

heating because of the small measurement area of approximately 200 ;s estimating that the speed of

the flame is high enough(around 3 m/s) to remove the heated particles before they can influence the gas

temperature.

To control the laser such as power, pulse frequency etc., commands were sent from the computer
hyperlink to an electrical breakout board connected to the laser. The output power of the laser was
controlled by a hyper terminal on the computer. The SI Hyperlink command controlled the current in
the laser which determines the output power. It was seen that the power was linearly proportional to
drive current as seen in Figure 7-3 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.

123



Investigation of a long-pulsed fibre laser as an excitation source for LII

— —
=] 8]
1 ]

4

o0
A 4

4 S ¢ Power Reading

Power Reading (W)
4

0 T T T T 1
0 200 400 600 800 1000

S| Hyperlink Command Input

Figure 7-3: Computer Command Input to Power at a rep rate of 30 kHz

The beam is terminated using a thermophile power meter to measure the power output as well as reduce

any scattered light in the laboratory.

7.2.1 Experimental factors and settings

Table 7-1 shows the factors and inputs which were used for the experiments using the camera. For the
signal to noise ratio of the camera results no 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 was

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 PMT. The gain was set to
1000 and a Schott Cut on Filter was used to help reduce the signal to noise ratio. The PMT results were
two experimental repeats with 256 averages on the oscilloscope. The number of averages was
increased, so as to reduce the noise on the oscilloscope as compared with typical LII there is lower

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

Number of averages

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 long-pulse LII measurements since unlike standard LII
measurements where the shape is typically and preferably uniform, the profile for this long-pulse laser
is Gaussian meaning that the fluence changes across the measurement area. Figure 7-4 shows the beam
diameter after the focussing lens; the minimum diameter thickness (1/e°) is 178 pm. The reason the
1/e® width was chosen as it is a widely accepted way of measuring laser beam diameters as it is better
practice than to just use the FWHM as it states more of the laser output. It is the distance between the
two points on the power intensity chart that are 1/e? of the maximum value. Any fluence value stated

will calculated using the 1/earea, particularly at the focal point.
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Figure 7-4: Beam Shape after being focussed(focal point occurring 330 mm after the lens) Measured in two planes x
andy

This was taken at pulse energy of 0.09 mJ and it is known that the profile doesn’t change in shape with
the increase in power measured by weak reflection to the beam profiler. The measurement was taken at

this power since higher powers may have damaged the beam profiler.

126



Investigation of a long-pulsed fibre laser as an excitation source for LII

Figure 7-5: Profile of long-pulsed laser at focussed waist. Measured using beam profiler (1 unit in the scale equates to
100 um) 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 the
beam to be fairly Gaussian and circular. This is useful to know especially when comparison with
modelling. The beam profile was measured using a beam profiler which was also used to measure the
waist size to be determined. The measured values were used for measuring the beam diameters not the

fitted function.

Further confirmation that the measurement beam was found to be Gaussian was the measurement of LII
signal profiles at the centre line signal at individual points as seen Figure 7-5. By taking a point just
below the measurement beam in the centre line and MATLAB can then translate up the beam and
integrate the signal over the horizontal position of 0.4 mm. The resultant signal across the beam is
shown to be Gaussian and MATLAB can fit a Gaussian function gauss2 (a two term Gaussian model,
which is a fit based off a Gaussian and linear profile allowing for a background signal subtraction). The

fit is shown to fit well showing that the beam is very Gaussian.
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Figure 7-6: Example signal across the centre line in a ¢ =2.2 flame

7.3.2 Long-pulse laser temporal profile

Standard LII uses a laser which typically has a Gaussian temporal profile with a FWHM of 6-9ns and
because of the short times when modelling the laser temporal profile was have less of an effect on the
whole LIl signal when changed, however with long-pulse the pulses being longer and different shape
may cause the LII signal out to change dramatically therefore its important measure the temporal
profile. The laser pulse shape was found using a Silicon fast photodiode. As seen in Figure 7-7, the
pulse is around 30 times larger than what is used in conventional LII, an example shown in previous
parts of this thesis such as chapter 5. 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 repeatable so this means that
when measuring LIl signal images it is important to measure the pulse shape saying it has no real
uniform shape. Care has to be taken when using the laser at specific powers as this may have an effect

on the signal due to the pulse shape of the laser.
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Figure 7-7: Laser pulse shape at a range of different pulse energies normalised to the largest signal
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7.4 Long-pulse laser images

For images the values chosen was the mean over a specified area. It was assumed that no extinction
takes place across the flame since none could be measured at these equivalence ratios and therefore
assumed ineligible. This assumption then allows for the fluence to be found locally at different points

within the beam by dividing the pulse energy by the 1/e? beam waist area.

7.4.1 Camera images at different fluences

Figure 7-8 to Figure 7-11 show examples images of average images at ¢ =2.2 at different pulse
energies. At the lower powers it can be seen that the background emission of the flame may place a
significant 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 used
with the camera without drastically changing the signal to noise ratio this may help the improve the
image quality at lower fluences as seen in Figure 7-8 as it could allow for some of the background

flame radiation.

130



Investigation of a long-pulsed fibre laser as an excitation source for LII

200

£ £
E £
P 150 P
[} [}
f = f=
S 20 5
[sa} m
2 2
o 100 o
2 2
«— 15 —
= =
R= =
[} ()
pu g ju

-
o

2 -1 o 1 2 2 1 o 1 2

350

300

250

200

150

100

Radial Position(cm) Radial Position(cm)
Figure 7-8: Image of LPLII at 0.03mJ @¢ =2.2 and Figure 7-9: Image of LPLII at 0.05 mJ @¢ =2.2 and
camera gate of 50 ns camera gate of 50 ns

[
o

w

Height Abowve Burner {(mm)
w
8

Height Abowve Burner (mm)

o

2 4 0 1 2 2 4 0 1 2
Radial Position(cm) Radial Position(cm)
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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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Figure 7-12 shows the radial profile at different pulse energies. It shows that at lower heights the profile
is more uniform because fluence in the centre hasn’t plateau yet. With comparison between the different
pulse energy profiles it can be seen that 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 reaches a
point where the signal starts to plateau this is a good indication of what is expected to happen. The data
was found by as discussed in the previous section integrating across 1 mm of the beam to ensure all the

signal is collected for the radial profile.

It can be seen that there is a slight incline of the laser beam probably because 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 a
problem since it is approximate incline of 0.08 mm from one peak at one side to the peak signal at the

other side as seen an example in Figure 7-13.
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Figure 7-13: Vertical profile of L1I signal across the beam (the zero 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 LII signals and the
laser energy density. To simplify these results the fluence was calculated using the power measured by
the power meter and the area of the waist measured using the beam profiler. The signals temporal shape
changes with pulse energy though beam shape does not. Since with long-pulsed 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 seen in Figure 7-7. This makes taking a fluence curve by changing the power
difficult. For camera fluence measurements it was deemed that the best way to find a fluence curve was
to measure the fluence across the burner profile then the signal which has been corrected for cross
sectional area, this can then be used to produce a fluence curve. This fluence curve can then be used to

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 the variation of fluence across the burner when the pulse energy is 0.105 mJ. The
fluence is calculated by using the 1/e? diameter to calculate the cross sectional area. Unlike the temporal
profile of the laser the laser spatial profile is known not to change over changes in the output pulse

energy.
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Figure 7-14: Fluence calculated across the burner 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
correction is done by dividing by the cross sectional area which is measured by the beam profiler and

the focus being at the centre of the burner and then normalising the signal from the LIl image. This was
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done at a HAB of 16 mm where the profile is known to be uniform The fluence is taken at radial
positions where soot volume fraction is known from other measurements at HAB of 16 mm. The results
show the trend that is expected for a Gaussian profile 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 corrected for the measurement area with the fluence curve
normalised signal. The profile is slightly uniform at 0 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 near-uniform though it can be seen that this is caused by random variation.

Another way to check would be to use the PMT and measure across the laser using a translation stage.
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Figure 7-16: Corrected %2 Radial profile for overall pulse energy of 105 mJ in ¢ = 2.2 Flame @HAB=16 mm

7.5.2 PMT fluence curve

The LII fluence curve can be seen to be different depending on the measurement device and the way the
signal is collected. This is most likely due to the gated nature of the camera. Figure 7-17 show results of
the peak signal as well as the signal integrated over 50 ns. The difference between the fluence curves
between camera and PMT is because of some of the same factors where the time where the peak of the
LIl signal changes and the camera has a fixed gate position discussed in the methodology chapter as
well as because of the different filters and spectral responses of the detection equipment. These results

show a similar trend to the fluence curve produced by Ditaranto et al**®

who uses long pulses 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 Hverven.™® These results show the importance of measuring using the same detection
method. As expected the ‘plateau’ 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 fluence. Since the fluence
curve using the PMT measures the peak signal the change in the temporal profile doesn’t change the

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

Model and PMT fluence curve comparison

Figure 7-18 shows the difference between a modelled long-pulsed 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 similar
trend, this could maybe be improved with more averages in experiments. The fit could also be improved
between the two curves.
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Figure 7-18: Comparison between PMT and model peak fluence curve

Overall there is a way to 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 of

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 1
mm. This area was the same for all measurements. For measurements of the HAB signal, results were
taken at pulse energy of 0.109 mJ. These results 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 long-pulse detection measurements and
LIl excitation measurements

Figure 7-19 shows the centre line signal collected using the camera. The results show similarities 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 signal can be seen.
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Figure 7-19: Centre line profile of HABs at different equivalence ratios using LP-LI1 at 0.109 mJ at camera gate of 50
ns

Time resolved point measurements were recorded as seen in Figure 7-20 using a Schott long pass filter

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

centre line HAB measurements as seen in Figure 7-21.

oo

HAB= 10

»

N

N

LIl PMT Signal(mV)
o

0 200 400 o600 800 1000
Time(ns)

1
N

Figure 7-20: PMT results @ ¢ = 2.4 for different HABs

Figure 7-21 shows the comparison between the cameras with a 50 ns gate, long-pulsed LIl centre line
signal and PMT measured long-pulse centre line signal measured at the same laser pulse energy at 109
mJ/ pulse. Comparing PMT measurements and camera measurements gives confidence that it doesn’t

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

Figure 7-22 shows the comparison for the standard LIl Nd:YAG laser excitation source measurement
and the long-pulse excitation source centre line signals. For the normalisation the Nd:YAG results were
divided by the largest number for the signal collected by the camera. 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 long pulse laser becomes
overestimated due to the background subtraction not being larger enough due to the signal to

background becoming much lower.
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Figure 7-22: Long-pulsed laser centre line HAB comparison with Nd:YAG results

7.6.2 Long-pulsed LII temporally resolved image profile

Figure 7-23 shows the temporal profile measured in an ¢= 2.2 flame. This indicates that the technique
is able to be adapted to give an imaging temporal profile.’® Care does have to be taken with
background subtraction to ensure the starting and finishing points are correct. This is a point which

could be improved through the use of filters.
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Figure 7-23: LP-LI11 temporal profile measured with camera @ ¢ =2.2 @ 109 mJ
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7.7 Long-pulse LI1 modelling

For modelling long-pulsed LII 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 at
multiple wavelengths.

7.7.1 Laser temporal profile modelling

When considering LI1I modelling one key area in which long-pulse LII differs from short pulse LII is the
laser temporal profile. 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, the
accuracy of the model will be significantly increased. Another method that could be used to represent
the laser profile more accurately is to import experimental data, and model the data as a function which

can then be implemented in the model.

The temporal profile was changed for long-pulsed LIl compared to the standard model by implementing
the pulse recorded on the photodiode from experiments. The data for the laser from the experiment is
read into the model, the model then accounts for differences in time steps etc. by making a fit of the
curve. The fit of the curve can then be normalised so the area is equal to one under the graph. This is
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 overall this shouldn’t influence the results

produced.

7.7.2 Laser spatial profile modelling
When modelling LPLII it is important to account for the spatial profile. The long-pulse LIl follows a
Gaussian profile which needs to be accounted for unlike the standard LIl which uses a top-hat

profile.®1%

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

Figure 7-24: Cross section of the beam measured

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

increment as seen in Figure 7-24. The signal for this fluence can be produced and multiplied by a factor
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which accounts for the annulus of the Gaussian profile at each position within the beam. The fluence
for the area of the segment of the Gaussian profile follows the Gaussian distribution as seen in Bladh et

al %8

) P 2 ( r2> Equation
r)=—— exp|——
frr? w3 7-1

Where

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

f is 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 the
beam:

o © r(x+1)—r))? Equation

m 1 7-2

Where:
 is the fraction of the area of the annulus

7.7.3 Spectral detector efficiency

Since in the long-pulsed LII 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 a
way of modelling this effect has to be developed. This was done by reading in a recording of the
detection efficiencies from provider’s manual as seen in Figure 7-25. The detection efficiencies read
into the model, can be interpolated with a set of wavelengths that want to be used. The model can then
produce a signal at each wavelength stated, which has been multiplied by the collection efficiency
factor. The model has therefore calculated a spectrum of the LII signal weighted for detection efficiency
at each radial position in the beam at for each time step. Figure 7-25 shows the detector efficiency for

the camera which is used in this model.®’
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Figure 7-25: Camera collection efficiency adapted from the Nanostar Lavision Manual®’

7.7.4 Long-pulsed LIl modelling overall results

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

model similar to the ones that are used previously. Some assumptions used in the model include:
» Initial Particle Diameter = 30 nm
* (Gas Temperature = 1700 K
+ Initial Density = 2200 kg/m°

* Absorption Function=0.36
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Modelling measurements at different fluences
1.20 -

-

o

o
L

® Modelled LIl Signal

o

o

o
L

B Laser Pulse Profile

Normalised Signal

0.40
0.20
0.00
0 100 200 300 400 500 600
Time (ns)

Figure 7-26: Modelled L1 profile at pulse energy of 0.22 mJ (fluence 680 mJ/cm?)

Figure 7-26 shows the modelled LII profile along with the Laser pulse profile measured experimentally
and included in the model. It shows where the peak signal is compared to the laser temporal profile. It
can be seen that the laser pulse spends a considerable time over the modelled peak LIl signal showing

that the soot particle is being heated over a long time.
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Figure 7-27: Modelling temperature of soot vs time comparisons at different range of fluences. Fluences range from 680
mJ/cm? for the high fluence, 290 mJ/cm? for the medium fluence and 145 for the mJ/cm? for the low fluence.
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Figure 7-27 shows the modelled temperature for the LII model at 3 different fluences. The results show
an extended time the particle spends at peak temperature. The 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 the largest fluence modelled which has a
pulse energy of 0.22 mJ. Figure 7-28 shows the heat transfer components rate of energy changed
involved in the model. 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 heat transfer components rate of energy change over time for pulse energy of
0.22mJ

Figure 7-29 shows the change in the mass of the particle over time which corresponds to the 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 mJd/cm?)

Figure 7-30 and Figure 7-31 shows the results of the model at 0.109 mJ. Figure 7-30 shows the heat
transfer components energy transfer; it shows that the effects of the absorption and vaporisation have

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 mJ/cm?)

This can also be seen in Figure 7-31 which shows the change in mass of the particle is very small
compared to Figure 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 included
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as it was thought that the longer laser pulses may have an effect however it can be seen that the effect is

relatively small. &
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Figure 7-31: Mass of particle over time at the pulse energy of 0.109 mJ (fluence 290 mJ/cm?)

7.7.5 Model comparison

Figure 7-32 shows a comparison between the camera measurement and the modelled signal. It shows a
difference between the modelled signals. The modelled signal has many assumptions associated which
may cause the difference between the signals. The modelling conditions are the same as shown in
chapter 3 with E(m)=0.36 and the particle diameter of 30 nm and at a pulse energy of 0.109 mJ. The
model may not include all the components that affect the signal such as annealing. Annealing has been
stated to effect signal by changing properties of the soot particle especially if the soot particle has spent
a longer time at higher temperatures, this shows the need for maybe further development in the

mOdeI 133,139
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Figure 7-32: Time resolved camera comparison with modelled signal

Overall it seems that the long-pulse modelling behaves as expected with relation to changes in pulse
energy. Trying to get a fit with the temporal profile 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 demonstrated using high power, long-pulsed fibre laser to measure soot volume
fraction within a flat flame burner. Results with averaged LIl images have been processed and shown to
give comparable profiles to the benchmark data measured by short-pulse LII shown in the thesis in a
previous chapter. The radial profile shows somewhat agreement with what is expected with it producing
a uniform profile; however by assuming no absorption across the flame the fluence and difference in
beam width this can seemingly be accounted for it does lead to some noise in the result. There 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 agreement 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 profile and the change in radius of the
beam being different to the standard models typically used in LII modelling. With some further
development such as developing an annealing component in the model, it could produce results that

give us more detail into the effects of long-pulsed heating on the soot particles.

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

The laser could be tested in more complex or turbulent flames such as the biofuel burner or aero engine
to see if it can give results similar to modelling in these complex flames. Using filters could also allow
for 2-colour LII to be carried out using this laser source. One way of improving the long-pulsed Laser
LIl set up and technique would be to also use with a filter to reduce flame background radiation as this

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

Lllsignal.*2342
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8 Laser 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 biofuels
sources in combustion. There has been a global drive to finding bio-based alternative fuels to partially
replace fossil fuels. 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 diesel fuel using LII, in a
wick diffusion. They showed that the smoke point increases in height with blends containing larger
biofuel content, showing the comparison with LIl images. The smoke point is a 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 and
sooting propensity. As the biofuel percentage is increased in the fuel the LIl signal decreased.
Extinction was used to calibrate the LIl signal to find the soot volume fractions.®® Soot volume fraction

in these types of flames and fuels can vary from 1 ppm to 300 ppm depending on a wide range of burner

|.143 |.89

configurations and fuel types. Tolomelli et a also showed similar results to Tran el al.* showing
biofuel blends but with no calibration to soot concentration. Salamanca et al. *** hypothesised that 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 the
effect of particle size distributions in ethylene premixed flames. Jozsa et al.'** demonstrated the
chemiluminescence of a rapeseed oil flame in a laminar premixing flame, with a large peak at 554 nm
in the spectra belonging to the C," radical compared to standard diesel measurements. The results from
these sources show the importance of knowing 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 transport
industry and if these fuels can be used to help limit the use of fossil fuels there is more interest in using

liquid and solid biomass fuels.

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

compared to the higher temperature industrial combustion. Therefore, if the formation of PAHSs rises,
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this will lead to a rise in the soot concentration which could be interesting to measure. Biomass from
wood is one form of biofuel source. Wood and cellulose compounds are complex fuels so there is a
need to first analyse simplest compounds involved in the combustion of wood to better understand the
underlying mechanisms of pollutant formation. Typically wood when heated undergoes pyrolysis which
frees organic gases and leaves behind the charcoal.****® Since up to 85% of the mass and 60% of the
heating value from wood is contained in the vapours produced by pyrolysis, therefore it is important to

try to mimic the conditions faced when burning these products, %%+

Wilson et al.**°

used Eugenol, Furfural and n-Decane in a wick burner (similar used in this project) and
used aerosol time-of-flight mass spectrometer (ATOFMS) for the study of soot formation.
Experimentally produced results revealed the mass spectra of the products of burning these biofuels..
There was accompanying computational combustion modelling. The model takes into account the
different pathways of soot production for different flames as seen in Figure 8-1. Since there is a
difference in the PAH formation routes it would be interesting to see if the sooting propensity that may
be influenced by this. CPD (cyclopentadienyl dimerization) is a mechanism involving the reaction of
cyclopentadienyl radicals, which generates naphthalene and indene to then produce soot through further

HACA mechanisms.

Atiku et al.**® studied the products from the fuels eugenol, furfural, n-decane and anisole, used
throughout this section of the project. They also compared the combustion products using TEM and
showed the mechanisms of soot formation for certain fuels. LIl point measurements were recorded in
this study and for better understanding of the soot concentration and soot distribution it was decided

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 al

1. 150)

This chapter investigates these biofuels (Furfural, Eugenol, Anisole and a conventional hydrocarbon n-
Decane for comparison), using a wick diffusion flame burner, to represent components that are
devolatilised as pyrolysis products during combustion of wood. Previous work in Atiku et al.*** have
used point measurements to measure the soot volume fraction and the radial profile for each of these
fuels, it was thought for more precise results imaging would be a better method to understand the soot
distribution within these flames. By calibrating with a flat flame burner a spatially-resolved, two
dimensional maps of soot volume fraction were found for each fuel as well as this is a time resolved
profile can be produced. The 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 it
wasn’t suppressed due to averaging. Preliminary investigations into the fluorescence 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 main
exception that the flat flame burner has been replaced by the biofuel wick diffusion flame as seen in
Figure 8-2. The four fuels used were >98% pure from Fischer Scientific. L1l measurements were carried
out using 1064 or 532 nm excitation wavelength. The same optics as previously discussed in the
methodology chapter was used with a 1 mm wide slit being employed since the diameter of the biofuel
flames is smaller. This allows for a trade-off 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 used a 532 nm notch filter was used in addition
to the bandpass filter. This was used so that no scattering 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 is
not sensitive to that wavelength. Signal levels were sufficient to allow for single-shot imaging of soot

volume fraction in these flames, with favourable spatial resolution.

. . 1-mm
Power Biofuel Wick  wide slit
Meter Diffusion Burner Sheet Forming Optics
Glan-lans

I \
l é I 0 K \
Polariser and

—t—1/2 Wave-plate

1064 nm
Nd:YAG Laser

ICCD Camera and
Lens with Filters

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 reproducible behaviour. % *°
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The type of flame used was a laminar diffusion flame.'® As discussed previously this is where the fuel
and the oxidiser meet by diffusion. The flame’s heat vapourises the liquid fuel which then diffuses to
the reaction zone. Soot particles are formed in the fuel rich regions of the flame then transported to the
lean regions and in the oxygen containing ambient surroundings there is some combustion of the soot

particles.

The results shown in the next sections are direct averages and no image has been omitted. It would be
possible to process the data to exclude any flames showing significant movement however it will be
shown that this wasn’t necessary to obtain representative averages. A 3x3 median filter has been
applied to all images. Most images don’t have a flat field correction applied since it was deemed to be

not needed when the calibration image is compared.

Some information on the fuels can be found in Table 8-1. This gives an indication of the sooting

propensity and some other factors that the change in fuel.

Table 8-1: Combustion properties of the fuels. Found by measuring the physical burner properties. These were found
in Atiku et al.™*®

Fuel Bp, °C Smoke Mass Emission, C/H Ratio
Point, mm Burning mg soot /g
Rate, mg/s | fuel

n-Decane 174.1 27 5.4 0.18 0.45
Furfural 161.7 16 4.8 27 1.25
Anisole 154 11 4.7 17.1 0.88
Eugenol 254 6.5 1.4 132.2 0.83
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8.3 Soot profiles of different biofuel flames

The first step to characterise the fuels is to measure the soot volume fraction. Single shot and averaged
images were recorded to show the effect that averaging can have on the soot volume fraction due to any
movements within the flame. These results were taken using 1064 nm excitation wavelength, with a
single image shown or an average of 50 images using a 1 mm wide slit and the fluence is 210 mJ/cm?. It
is assumed negligible extinction takes place across this flame however that probably isn’t the case due
to the high soot volume fraction even with the compensation of a smaller flame front. The prompt LII

signal gives a good indication of soot volume fraction since the fluence is in the plateau region.

One source of error in soot volume fraction sizing could be the difference in soot properties such as the
absorption function, when comparing soot produced in the biofuel burner compared to extinction
measurements in the flat flame premixed porous plug burner. However because the soot is being
measured is mature it is assumed that there will not be too much of a change in the absorption function

compared to the calibration soot properties.
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8.3.1 Single shot images of biofuels
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Figure 8-5: Single shot image of n-decane soot volume Figure 8-6: Single shot image of eugenol soot volume
fraction fraction

Comparing the single shot images as seen in Figure 8-3 to Figure 8-6, it can be seen that that eugenol
has the largest soot volume fraction throughout the flame. This was expected as saw even by eye the
amount of black smoke emitted by the eugenol flame compared to the other flames. Thin flame fronts
are observed from Figure 8-3 to Figure 8-5 which could be useful when comparing with averaged
images which can remove spatial precision due to flame movement. It was deemed that flat field

corrections weren’t needed for these images since the calibration flat field image should no need for it.

Figure 8-7 to Figure 8-10 shows the single-shot radial profiles across the burner at different HABs. It
can be seen that all the HABs for each fuel have similar radial profile of soot volume fraction apart

from n-Decane where there does seem to be a rise in soot concentration with HAB.
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Figure 8-7: Single shot radial profile of soot volume fraction for anisole at
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Figure 8-10:Single shot radial profile of soot volume fraction for eugenol at
different HABs

Figure 8-10 shows the radial soot volume fraction profile of eugenol. It can be seen compared to the
other soot volume fraction profiles to be noisier. This is due to the nature of eugenol which cause the

flame to burn out fast and make the flame unstable to even measure single shot.

8.3.2 50 averaged biofuel images
This section shows the soot volume fraction profiles of the different fuels used previously except

instead of single-shot images being shown an average of 50 images are shown.

Anisole
Figure 8-11 and Figure 8-12 show a different image because the sheet is at different HAB with Figure
8-12 lower down than Figure 8-11. The soot concentration is similar however there is as there is one

lower as seen in Figure 8-13 because of the movement within the flame and it can be seen that the flame
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front is slightly larger than Figure 8-14. When comparing with single shot image in Figure 8-3 it can be
seen that there is effects of suppression by averaging of the images. One advantage of using imaging

allows for the validation of the average image.
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Figure 8-11: Anisole image soot volume fraction averaged
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Figure 8-13: Average radial profile of Anisole soot Figure 8-14: Radial profile of repeated Anisole soot volume

volume fraction at different HABs fraction at different HABs

Furfural

Figure 8-15 and Figure 8-16 show two different images for Furfural. Like the previous shown images
the soot volume fractions are similar but with the radial profiles slightly different because of flame
movements. This shows that the soot volume fraction is relatively reproducible however the averaging
supresses the overall soot volume fraction. Figure 8-17 and Figure 8-18 show two different radial
profiles measured from the biofuel image. Again when comparing with the single shot images show the

suppression by averaging.
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Figure 8-15: Furfural soot volume fraction averaged over Figure 8-16: Repeated Furfural soot volume Fraction

50 images averaged over 50 images

N

-
()]

o
o

Soot Volume Fraction (ppm)
Soot Volume Fraction (ppm)

Flame Radial Profile (cm) Flame Radial Profile(cm)

Figure 8-17: Average radial profile for Furfural soot Figure 8-18: Repeated average radial profile for Furfural
volume fraction at different HABs over 50 images soot volume fraction at different HABs over 50 images
n-decane

Figure 8-19 and Figure 8-20 show two different average images for n-Decane. Both images show
similar profiles and soot volume fraction. Figure 8-21 and Figure 8-22 show the corresponding radial
profiles. Again they are similar to the single shot profiles except the flame front loses resolution by the
effects of suppression by averaging. Unlike the other biofuels n-Decane seems to show a larger soot
volume fraction higher up in the flame unlike the uniform profile with height shown by the other

biofuels.
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Figure 8-21: Average Radial Profile of Soot volume

fraction of n-Decane at different HABs over 50 images Figure 8-22:Radial Profile of Repeated n-Decane Soot

Volume Fraction in ppm
at different HABs over 50 images

Eugenol
Figure 8-23 shows the averaged image for Eugenol with a corresponding radial profile image in Figure
8-24. It can be seen that like single shot images the overall profile is unreliable. The soot volume

fraction is also underestimated probably because of this fluctuations and movements within the flame.
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8.3.3 Biofuel soot volume fraction discussion

Imaging results show that anisole has the highest soot volume fraction followed by eugenol, furfural
and n-decane which has a considerably lower soot volume fraction. The difference in the soot volume
fraction from Eugenol and Furfural has been put down to the aromatic nature and concentration of soot
particles. **° By looking at the flames it is possible to see that eugenol should be the most sooting since
it produces a large amount of black and gain one of the problems however with eugenol has more
flickering and movement of the flame more so than the other flames possibly because of the soot
deposition onto the wick because of this it is expected that eugenol should have a larger soot volume
fraction. The high soot volume fraction produced an audible photoacoustic signal consistent with the

soot volume fraction.

Figure 8-25 to Figure 8-28 show the groups LIl using point measurements measured as stated in Atiku
et al.'® Point measurements were measured using the PMT and the burner was on a translation stage

and moved to measure at each radial position. The results by the point measurements are taken at an
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excitation wavelength of 1064 nm and using a beam of 1 mm diameter with a top-hat profile. These
measurements were taken at 10 mm above the wick at different radial positions. They were averaged on

the oscilloscope of 64 averages.

Overall results show some similarities to the camera measurements when comparing soot
concentrations however the point measurements show an underestimation of the soot volume fraction as
expected due to suppression by averaging and the probability of movement within the flame. Camera
results show that n-decane has a peak soot volume fraction of around 3 times lower than the other
flames which is also consistent with the point measurement results.*** PMT results show different radial
profiles and this is because of the effects of averaging as well as the limitations of the experiments
where the flame has to be moved and the radial profile is measured at different times. Radial profiles
between the point and camera measurements are quite different probably due to the PMT results not
being able to gather the radial profile simultaneously and therefore when the translation stage is moved
with the burner on it to move the flame into the correct measurement position; it may affect the stability

of the flame.
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8.4 Temporal profiles of the biofuels

Temporally resolved imaging results were taken using 1064 nm excitation wavelength. These were
acquired by recording image sets sequentially at a range of intensifier gate timings. They are an average
of 50 images using the same methodology discussed in the methodology chapter. Since the flame front
area is smaller the smaller 1 mm slit is used and the fluence 210 mJ/cm? The maximum signal for each
height was found for each biofuel and recorded to give the time resolved profiles. The decay times are
found the same way decay times are typically found for LIl signal with an exponential decay fit after
120 ns when the soot particle is in the conduction regime. Figure 8-29 to Figure 8-32 show these
temporal profiles measured by the camera and Table 3-1 shows the decay times associated with the

graphs.
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Figure 8-31: Time resolved profile of furfural

Table 8-2: Table of fuel decay times at HABs of 9 and 15 mm
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Figure 8-30: Time resolved profile of eugenol
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Figure 8-32: Time resolved profiles of n-decane

Fuel HAB (mm) Decay Time (ns)

Anisole 9 256
15 222

Eugenol 9 323
15 312

Furfural 9 304
15 322

n-Decane 15 232
17 294

8.4.1 Overall temporal profiles discussion

Table 8-3 shows the decay time comparison between the PMT and the camera decay time results.
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Table 8-3: Decay Time Comparisons between camera results at HAB of 9 mm and PMT measurements

Fuel Camera decay time (ns) PMT decay time (ns)
Anisole 256 477
Eugenol 323 812
Furfural 304 952
n-Decane 232 337

The produced particle sizes can be seen in Table 8-4. The particle sizes were calculated by taking into
account of the porous plug decay times of 105 ns where the particle size is assumed to be 25 nm.
Modelling the decay time shows this is a reasonable particle size to use when comparing with the
porous plug burner decay time however this is just an estimate because it does rely on multiple
assumptions used stated in the modelling chapter. Since the particle size related to surface area the
particle size can be assumed through extrapolation assuming a square law. The 25 ns are multiplied by
the square root of the camera biofuel decay time divided by the porous plug burner 105 ns decay time.
This was done as this was the way the particle size was described in Atiku et al.**

The decay time results could be improved by more selective image gathering removing outliers caused
by movement of the flame. The decay time results reliability also could be improved by using a fit of
the time resolved profile reducing the influence of any outliers. The results may also be influenced by
aggregation within the flame which can drastically change the properties of the particle sizing if there
are large aggregates formed. Bladh et al."®* showed that neglecting to consider for aggregation with
identical decay rates in modelling but not in experimental results as well as the model being able to
replicate the trends from LIl experiments but with large differences in the signal decay rate in every

case studied.

These results are also only for the maximum signal for each set of images read into the code, the results
could be improved by having the code read and produce a time resolved profile at each radial distance
from the centre.

Table 8-4: Particle size from the camera compared to the PMT particle size. The particle sizes have been calculated
through the calibration of a ‘known’ reference particle size and its decay time and extrapolating.

Fuel Camera modelled particle size | PMT particle size (nm)
(nm)

Anisole 39 41

Eugenol 44 56

Furfural 42 65

n-Decane 36 36
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The particle sizes are reasonable; they are larger as expected than particles produced in the premixed
porous plug burner which is as expected since larger soot volume fraction etc. They are also reasonable
compared to literature sizes however the PMT sizes for Eugenol and Furfural are quite a bit larger than

the camera sizing measurements.

From the time resolved profiles of Eugenol and Furfural in Figure 8-30 and Figure 8-31, it can be seen
that the temporal profiles differ from the other fuels. It seems like they don’t reach the same
temperature since the position of the peak signal occurred at different points to anisole and n-decane. It
was thought that it might be because of larger particle sizes however as shown in the earlier modelling
chapter that this isn’t the case therefore it could be due to different physical properties of the soot
produced by the fuels such as absorption coefficient, density and thermal conductivity. This gives scope

1.2% showed the

to investigate the morphological properties of the soot produced. Dastanpour et a
variation of optical properties of soot of particle mass using a variety of measurements that show that
light absorption and scattering properties do change with mass. Stated is that the soot aggregate size is
correlated with primary particle size and could affect the properties of soot.**® Figure 8-1 does show
that the soot of these flames is produced by different pathways and this may affect the soot properties

therefore this does give the hypothesis some credibility.
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8.5 LIF from LII subtraction

Further investigations into the measurements of PAH in these types of fuels would be interesting

because Wilson et al.**°

states the concentration of soot particles and the aromatic species is a large
difference between the final soot product from furfural and eugenol. Furfural tends to follow the HACA
route because of initial decomposition to suitable species that can follow this path while eugenol
undergoes side-chain cracking, followed by conventional phenol decomposition reactions, and also
decomposition and reaction via cyclopentadiene.™ Unlike Schoemaecker et al.*® and Bouvier et al.™*
who were able to show the position of the PAH fluorescence in a co-flow non-premixed ethylene flame
and show a superimposed image of fluorescence and incandescence within the flame because the flame
is stable, it proved to be an issue using the biofuel burner because the flame moves around which then

makes the position of PAH signal to be uncertain.

The main problems with trying to infer LIF is how precise the images have to overlap. The wick burner
has to be placed in the same position as well as the laser sheet and fluence. The wick has to be moved
and cleaned within runs and this makes the prospect of moving to the exact same position difficult.
There would have changes to the experimental setup for this to work such as shielding for the burner to
make the flame more stable as well as way of ensuring the sheet is positioned precisely in the same

position between the two different wavelengths with respect with the burner too.
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8.6 Conclusions and future work using biofuel burner

Results using LIl imaging methods showed the advantage of using imaging in these types of flames
when compared to other detection methods such as point measurements. The results gave an insight into
soot formation for different fuels within the burner. Presented results showed that a way of overcoming
problems often associated with point measurements of these flames. With point measurements
movements within the flame cannot be discriminated against, therefore this leads to a larger uncertainty
in the soot volume fraction. Time resolved profiles are promising and show a decay which was expected
for an LII curve. For time resolved profiles, fitting a smoother curve to the data could lead to a
reduction in error of the decay times and thus particle sizes. They show similar trend in particle sizes
when compared to point measurements. The best method for combined particle sizing and soot
concentration measurements could be to use the PMT and camera at the same time to image the same
point in the image. This may allow for the flame movement to be tracked but could also validate the

precision of the LII signal.

More investigations into the combustion of these fuels could be improved if the burner was more stable
therefore there could be maybe some changes made to the burner to ensure this. This would help the
investigations using different excitation wavelengths and measure the fluorescence. Other investigations
could be done using UV excitation wavelength revealing more about the type of fluorescing particles
produced in this type of flame. Another reason why imaging is a better source of detection is the ability

to see where fluorescence.

Measurements could also be used in conjunction with probe technique studies of the soot within the
flame. This would be interesting to compare with the morphology and the type of soot produced from
the flat flame burner which was used for extinction. This could give us more detail into the modelling of
the soot for things such as soot polydispersity and aggregation of the soot particles. The LIl of the fuels
can be seen by eye at points. This could allow for another measurement device such as a regular CCD

camera to be used to gather more information on the flame such as radical emission.**°

With imaging poor images can may be removed as outliers as well as giving a spatial profile of the soot
volume fraction. Further work could be done to the data to improve the quality of the results such as

spatial compensation of single shot images.
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9 Overall thesis summary, outlook and references

9.1 Conclusions

The work presented here is aimed firstly to assess the method of Laser Induced Incandescence and
imaging in a flat flame burner. Results showed detailed comparisons to accurately characterise the flat
flame burner. Centre line HAB profiles and radial profiles show agreement when comparing with beam

and point measurements.

The LII images generated validate the methodology for different applications. Similar methodologies
in literature show results with comparable soot volume fractions. The technique was then adapted and
by using the subtraction of signal from 2 different wavelengths was used to infer fluorescence from
PAHSs in the premixed flat flame burner. This work has shown the ability to use the different excitation
wavelengths of 1064 and 532 nm to obtain imaging information about fluorescing PAHSs in a flat flame

burner.

Interesting work presented was the changing of the flame temperature using the stabilisation plate to
show no change of soot volume fraction at relatively high heights above the burner. The temperature
was measured between two different sized burners to show the same soot concentration at the same
equivalence ratios. These results help stop the risk of having redundant data due to different
stabilisation plate setups as well as different measurements of operating times.

The use of a produced LIl heat transfer model is shown to produce results very similar to other
researchers such as Hoffman et al.** and with some additional components such as oxidation and gated
signals show results that follow the expected trends. Modelling is a big area of interest within the LII
community and efforts have been made to ensure collaboration between groups and their modelling

results.

A different standard excitation source was used in the form of a long-pulsed fibre laser. The results
show the applicability and uncertainty in measuring the soot volume fraction using the long-pulsed fibre
laser. Centre line HAB profiles show agreement with 2 different measuring techniques. It was shown
that point measurements in the centre of the flame agreed with the camera measurement, and with
fluence correction across the beam in the flame, a radial profile could be produced. Modelling long-
pulsed laser incandescence shows promising results shows differences expected with different fluences.
Differences between a standard model and the long-pulse model include the spectral dependence and

laser temporal and spatial profiles.

Using the imaging technique developed it was possible to measure the soot concentration in biofuels

measured in a biofuel wick diffusion burner. Using imaging can help overcome some of the difficulties
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associated with using point measurements in this type of flame such as the flame instability and
simultaneous measurement of the flame structure with the soot volume fraction. Time resolved
measurements show some similar trends to point measurement results, and that the standard

hydrocarbon fuel ,n-decane has a lower primary particle size compared to the biofuels.

9.2 Future work

This work has showed the possibility to use different excitation wavelengths of 1064 and 532 nm to
obtain imaging information about fluorescing PAHSs. This could be used to develop further information
such as changing the detection wavelength, by using a 283 nm wavelength or using a spectrometer to
identify the different species. This method developed may also be applied to further combustion studies
with reference to exhaust emissions. Using this method in the biofuel wick burner was showed to be a
problem because of the type of flame and movement of the flame. Future work could be finding a way
to burn the biofuels used in a more stable environment to help the flame from flickering. Another point
to look into is the type of soot produced in this type of flame either through probe methods or another
optical method. Since the soot concentration is calculated from a calibration in a flat flame burner it
would be interesting to see how similar the mature soot in the flat flame burner matches the soot
produced in the wick diffusion flame. By knowing this it could help improve modelling results and give

a more precise primary particle size estimate.

Further work could be done to investigate using long-pulsed laser for LII, as previously shown to be a
method for producing a calibrated soot volume fraction measurement however more work could lead to
better modelling and further investigation could test a way to find a better signal to noise ratio. For
future references long-pulsed laser could be used and tested in larger combustion rigs. This is because

for example in larger test rigs there could be a larger effect of beam steering.

For the biofuel experiments it would be interesting if there was a way to ensure more stability in the
flames either by manipulating the burner or limiting the amount of air gradients during measurement

this could allow for better LIl subtraction experiments.
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9.4 Appendices
9.4.1 Data sheets and equipment technical information

Hamatasu R636-10 photomultiplier®

PHOTOMULTIPLIER TUBES
HAMAMATSU | 03610, R758-10

UV to Near IR (R636-10:185 to 930 nm, R758-10:160 to 930nm) Spectral Response
28mm(1-1/8 Inch) Diameter, GaAs(Cs) Photocathode, 9-stage,Side-On Type

GENERAL

Parameter REIE-10 | RTSE-10

Soeciral Responss 185 1o 830 1 160 40 930
Wavelennth of Maximum Response 300 1 B00

Wealesial Gads (Cy
e — | Wi Effeciive Ares EESF]

Wincaw Maleal UV ghass. [ Fused siica glass.
Stucure Circular-cage

Dyreade Nurmber of Stages [

Direct Anode to Last Dyniode 4

[« Anode o All Other 8

Base JEDEC NoB11-88

Suilable Socket EE7E-11Ajcgtion

MAXIMUM RATINGS (Absolute Maximum Values)

Parameter

Between Anads and Callwde
Supply Valtage | Hetwesn Anade and Last Dyrade

Aversge Anode Corent

CHARACTERISTICS (at 25C)

Parameter Typ.

Luminous{ 2866k 560

at 350am []

Cathode Sensitivity Radan at 632 Bnm [5]
at 852 1nm 48

RedWhite Ratio (with R—68 filter) 0.53

Gain 4.5x10%

Lurinous|2856K) 50

i at 350nm 2.8x100
Anode Sensilivity Racant ST E32 B 2. 8%10%
at B5Z inm 2104

1

Anode Dark Current_at 1048

[CAncde Pulse Rise Time 2

Time Response

["Eieciron Transit Time 20

i Afler 30min. slorage in darkness
NOTE: Anode characlerstics are messured with the voltage distibution ratio shown below.

VOLTAGE DISTRIBUTION RATIO AND SUPPLY VOLTAGE
[iTil Dy3 | Ova | Ohe | O 71O
Rafio 1 1 1 i 1 1 1 1
Supply Voltage - 1250Vde, K Cathade, Dy :Dynode, P Anade
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PHOTOMULTIPLIER TUBES RE&36-10, R758=10

Figura 1: Typical Special Response Figura 2: Typical Anode Sansitivity and
Typical Gain
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Thorlabs Fast Si Photodiode PDF10%

Dielector Material Silicon InGats | PIN
Dwlacior Wanvslength Range 320 - 1100nm 800 - 1700nm
Max. Resporshity typ. DAANN @ DBOnm typ. 1.0AMW & 1550nm
Delacior Actve Area 1.1 5 1. 1mm* 2 0.5mm
Transimpedance Gain 1x 109 Vid £ 10% 1 107 Wik +10%
Max. Corversion Gain 008 x 10" VI £10% 1% 10" VW £10%
Output Bandwidth (-3d8) DC - 20Hz DC - 25Hz
Risa/Fall Time (10% -90%) 2ms T9ms

CW Saturalion Power 18pW 100pW
Max. Input Power omW
{photodiode damags threshold |

Minimum NEF [DC o 3B bandwidth) 1.4MWIHHEZ T.50WHE
Integrated Moise (DC 1o 308 bandwith) B.5 MWy 35 W
Crvarall culput vollags nose. yp. B.5 Mgy, A5 MV
Elsctrical Outpat, impadance BNC, 2000

Maximnum Culpul Viollage

DC-Oftvet Electrical Cutput < +150mV

Size 534 % 43.2 1 21 mm"

Power Supply £12V, 250 mb

All lechnical data are valid al 23 £ 5°C and 45 £ 15% rel. humidity (non condensing)
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5.1.1 PDF10A
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Surelite Continuum 11 Nd:YAG laser®

Section 7: Specifications

[bescrrrion 110 ||
Repalition Rale (Hz) 10 0 10 10
Energy (mJ}

1,064 nm 450 420 &0 o0
532 am 200 160 kL 425
355 am B04100 (1) SHI00 {1) TOOAED (1) 225
286 nm &0 45 80 100
Fulzawidih {2) {nsec)
1,084 nm 57 57 57 4-B
632 nm 48 48 -6 EE-]
355 am 46 46 46 35
268 am 46 4-6 -6 35
Linawitth (cm™)
Mo opbans 1.0 1.0 1.0 1.0
Line {3} a2 a2 a2 MR
Divergence (4) (mrads} 08 0.8 0.8 0.8
Rod Digmatar {mm | B 6 T 9
Baam Pointing Stability (prads] 100 100 100 100
Jitter (8 [+ ns) 0.5 0.5 [ 2] L7
Energy Stabilty [§] {+ %)
1,064 am 25 25 25 25
532 am 5 35 i 35
385 nm 40 40 a0 40
266 nm T T T T
Fawar Drft {7 (= %)
1,064 nm a0 o 0 a0
632 nm 5.0 5.0 8.0 50
355 nm 50 5.0 G LR
266 am aa a0 a0 8.0
Beam Spatial Profile {fil 1o Gaussian) (&)
Mear Fiald (=1 m| 0.7 oy o.F0 (o)
Far Field {=) 085 0.8s 0.4as 045
ﬂ“ Deviation fram Fittad Gaussian (9] (=
)
Mear Figld {<1 m] k] ] kL] k]

SP1 G4 Fibre laser- Z type
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Product selection parameters

Wavelength 1060nm
Beam quality opti " S Type Z Type
M2 <13 <12 <13 <12 <16
Rated average power (W) 20 20 20 50 50 20 20 30 50 50 70 70 100 20 40 70
PulseTune Functionality® HS EP EP HS EP RM EP RM RM EP RM EP EP HS HS HS
Beam delivery cable length (m) 2 [] 2 0 3 3 3 3 3 3 315 3 3 35 35
Beam delivery optic / connector iLoc HE-ILLK iLoc
Pulse parameters
Max peak power (KW)* >7 >20 >10 =20 >10 >8 >12 =20
Max pulse energy (mJ) * >0.7 > >0.8 >1.25
Pulse repetition frequency range (kHz) 1-1000 1-2000 1-1000 1-2000 1-500 1-1000 1-500 1-1000 1-500 1-1000
PulseTune waveforms 25 40 25 40 2 40 2 38 2 37 32 25
Pulse duration range (ns) 10-240 3-500 10-240 3-500 26-250 3-500 26-250 6-500 26-250 9-500 12-500 10-220 10-250
'CW mode with modulation Yes No Yes No Yes No Yes
Modulation range in CW (kHz) 1-100 NA 1-100 N/A 1-100 N/A 1-100
‘Output power stability %p-p* <5
Cooling options
Air cooled or Water cooled Air Water Air
Electrical
Power supply voltage (V) 24
Power supply current (A) <10 <16 <10 <16 <20 <10 <20
Mechanical
Weight (kg) 10 135 10 135 10 13 10 13
Laser module length (mm) 347 421 347 421 347 37 400 347 3n
Laser module width (mm) 201 205 201 205 201 249 201 249
Laser module height (mm) 95 10 95 10 95 63 95
Environmental
‘Ambient temperature range (°C) 0-45 10-45 0-42 10-45 0-45 0-40 16-36 0-45 0-40
Relative humidity 5-95% RH (non-codensing).
Pulse Shapes for Waveform 0 to 31 at Respective PRF0
] Pitse Shapes &r Wavelom X2 & 30 st Messecte PATO
g
]
H
Time (ns)
The graph shows typical pulses from the 20W EP- S with the option to
select from 40 PulseTune Waveform.
18
Use of PulseTune waveforms to mantain
16 high peak power with increasing puise
4 repetition frequencies up to 1MHz and
E . beyond
1 \
w12\
8 \
§ 10\
- \ == EP Series
5 8 \ —= HS Series
= RM Series
G \
a
- 4 N
2 —
0
0 200 400 600 800 1000

Pulse Repetition Frequency (kHz)
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Thorlab’s dual scanning slit beam profiler (BP209-1R/M),**°
11.1 Technical Data Beam Profiler

Maodel BF208-VIS BP203-IR BP20S-IR2

BP209-VIS/M BP205-IR/M BPZOS-IR2Z/M

Wavalength Range 200 - 1100 nm GO0 - 1700 nm 800 - 2700 nm

Detector Type 5l UV enhanced InGaAs Extended InGass

Aperiure Diameter B mim

Scan Method Scanning Slits, Knife Edge

St Size 5 pm and 25 pm

Minimwm Bearn Duameter 2.5 pm

Maxsmurn Beam Diameter 9mm )

Sampling Feaolution

0.12 to 1.24 pm {Depending on Scan Rate)

Scan Rate

2010 200 &' (Continuously Varnabla)

Optical Power Range

1 pW to 10 'W (Depending on Beam Diameter and Model)

Amplifier Bandwidth

16 10 1000 kHz in 11 steps (@ -1d8)

Sample Frequency

0.26872 to 2.0 MHz

Dynamic Range 78 db (Amplifier Switchable)

Photodiode Blas Voltage 0/ -1.5 {Switchabla) | o
Signal Digitzation 15 bit

Head Dimensons @ TA.5 mm x 60 mm (Incheding Rotation Mount)
Minimum Pulse Rate 10Hz )

Software

Displayed Parameters and
Features

x-v-Profile, Centrosd Posion, Peak Position, Peewdo 30 Profie,
Beamn Width Clip Lewel / Second Moment (4a), Gaussian Fit Applicable,
Colored Pass/Fall Test

Comphance with Standards

150 11146
{Beam Widths, Divergence Angle and Beam Propagation Factor)

General System Requirements

‘Windows® T or later, USE 2.0 High Speed Port

M: Analysis Systam

Compatible M¢ Options

MZMS W Measurement Systems

Warm-up time for rated accuracy

Comphance with Standards 150 11146
Messzes Pt e
General
Operating Temperature +5 __ +35°C
Storage Temperabure -4l .. #T0°C
13 min

BF208-VIS; BF208-IR: Beam diameter error <10% at &9 mm
BF20G-1R2: Beam dameter emor <20% at @9 mm for beam dvergence <5°

300 kHz using M* Opton
using M* Opon

Al technical data are valid at 23 + 5°C and 45 £ 15% rel. hurmidity
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11.2 Technical Data M2ZMS-BP209

Wavelength Range

M2MS- e M2MS- M2MS-
Item # Br20aviS-AL| BP20SVIS- | pponavis | BR209VISM
ALM
Beam Profiler BEF20S-VIS BP30a-VISm BP20a-VIS BP20a- VIS
250 - 600 nm 400 - 1100 nm

Beam Diameter Range

20 pm - 9 mm (at Beam Profiler input Aperture)

Power Range 1 pW o 10 W, Depending on Beam Diameter
Translation Stage DO SMI00/M

Travel Fange 100mm

Welocity (Max) S00 mmis

Effective Translabon Range 200 mm, -100 mm 1o +100 mm from Focal Point
Lens Focal Length 250 mm

Optical Axis Height 70 mm (without sdditional feat)

M Measurement Range

1.0 - No Upper Limit

Typical M* Accuracy

+5 %, Depending on Optics and Alignment

Accepted Beamn Diameter for 5%

20 pm - 4.5 mim (&t Beam Profier Input Aperure)

Uncertainty

m:m Detectable Divergenca <04 mrad

Applcable Light Sowrces CW and Pulsed Sources 2300 kHz

Typical Measurement Time 15 - 30 5, Depending on Beam Shape and Settings

General

Size 300 mim x 175 mm ¥ 130mm

Welght 4 kg

Coherent PM10V1 thermophile power meter
Mame PM1OVT PM30WV1

Calibration Uncertainty (%) 1 1
Max Power (W) 10 30
Calibration Wavelength (nm) 514 514
Dimensions {mm) @63x%36 @101 %56
Wavelength Range (Um) 0.25-3 0.25-3
Power Resolution (W) 0.001 0.01
ROHS Compliant Yes Yes
Part Number 1098338 1098429
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