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Abstract

In-situ optical techniques offer one of the most attractive options for measuring
species concentration and spatial distribution profiles in reacting environments, such as
flames. The generally non-intrusive nature and spatial resolution of these techniques are
now preferred over on extractive sampling, followed by analysis using techniques such
as gas chromatography. In this thesis two laser absorption measurement techniques
are applied to measure the soot distribution, and acetylene concentration profiles in a
flat-flame burner.

The in-situ measurement of the distribution of particulate matter in flames is a
key step in understanding the mechanism of its formation. Most in-situ measurement
systems for this purpose are based on laser induced incandescence where particles are
heated using high power laser sources and the increased incandescence emission of the
soot particles is detected. However as the soot cools by heat transfer to the surrounding
gas, following laser heating, the pressure of the gas is increased creating an acoustic
effect. Photoacoustic detection has been applied to quantify low concentrations of
particulate matter in ambient air but there have been few applications of photoacoustic
detection to the in-situ measurement of particulate matter formation in combustion
processes. A novel simple approach using a modulated continuous wave diode laser
is presented in this thesis. The measurements taken using this new technique are
compared to measurements of the visible emission from the flame, and previous soot
distribution measurements using laser induced incandescence.

Absorption spectroscopy using near-infrared tunable diode lasers has been applied
to measure species in several harsh environments such as aero-engine exhaust plumes,
flames, and other industrial processes. Simple single pass absorption techniques are
not always suitable for this purpose due to the low absorption of the target species,

either due to low concentration or weak absorption line-strength at high temperatures.



iii

One method to increase the sensitivity of such techniques is by using cavity enhanced
methods which increase the effective path length of the laser through the absorbing
medium. One such cavity enhanced method is Cavity Ring-Down Spectroscopy (CRDS).
CRDS uses a cavity constructed of highly reflecting mirrors, laser light is then coupled
into this cavity and absorption measurements can be evaluated from the decay rate
of light from the cavity. The design and, novel application of continuous wave CRDS
to measure the concentration profile of acetylene in the flat-flame burner is presented.
Difficulties in deriving an absolute acetylene concentration from the measured ring-
down times were encountered due to the large number of interfering features. Serveral
fitting and extraction techniques are applied and compared to attempt to overcome

these difficulties.
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1 Introduction

1.1 Motivation

Despite the ever increasing prevalence of alternative sources, combustion of hydrocarbon
fuels continues to be the most common method of energy generation across a wide range
of applications globally, from its use in food preparation, through to large scale electrical
power generation. Over the last few decades there has been a strong focus on the
detrimental effects to the environment arising from our reliance on combustion which
has lead to a strong drive towards the development of a reliable alternative. Whilst
these alternative methods of energy generation continue to become more commonplace
and economically viable over time, combustion will still remain a key component of our
energy generation portfolio for many years to come [1], and therefore there is a pressing
need to increase the efficiency of existing combustion systems in order to reduce the
quantity of environmentally harmful emissions. A key step towards this goal is to
develop a better understanding of fundamental combustion processes and the complex
chemical mechanisms that contribute to the formation of pollutants, particularly when
fuels undergo incomplete combustion, which can lead to the formation of impure carbon

particulate pollutants, commonly known as soot [2].

The emission of particulate soot from combustion is thought to be one of the largest
human-related contributions towards global climate change. Recently research efforts
[3] have highlighted the absorption of solar radiation by soot particles as the primary
mechanism by which soot contributes to global warming. It is by this mechanism that
soot can also increase the melt-rate of ice in the polar regions by changing the albedo
of the snow cover [4]. Soot, when inhaled, also poses a major risk to public heath as
it is a known carcinogen and can be a contributory cause in the development of heart

disease respiratory illnesses such as asthma and bronchitis.
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From a purely environmental and health protection standpoint, the assumption could
be made that combustion processes should be designed in such a way that the emission
of soot is minimised (e.g. by moving towards complete combustion conditions). How-
ever, there are a variety of situations, such as furnaces, where the production of soot
is beneficial as the radiative heat transfer from the particulate matter can increase the
efficiency of the process, but emission of soot is not desirable, and therefore should be
oxidised downstream. Other processes can also be designed to produce soot as an end

product which can be used as a feed stock for other processes [5].

The mechanism by which soot particles are formed during combustion is highly com-
plex comprising of a number of intermediate species. Significant research effort [6-8]
has been devoted to the development of models for soot formation. This has highlighted
a need for accurate measurement of the concentration profiles of intermediate species in
simple flame geometries where combustion conditions can be well controlled, to allow
for validation of the model mechanisms [9]. Acetylene, as will be discussed in section
1.2, is a key intermediate in the formation and growth of poly-aromatic hydrocarbons,
and particulate soot. Due to the important role of acetylene a number of different
measurement techniques have been applied to overcome the harsh conditions of the

combustion enviroment, and gain accurate concentration profile data [10-13].

1.2 Soot Formation

It is not within the scope of this project to present and validate each of the different
reaction pathways which comprise the full soot formation process, instead this section
will provide an overview of the process highlighting a number of key species of interest
for measurement. In any case, soot by its nature does not have a standard composi-
tion or structure and therefore the true formation mechanism will be unique to each

individual combustion system [14].

During the early stages of the formation process the hydrocarbon fuel is broken down



1.2 SooT FORMATION 3

CH, ~—CH — CH,

|

', _2__ _2_|~ 3 4
‘\ ~\ ~~"~ :
. % SR
\‘ _ H
n C4H5 C3 :
Ve IN !
-~ . L}
“~~ s ll
v ~~~‘s‘ v
Soot T C H

Figure 1.1: Proposed reaction pathway for initial aromatic ring formation, image repro-
duced from [7]

into a number of smaller molecules and several radicals. Under the correct conditions
these small molecules further react and form larger molecules, eventually forming larger
molecules containing a number of aromatic rings. These are collectively known as poly-
aromatic hydrocarbons (PAHs). Through further reaction the PAHs begin to combine
to become progressively larger, eventually forming together to become nascent soot

particles [8].

Following the initial pyrolytic breakdown of the hydrocarbon fuel one of the first
species to be formed is acetylene (CoHs) which has a key role in the formation of the
first aromatic ring. Figure 1.1 shows an overview of one of the main reaction pathways
thought to lead to the formation of this first ring [7], though it is important to note
that there is a large number of competing reaction pathways by which this can be
achieved. One such pathway is the formation of propargyl (C3Hs) from the reaction of
acetylene with the singlet methylene radical (!CHs), which then further reacts to form

benzene [14].

Following its role in the formation of the first aromatic ring, it is largely accepted
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that acetylene continues to play a major role in the growth of the PAHs through the
hydrogen abstraction/carbon addition (HACA) mechanism proposed by Frenklach et
al in 1985 [15], which has formed the basis for many further soot formation models.
The continuing process of acetylene addition produces species comprising of a sequen-
tially larger number of aromatic rings. Eventually, once the PAH molecules become
sufficiently large it is possible for growth to continue either by reaction with other PAH
molecules or by reaction with radicals remaining from the original pyrolytic breakdown.
The geometry of the PAH molecules limits growth by the HACA mechanism to a pla-
nar dimension and therefore there must be a nucleation step, allowing the PAHs to
combine to form a three dimensional structure, and eventually form nascent soot parti-
cles. Numerous conflicting mechanisms have been postulated for this mechanism, with
the majority of these based around the coalescence of the PAH molecules into stacked
clusters followed by cross-linking into three dimensional structures. An excellent review
of the formation of nascent soot was provided by Wang in 2011 [8], which highlighted

several knowledge gaps.

The nascent phase of soot formation encompasses the transition from the gaseous
PAH molecules to solid particles and, despite significant recent research efforts, still re-
mains as one of the most poorly understood areas of the formation process and is there-
fore an area of interest for measurement. Interestingly, the optical properties of nascent
soot are different from mature soot or PAHs, notably that the particles appear ‘Trans-
parent’ [16] in the visible. It has been proposed that the particles take on a quasi-liquid
like structure, and therefore posses different properties than solid particles or gaseous
molecules [17]. These differences have curtailed the optical measurement of nascent
soot and therefore much of the study of the nascent phase has been undertaken using
extractive measurement techniques coupled with electron microscopy [18-20]. However,
such methods are not always suitable, or possible in some combustion systems, and
therefore there has been an effort to develop optical techniques for the quantification

of nascent soot.
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After nucleation the nascent particles continue to grow either through coagulation
with other soot particles, or through surface growth by further reaction with PAHs
[21,22]. Although the contribution of surface reaction to the growth of the particle
begins to diminish as the soot becomes more mature. As the maturation of the particles
progresses the optical properties shift to that of a solid material [16], absorbing across
a broad range of wavelengths, enabling a range of optical measurement techniques to

be used for its quantification.

1.3 Combustion Diagnostics Overview

The complexity of the soot formation process and the high number of intermediate
species has resulted in the development of a wide range of measurement techniques
[23-27], each targeted at measuring either a single, or small range of species. The
volume of published literature available highlights the difficulties encountered taking
measurements in the harsh combustion environment. These techniques can be split into

two categories [28]:

e Fz-situ techniques first require the extraction of a sample from the combustion

system, normally using a probe, before analysing the sample at a later point.

e In-situ techniques analyse the species or characteristic of interest within the
combustion system. This is normally achieved using optical measurement tech-

niques.

There has been considerable debate over the advantages and disadvantages of each

approach, and therefore the validity of the measurements obtained.

1.3.1 Ex-Situ Techniques

Historically ex-situ techniques have been attractive as this approach allows existing

high accuracy analytical methods to be undertaken on the sample extracted from the
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combustion process without significant modification to the analytical process or equip-
ment. Many of these techniques are well established in other fields and can provide
much higher sensitivities and/or measure a much wider range of species than is cur-
rently achievable using an in-situ measurement approach. Some of these techniques are
so commonly used in analytical chemistry that commercially produced instruments are
available. However, the ex-situ approach does have several disadvantages which can

lead to difficulties in the interpretation of the measurements.

The extraction procedure required for ex-situ measurements is the main source of er-
ror for these measurements, as it is critical that the extractive sample be representative
of the conditions at the measurement position. This can be particularly problematic for
reacting systems such as flames as the extraction procedure must ensure that the reac-
tion is suspended during sampling, which can limit probe sampling to stable species. A
further disadvantage to extractive sampling techniques is that the presence of a sample
probe can disturb the structure and composition of the flame [29]. This can be due to a
change in the flow-field within the flame or due to cooling of the flame by the sampling

probe [28].

1.3.2 In-Situ Techniques

Due to the shortcomings of ex-situ measurements there has been a drive towards making
more measurements using the in-situ approach which is generally less invasive. These
measurements are generally undertaken using an optical measurement techniques mea-

suring absorption, scattering, or emission.

It is a misconception however to assume that all optical techniques cause no perturba-
tion to the combustion process. When the incident laser light is strongly attenuated by
absorption, most notably by particulate, energy transfer can lead to heating and ther-
mal perturbation of the flame [30]. This is particularly prevalent when the measurement

technique calls for the use of high power continuous wave lasers.
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1.4 Laser Diagnostic Techniques

A wide array of laser based optical diagnostic techniques have been developed since
the invention of the laser in 1960 for a wide range of applications including: Aero-
engine emissions [31], environmental studies [32], process control [33], and bio-medical
applications [34]. This section will give a brief overview of some of the more common

approaches used for combustion measurements.

1.4.1 Laser Absorption Measurements

Laser absorption operates by measuring the attenuation of a probe laser over a given
path. Measurements can either made at a single wavelength [35] or, if a tunable laser
source is used, a scan over a wavelength range to produce spectrally resolved absorption
measurements [24], commonly known as spectroscopy. Many molecules exhibit strong
absorption in the mid infra-red (MIR) spectral region, as the laser wavelength becomes
resonant with the fundamental rotational and vibrational transitions of the the molecule.
However, weaker overtones of these transitions can be probed in the near infra-red (NIR)
region [36]. Although not described in this work spectroscopy can also be performed
using a broadband optical source and spectrally resolved detection, in place of the swept

wavelength approach [37].

One strategy which can be used to increase the sensitivity of laser absorption mea-
surements is increasing the laser-gas iteration length by having multiple passes through
the gas. This can be achieved by enclosing the measurement volume in an optical cavity
bounded by two high reflectivity mirrors, into which the laser light is coupled. One such
cavity based technique which has be used to make sensitive in-situ flame measurements
is cavity ring-down spectroscopy (CRDS) [38] where pulsed laser sources are used to
inject light into the cavity and absorption measurements are made from the changing
cavity lifetime. CRDS measurements can also be made using continuous-wave laser

sources [39], using optical resonance to couple light into the cavity. However, despite
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the advantages to this technique (discussed in detail in chapter 4 little progress has

been made towards its use for in-situ flame measurements.

A further technique that can be used to increase the sensitivity of laser absorption
measurements is photoacoustic detection. By probing absorption using an intensity
modulated laser source the absorbing species, or particle is periodically heated. As the
species cools to the surrounding bulk gas an acoustic wave is generated, the magnitude

of which can be detected using a suitable microphone or transducer.

1.4.2 Laser Induced Fluorescence

Laser Induced Fluorescence (LIF) [40] is a further spectroscopic technique in which
absorption of a probe laser source excites a molecule or atom to a higher energy level.
Measurements are then undertaken as the excited species returns to a lower energy
level by the emission of light. The emitted light is at a longer wavelength then the
excitation light which allows the emitted light to be easily measured using collection
optics and a photo detector with a suitable filter. With the use of appropriate optics
the LIF technique can be used to make spatiality resolved or imaging measurements
in flames and has been employed for thermometry [41,42], and to measure a range of

species, including OH and PAHs [43-45].

1.4.3 Laser Induced Incandescence

Laser Induced Incandescence (LII) is a technique which is employed to measure partic-
ulate matter in flames (i.e. soot). During a standard LII measurement a high power,
short duration laser pulse is used to rapidly heat soot particles to a temperature close
to the point of sublimation (» 4000/,K) producing increased Planck emission from the
particles. This increased emission can be detected using similar collection optics to
the LIF technique. Over the last 20 years LII has emerged as a promising tool for the

in-situ measurement of soot in combustion systems [46].
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1.4.4 CARS Spectrometry

The Coherent anti-Stokes Raman Spectroscopy (CARS) is a non linear optical technique
which has found use as a method to measure the bulk gas temperature in flames [47].
Three laser beams are required to generate a CARS signal, the first two beams are
known as pump Stokes beams, the third as the probe beam. When the frequency
difference between the pump and Stokes beams is equal to the ro-vibrational Raman
resonance of the species of interest a further coherent beam is generated. CARS spectra
can be measured by changing the wavelength of the probe laser and the bulk gas

temperature can be inferred from the relative intensities of the Raman resonances.

1.5 Thesis Aims and Objectives

The overriding aim of this project was to develop a continuous-wave cavity ring-down
spectroscopy based measurement technique capable of the in-situ measurement of the
vertical concentration profile of acetylene in a one-dimensional, laminar porous-plug
burner. To achieve this aim there are several specific objectives: First an evaluation of
the thermo-optic effects present in the porous-plug burner which may inhibit the use of
the cw-CRDS technique. Secondly, to design and test a cw-CRDS spectrometer which
is sufficiently robust to operate in-situ in the harsh flame environment. Thirdly, to
apply cw-CRDS to recover the absorption spectrum of a suitable acetylene absorption
feature. Finally, to apply existing spectral modelling techniques to such spectra to

determine the vertical concentration profile.

1.6 Thesis Overview

This introductory chapter has provided an overview of the need to study the forma-
tion of poly-aromatic hydrocarbons, and hence the formation of particulate soot under

carefully controlled experimental conditions. Acetylene has been identified as a key
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species in several steps of the formation process and therefore the development of a
technique for its accurate in-situ measurement was chosen as the primary aim of this
work. Chapter 2 provides the required background and theoretical knowledge used
to infer concentration from infra-red absorption spectra, highlighting the challenges
encountered by measuring acetylene at combustion temperatures. Also presented in
chapter 2 is a review of a range of highly sensitive techniques for measuring optical
absorption with a view to undertaking such measurements. Chapter 3 introduces the
premixed ethylene-air porous-plug burner in which all measurements in this thesis were
undertaken. Chapter 3 includes an evaluation of the optical perturbations which could
be detrimental to optical absorption measurements. This evaluation was completed
using a combination of emission measurements and a novel photoacoustic based soot
measurement technique. Chapter 4 presents the theoretical considerations and the de-
sign of a cw-CRDS spectrometer for the measurement of acetylene in the porous plug
burner, followed by some initial evaluation measurements. Chapter 5 presents the final
design of the cw-CRDS spectrometer, and the interpretation of the acquired absorption
spectra, from which acetylene concentration profiles are obtained. Finally, chapter 6
summarises the conclusions of the thesis and provides some suggestions for the direction

of further work.
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2 Principles of Diode Laser Spectroscopy

2.1 Introduction

During a standard laser absorption experiment the monochromatic light from the laser
source, intensity, Iy is passed through the absorbing media, and the intensity of the out-
put light I is measured using a photo-detector. When making absorption measurements
it is necessary to have either a measurement or estimation of the transmission signal
in absence of the absorbing media, which will allow the measurement to be normalised.
Mathematically, the attenuation of light through an absorbing medium is described

using the Beer-Lambert law [36].

1
i = exp (-Ad) (2.1)

where A is the absorbance of the medium per unit length, and d is the path-length
of the laser energy through the medium. Consider the case where the attenuation
through the medium is due to the presence the molecular absorption of a single species.
The absorbance is therefore a function of the mole fraction, temperature, and pressure
of the species, integrated along the measurement path-length, as well as characteristic
spectroscopic parameters. Therefore if there is sufficient knowledge of these parameters,
the measurement path-length, and other transmission losses not due to the species of
interest, species concentration measurements can be made using laser absorption. This
work will focus, primarily on concentration measurements made by probing molecular

absorption transitions in the near infra-red region.
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2.2 Molecular Spectroscopy

Molecular spectroscopy is the study of the absorption of light by molecules, typically
in the gas or liquid phase. There is an associated change in the internal energy of a
molecule following the absorption or emission of electromagnetic energy. In atomic spec-
troscopy every absorption transition is due to changes to the configuration of electrons.
In the more complex case of molecules, additional energy states exist which correspond
to vibrations and rotations. Therefore, the absorption spectra of molecules are more
complex than pure atomic spectra and can contain useful information on the molecular
structure. Each of the mechanisms responsible for these changes requires a different
amount of energy, and will hence correspond to a different part of the electromagnetic
spectrum. According to Planck’s law for the quantisation of energy, the energy required

to change the internal energy of a molecule by a discrete amount, AF is given by
AFE = hv (2.2)

where h is Planck’s constant and v is the frequency of the light being emitted /absorbed.

In this work focus is given to absorption transitions arising from molecular vibrations
and rotations, which are located in the infra-red region (1-100um). At a particular en-
ergy state the whole molecule can undergo rotation, and the atoms within the molecule
can vibrate relative to one another. For an allowed transition to be observed in the
infra-red region there must be a change to the dipole moment of the molecule. If we
consider the vibrating atoms within the molecule as an-harmonic oscillators the relation-
ship between potential energy with internuclear distance r can be modelled according

to the Morse function,

E:Ed(l—exp [—a (T—Teq)])z (2.3)

where E; is the bond dissociation energy, « is a molecular constant relating to the
width of the energy well around the equilibrium distance r.,. Solving the Schrodinger

equation using this function shows that the molecule will have discrete energy levels
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with eigenvalues [36]:

1 1
Evibrational = {1 — Xe (V + 5)} (V + 5) hwe (24)

where Yy, is the an-harmonicity constant, w, is the vibration frequency, and v is the
vibrational quantum number [48] which has specific selection rules which govern the

allowable transitions between vibrational energy states according to:
Av==+1,+2 +3... (2.5)

The relative energy required to transition between energy states is related to the pop-
ulation of the initial state according to the Boltzmann distribution. The fundamental
transitions between v = 0 — v = 1 exhibit absorption in the mid-infrared region (3—8um)
whilst the first transitions v = 0 - v = 2 exhibit weaker absorption in the near-infrared
region (0.74-3um). At elevated temperatures the population of the v = 1 state increases
according to the Botlzmann distribution, and therefore absorption corresponding to

transitions originating from the v = 1 state increase in strength.

The number of degrees of vibrational freedom increases with the number of atoms,
and is dependent on the molecular structure (linear or non-linear). Acetylene (CoHs),
which is the target species for this work has a linear structure. A linear molecule will
have 3N -5 degrees of freedom, where N is the number of atoms in the molecule [36].
Therefore acetylene has 7 degrees of vibrational freedom. The symmetrical H-C=C-H
structure of acetylene means that two of these vibrational degrees of freedom have the
same energy as other modes and are therefore degenerate [49], hence acetylene has 5
fundamental vibrational energy states which are shown in table 2.1. Depending on
how the vibration changes the shape of the molecule the vibration can be described as

asymmetric or symmetric and either a bend or a stretch.

Until this point consideration has only been given to molecular vibrations. Whilst

undergoing vibration molecule will also be rotating. The timescale for such rotational
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Mode Description Normal Mode
vy Symmetric C-H stretch | H - C=C - H
Vo Symmetric C-C stretch H-C = (C-H
V3 Asymmetric C-H stretch | H - (C= i
tH-,C=C1t-H|
vy Symmetric bend
H"-C =C*-H"-
tH-,C=C|-H*
vs Asymmetric bend
H*-C =C-H'
Table 2.1: Fundamental vibrational modes of acetylene. ‘+’ & ‘-’ superscripts denote

movement out of and and into the page respectively. [36]
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motion is significantly slower than vibration. This allows for the energy structure of
vibrations and rotations to be handled separately so that Fiota = Fuibrational + Erotationai -
Assuming the bonds between the atoms can be regarded as rigid, the energy for a

rotational energy level can be according to [50]:

2

h
Eroaiona =35 o7 J+1 2.6
tational SWQIJ( +1) (2.6)

where J is the rotational quantum number, and [ is the moment of inertia for the
rotation. For a linear polyatomic molecule such as acetylene the average moment of

inertia, for rotation in all axis is

Z mir? (2.7)

where m; is atomic mass, and r; is the distance of the molecule’s centre of mass for the
i nucleus. For a rigid rotor the selection rules dictate the allowed transitions between
rotational energy states to be:

AJ =01 (2.8)

The absorption features corresponding to each of the three allowed rotational states,
AJ =-1,0,1 are denoted using P, Q, and R respectively. All absorption measurements

reported in this thesis were targeted at the overtone of the P band of acetylene.

2.3 Absorption Spectra

Our consideration of absorption features until this point has been considered the transi-
tions between energy states, and therefore considering the spectral width of each feature
to be infinitely narrow, with absorption only taking place precisely at the defined wave-
length for each transition. However in reality, this is not the case and the shape of each
feature will follow a wider transmission function due to phenomena such as spectral

broadening (discussed below). The Beer-Lambert law (equation 2.1) can be modified
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to include an absorption parameter k(v) [50].

Ii = exp (k(v) Prx;d) (2.9)
0

where x; is the mole fraction of the absorbing species j, and Pr is the total pressure.
The absorption parameter is defined using the temperature dependent line strength
S(T), which is defined in section 2.4.4, and a normalised function ® (v - 1y) which

relates to the line-shape of the absorption feature.
k(v)=S(T)® (v -1p) (2.10)

This modified version of the Beer-Lambert law represents the absolute transmission
function for a single absorption transition, which can be recovered experimentally by
measuring the absorption (I/ly) as the wavelength of the laser source is tuned over the

transition.

2.4 Modelling Spectral Absorption Features

Following recovery of the absolute transmission function the most effective way to ex-
tract physical parameters, such as species concentration is to fit an appropriate theoret-
ical line shape model to the recorded data using a least-squares fit algorithm. Generally,
the important physical parameters in such a fit will be concentration, temperature and
pressure. Some of these parameters may be known and the fewer unknown parame-
ters included in the model will increase the accuracy and speed of the fitting process.
The other parameters needed to model the line shape are spectroscopic parameters, in-
cluding: line strength and broadening coefficients which can be found in spectroscopic
databases, such as HITRAN and HITEMP . The spectroscopic parameters included
in these databases are based on a mixture of experimental campaigns and theoretical

studies. In some cases the spectroscopic parameters contained in these databases are
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not accurate and in such cases there may be a need to conduct detailed spectroscopic

measurements, under controlled conditions to verify the parameters.

2.4.1 The HITRAN and HITEMP Databases

The HITRAN [51] and HITEMP [52] databases provide spectral parameters for a num-
ber of different molecules. HITRAN has been compiled based on its application to
measurements undertaken under atmospheric conditions, and therefore several high
temperature bands and transitions are not necessarily included. This is particularly rel-
evant to this work as the temperatures encountered during combustion measurements
are much higher. The inadequacies of HITRAN at elevated temperatures lead to the
establishment of an analogous database HITEMP, which includes transitions that occur
at elevated temperatures (> 1000 K). The 2008 version of the HITRAN database con-
tains parameters for 32 species, and the 2010 version of the HITEMP database contains

parameters for 5 species.

The key parameters required to model absorption features using the McLean approx-
imation described in this section are: vacuum wavenumber, line strength, air and self
broadened HWHM, temperature dependence coefficient, lower state energy, and air

pressure shift.

2.4.2 Spectral Line Intensity

The main contributions that dictate the intensity of a particular spectral feature are:
the number of molecules in the lower transition state corresponding to the feature, The
concentration of molecules of the absorbing species and the path-length (Cd), and the
probability of absorption for the particular feature. The probability that a photon
will be absorbed by the transition is dictated by solutions of the quantum mechanical

wave-functions for each state in the transition, and the appropriate selection rules.

The intensity of the absorption feature id dependent on the initial population of the
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energy states. A transition with a highly populated initial state will have a higher
intensity than a lower population equivalent state. The relative populations of two

different energy states can be calculated according to the Boltzmann distribution:

NU er -
Nupper _ exp( AE) (2.11)

Nlower kT

where Nypper and Njgyer are the population of the upper and lower energy states, AE
the difference in energy between the two states, T is the temperature, and k is the
Boltzmann constant. Recalling equation 2.9, the intensity of the feature will increase
dependent on the total number of molecules available for interaction along the path-

length [36,50].

2.4.3 Spectral Broadening

The diode laser measurement techniques used in this work include use relatively low
power sources, and as such broadening due to power is considered negligible in this work.
Aside from the broadening of features due to un-avoidable factors during measurement
the broadening effects that dictate the measured line shape are: natural, Doppler, and

collisional broadening [36].

Natural broadening is the most fundamental broadening effect and occurs due to
the Heisenberg uncertainty principle which dictates that an energy state with a finite
lifetime will have an associated finite energy spread, i.e. AEAt > h. Natural broadening
is homogeneous and has a Lorentzian line shape function. The contribution of natural

broadening is generally much smaller than that of Doppler and collisional broadening.

The contribution of collisional broadening is most prevalent under higher pressure
conditions. Due to the constant random motion of the molecules they undergo collisions
with other molecules, which may or may not cause a change to the energy state. It
is assumed that the average time between collisions is much greater than the collision

duration. Therefore, the extent of collisional broadening is dependent on the collision
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rate. Collisional broadening is homogeneous and follows a Lorentzian line shape.

The normalised Lorentzian line shape ®r, such that [, ®; (v -wvp)dv = 1, is given

by [53]:

1 I'/2
®; = L/ (2.12)

T () + (Tpf2)

Where I'y, is the Lorentzian FWHM and, for a component species j is given by:
T =Pr) xT; (2.13)
J

This is provided for the component species and for air in the databases. The tempera-

ture dependence of the lorentzian broadening parameter is modelled according to:
T n
Lj(T) = T(To) (?0) (2.14)

n is the temperature dependence coefficient which describes the variation of broaden-
ing for each species. and Ty is the reference temperature for which I'; is stated in
HITRAN/HITEMP. It is not within the scope of this thesis to measure the broadening
parameter for all the possible collision partners present in a combustion system that
may have a contribution to the lorentzian FWHM, therefore only the provided self and
air broadening parameters supplied in the databases will be used. The peak intensity

of the the Lorentzian profile is related to the Lorentzian FWHM according to:

By () = r% (2.15)

Doppler broadening occurs due to the thermal motion, and associated spread of
velocities of the absorbing molecules. This leads to the relative frequency of the incident
laser energy to vary for each molecule dependent on its velocity. Molecules travelling
towards the laser source will encounter higher frequencies and are said to be ’blue-
shifted’, whereas those molecules whose velocity is away from the laser source will

encounter lower frequencies and are said to be ’red-shifted’. Therefore as the extent
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of Doppler broadening is dependent on each individual molecule it is inhomogeneous.
If the measurement sample is assumed to have a uniform temperature distribution
along the measurement path the spread of molecular velocities will follow a Maxwell

distribution, and Doppler broadening will have a Gaussian line shape function.

The normalised Gaussian line shape @& such that fV Oq (v -1y)dv =1, is given by

[ref]:

2

2 2 -

Bg= ] exp| 42|20 (2.16)
I'a T I'a

where ['g is the Gaussian FWHM calculated according to:

SkT1n2 T
Te = 1 m—cn = 7.1625 % 107 vy [~ (2.17)

where m is the molecular mass and c is the speed of light in a vacuum. The peak

intensity of the Gaussian line shape is related to the FWHM according to:

De(vo) = %\/1“72 (2.18)

At low pressures (below 1atm) the Gaussian contribution of Doppler broadening will
be the dominate, due to the deceased number of collisions. At higher pressures the
Lorentzian contribution of the collisional broadening will be dominant. At pressures
where neither the Doppler nor the collisional broadening are particularly dominant, the
line shape will be a convolution of both contributions. The convolution of a Lorentzian

and a Gaussian profile is known as the Voigt function.

2.4.4 The Voigt Profile

At pressures around 1atm the line shape is best modelled using a convolution of the

relative Gaussian and Lorentzian contributions known as the Voight profile ®y,. The
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1| -1.215 | 1.2359 | -0.3085 | 0.021
2 | -1.3509 | 0.3786 | 0.5906 | -1.1858

3| -1.215 | -1.2359 | -0.3085 | -0.021
4] -1.3509 | -0.3786 | 0.5906 | 1.1858

Table 2.2: Coefficients for numerical approximation of Voigt line shape. [54]

convolution can be given, using the component line shape contributions according to:
by = f O (V)@ (v-v")d (2.19)

where ¢ and ¢ represent the Gaussian and Lorentzian contributions respectively.
Most modelling algorithms which are based on the Voigt function make use of numer-
ical approximations, as there is no simple analytical solution to the integral. Several
examples of empirical approximations are available and here the algorithm using four

generalised Lorentzians, developed by McLean et al. is used [54]:

2/In(2)

by = ——=
v Fgﬁ

V(X.)Y) (2.20)

where
L Ci (Y -4)+D;(X-B)

VX, V)=

SOV -A)+(X-By)? (2.21)

and
X = 2—‘ln(2)(y— v) and Y = Toyin(2) /1n(2) (2.22)

- Tg I'c

The coefficients for A;, B;, C; and D; are shown in table 2.2.

The FWHM of the Voigt profile can be estimated by [ref olivero]:

Iy =0.5346 ', +1/0.2166 2 + T2 (2.23)
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The use of McLean’s approximation allows for rapid computation of complex absorp-
tion spectra containing a high number of absorption features corresponding to several

different species, without the need for high performance computational equipment.

2.4.5 Concentration

The main aim of the spectroscopic measurements in this work are the determination
of concentration. Therefore it is assumed that there is sufficient knowledge of the
temperature and pressure of the species being measured. Assuming the is sufficiently
small that the linear regime of the Beer-Lambert law is satisfied concentration is related

to the integrated absorbance, a by:

a

= 55T (2.24)

Xi

where S(T') is the temperature dependent line strength which is given by:

S(T) = s(w)%g?)) (%)exp[—hcf" (% - Tio)]

-1
< [1—exp(_ZCT”°)] [1 —exp(_:;so)] (2.25)

where Tj isn the standard reference temperature used by HITRAN and HITEMP

(296 K), and E" is the lower state energy of the transition (taken from the database).
Q(T) is the molecular partition function, which is also available for acetylene from

HITRAN for a wide range of temperatures (70 to 3000 K).

The line intensity contained in the databases Sy has units of [cm_1 / (molecule—cm_Q)]
which is inconsistent with equation 2.9, where the line intensity has units of [cm_2 / atm],

therefore a conversion must be applied [31]:

SuN;=Sx;Pr [cmfl/ (molecule—cmfz)] [molecule] = [cme/atm] [atm] (2.26)
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where N is the number of molecules of species j per unit volume:

[mole]
[em?]

N; = XjNATLVT [molecule/cm3] = [molecules/mole] (2.27)

where np is the total number of moles, N4 is Avagadro’s constant, and V' is volume. A
further simplification can be made by applying the ideal gas law to make the conversion

a function of temperature.

Ni  7.339 x 102!
_ _ [099x 107 2.2
S =Sy Sw (2.28)

where R is the gas constant (82.057 atm cm ™ mol ' K1)

The final transmission function for the model, for a single transition is thus [31]:

PrydTeS(Th 22V (x,v) (2.29)
T

I
I = exp

This transmission function can be fitted to the experimental data using an uncon-
strained non-linear fitting process, normally using a least-squared fit function. Again
assuming that pressure and temperature are known the fitting process will iterate the
calculation of the transmission function until a minimum squares error between the
model and the experimental data has been achieved. In this work this was undertaken

using the fminsearch function in Matlab.

In most experimental spectra acquired at atmospheric pressure the broadening mech-
anisms the spectra will have contributions from several closely spaced transitions, which
combine to give the final absorption profile. This is particularly apparent in environ-
ments, such as combustion, where there are several species with absorption bands that
overlap with one another, leading to highly complex spectra. Therefore, it is usually
necessary to include all features, corresponding to all species present in the wavelength

region of the target absorption feature, in the model.
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Figure 2.1: Model acetylene and water vapour spectra at expected flame conditions.

2.5 Model of Expected Flame Spectrum

Acetylene has absorption bands the mid-infrared region at 3 um, and an the near-
infrared region at ~ 1.5um. Although the fundamental transitions in the mid-infrared
exhibit much stronger absorption, this band also contains a high number of interfering
strong water vapour transitions [52], which severely limits the suitability of this band
for in-situ measurements in a flame. Although the near-infrared absorption band also
suffers from water vapour interference there are a few features which should be accessible
under combustion conditions. Wagner et al. [24, 55] demonstrated the use of the P17e
absorption feature at 1535.4nm, to make measurements of acetylene in two different

burners.

Figure 2.1 shows a model spectra of acetylene using HITRAN 2008, and water using
HITEMP 2010, for the conditions expected in the flames supported on the porous-plug
burning, which is described in chapter 3. The input parameters for the model are; an
acetylene concentration of 1.23%, a water vapour concentration of 4%, a pressure of

latm, and a temperature of 1600 K. The model shows that the P17e feature does have
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some overlap with some weak water vapour features, but is sufficiently isolated and

should be a good target for in-situ measurements.

2.6 Cavity Enhanced Absorption spectroscopy

In section 2.3 a number of determinant parameters where described for the intensity of
absorption features. One of these parameters was the path-length available for absorp-
tion, and therefore an increase in the path-length leads to a increase in the intensity of
the recovered transmission profile and hence a corresponding increase in the sensitivity
of the instrument. In practical terms it is not always convenient, or possible to have
an extended path through the medium. One way to effectively achieve an extremely
long path-length is to enclose the measurement volume between two suitably reflective
mirrors, passing the laser energy through the absorbing medium multiple times. This is
known as cavity enhanced absorption spectroscopy (CEAS), a detailed overview of the
theory of coupling light into an optical cavity is presented in chapter 4, in this section

a number of different CEAS techniques are briefly described [56].

2.6.1 Cavity Ring-Down Spectroscopy

During a cavity ring-down spectroscopy measurement, light is coupled into the optical
cavity using either a pulsed [57] or continuous-wave source [39]. Following either the
laser pulse, or attenuation of the input light the rate of decay of the intensity of light
in the cavity is measured, this is known as the ring-down time. For an empty cavity
the only optical losses present are due to transmission and scattering at the surface of
each mirror. When an absorbing species is present in the cavity this will introduce an
additional loss, reducing the ring-down time of the cavity. CRDS provides a measure-
ment of absolute extinction and is immune to any shot variations or changes to the
laser output intensity [56]. A detailed overview of CRDS using continuous wave lasers

(cw-CRDS) is presented later in chapter 4.
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2.6.2 Phase-Shift CRDS

Developed in 1980 by Herbelin et al [58], a variant of cw-CRDS is phase-shift CRDS
(PS-CRDS). In this method the intensity of a cw source is modulated. As the light
passes through the optical cavity the phase of the intensity modulation is shifted with
respect to that of the input light. The ring-down time of the cavity can be determined
based on a measurement of the change in phase between the light entering and exiting

the optical cavity. This can be achieved using a lock-in amplifier [59].

2.6.3 Integrated Cavity Output Spectroscopy

Compared to the two above CEAS techniques, Integrated cavity output spectroscopy
(ICOS) [60] is not directly based on a measurement of the cavity lifetime. Instead, the
mode structure of the optical cavity is perturbed, normally by mechanical oscillation
of the cavity length, and measurements are made of the cavity output integrated over
a period of time. ICOS has an advantage over the other CEAS techniques described
here as it does not require accurate transverse mode matching of the laser to the cavity

to achieve repeatable measurements.

2.6.4 Off-Axis Cavity Enhanced Absorption Spectroscopy

A further variant of the ICOS technique is off-axis cavity enhanced absorption spec-
troscopy (OA-CEAS) [61]. In an OA-CEAS measurement light is introduced to the
optical cavity at a slight angle to the optical axis of the cavity. Because of this devia-
tion the light in the cavity must complete multiple passes back and forth through the
absorbing medium before overlapping. The advantage of OA-CEAs is that the relatively
long round-trip time within the cavity leads to the output being a quasi-continuum with
little to no longitudinal mode structure. A disadvantage of this technique is that the
nature of the off-axis alignment leads to a reduction in the spatial resolution of the

technique.
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2.7 Summary

This chapter has given an overview of the underlying absorption spectroscopy theory
upon which the cw-CRDS measurements undertaken in this work are based. Section2.1
described the laser absorption measurement technique in it’s simplest form, introducing
the Beer-Lambert law to interpret such measurements. In section 2.2 the fundamentals
of molecular spectroscopy were introduced. Particular focus was given to the rotational
and vibrational transitions of acetylene were discussed. In section 2.4 a technique for
modelling absorption features was introduced, which included a description of the mech-
anisms responsible for the broadening of absorption features, a mathematical model was
presented based on the Lorentzian, Gaussian and Voigt line shape functions that allows
for rapid computation of the transmission function based on parameters taken from
the HITRAN and HITEMP databases, which can also be fitted to experimental mea-
surements of the transmission function to extract concentration informations. Finally
section 2.6 Presents a brief introduction to the use of optical cavities to enhance the
sensitivity of laser absorption measurements, as well as a brief overview of some of the

common cavity based measurement techniques.
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3 Porous-Plug Burner Overview and Soot

Distribution Measurements

3.1 Introduction

The key experimental component in this research work is the burner, and it is essential
that the operation and conditions of the burner are understood. This chapter will
present two advances in the understanding of this burner, these advances are made
using measurements of visible emission from the flame, and the development of a novel
photoacoustic method for measuring soot distribution. Both of these techniques are
discussed in detail in sections 3.3 and 3.4 respectively, and the results of both techniques

are compared to the more established laser induced incandescence technique.

The complex nature of the combustion process, and in particular incomplete com-
bustion, can substantially increase the number of parameters that must be included in
chemical kinetic modelling, requiring a high a computational load to produce accurate
predictions. Incomplete combustion mechanisms are composed of numerous interme-
diate reactions, and several hundred chemical species, and several parameters, such
as: temperature and concentration profiles of key species, are either unknown, or are
neglected to reduce the computational load. This can lead to significant errors in the
calculated output parameters of any particular model [62]. The simplified case of the
premixed laminar flat-flame intrinsically limits the problem to a single spatial dimen-
sion, which aids in the numerical simulation of the flames. This is in contrast with the
more complex case of turbulent flames, where turbulent mixing can lead to flamlets
propagating in all dimensions. Therefore measurements taken in this type of burner
are often used to validate and improve the understanding of incomplete combustion

and refine chemical kinetic models [63].
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For a number of years flat-flame burners have been widely employed, as a char-
acterisation standard, for the development of new optical diagnostic techniques for
combustion [64,65]. This is due to the simplifying assumption that a flat-flame is one-
dimensional, with conditions, such as species concentration, soot volume fraction, and
temperature, varying only with height above the burner (HAB) surface. This simplifi-
cation implies that there will be little variation of flame conditions in the radial direc-
tion, which greatly simplifies the experimental set-up for path-integrated measurement
techniques (such as absorption spectroscopy), removing the need to apply a complex

tomographic approach to achieve representative measurements [66].

To ensure comparability between research group, a commercially available flat-flame
burner manufactured by McKenna Products has found wide use in combustion research.
During the 2005 International Sooting Flame Workshop [67] discussions lead to the
choice of the McKenna burner as a target flame and a standard set of conditions that
should be used. The provision of standard flame conditions allows for meaningful

comparison of the research efforts across a number of different groups and institutions.

The McKenna burner is constructed from a cylindrical stainless steel outer housing;
within this housing the fuel gases are premixed before flowing through a porous plug
manufactured from a sintered matrix of stainless steel. A water cooling coil serves to
stabilise the surface temperature of the burner (and hence the boundary condition for
the flame). In soot formation studies a cylindrical stabilisation plate manufactured
from stainless steel is normally suspended above the burner surface to reduce the effect
of disturbances occurring from any ambient air currents to the flame. Section 3.2
describes the flat-flame burner used in this work, highlighting the differences from the

more widely used McKenna design.
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Figure 3.1: 33 mm diameter porous-plug burner used for measurements (shown support-
ing a ¢ =2.22 flame).

3.2 Burner Design

The burner used for this work is shown in figure 3.1, although it is of a broadly similar
design, the porous-plug burner used here differs from the standard McKenna burner as
it has a plug diameter of only 33mm. The stabilisation plate is similarly reduced in
diameter from the standard 60 mm to 33 mm and is suspended 21 mm above the surface
of the burner. The reduction in the diameter of the stabilisation plate is a significant

change, as this will change the rate of heat transfer to the plate from the flame.

To achieve different flame conditions the fuel equivalence ratio ¢ can be varied ac-

cording to equation 3.1

[XaiT/XC2H4]stoich (3.1)
Xair/XCz Hy

¢ =
where y is mole fraction and the subscript ‘stoich’ denotes the stoichiometric mole
fractions required for complete combustion (¢ = 1). A number of flame conditions
were used ranging from ¢ = 1.77 to ¢ = 2.97, to produce flames that produce little to

no soot through to highly sooting flames. This set of flame conditions allows for the

determination of the equivalence ratio at which soot formation begins to occur. The
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Air Flow-Rate CoHy

¢ XCoHi  Xair (sl/min) (sl/mz’n)
1.77 0.1099 0.8901 0.3445 2.790
1.92 0.1181 0.8819 0.3711 2.770
2.07 0.1262 0.8738 0.3972 2.750
2.22 0.1341 0.8659 0.4229 2.730
2.37 0.1419 0.8581 0.4482 2.710
2.44 0.1458 0.8542 0.4607 2.700
2.59 0.1534 0.8466 0.4855 2.680
2.67 0.1571 0.8429 0.4978 2.670
2.82 0.1646 0.8354 0.5220 2.650
297 0.1719 0.8281 0.5459 2.630

Table 3.1: Flow-rates used with porous-plug burner

flow-rates of air and ethylene used to generate these flame conditions are shown in table

3.1.

The flow-rates of air and ethylene (CP-grade) supplied to the burner are controlled
using either mass-flow controllers (Cole-Palmer) or using rotameters (Roxspur) which
were used for the photoacoustic measurements. Careful consideration was given to the
calibration of the rotameter readings as the observed float height would be incorrect
if the internal pressure was above atmospheric, due to resistance further down-stream.
One potential source of significant pressure drop in the burner set-up could be the
porous-plug. The pressure in the delivery line the was measured immediately down-
stream of the rotameters confirming that there was no significant increase in pressure
above atmospheric caused by the porous-plug. The flow measurement of the rotatmeters
was checked using a bubble-flow meter, and through comparison with the mass-flow
controller. A discrepancy in the rotatmeter reading for ethylene was identified and a
calibration factor was applied based on the value measures using the mass-flow controller

and bubble-flow meter, which were in agreement.
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The burner used in this work has a further variation from the more commonly used
McKenna design as it does not have the capability to use a co-flow shielding gas which.
This could potentially have an adverse effect on the stability of the flame. However,
precautions were taken to minimise the adverse effect of any errant air currents on the
stability of the flame; the use of a extraction system which served to locally direct air
currents, careful placement of any equipment which could create a disturbance (e.g.
electronic equipment containing cooling fans), and temporary shielding plates placed

around the burner.

An inherent feature of this burner is the accumulation of soot particulate upon the
stabilisation plate, especially when operating the burner for extended periods of time.
For this reason the operating time for high equivalence ratio flames (¢ > 2.59) was
limited to 30 minutes of operation, before the flame was extinguished for ~ 20 minutes
to allow the stabilisation plate to cool down prior to cleaning. This posed a challenge in
that the burner required 20 minutes of this running time for temperature stabilisation.
A procedure was adopted that a burner was initially operated with a lean flame (¢ =
1.77) for 20 minutes following ignition as this would allow the stabilisation plate to
heat to a temperature close to the flame conditions, with little accumulation of soot
on the stabilisation plate. Following this initial preheating period the flow-rates of the
combustion gases were reset to the required experimental conditions and the apparatus

was left to stabilise for a further 5 minutes before commencing any measurements.

The validity of the flat-flame dimensionality is critical when deciding on the suitability
of a particular diagnostic technique, and the accurate interpretation of measurements.
The flat-flame assumption was tested by Migliorini et al. [68] for a number of different
flat-flame burners constructed using a variety of plug materials, by measuring the radial
soot profile of each burner. Some of the burners tested in this work (particularly
those with a porous plug manufactured from stainless steel) produced flames which
showed significant variations along the radial direction. This investigation highlighted

the importance of testing the assumption for individual burners.
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By scanning the measurement location horizontally across a single height above the
burner a radial profile of soot volume fraction can be produced. Figure 3.2 shows the
results of such a scan undertaken on the flat-flame burner by Dunn [69] using laser
induced incandescence (LIT). The LII technique is a spatially resolved technique, which
uses a lens system to take point measurements from a specific location within the flame,
and is therefore not influenced by the variation in optical path-length through the flame
as the burner is translated. The distribution of soot is constant across the diameter of

the flame which indicated that the flat-flame assumption holds true for this burner.
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Figure 3.2: LII signal intesity with horizontal position 15 mm above the burner surface
within a ¢ = 2.97 flame (Image reproduced from [69]).

3.3 RGB Image Analysis of Flame Emission

The continuous-wave cavity ring down spectroscopy (cw-CRDS) measurement tech-
nique is highly sensitive to additional optical losses caused by the flame, particularly
due thermo-optic effects or the presence of particulate soot. For this reason, a num-
ber of additional measurements were undertaken on the porous-plug burner. The aim

of these measurements was to aid in the interpretation of the cw-CRDS experimental
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results. In particular, these measurements allow the position of the reaction zone of
the flame to be determined, and assess how its position changes with flame conditions.
Knowledge of this position is essential as the steepest thermal gradients are present
in the reaction zone and therefore this position will have the strongest thermo-optic
perturbations. The position of the reaction zone is assessed from images of the vis-
ible emission from the flame. The methodology and results of this investigation are

described in this section.

A Number of complex imaging systems have become more prevalent in combustion
diagnostics [70-72]. However it was decided that a commercial digital single lens reflex
(DSLR) camera could provide a convenient, and relatively inexpensive tool which can
be used to measure emission from the flame. To achieve this a DSLR camera (Canon,
model: 450D) was securely mounted on an optical post assembly, with the centre of the
lens positioned 10.5 mm above, and perpendicular to, the burner surface. Images were
taken of flames over the full range of equivalence ratios shown in table 3.1. To allow for
direct image-to-image comparison of emission intensity the camera sensor gain (ISO),
aperture, and exposure time were held constant for all images. Example images for

each flame condition are shown in figure 3.3.

The images shown in figure 3.3 can be readily separated into their constituent red,
blue, and green components using Matlab, and figures 3.4 & 3.5 show the intensity of
each component for the ¢ = 2.67 & ¢ = 2.67 flames using an average of four images. In
the ¢ = 1.77 flame, the lack of soot particulate can be observed as a reduction of the red
and green emission. The lower equivalence ratio leads to more complete combustion
and higher temperatures near the reaction zone, resulting in an increase in the intensity
of blue and green emission lower in the flame caused by emission from excited molecular
radicals. Emission at blue/green wavelengths is characteristic of the ‘Swan bands’ [73]
of radical diatomic carbon, with an emission contribution from singlet methylene also

present.

Although not undertaken in this work, soot temperature and volume fraction measure-
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¢ =177 ¢ =1.92

¢ =2.07 ¢ =2.22

¢ =2.37 ¢ =2.44

¢ = 2.59 ¢ =2.67

b =2.82 ¢ =2.97

Figure 3.3: DSLR camera images of all flames (¢ = 1.77 to ¢ = 2.97)
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Figure 3.4: Separated RGB components for average of 4 images of the ¢ = 1.77 flame
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Figure 3.5: Separated RGB components for average of 4 images of the ¢ = 2.67 flame
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Figure 3.6: Blue and green image components vs height above burner for a ¢ = 1.77
flame

ments based on the ratio of the intensity of emission of each RGB element using a DSLR
camera were demonstrated by Guo et. al [71]. The approach of making quantitative
measurements from radiative emission, at selective wavelengths as well as broadband
measurements, from soot has found wide use in soot formation studies [74-76], and is
often used to better understand measurements made using other techniques [77]. Emis-
sion based measurement has the advantage over laser based measurements that it is
entirely passive and therefore there is no potential for perturbation [27]. Furthermore,

it can be implemented on a range of combustion systems.

To allow for meaningful comparison to laser-based optical measurements, the vertical
pixel number from the camera was calibrated to height above the burner. This was
completed by photographing a steel rule at both the front and rear edges of the porous
plug, with the average of these measurements used as the calibration for the centre-
line of the burner. Calibrating the images in this way is not ideal, as it makes the
assumption that the flame is two dimensional. The individual pixels in the image will

contain emission contributions originating from above/below the height determined
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Figure 3.7: Estimation of reaction zone position based on peak emission of blue and
green image components

from the calibration. Nevertheless, measurements made using this method can contain
useful information about the combustion process. Following further calibration of the
camera sensor response there is scope to use this technique to obtain the radial emission

profile using a technique such as an Abel inversion [78§]

Figure 3.6 shows the average blue and green components of 4 images taken for a
¢ = 1.77 flame as a function of height above the burner. There is a definite peak
indicating a high rate of heat release, between 1 mm and 2mm HAB which is near the
expected position of the reaction zone. As the equivalence ratio is increased the intensity
of the blue and green emission near the reaction zone diminishes as the temperature
decreases due to the increasing heat capacity of the incomplete combustion products [79].
The position of the peak of this emission can be used to estimate the relative position
of the reaction zone as the equivalence ratio is varied. Figure 3.7 shows the estimated

position for a range of different equivalence ratios.

The decreased intensity of the blue and green emission in the higher equivalence ratio

flames results in a greater uncertainty in the estimation of the position of the reaction
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zone. The highest equivalence ratio flame imaged, ¢ = 2.97, has not been included in
figure 3.7 as the signal to noise ratio at the peak of the blue and green emission is
not sufficient to give a good estimation of position (SNR< 2). Further uncertainty in
the position is encountered in high equivalence ratio flames as significant reflection of
the brighter emission higher in the flame occurs at the burner surface, increasing the
noise in the emission peak. In rich flames above ¢ = 2.67 a 4th order polynomial fit
was applied over the emission peak to better estimate the peak position despite the

increased noise.

The position of the reaction zone appears to move upwards from the surface of the
burner. This is assumed to be due to a reduced requirement for heat transfer to the
burner surface due to the reduction in the flame temperature. This information is
useful for the design of new optical measurement techniques, such as cw-CRDS, as the
strongest thermal gradients, and hence optical disturbance, exist close to the reaction

zone, which can pose a challenge for such measurements.

Figure 3.3 indicates that visible orange emission begins to occur at an equivalence
ratio between ¢ = 1.92 and ¢ = 2.07. These flames should possess a relatively low soot
volume fraction, and it is assumed that this orange emission occurs due to the presence

large poly-aromatic hydrocarbons or small nascent particles.

3.3.1 Comparison to Laser Induced Incandescence (LII)

Laser induced incandescence (LII) is widely becoming accepted as the pre-eminent tech-
nique used to conduct measurements of particulate matter (soot) in-situ in flames, due
to its ability to undertake rapid spatiality resolved measurements [80]. LII operates
by heating any present particulate matter, using a suitably powered laser, to an ele-
vated temperature where they begin to emit significant additional Planck radiation [23].
With proper calibration, the magnitude of this incandescent emission can be used to

quantify the volume fraction of the particulate. LII measurements are normally under-
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Figure 3.8: Comparison of red emission with soot volume fraction measured using
prompt LII for a ¢ = 2.44 flame.

taken using a pulsed laser source, allowing the particulate to be rapidly heated before
cooling at a slower rate. The time between laser excitation and measurement of the
incandescent signal can be varied from immediate detection of the magnitude of the
LIT signal (prompt detection) to a point, typically several 10s of ns, after excitation

(delayed detection).

Dunn [69] employed the LII technique to measure soot volume fraction within a
range of flame conditions from ¢ = 2.44 to ¢ = 2.97. These measurements were made
using the prompt approach at an excitation wavelength of 1064 nm. The LII signal was
calibrated to a measurement of soot volume fraction by optical extinction. The LII
would appear to show a clear threshold at 7 — 8 mm above the burner, dependent on
equivalence ratio where soot becomes present, with the volume fraction of soot above

this point increasing with equivalence ratio.

Figure 3.8 shows a comparison of the red image component of the ¢ = 2.44 flame
and the soot volume fraction measured by Dunn using prompt LII close to the region

where the formation of particulate soot is thought to begin. The visible orange emission
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becomes significant at approximately 5 mm above the burner surface, however the soot
volume fraction measured by LII only shows a significant increase at 8 mm above the
burner. This discrepancy indicates that the orange emission in the lower regions of the
flame may originate from large organic molecules and/or nascent soot particles. The
high laser fluence used by Dunn, typical for pulsed laser LII measurements, may lead
to the sublimation of such small nascent particles and could partly account for the lack

of LII signal observed at these lower positions.

In addition to these soot volume fraction measurements Dunn also undertook LII
measurements at 532nm, and 283nm, where the LII signal contains a fluorescence
component arising due to the presence of poly-aromatic hydrocarbons (PAHs). If the
LII contribution generated using 1064nm is subtracted from the measurements made
using 532nm, and 283 nm inferences could be made about the concentration profile and
class of the PAHs present. The maximum florescence signal occurred around 4mm to
5mm above the burner, indicating the presence of PAHs in this region. This supports
the hypothesis that the orange emission that begins at this position may be due these

large aromatic molecules.

3.4 Measurement of Soot Distribution by the Photoacoustic

Effect

Photoacoustic detection has been used for high sensitivity detection of trace gases us-
ing IR absorption spectroscopy [81], and environmental particulate levels [82]. In this
technique the optical energy is absorbed by any particulate present, this results in lo-
calised of the particles. This heat is transferred from the particles to the surrounding
gas, resulting in the expansion of the gas [83]. Modulating the laser intensity leads to
a variation in the rate of heat transfer, resulting in an acoustic pressure wave [84], and
this pressure wave can then be detected using either a microphone or a piezoelectric

transducer (typically used for higher frequencies). Assuming that the modulation fre-
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Figure 3.9: Experimental set-up for photoacoustic soot measurement.

quency of the incident laser light is much slower than the rate of heat transfer from the
absorbing media to the surrounding gas the frequency of the generated acoustic wave

will be the same as the modulation frequency of the laser.

Using lock-in amplification will suppress any noise that is not at the modulation
frequency, as lock-in amplification acts as a narrow-band filter with an output of the
amplitude of the detected signal at the lock-in amplifiers reference frequency. Therefore,
lock-in detection is well suited to photoacoustic measurement, providing there are no
sources of acoustic noise at, or very close to, the modulation frequency. The sensitivity
of photoacoustic detection can generally be improved by increasing the amplitude of

the intensity modulation of the incident laser light, referred to as the modulation depth.

This section will present a novel photoacoustic method for the in-situ measurment of
the distribution of soot within the flame. These measurements, along with the previous
LII measurements, will provide information about the optical loss due to the presence

of particulate soot, which could limit the sensitivity of cw-CRDS.

3.4.1 Experimental set-up for photoacoustic soot measurement

The experimental set up used for photoacoustic soot measurement is shown in figure
3.9. A fibre-coupled, high-power continuous-wave diode laser, with a maximum power
of 30 W (X = 808 nm, DiLAS), was used to heat the soot particulate present in the flame.

The light was delivered to the burner using 600 um core diameter multi-mode fibre, then
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focused using a plano-convex lens, with a focal length of 120mm. The transverse profile
of the laser beam was measured at several points along the beam path by translating a
knife edge through the beam.and was found to have a 1/e? beam diameter of 1.06 mm at
the centre of the burner. The beam waist was nearly constant over the burner diameter,
expanding out to a 1/e? beam diameter of 1.30 mm at the extremities of the flame, and

the beam was measured to have a near-Gaussian intensity distribution.

The laser power was modulated sinusoidally at 10kHz by supplying a modulated
control voltage from a function generator to the laser drive electronics which in turn
modulated the current supplied to the laser diode. A thermal laser power meter was
used to terminate the beam, and to monitor the power of the beam when setting the
control voltage. in The resulting intensity modulation produced an acoustic wave, that
was then detected using a MEMS microphone (Wolfson Microelectronics) located 60 mm

from the burner centre-line.

The microphone, was originally designed for hearing aid applications, and has a flat
output response up to 20kHz , implying that a broadband acoustic measurement would
be highly susceptible to background noise. A hardware lock-in amplifier module (Stan-
ford Research Systems, model: SRS 830)was used, and a relatively high modulation
frequency of 10kHz was selected. This frequency was selected as the power spectral
density of any ambient acoustic noise is expected to be roughly inversely proportional
to frequency. The time constant of the lock-in amplifier was set to 3s to minimise
the effect of any low frequency disturbances to the flame. The output from the lock-
in amplifier was recorded using a data acquisition card (National Instruments, model:

PCI-6120) for in an integration time of 10s, at a sampling rate of 1 KS/s.

It was initially thought that a large intensity modulation amplitude would be re-
quired to achieve the required sensitivity for soot measurement. In fact, the intensity
modulation amplitude of the laser was limited by the frequency response of the available
drive electronics and the frequency response of the laser diode itself. Even though the

control voltage for the laser was modulated through its full range of 10V this produced
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Figure 3.10: Lock in amplifier output voltage using photoacoustic detection in 3 sooting
flames.

an intensity modulation amplitude of only 130 mW, instead of the expected 30 W. How-
ever, experimentally it was shown that this modulation amplitude was still sufficient to
make useful measurements. To improve the sensitivity of the technique the use of an
optical chopper was investigated as a means of producing a higher modulation depth,
but practical difficulties were encountered in achieving a sufficiently high modulation
frequency. Although an increased intensity modulation depth was achieved, increasing
the amplitude of the acoustic signal to audible levels, additional noise was observed
on the output of the lock-in amplifier. This was attributed to unstable photoacoustic
effects which were generated at the detection frequency due to the laser heating the
chopper blades. Even when the voltage controlled modulation method was employed a
significant background photoacoustic signal could be detected in absence of the flame,
the majority of this background signal was attributed to laser heating of the optical

components and the power meter.
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Figure 3.11: Lock in amplifier output voltage using photoacoustic detection in 3 sooting
flames.

3.4.2 Comparison of photoacoustic and LII soot measurements.

Measurements of the photoacoustic signal recorded for flames of three different equiva-
lence ratios (¢ = 2.44, ¢ = 2.67, and ¢ = 2.97) taken across a range of positions above the
burner surface are shown in figure 3.10. The background signal in absence of any absorp-
tion from particulate present in the flame was measured to be 0.23 V and this value has
been subtracted from each data point. The photoacoustic measurements indicate that
significant absorption occurs at positions 6 mm to 7mm above the burner, indicating
that the onset of soot formation occurs at this point. This agrees well with the previous
LIT measurements taken by Dunn. A high level of repeatability can be observed in the
measurements: the error bars in figure 3.10 represent the standard deviation calculated
from three repeated height translations, this is due to the combination of long inte-
gration time and lock-in amplifier time constant. Figure 3.11 shows a comparison of
the magnitude of the photoacoustic signal with the soot volume fraction measurements
made using LII by Dunn. There is a very good correlation between the two measure-

ment techniques, indicating that the majority of the absorption encountered within the
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flame arises from the presence of soot particulate.

Finally, to confirm that the photoacoustic signal detected by the MEMS microphone
had originated from the interaction of the laser with the flame, and not due to any
ambient photoacoustic effects, the position of the microphone was translated on a hor-
izontal axis perpendicular to the laser beam axis and signals were recorded at each
location as described above. The results from this test are shown in figure 3.12, and
show that recorded signals closely follow an inverse-square (1/R?, where R is the sepa-
ration distance) relationship with distance from the source of the sound at the centre
of the burner. However, this relationship is only likely to be a true approximation at
separations where the source of sound can be considered a point source. As the sepera-
tion distance is decreased the cylindrical nature of the laser-soot interaction will mean

that the relationship tends more towards a simple inverse (1/R)
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Figure 3.12: Results of translating the microphone away from the burner with a model
inverse-square law (1/R?) drop off from the initial value.
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3.4.3 Calibration of acoustic signal

As with the LII approach, calibration of the photoacoustic signal requires an inde-
pendent measurement of soot volume fraction. A common calibration technique is to
measure the extinction of the laser energy due to absorption. There are numerous dis-
advantages to this approach, such as the extremely low extinction encountered at low
soot volume fractions, and uncertainties in the optical properties of the soot. Despite
the disadvantages, extinction calibration has been shown to give good agreements with
other measurement methods [74]. If it is assumed that the extinction coefficient kg is
equivalent to the absorption coefficient of the soot k. then the soot volume fraction
fv can be determined using

6mE (m)

kext ~ Kabs = fUT (32)

where E (m) is the soot absorption function and A the wavelength if of the light used
to make the extinction measurement. Although F (m) can vary as the soot structure
changes. A constant value of E (m) was adopted, due to the complexity of determining
an accurate value of ' (m) for all the positions and flames. A value of E(m) = 0.3+0.06
is suggested by Schulz et al. [85] as being representative of the range of measured E(m)

values.

It is somewhat counter intuitive that the low modulation depth produced by the
DiLas laser would produce such a strong acoustic signal. Calibration of the acoustic
signal was undertaken by measuring the extinction of the DiLas laser due to the presence
of soot 15 mm above the burner in the ¢ = 2.97 flame. To do this, a lower laser power of
2W was used, which was the lowest power at which the laser output power was stable.
The transmitted beam was sampled (~ 4%)using a reflection from a quartz microscope
slide, which was further attenuated by neutral density filters before being focused onto
a silicon photodiode. The output of the photodiode was calibrated using the thermal

power meter, and was found to have a linear response up to the maximum laser output
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Figure 3.13: Comparison of extinction coefficient and photoacoustic signal for the ¢ =
2.97 flame.

power. Repeated measurements were taken in the presence and absence of the flame.
For the purpose of calculating the extinction coefficient, the radial soot distribution

was assumed to have a top-hat profile with a diameter of 33 mm.

Although only a single calibration point was required, additional extinction mea-
surements were completed for each height above the burner as shown on figure 3.13.
Measurements below 2mm are omitted due to the high optical extinction from the
optical disturbances encountered close to the reaction zone. The extinction coefficient
at each height correlates well with the photoacoustic signal however, the value of 3.96
at 15 mm suggests a soot volume fraction of 5.66 x 10~7 (using equation 3.2). Errors in
the extinction calibration arising due to errant emission from the flame were effectively
minimised in the recalibration as they are of a relatively low energy compared to the
laser, and do not produce a significant output on the photodiode. The high extinction
coeflicient gives an explanation as to why the acoustic signal can easily be detected

despite the decreased modulation depth.

This new extinction data was used to recalibrate the previous LII measurements, and
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Figure 3.14: Soot volume fraction at a range of equivalence ratios measured 14 mm
above the burner using extinction-calibrated photoacoustic detection

calibrate the photoacoustic measurements, for the lower equivalence ratios, to provide
values for soot volume fraction. The results of this calibration are shown on figure
3.15. Figure 3.14 shows the measured soot volume fraction 14 mm above the burner for
a range of equivalence ratios which appear to show that there is a threshold for soot

formation at an equivalence ratio between ¢ = 2.07 and ¢ = 2.22.

Figure 3.14 shows photoacoustic soot measurements taken 14 mm above the burner,
over a wider range of equivalence ratios (¢ = 2.07 to ¢ = 2.97) . Comparison of these pho-
toacoustic measurements with the raw flame images (Figure 3.3) shows that although
soot formation begins at ¢ ~ 2.07, the orange emission from soot particles begins at a
slightly lower equivalence ratio, between ¢ = 1.92 and ¢ = 2.07). Although a relatively
high power continuous-wave laser source was used for the photoacoustic measurements
the laser fluency is still substantially lower than the prompt LII measurements under-
taken by Dunn, therefore it is unlikely that smaller soot particles would be vaporised
using this method. This provides further evidence that this emission most probably oc-

curs from nascent soot particles or large PAH molecules, which do not absorb sufficient
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Figure 3.15: Comparison of soot profiles obtained using photoacoustic and LII detection
methods, calibrated with the updated extinction measurements.

laser energy to produce a significant acoustic signal. A key point in this possible ex-
planation is the different properties of nascent particles and mature soot, with nascent
soot having a quasi-liquid like structure [21]. This could lead to the nascent particles
possessing different optical properties, from mature soot, such as E (m) [86], which can
effect the absorption of laser energy, and therefore the generation of an acoustic or LII
signal. There is considerable debate as to the correct value of E (m) as it is critical the
interpretation of optical soot measurements, which are calibrated by extinction, and
recently great effort has been devoted to determining the correct value through the soot

formation process [87].

3.4.4 Review of the photoacoustic measurement technique

The photoacoustic measurements compare well to those made using the well-established
LIT technique, producing repeatable measurements across a range of flame conditions.
The simplicity and low cost of photoacoustic soot detection using fibre-coupled cw-

diode lasers may make it an attractive alternative for certain applications. One of the
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disadvantages of the technique, compared to spatially resolved techniques such as LII, is
that the measurements are integrated along the laser path-length. Therefore, following
the currently the technique is limited to applications, such as flat-flame burners where

there is little variation in soot volume along the path-length.

The long term stability of the porous-plug burner allows for a long integration time
to be used, which reduces the effect of sporadic short-term disturbances on the mea-
surement. If the sensitivity of the technique was improved, e.g. by using a laser source
which is capable of a greater modulation depth), the integration time could be reduced
and therefore more temporarily resolved measurements could be made. A further limi-
tation to this is that the time constant for the lock-in amplifier must be several times
the modulation period of the laser. Despite these apparent disadvantages the simplicity
and low cost of the photoacoustic technique, and the convenience of using fibre-coupled

cw-diode lasers, may make it an attractive alternative for certain applications.

3.5 Temperature estimation using laser induced fluoresce of OH

As described in chapter 2 accurate measurements of gas temperature are essential tor
the interpretation of absorption spectra in order to achieve accurate values for species
concentration. Hu made temperature measurements using the laser induced fluores-

cence (LIF) technique.

LIF [88] occurs when energy is spontaneously emitted by a molecule which had pre-
viously been raised to an excited state through absorption of laser energy. In order
to undertake temperature measurements in the porous-plug burner Hu measured the
relative intensities of seven emission lines of the rotational band of hydroxyl (OH), at
a wavelengths around of 303 nm. The ratio of the emission intensity of these lines was
then used to prepare a linear Boltzmann plot which could be used to infer temperature.
The nature of OH LIF thermometry requires a significant concentration of OH to be

present. OH is only present close to the reaction zone and hence measurement accuracy
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decreases at higher elevations above the burner surface, and almost impossible above
4mm and below 0.6mm. The average temperature in the plateau region, away from
the reaction zone, appear to be » 1600 K for this flame. Due to the low concentration
of OH there was a high level of variance in the temperature measurements undertaken
in this way however, the average temperature profile in this region compares well to

the temperature predicted using kinetic modelling.

3.6 Summary

In section 3.1 the background and underpinning assumptions for the standard McKenna
burner was presented and compared with the the porous-plug burner used in this work,
the design of which was presented in section 3.2. To aid in the novel application
of cw-CRDS to the burner, which is the primary focus of this work additional char-
acterisation measurements were undertaken on the emission from the flame using a
commercial DSLR camera, these measurements are presented in section 3.3. A novel
soot measurement technique based on the photoacoustic effect was presented in section
3.4 and the measurements were compared with the previous measurements made using

the LII technique.

The measurements indicated that orange emission occurred in the flame before any
particulate could be detected using either the LII or the photoacoustic technique. This
emission was thought to originate from nascent particles which did not absorb sufficient

energy for detection or from large PAH molecules.
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4 Continuous-Wave Cavity Ring Down

Spectrometer Design

4.1 Introduction

Laser absorption spectroscopy is a technique which is well suited to conducting in-situ
concentration measurements in reacting flows, such as flames. Absorption spectroscopy
is minimally intrusive, requiring only modest laser power in the majority of applica-
tions and therefore does not impart significant energy which could cause a change if
conditions in the flow being measured [85]. The background and theory for using diode
laser absorption spectroscopy in the near-infrared (NIR) for species concentration mea-

surements was presented and discussed in chapter 2

Standard single-pass absorption spectroscopy often lacks the required sensitivity for
species concentration measurements in flames. This can be due to a combination of the
low concentration or the low absorption cross-section of the target species, a short inter-
action length and the intense background emission [89]. The sensitivity of absorption
measurements can be improved by increasing the laser-gas interaction length, passing
the light through the gas multiple times. This can be achieved by coupling the light into
an optical cavity constructed around the measurement volume. Several measurement
strategies exist for undertaking such cavity enhanced measurements [90]. Several of the

more commonly used cavity enhanced techniques were briefly described in chapter 2.

Cavity ring-down spectroscopy (CRDS) is one such technique [57], originally devel-
oped to measure the optical reflectance of early laser mirrors. During a CRDS mea-
surement the input light into the cavity is terminated, resulting in the intensity of the
residual light within the cavity leaking through the cavity output mirror decaying ex-

ponentially. If no absorbing medium is present, the rate of decay should ideally only
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be due to mirror transmission/scattering losses. When an absorbing species is present
this rate of decay can be increased proportional to the per-pass absorption losses in the

optical cavity.

In this chapter the theory and practical considerations that are required for the design
of a continuous-wave cavity ring-down spectrometer will be presented and evaluated.
The outcomes from this evaluation will be used as a basis for the design of a spectrometer

capable of operating in-situ in a combustion process.

4.2 Cavity Ring-Down Spectroscopy Theory

Consider a cavity formed of two high reflectivity (R > 0.999) mirrors where a proportion
d of the cavity length is occupied by a species with absorbance A. It is assumed the
the only losses from the cavity are due to absorption and interactions with the cavity

mirrors. The derivation given here is adapted from [56].

In Chapter 2 the Beer-Lambert law was introduced to define the proportion I of

incident Iy light that is transmitted after interacting with the absorbing species [].

I
I = exp (-Ad) (4.1)

Considering a single round trip of light between two mirrors separated by an absorbing
medium, optical intensity within the cavity will be lost during the two mirror interac-
tions and due to absorption through the path between reflections. Hence, the intensity

I, remaining following n complete round trips is:
I, = IyR*" exp (-2n.Ad) (4.2)

with the time ¢ taken to complete n round trips given by

_2nL.
I

t

(4.3)
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By re-arranging equation 4.3 for n and substituting into equation 4.2, the intensity I(t)
of the light remaining within the cavity at any time following termination of the input

energy will therefore decay exponentially according to:

I(t) = Ipexp [Z—C (In(R) - Ad)] (4.4)

C

The mirrors used for CRDS are typically of a very high reflectivity (R ~ 1), therefore the
approximation of In(R) ~ (1 —R). Using this assumption a new parameter, ring-down

time 7 can be defined as the decay constant according to:

— LC
" [(1-R) + Ad]

(4.5)
Thus the decay function for the intensity of the light in the cavity can be described as:

I(t) = Iyexp (-%) (4.6)

By measuring the decay constant of the exponential decay the CRDS technique is
independent of the initial intensity within the cavity and is therefore not affected by any
intensity fluctuations to the input light to the cavity. Hence, the minimum detectable
absorption measured with CRDS is defined by the reflectivity of the cavity mirrors
and the minimum observable change in the ring-down time compared to an ‘empty’
cavity. In most practical applications it is likely that there may be additional optical
loss within the cavity. To account for this an additional loss term X can be included

in equation 4.5
Lc
T =
c[(1-R) + Ad + X]

(4.7)

The simple case described above is known as the ‘photon bullet’ or ‘ping-pong’ model
which assumes that no overlap or interference occurs between the forward and backward
propagating light. In order to fully describe the theory of CRDS (and in particular cw-

CRDS) such interference effects must be considered. Section 4.3 describes the more
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complex case where the light within the cavity overlaps with the input light.

4.3 Optical Cavity Theory

To allow the design a cw-CRDS spectrometer that is capable of making sensitive absorp-
tion measurements in-situ in the porous-plug burner, it is first necessary to summarise

the theoretical description of resonant optical cavities.

The simplest form of optical cavity is a linear cavity constructed from two mirrors,
between which a self replicating or ‘standing’ wave can be maintained allowing the
intensity of the light in the cavity to build up over time. For simplicity the description
given in this work is restricted to the propagation of monochromatic laser light within

the cavity.

4.3.1 Frequency Response of Optical Cavities

A standing wave will be formed when the cavity length and the wavelength of the light
are at a resonant condition, such that the incoming light constructively interferes with

the light reflected from the far cavity mirror.

In the simple two mirror cavity configuration resonance will occur when the cavity
length is equal to an integer number of half-wavelengths. This is due to the 7 phase
shift that occurs as the light is reflected from the mirror surface. Due to this phase
shift the amplitude of the em wave must be equal to zero at the mirror surface to fully
overlap the incident wave. The periodic conditions required to achieve resonance are
know as the ‘longitudinal resonant modes’ of the cavity. Mathematically, the conditions
required for resonance can be defined as [92]

L- q(g) (1)

where ¢ is an integer number (known as the mode number), A the wavelength of the
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Figure 4.1: The first 4 longitudinal resonant modes of a simple 2 mirror cavity.

incident light, and L. is the mirror separation, i.e. the length of the cavity. diagram
depicting the first four longitudinal modes of a simple two mirror My,Ms cavity is shown

in figure 4.1.

The frequencies of light at which the cavity can support a standing wave are there-
fore limited by the above condition, with each mode maintaining a constant frequency
separation, known as the ‘Free Spectral range’ (Avpgr) of the cavity which is defined

as
c
2L,

AVFSR = (49)

where c is the speed of light in the medium separating the mirrors.

The variation of the optical intensity of the light within the two mirror cavity as its
length is varied by a small distance (2\) is shown in figure 4.2. The Lorentzian shape
of the longitudinal modes can be described by introducing the concept of the ‘Finesse’
of the cavity. Until now we have not considered any potential loss to the light within

the cavity. In a practical optical cavity the cavity mirrors will not return all of the
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Figure 4.2: Theoretical response of a 2 mirror cavity through a small change in the
cavity length.

light which is incident on the mirror surface, with some light being scattered out of
the cavity, and a proportion of the light being transmitted through the mirror. The
reflectivity parameter R represents the proportion of the incident light that is reflected

from the mirror surface.

For a lossless cavity constructed using ideal mirrors (R = 1,) the condition described in
equation 4.8 permits only resonant frequencies to exist within the cavity. All other non-
resonant frequencies are suppressed by destructive interference. However, when there
is a source of loss in the cavity (such as a reduction in the mirror reflectivity, shown
in figure 4.2) the intensity of the reflected light is reduced which, in turn, reduces the
effect of the destructive interference. This permits a wider range frequencies to build up
within the cavity, leading to the broadening of the longitudinal modes. Mathematically
the finesse is a function of the ‘effective reflectivity’ R,y of the cavity and represents

the ratio of the full width half maximum (FWHM) of the modes to their free spectral
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range

VRe
Fo Vel (4.10)

(1-Resy)
It therefore follows that the FWHM of the modes, known as the ‘cavity bandwidth’

Svew HM, which is given as.

Avpsr
f

5VFWHM = (411)

The effective reflectivity is used to account for all losses within the cavity, not merely
those caused by interaction with the mirrors. Finesse is a measure of the effective path-
length of the cavity and can describe the ability of the cavity to sustain any resonance
following a small disturbance to the resonant conditions, such as any instability of
the incoming laser light or small changes to the cavity length due to poor mechanical
stability. As the effective reflectivity of the cavity increases the proportion of the
light which is transmitted through the mirrors is reduced. Therefore, for the cavity to
achieve a relative transmission of unity the circulating power within the cavity will be

significantly higher than that of the incident light.

For cw-CRDS applications, cavities are often constructed using mirrors with reflec-
tivity greater than 99.99% to achieve the extended path-length and a more favourable
sensitivity. This can lead to the cavity having an extremely narrow bandwidth. For ex-
ample, consider a linear optical cavity of 0.5m in length which is constructed using such
mirrors. Such a cavity would have a finesse > 30,000 and a bandwidth of only 9.55kHz,
much narrower than the line-width of the typical laser sources used in these set ups.
This results in only a small fraction of the laser power being resonant with the cavity.
Also the long-path length produced by such cavities can extend beyond the coherence

length of the incident light, causing a chaotic variation in the peak transmission.

4.3.2 Cavity Stability

To obtain a stable resonance within the cavity not only must the frequency conditions

described in section 4.3.1 be achieved, the reflected light must also replicate the in-
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Figure 4.3: Example 2 mirror cavity

coming light spatially following each successive reflection. Empirically this would be
achievable using planar mirrors carefully aligned so as to ensure that the incident light
into the cavity is normal to the reflective surface ensuring that any subsequent reflec-
tions are therefore normal to the surface. In practice however any deviation in this
angle, however small, will eventually lead to the light escaping the cavity. Because
of the curved mirror construction the propagation of light within the cavity is best

described using Gaussian optics, as opposed to geometric ray optics.

For this application Gaussian beams can be described using the complex beam pa-
rameter, also known as the g-parameter ¢ (z) which represents the radius of curvature
of the wave-front at a distance z from the beam waist wg. The g-parameter is calculated
according to [93]:

q(z)=z+2zgi (4.12)

where zg is the Rayleigh range which is the distance along the propagation of the beam
at which the cross-sectional area of the beam has doubled. Rayleigh range is determined

from wavelength and the size of the beam waist according to [94]:

2
ip = % (4.13)

Considering the optical cavity shown in figure 4.3, constructed from two identical con-
cave spherical mirrors of radius of curvature (ROC) R, separated by a distance L. In

this configuration, the ROC of the wave-front inverts at the centre of the cavity. Al-
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Matrix Component
1 d Propagation through
0 1 distance d in free space
_11 0 A thin lens of
7 1 focal length f
1 0
ny—ng ny Refraction at a curved surface
Rena  ma
1 0
—_2 1 Reflection from a concave mirror
R.

Table 4.1: Common Ray Matrices

though there is a multitude of stable, multi-mirror cavity configurations in this work
consideration is only given to cavities constructed from identical concave spherical mir-

rors, as this is the simplest configuration and the most commonly used for cw-CRDS.

The choice of an appropriate mirror ROC and separation is important so that the
light is not directed out of the cavity after a number of trips. By applying the ray matrix
transfer technique [95] the propagation of Gaussian beams at any point in an optical
system can be described. Ray transfer matrix analysis applies an ABC D-matrix to
each component and the change in the g-parameter from ¢; to ¢ is calculated according

to [93]:
B Aql +B

= 4.14
P qu +D ( )

The individual matrices shown in table 4.1 represent a selection of common optical
components which can be combined to produce a single ABC D-matrix that represents

the round trip within the cavity. This matrix is constructed using matrix multiplication
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from right to left, following the order in which the beam encounters each component.
Considering the simple optical cavity shown in figure 4.3, constructed from two concave
mirrors of identical radius of curvature R., separated by free space distance d, the
multiplication will comprise of; The propagation through the length of the cavity to
the first mirror, reflection from the first mirror, propagation to the second mirror, and
reflection from the second mirror.

A B| |1 of|lt L1 of|1 L.
(4.15)

C D| [# 1[0 1||F 1]]0o 1

As stated above, for the cavity to be stable the light must be constantly refocussed. This
requires that the input and output g-parameters are identical (g2 = q1), and therefore

equation 4.14 can be rearranged to give:

C@3+(D-A)qi -B=0 (4.16)

and the determinate of the ABC D-matrix must be unity. By applying Sylvester’s
theorem it can be shown that for the cavity to be stable the ABC D-matrix must meet

the condition [94]:

—1<(A;D)<1 (4.17)

Completing the matrix multiplication on equation 4.15 gives

e e

If we define a new parameter g, the‘cavity stability parameter’ for each mirror according

Gn = [1—(%)] (4.19)

a stable two mirror cavity must meet the condition:

to the equation:

0<giga<1 (4.20)
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Figure 4.4: Cavity stability plot. Several different symmetrical configurations are shown

Therefore, when designing an optical cavity one should select a combination of mirror
radius of curvature and cavity length that satisfies the above condition. Figure 4.4
shows all possible stable configurations for a two mirror cavity. As stipulated above in
this work consideration is only given to symmetric cavities constructed from identical
(g1 = g2) concave mirror, and therefore the condition required for a stable cavity is
simply:

L<2R, (4.21)

4.3.3 Transverse Electromagnetic Modes

To fully describe the propagation of light within the optical cavity consideration must
be given to the transverse intensity profile of the beam, described as the transverse
electromagnetic modes (TEM). Normally, such modes are modelled as the product of
two polynomials, with orders m and n respectively e.g. TEM,,,. The fundamental
mode is labelled TEMgy and has a Gaussian transverse intensity profile. Higher or-

der transverse modes propagate through different optical paths and have a different
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Figure 4.5: Intensity profile of higher order TEM,,,, modes (Hermite-Gaussian)
Image taken from ]

transverse intensity distribution to the TEMyg mode. Figure 4.6 shows the transverse
intensity distributions for a variety of higher order modes. Compared to the TEMqg
mode the energy in higher order mods is more spatially extended as the order of the

mode increases, illuminating more of the the mirror surface.

For a cavity constructed from spherical concave mirrors the TEMyg mode is supported
when the wavefront radius of curvature matches that of the mirror surface at the point
of refection, and to achieve resonance the magnitude of the electric field at the mirror
surface must be zero. The spherical nature of the wavefront causes a phase retardation
compared to the planar case. Following the detailed description given by Saleh et al [92]
and recalling that the total change in phase for a round trip through the cavity must
be a multiple of 27, we can refine equation 4.8 to represent the TEM(g transverse mode

as

c arccos (:i:\/g_2 )

= B 4.22
Vq oL, q - ( )

The free spectral range, v, —1,-1 remains the same in this more refined picture. Higher

order transverse modes resonate at different frequencies therefore the longitudinal res-
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Figure 4.6: Frequency distribution of higher order TEM,,,, modes
onant condition for any TEM,,,, mode can be described as

+ 2
e nenenyelVP)

c
i 4.23
2L, s ( )

Vinng =
A diagram demonstrating the frequency spacing of several high order modes with respect
to the fundamental TEMggy mode is shown in figure4.6. It is clear from equation 4.23
that there are numerous higher order transverse modes which share the same resonant
frequency, this case is referred to as ‘Transverse Mode Degeneracy’. Degeneracy can
lead to a reduction in the sensitivity of the CRDS technique as each of the excited
modes will have a different decay rate, increasing with the mode order due to increased
interaction with the cavity mirrors. Therefore degeneracy between transverse modes
leads to the observed decay function having a multi-exponential nature [96]. The light
in simultaneously excited transverse modes can also lead to interference noise on the
observed decay (a situation known as ‘mode beating’) leading to further errors in the

fitting for the ring-down time [97].

The frequency separation of the higher order transverse modes aids in coupling of the
light into a single fundamental TEMyg mode in cases where the narrow line-width of
laser sources is << Avpggr. For example, if we consider a 0.5 m optical cavity constructed
from mirrors with 1m radius of curvature, which would have a free spectral range of
300 MHz the spacing between the TEM( and the adjacent TEMg; /TEM;¢ modes would
be 100 MHz.
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4.3.4 Mode-Matching

To achieve a high level of coupling efficiency and couple most of the incident laser light
within the cavity the propagation of the input beam must match that of the target
transverse mode, for cw-CRDS applications this is normally the fundamental TEMgq

mode.

Before a solution can be designed to preferentially excite the fundamental TEMgg
mode it is first necessary to describe the propagation of the TEMyy mode along the
length of the cavity. As stated in section 4.3.2, the TEMgy mode has the shape of a
Gaussian beam with a wave-front curvature that matches the mirror curvature at the
point of reflection. For a symmetrical cavity the beam waist wg will be at the centre of

the cavity, and the Rayleigh distance of the TEMyg can be determined from:

Ro=05L0+ —& (4.24)
0.5L,

The TEMpy mode can be calculated using equation 4.13 and the g-parameters at the

mirror surface and the cavity centre are:

G = ?C +izR and  qo=1i2gR (4.25)

To achieve the best possible coupling to the TEMyg mode, and avoid coupling a propor-
tion of the input light into higher order transverse modes, the g-parameter input beam
must match the g-parameter of the mode. In practice this can be achieved by prepa-
ration of the input beam using a simple two lens telescope configuration, although in
some cases, where significant reduction of the input beam is not required, a single lens
system may be possible. An example two lens Keplerian telescope format is shown in
4.7 For high curvature mirrors it is important to account for the change in g-parameter
associated with the lensing effect of the mirrors. Therefore, the ABC D-matrix repre-
senting such a mode matching system is a multiplication of the matrices representing

the two lenses with focal lengths f1& fa, their separation ds, the distance from the final
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Figure 4.7: Example Keplerian telescope mode-matching set up.

lens to the back face of the mirror ds and the lensing effect of the mirror. The total

ABDC-matrix is therefore:

A B 1 0110 1 (|0 ds||1 OO0 da2f] 1 Of[0 dy
_ (4.26)
Nm—1 1 -1 -1

where d; represents the distance of the beam from the point where its g-parameter is
known to the first lens in the mode matching system. For some applications a pinhole
is also included at the focal plane between the lenses which acts to spatially filter the

incident laser beam if the transverse profile does not match a fundamental Gaussian.

Most mode matching strategies will not achieve total mode matching (i.e. 100% of
the incident light is held within the TEMy mode) but as will be discussed further below
it is important that the coupling efficiency to the TEMgy be far greater than any of
the higher order modes, to ensure that only these modes meet the trigger threshold to
initiate a ring-down measurement. To this end, an aperture may included intra-cavity,

in order to induce loss to the more disperse modes.

4.4 Modes of Operation for cw-CRDS

Once the optical intensity within the cavity has built up to a suitable threshold level
the ring-down time can be measured by preventing any further build up of intensity
within the cavity [98]. There are several different operating strategies for measuring the

ring-down time in cw-CRDS, with the majority of applications attenuating the incident



4.4 MODES OF OPERATION FOR cwW-CRDS 69

Optical Detector

Switch
Trigger |
Electronics

Figure 4.8: Typical cw-CRDS experimental setup, using optical shutter and piezoelec-
tric transducer (PZT).

laser energy, for a given period, using some form of optical switch to allow the cavity

to ring-down.

An example experimental setup for cw-CRDS is shown in figure 4.8. In this set-up
the cavity length is scanned over a small distance (normally equivalent to just over
Avpgpr) exciting a longitudinal resonant mode of the cavity. When the voltage from
the detector reaches a preset level the trigger electronics engage the optical switch to

rapidly attenuate the incident laser light.

Another method was used by Orr et al [99] where, upon reaching the resonance
threshold the cavity length was rapidly (<< 7) scanned away from the resonance condi-
tion, thereby effectively attenuating all but a small residual amount of the input laser
light. This approach has the advantage that it does not require any form of optical
switch. Orr also successfully tested a similar approach by rapidly scanning the laser
wavelength across the absorption feature of interest rapidly coupling and de-coupling

across several cavity modes, producing a number of ring-down events.
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4.4.1 Optical Switches in cw-CRDS

The optical switch used in the standard cw-CRDS approach usually takes the form of an
acousto-optic modulator (AOM) which rapidly deflects the input beam away from the
cavity. A less common method is to use a high speed electro-optic intensity modulator
(EOM), a component used to encode data in optical fibre telecommunications. EOMs
are widely available in fibre coupled packages, for applications at wavelengths around
1550nm (the telecoms C-band) . These modulators are able to operate in the GHz range,
attenuating the incoming light on nanosecond time scales, this makes them attractive for
cw-CRDS applications. Commercially available EOMs are typically fibre-based Mach-
Zehnder interferometers with an electrically modulated (lithium niobate) phase delay
applied to one arm. On recombination the phase difference leads to varying degrees of
destructive interference, resulting in an output intensity modulation with attenuation
of up to 40dB. Huang et al. [100]. showed that for optimal performance the extinction
requirement for cw-CRDS switches should be above 70dB. In the same work Huang
et al. demonstrated the first use of a semiconductor optical amplifier (SOA) as the
optical switch, which performed comparably the more commonly used AOM. The use
of a SOA has a particular advantage over EOMs and AOMSs, which is that it is an
active optical component which provides some amplification of the input laser light,
where as the other options have insertion losses of typically 3 — 4dB associated with
them. This is especially useful for applications which have a reasonably high broadband
optical loss, as is encountered in flames, which will be discussed further in chapter 5. A
further disadvantage of this type of modulator is that the output is dependent on the
polarisation state of the input light, which necessitates the inclusion of a polarisation

controller, on the input to the modulator.



4.5 THE USE OF PULSED VERSUS CW LASER SOURCES 71

4.5 The use of Pulsed versus CW Laser Sources

Both pulsed and cw laser sources are routinely used for CRDS, with each having its
own benefits and disadvantages. The decision of which type of source should be used
for a given application will, ultimately, be dictated by the availability of a source which

emits at the absorption wavelength of the target species.

CRDS systems using pulsed laser sources are, normally, simpler to implement and
are generally more robust in the presence of mechanical or optical disturbance as they
do not rely on optical resonance to build-up power within the cavity. Pulsed CRDS by
its nature does not require any attenuation of the incoming laser light in order to allow
the cavity to ring-down, which provides the greatest simplification in the experimental
set-up compared to cw-CRDS. In a pulsed CRDS system power is rapidly built up
within the cavity as the pulse duration is typically much shorter than the ring-down
time of the cavity. The pulsed operating mode can often be described using the simple
‘Ping-pong’ model were the duration of the laser pulse is shorter than the round trip
time of the light within the cavity which results in no optical interference taking place.
The light that is present at the start of the ring-down period is simply the proportion of
light that is transmitted through the input mirror following the laser pulse, however as
the peak power of pulsed sources is normally very high (on the order of MW) even this
small proportion is easily detectable. For cases where the pulse duration is longer than
the cavity round trip time there will be some overlap of the em-field within the cavity.
The broad line-width which is normally possessed by pulsed sources is often much wider
than Avpggr which results in light being simultaneously coupled into several different
longitudinal cavity modes which can reduce sensitivity (see section 4.3.3). The broad
line-width of pulsed laser sources produces spectra which are a broadened convolution
of the laser line-width and the absorption feature which must be accounted for in the
data analysis. Another disadvantage in using pulsed laser sources is that such sources
are typically much more bulky and expensive than the cw diode laser sources which are

used for cw-CRDS.
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4.6 Initial cw-CRDS Spectrometer Design

The initial design for a cw-CRDS spectrometer to be applied to in-situ measurements
using the porous plug burner, described in chapter 3, follows the typical mode of oper-
ation described in section 4.4, using a piezoelectric transducer equipped mirror mount
to vary the cavity length. A diagram showing the components, and optical and elec-
trical connections of this initial design is shown in figure 4.9. In this section each of
the main components of the spectrometer will be described individually, followed by an

evaluation of the spectrometer performance under ambient conditions.

Mode Matching Focussing
Telescope Lens
Single mode Fibre — t+ 4

Electrical Connection 4 = =

Amplified
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Package

Polarisation Monitor
controller Amplified
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Figure 4.9: Initial cw-CRDS spectrometer design using LiNbOg intensity modulator.

4.6.1 Optical Cavity

As the spectrometer is primarily for in-situ combustion measurements, the optical cavity
is constructed as an open path with a length of 0.5m. The mirrors (CRD Optics) are
linch diameter and have a radius of curvature of 1 m, and are rated by the manufacturer
to have a reflectivity in excess of 99.99% at 1550 nm. This design satisfies the stability
condition described in section 4.3.2 (equation 4.21). The open path of the optical
cavity, by its nature, exposes the mirrors to any dust or other contaminants present in

the atmosphere, such as soot produced from the porous-plug burner. To protect the
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mirrors from becoming fouled, cover plates are installed over the surface of the mirrors,
which have a 4mm aperture in the centre. These cover plates also serve to induce loss

in the higher order transverse modes.

The input mirror is mounted using a PZT equipped mirror mount (Thorlabs, model
no. KC1-PZ/M), allowing the cavity length to be rapidly varied across several longitu-
dinal modes. During operation the input mirror is continuously scanned over a distance
corresponding to just over Avpgr ensuring that at least one longitudinal mode is ex-

cited each scan.

The beam profile of the T'FMyy mode through the cavity was modelled using Win-
Lase software. This provided a beam diameter of 0.93 mm at the centre of the cavity
(corresponding to a beam waist wp of 0.465 mm) and a rayleigh distance of 434.5 mm.
The results of this model were confirmed using equations 4.13 and 4.24. The profile
of the TEMyy mode determines the spatial resolution of the spectrometer, which is
important for the measurement of concentration profiles in the flame. The near planar
nature of the cavity (g192 = 0.25) and long rayleigh distance of the beam (zg ~ L. shows

that the TEMgy mode is close to a collimated beam.

During operation the input mirror is continuously scanned over a distance correspond-

ing to just over Avpgg ensuring that one longitudinal mode is excited each scan.

4.6.2 Laser Source

The choice of laser source was based on the wavelength of an accessible acetylene ab-
sorption feature based on modelling the expected absorption spectra of the porous-plug
burner using the HITRAN 2008 database (chapter 2) from which the p17e absorption
feature at 1535.4nm, previously used for in-situ detection by Wagner et al. [24,55] was

identified as being a suitable target.

The laser source is a tunable telecommunications distributed feedback (DFB) diode

laser with a maximum output power of approximately 15mW . The laser is encased
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within a fibre-coupled butterfly package, which directs the emitted light into SMF-28
single mode fibre. Within the laser package is an optical isolator, used to prevent optical

feedback to the gain medium which could cause instabilities in the laser output.

The recovery of absorption spectra requires the laser wavelength to be scanned over
the absorption feature(s) of interest with a suitable resolution. The laser has an emis-
sion wavelength in the region of 1535nm and is able to be coarsely tuned through
approximately 5nm by adjusting the temperature of the diode through a peltier el-
ement contained in the laser package. The peltier element was controlled by a PID
control unit (Thorlabs model number: TED200C). Fine wavelength tuning is achieved
be changing the drive current supplied to the diode. To allow the performance of the
system to be characterised without the flame present a second DFB laser emitting at
~ 1548 nm can be used in place of the 1535 nm laser. This second DFB laser is able to

access some weak features of HoO present in the ambient air.

4.6.3 Mode Matching Optics

60 30
Collimator mm mm M M

| 181.65 mm | 90.81 mm | 32.74 mm | 500.00 mm I

Figure 4.10: Separation distances for cavity and mode-matching optics (not to scale)

Mode-matching to the TEMgg mode is achieved using two, 1inch diameter, biconvex
positive spherical lenses (focal lengths 60 mm and 30,mm respectively) arranged in the

basic Keplerian telescope format described in section 4.3.4.

To aid in the accurate mode matching to the TEMgy mode the g-parameter of the

input beam at the point of collimation was determined by measuring the 1/e? diameter



4.6 INITIAL cW-CRDS SPECTROMETER DESIGN 75

of the beam using an automated knife-edge profiler (Manufacturer: Thorlabs). The
profiler was translated linearly over a distance of 400 mm over which the diameter of the
beam reduced by 164.08 sum, which indicates a convergence angle, 8.on, of 4.1x107* rad.

This is used to estimate the waist size of the input beam wqcoy:

Wo coll = =1.203mm (4.27)

TV conv

The Rayleigh distance for the output from the collimator, zg .o is therefore 2.932m,
calculated using equation 4.13. The radius of the beam was measured at the collimator
lens weoy to be 1.32mm which allows the position of wg.y relative to the position of

collimation lens, z.,; to be calculated using:

Weoll = Woeott\| 1+ (ﬂ) Zeol = 1.337m (4.28)
ZRcoll

and hence the g-parameter at the collimator surface, g is:
Qeoll = —Zeoll + icholl =-1.337+2.932¢ (4.29)

Using equation 4.26 the separation of the optical components can be calculated to match
the g-parameter at the cavity waist, by solving equation 4.26 using for di, ds, and ds,
shown in figure 4.10. Due to the near-collimated nature of the TEMyy mode efficient
mode matching can still be achieved if the spacing between the collimator and first lens,
and the distance between the second lens and the input mirror, are different form those

shown on figure 4.10 d; and ds providing the mirror separation ds is maintained.

4.6.4 Optical Switch and Trigger Electronics

Due to component availability and the convenience of fibre-coupling this initial design
for the spectrometer used a LiNbOg intensity modulator. A 99:1 fibre splitter is used

to monitor the output from the modulator. Through careful adjustment of the the bias
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voltage (provided by a standard 0 - 12V bench top supply) and the polarisation of the
input laser light, using the polarisation controller, the modulator can be configured to

provide the greatest possible extinction ratio between its ‘on’ and ‘off’ states.

The voltage required to switch the LiNbOj3 modulator is provided using a small
analog electronic circuit, which compares the photodiode voltage to a preset reference
level. The circuit consists of a single printed circuit board (PCB) which contains 5
integrated circuits (ICs). The input signal to the circuit is first amplified using a high
speed LM7171 op-amp, which has a gain of 10 and is wired in an inverting amplifier
configuration. The output from this IC is then passed to a second LM7171 which is a
second inverting amplifier with unity gain. The use of two inverting amplifiers provides
linear amplification of the photodiode output. The next IC in the circuit is a LM311N
comparator, wired in a Schmitt trigger configuration. This comparator compares the
signal to a threshold voltage, set by a variable voltage divider. When the signal exceeds
this value the comparator outputs 5V. To interrupt the laser long enough for the cavity
to ring-down the comparator is used to trigger a multivibrator IC, which holds a 5V
output for ~ 200 us. The final IC in the circuit is another LM7171 op-amp with variable
gain which is used to ensure the output voltage from the circuit is sufficient to change
the LiNbO3 modulator from maximum to minimum transmission. The total time delay
from the cavity transmission exceeding the preset threshold until termination of input

light to the cavity is » 40ns.

4.6.5 Control and Data Acquisition

The nature of the cw-CRDS spectrometer requires a number of actions to be undertaken
in the correct sequence. The required number of averages must be acquired on the oscil-
loscope (Tektronix), the data transferred to a PC and recorded, the wavelength of the
laser incrementally adjusted, and the oscilloscope be reset for subsequent acquisition.
LabView (produced by National Instruments) is a graphical programming language

which is hardware orientated, with the manufacturers of measurement equipment often
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Figure 4.11: Front panel of the spectrometer LabView control program.

providing pre-made LabVIEW programming blocks. A LabVIEW program was devel-
oped to communicate with the oscilloscope via general purpose interface bus (GPIB) by
adapting such programming blocks. The front panel of the control program is shown
in figure 4.11. The laser wavelength was incrementally tuned by varying the current
applied to the laser diode via current controller (ThorLabs, Model: LDC 210C), which
is equipped with an analogue voltage input which can be used to control the output
current with a conversion rate of 100mA /V. The control voltage was provided by gen-
erating a DC level from the analogue output (AO) of a 16-bit data acquisition (DAQ)

board (National Instruments, Model: PCI 6120) installed in the control PC. The oscil-
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loscope is triggered to the interruption of the input laser using the same signal used to
drive the EOM switch. This allowes the ring-down trace to be averaged accurately even

if some of the excited modes do not build up enough intensity to trigger a measurement.

4.6.6 Optical Alignment Procedure

To achieve the greatest possible sensitivity, and to ensure that the majority of the
incident laser light is coupled into the TEMgg transverse mode, the spectrometer optics

require precise alignment. The procedure for the cavity alignment is detailed below:

1. The mounts used to hold the cavity mirrors are placed at the correct separation:
500mm. The collimator, input mirror mount, and mode matching optics are
mounted within a 30 mm optical cage system and translated to the correct sepa-
rations. The angle of the collimator mount is adjusted to ensure that the beam

passes through the centre of the optics.

2. Two IR florescent alignment discs are mounted in the cavity mirror mounts. The
discs have a 1 mm hole drilled in the centre. The position of the output mirror

mount is adjusted to ensure the beam is co-linear to the optical axis of the cavity.

3. The focusing lens and the photodiode are moved into position and aligned by

maximising the signal on the detector.

4. An optical fibre circulator is installed between the LiNbO3 modulator and the
collimator, to measure the back reflection which will be used to align the cavity

mirrors.

5. The output cavity mirror is mounted and the back reflection into the optical fibre

is maximised to ensure overlap of the incident and reflected beams.
6. The input cavity mirror is mounted and the back reflection maximised.

7. The circulator is removed and the PZT is scanned through a distance of several

wavelengths to excite a number of cavity modes.
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8. The mirror alignment and mode matching optics are carefully optimised to max-
imise the cavity transmission from the TEMgg mode, whilst minimising any higher

order modes.

4.7 Spectrometer Performance Evaluation
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Figure 4.12: Model absorption spectra of 1.6% H2O at ambient temperature for a path-
length of 500 mm.

The initial performance tests of the spectrometer were undertaken using the 1547 nm
laser to measure an absorption feature of water at 1547.95 nm, shown on figure 4.12,
which has a maximum fractional absorption of 3 x 107 for an ambient concentration

(1.6%) at room temperature (» 298 K) over the length of the cavity.

Although a detailed characterisation of the wavelength with drive current tuning was
not undertaken for the 1547 nm laser, an approximate measurement of the wavelength
was made using an optical spectrum analyser (OSA, Agilent Technologies) which pro-

vided settings for the TEC and current to scan across the correct feature. Figure 4.13
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Figure 4.13: Comparison of ring-down traces taken at drive currents corresponding to
the baseline and the peak of the absorption feature.

shows the average of 64 ring-down traces recorded at two drive currents, corresponding
to wavelengths with minimal absorption, and at the peak of the absorption feature.
The ring-down traces are shown with best fit exponential decays used to calculate the
ring-down time. Using equation 4.5 the effective reflectivity of the cavity is calculated
to be 0.99995 in this instance, which is above the manufacturer-quoted reflectivity for
the mirrors. The fractional absorption at the peak of the feature measured this way is
2.695 x 107°. The close fit of the exponential decay curve indicates that the ring-down

signal most likely a single exponential decay, with little transverse mode degeneracy.

By applying the data acquisition process detailed in section 4.6.5, tuning the drive cur-
rent from 165 mA to 195mA in 0.05mA increments, the laser wavelength was scanned
over the feature. A Matlab code was developed to carry out automated exponential
fitting of the ring-down traces and the final result of this scan is shown in figure 4.14.
Although the spectrometer has sufficient sensitivity to resolve this weak feature it is

clear that one of the challenges faced by this initial design is that the finesse of the
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Figure 4.14: Ring-down time spectra of ambient water vapour feature.

degrade with time as the alignment degrades and the surface of the mirrors becomes
fouled. The effect of this degradation is particularly evident in this high resolution scan
and this could be limited in the future by increasing the drive current increment, and
reducing the time required to record a spectrum. A feature of note in figure 4.14 is the
rapid reduction in the cavity finesse at the start of the scan (drive current = 166 mA),
This is potentially due to the presence of a small particle of dust landing on the mirror’s

surface, further highlighting the fouling problem faced by the open path cavity.

To quantify the minimum detectable absorption for the spectrometer an estimation
of degradation to the finesse through the scan was made by applying a 4th order poly-
nomial fit to the sections of the scan either side of the main feature which are free from
significant absorption. This estimation was then used to normalise the scan, shown in

figure 4.15.

The standard deviation of the noise in the area free from significant absorption is
6.117 x 1077, and hence the absorbance that can be detected (with an SNR of 3, or

30) is 3.670x 10" cm™!. Although this detection limit compares favourably with single-
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Figure 4.15: Normalised spectra of ambient water vapour feature.

pass absorption based techniques, which have a typical detection limit of 1 x 10™%cm™!

it is not particularly sensitive for cw-CRDS. Despite this the sensitivity is more than
sufficient to successfully measure the pl7e line of acetylene under the conditions within

the porous plug burner.

4.8 Summary

In section 4.2 the principle for making absorption measurements from the lifetime of
the light in an optical cavity was presented. The background theory and the design
considerations for a stable optical cavity were presented and discussed in section 4.3.
The outcomes from this discussion were then used to design an open-path cw-CRDS
spectrometer to conduct sensitive absorption measurements in-situ in the porous plug
burner. The initial design for the spectrometer was presented in section 4.6 and the
performance was evaluated in section 4.7, where the minimum detectable absorption

(30) was calculated to be 3.670 x 1078 cm ™.
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5 cw-CRDS Combustion Measurements

5.1 Introduction

In chapter 1 The role that acetylene is understood to take in the current model for
soot formation was presented. The need for accurate experimental measurements of
species concentration under controlled conditions, which can be used to evaluate such
models was discussed. The lack of in-situ measurements of acetylene was highlighted,
which is thought to be due deficiencies in the capability of current in-situ measurement

techniques.

In chapter 2 model spectra were shown which demonstrated the low, high temper-
ature absorbance of acetylene in the near infra-red spectral region. Various optical
measurement strategies were reviewed and the sensitivity and continuous-wave cavity
ring-down spectroscopy showed promise for the detection of acetylene despite the nov-
elty of its application for measurements in-situ in harsh combustion environments, such
as flames. The initial design of the cw-CRDS spectrometer was presented in chapter 4.
The spectrometer was designed with the aim of measuring the concentration profile of
acetylene (CoHg) in laminar ethylene/air flames, with a range of fuel equivalence ratios.
The flames are supported on the porous-plug burner presented in chapter 3. In this
chapter the ability of the spectrometer to conduct such measurements is evaluated, and

in in-situ concentration measurements of acetylene are presented.

In section 5.2 the suitability of the initial design of the spectrometer to recover
absorption spectra in the porous-plug burner flames is evaluated. The outcomes from
this evaluation are then used in section 5.4 to refine to the design of the spectrometer
to overcome some of the difficulties posed by the introduction of the flame intra-cavity.
Section 5.5 presents a detailed evaluation of the performance of the refined design. The

recovered spectra are compared to spectra modelled using the Hitran/Hitemp databases
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[51,52]. Finally section 5.6 presents the development of an analysis strategy which
adapts the spectra acquired using the spectrometer such that the model spectra can be

fitted to determine the acetylene concentration.

5.2 cw-CRDS Spectrometer Adaptation to In-Situ Flame

Measurements

The initial design of the cw-CRDS spectrometer was installed around the porous-plug
burner, such that the TEMgg cavity mode would pass through the centre of the 33 mm
diameter porous-plug. The burner was mounted on vertical stage which allowed the
measurement position to be translated vertically through the flame whilst keeping the

optical components stationary.

Initial measurements with the flame in-situ showed that bandwidth of the cavity mir-
rors was not sufficient to block the detector from errant flame emission. This emission
produced significant variations in the detector output voltage, following even a minor
disturbance to the flame. These voltage fluctuations were often greater than the trigger

voltage level resulting in a high number of false acquisitions.

Figure 5.1 shows a comparison of the detector wavelength responsivity with the cal-
culated Planck emission for a 1600 K black-body (emissivity = 0.3), and the reflectivity
range of the cavity mirrors. This comparison shows that only a narrow wavelength
range of the errant emission, which falls within the detector response will be blocked
by the cavity mirrors. To attenuate the remaining errant emission a 1550 nm centred,
dielectric band-pass filter was installed between the output cavity mirror and the fo-
cussing lens (AX = 40nm). The transmission response for this filter is also shown on
figure 5.1, which is completely bounded by the cavity mirror reflectivity curve. The
maximum transmission of the band-pass filter is only 57 % reducing to < 40% at the
target dectection wavelength of 1535 nm. This will have an adverse effect on the signal

to noise ratio of the recorded ring-down measurements.
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Figure 5.1: Spectral response of spectrometer components compared to radiance from
1600 K black-body.

Although the design of the spectrometer is targeted towards measurements of CoHs at
around 1535 nm, the 1547 nm laser, which was used for the ambient water vapour tests,
was initially used for the evaluation of the design for combustion measurements. The
presence of the flame intra-cavity has a significant detrimental effect on the coupling
efficiency of the laser into the resonant TEMyg cavity mode. This can be observed from
the large reduction in on-resonance transmission and the reduced ring-down time of
the cavity, indicating a significant increase in intra-cavity losses. Figure 5.2 shows a
comparison of 32-averaged ring-down measurements made both in absence of a flame,
and with a ¢ = 2.22 flame, where the centre of the TEMgy mode is positioned 2mm
above the surface of the burner. The laser drive current was set to 190mA. To allow
a for comparison the trigger voltage was reduced for the in-flame signal to maintain
a comparable measurement repetition rate for both measurements (~» 5Hz). As a
consequence of the decreased transmission the gain on the photo-diode was increased

form 30dB to 40dB, to increase the SNR of the in-flame measurement.
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Figure 5.2: Comparison of averaged ring-down traces In absence of the flame (red) and
2mm above the burner in a ¢ = 2.22 flame (detector gain 40dB).

The measured ring-down time for the cavity before and after ignition of the flame
is 25.872us and 5.717 us respectively. If it is assumed that there is no significant
absorption at this wavelength, this reduction in the ring-down time implies that the
presence of the flame increases the intra-cavity loss, X in equation 2.1, by 1.61 x 107
The source of this additional loss is thought to be due to perturbation of light resonating
in the TEMgy mode, due to thermo-optical effects in the flame, causing beam steering,
and thermal lensing [101] which could potentially direct light out of the TEMyg mode

out of the cavity or into non-resonant higher order modes.

Figure 5.3 shows the ring-down time of the cavity as a function of the 1547nm
laser drive current, with a ¢ = 2.22 flame included in the centre of the cavity. The
measurement location was 2mm above the burner surface. Several absorption features
are apparent in the scan. Although the absorption features remain unidentified this
initial test demonstrates the ability of the spectrometer to recover absorption spectra

from species present in the flame despite the increased intra-cavity losses.
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Figure 5.3: Initial current scan of 1547 nm laser. Recorded 2mm above the burner in
a ¢ =2.22 flame (0.25 mA resolution).

5.3 1535nm Laser Wavelength Characterisation

Although the wavelength of the 1535 nm laser can me measured using an optical spec-
trum analyser, the wavelength resolution that can be achieved using tunable DFB
diode lasers is much higher than can be measured by this approach. Therefore a differ-
ent approach is required to assign a wavelength scale to the spectra acquired using the
spectrometer. The techniques used to measure the wavelength tuning characteristics
of DFB lasers using interference fringes have been described in detail previously [102]
and the technique used by Johnstone et al. [103], using the output from a fibre ring-
resonator to assign a relative wavelength scale to the applied drive current (for a given

diode temperature) was used here.

A fibre ring-resonator is constructed using two fibre couplers, with one output from
each coupler connected to the input of the other to form a ring cavity. The laser signal
is supplied into the first coupler which couples a proportion of light into the ring, with

the second coupler allowing a proportion of the light to be de-coupled from the ring.
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Figure 5.4: P17e absorption feature of 1% concentration CoHy at room temperature,
shown with resonator trace from 0.4275 GH z fibre ring-resonator.

The couplers in this case are akin to the mirrors of a linear cavity and hence when the
longitudinal mode condition (equation 4.8) is fulfilled resonance is achieved. Resonant
fringes will occur periodically as the wavelength of the laser is scanned. A relative
frequency is then be derived by measuring the position of the transmission fringes
through a wavelength scan of the laser as a function of drive current, and interpolating

using a 4th-order polynomial fit based on the fringe positions.

The advantage of using the fibre ring-resonator in place of a free space optical cavity
for wavelength characterisation is that the fibre ring-resonators generally are of lower
finesse and hence possess a higher level of mechanical stability. The lower finesse also
means that the fringes can be more easily resolved during the scan. In most cases
the ring-resonator is constructed using single mode fibre therefore it will only support
the TEMgp mode. Single mode operation removes any errors in the relative wave-
length measurement occurring from fringes relating to higher order transverse modes.
Although the free spectral range (dvpsgr) of the interference fringes provides only a rel-
ative frequency scale, by measuring a scan through the fibre-ring simultaneously with

a transmission spectra of a known absorption feature, the scale can be converted to



5.3 1535nm LASER WAVELENGTH CHARACTERISATION 89

1536.0

1535.8

1535.6

1535.4

Wavelength (nm)

1535.2

1535.0 . . . , . , . , .
100 110 120 130 140 150
Drive Current (mA)

Figure 5.5: Wavelength tuning curve for the 1535 nm laser at a TEC thermistor setting
of 14.024 k2

an absolute wavelength scale. The point in the scan which corresponds to peak of the
absorption feature is assigned the centre wavelength of the feature, provided in the Hi-
tran 2008 database. Figure 5.4 shows the transmission spectrum of the P17e acetylene
feature at room temperature (v 298K) at a concentration of 1% and the associated
resonator trace used to determine the absolute wavelength scale of the scan. The free
spectral range of the resonator used was 0.4275G Hz Using this absolute wavelength
scale a function which relates the drive current to the absolute laser wavelength, for a
given diode temperature, can be prepared, which is shown in figure 5.5. This function
is used to assign a wavelength scale to all spectra in this work measured using the
1535 nm laser, though in some cases the function is marginally offset to maintain the

position of the peak of the absorption feature of interest.



5.3 1535nm LASER WAVELENGTH CHARACTERISATION 90

5.0
454
2 40
[0)
£
F 354
c
2
o
2 304
()]
£
[ia
2.5
2.0 . . . . . : :
110 115 120 125 130

Laser Drive Current (mA)

Figure 5.6: Initial current scan of 1535nm laser. Recorded 2mm above the burner in
a ¢ =2.22 flame (0.05mA resolution).

5.3.1 Initial Measurements of The P17e Acetylene Feature

The 1547 nm laser was replaced with the 1535 nm laser to interrogate the spectral region
around the P17e acetylene feature. The wavelength characterisation was used to adjust
the temperature of the laser diode such that the peak of P17e absorption feature (A =
1535.39nm) would correspond to a drive current setting of ~ 120 mA. Initially,the drive
current of the laser was scanned from 110mA to 130 mA, using a high resolution current
scan with increments of 0.05 mA. The resulting spectrum is shown on figure 5.6. The
P17e absorption feature can clearly be identified at the expected drive current of 120mA.
However, there is a large number of unidentified, interfering absorption features present.
The high number of features presents the problem, as there appears to be no region of
the spectrum that is free from absorption. Therefore the broadband losses (X) for the
scan cannot be easily determined to allow for normalisation of recorded spectra. To
enable comparison with predicted spectra modelled using HITRAN, the point on the
spectrum with the maximum ring-down time (drive current ~ 117mA) was assumed

to be free from any significant absorption, and was therefore used to approximately
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Figure 5.7: Comparison of initial flame spectra, normalised based on estimated broad-
band losses.

normalise the spectrum, which is shown in figure 5.7. Although several of the stronger
unassigned absorption features are thought to be due to high temperature water, the
majority are unassigned at this time. The complex nature of incomplete combustion and
soot formation [8] means that there a high number of intermediate species that could
be present at this position in the flame, some of which may have a contribution to the
spectrum shown. Further variations in the acquired acetylene spectrum compared to
the model could be because the database was not intended to be used at the elevated

temperatures encountered in the flame.

5.4 Refinement of Spectrometer Design to Improve In-Situ

Flame measurements

The initial design for the cw-CRDS spectrometer was capable of resolving the P17e
acetylene feature, though the initial in-situ tests revealed a number of problems which

limited the usefulness of this design for undertaking measurements of the concentration
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of acetylene. Firstly the reduction of the on-resonance transmission of the cavity fol-
lowing ignition of the flame, which required a reduction in the trigger voltage to make
measurements. Even with this reduced trigger voltage, the spectrum shown in figure
5.6 had an acquisition time of over 50 minutes requiring an average of 7.6s integration
time per data point. This resulted in an approximate repetition rate of 4.2 Hz, based
on 32 averages. As detailed in chapter 3, using richer flame conditions for this length
of time would result in a large build up of soot particulate on the stabilisation plate,
thereby limiting the total number of ring-down measurements that could be taken and
hence the resolution of the resulting spectrum. Secondly the spectra could not be prop-
erly normalised due to the large amount of interfering features. To overcome these

challenges refinements were made to the initial design of the spectrometer.

A detailed diagram of the updated spectrometer is shown in figure 5.8, which includes

several additional components to reduce the impact of the detrimental effects encoun-
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tered with in-situ operation in the flame. Each change to the design will be presented

in this section.

5.4.1 Semiconductor Optical Amplifier

In chapter 4 the potential use of a semiconductor optical amplifiers (SOA) to initiate
the cavity to ring-down was discussed. A C-band SOA (manufacturer: Kamelian) was
used in place of the LiNbO3 intensity modulator, as it is able to provide amplification
increasing the optical power coupled into the cavity, thus improving the overall SNR of
the recorded ring-down trace. The SOA was powered and controlled using an arbitrary
function generator (manufacturer: Agilent Technologies) which supplied a DC level of
10V corresponding to a drive current of approximately 200 mA. When the 1535nm is
used as the input wavelength for the SOA produced a total output power of ~ 20mW,
which was measured using an optical power meter. When cavity transmission reached
the trigger threshold, the output voltage of the function generator was reduced to 0V
(edge time 5ns), providing over 80dB of attenuation. The 0V output from the function
generator maintained a period of 200 us, which was sufficient to allow the cavity to fully
ring-down. Figure 5.9 shows a comparison of ring-down measurements using the SOA
and LiNbOs modulator, taken 2mm above the surface of the burner in the ¢ = 2.22
flame. The increased photo-diode signal when using the SOA requires the photodiode
gain to be reduced to 20dB. The measurement made using the SOA has normalised
for gain to 40dB to allow a direct comparison with the LiNbO3 modulator measure-
ment which required a pre-amplifier gain of 40dB. This comparison demonstrates the
increased intensity of the on-resonance cavity output when the SOA is used. It should
be noted that the slight difference in the ring-down time between the two measurements
is probably due to varying the broadband intra-cavity losses (mirror fouling/alignment

drift), as these measurements were not taken in immediate succession.

A further advantage of replacing the LiNbOs modulator with an SOA is that it

removes any sensitivity of the fibre system to polarisation, which had the potential to
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Figure 5.9: Comparison of ring-down traces with the laser attenuated using the SOA
and LiNbQOj intensity modulator. The SOA trace is rescaled to compensate
of a 20dB reduction in pre-amplifier gain.

drift during the scan period (i.e. due to any mechanical disturbance to the optical
fibres). It was therefore possible to remove the input polarisation to the modulator,
there by reducing optical loss in the fibre system. The standard deviation of the 32
individual ring-down traces has been measured to be 0.132 us. For the 1547 nm laser,

which is equivalent to 3% of its average ring-down time.

5.4.2 Trigger Electronics

The increase in the on-resonance cavity transmission, afforded by the SOA, removes
the requirement for a separate trigger circuit. The signal generator used to control the
SOA has the option to accept an external trigger signal to control the voltage supplied
to the SOA. This external trigger input is designed to operate with a standard 5V TTL
signal, but will trigger using any short rise time pulse that exceeds 2.5 V. In place of the
trigger circuit used in the original spectrometer design a high speed linear amplifier was

included to amplify the output of the photodiode such that it exceeds the 2.5V trigger
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level when the build up of light in the cavity is sufficient for a ring-down measurement.
Removing the analog trigger circuit simplifies the design, and adds a further degree
of robustness to the spectrometer, by using only commercial grade equipment for the
trigger process. The only disadvantage of this new approach is that the trigger level
must now be set by adjusting the gain on the amplifier (and photo-diode pre-amplifier)
which limits the trigger level to a range of discreet settings dictated by the available

combinations of amplifier gain settings.

5.4.3 Signal Normalisation Using Two Wavelength Approach

The spectrum acquired using the 1547 nm laser, shown in figure 5.3, appears to have a
region free from any significant absorption features at the wavelength corresponding to
laser drive currents of » 195 mA. Figure 5.10 shows a further scan of this region, where
the wavelength of the laser has been slightly shifted by adjusting the diode temperature.
The region of reduced absorption appears to lie between two strong features and there
may be some overlap with the wings of these features. Although a small amount of
absorption may also be present in this region, this absorption is much less than the P17e
feature and hence they will only introduce a minor error in the absorption measurement.
This region of reduced absorption was then targeted as a suitable point from which the
broadband losses in the system could be calculated, allowing the measurements taken
with the 1535 nm laser to be normalised. This was achieved by including an optical
switch in the spectrometer prior to the SOA, and switching between the two lasers to
seed the SOA alternately, ring-down measurements can be recorded at both wavelengths.
With calibration for the slight variation in mirror reflectivity (2.4% reduction in ring-
down time) due to the change in wavelength, the effective reflectivity (Ress) of the
cavity can be determined. This allows the spectra acquired with the 1535nm laser
(the wavelength of which is scanned across the wavelength region of interest) to be
normalised. Alternately switching between the lasers also solves the problem reported

in chapter 4, where the effective reflectivity of the cavity was observed to degrade during
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Figure 5.10: Ring-down time spectrum from current scan of 1547 nm laser with small
temperature shift. Recorded 2mm above the burner in a ¢ = 2.22 flame
(0.25mA resolution)

the scan, as this is now measured following every acquisition. The LabView program
controlling the spectrometer was adapted to control the position of the optical switch
using the digital outputs from the DAQ card, Figure 5.11 shows the amended work-
flow diagram for the LabView program. To carry out the normalised in-flame CRDS
measurements the 1535 nm interrogation laser is current tuned using the DAQ board as
before, acquiring and averaging the required number of ring-down traces at each current
setting. However, between each drive current increment of the interrogation laser, the
LabView program triggers the optical switch to shift to the 1547 nm normalisation laser,
again acquiring and averaging the required number of ring-down traces. The LabView
program then switches back to the interrogation laser and increases the drive current
by one current increment. The process is then repeated until a spectrum has been

recorded over the desired wavelength range.
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Figure 5.11: Work-flow diagram for spectrometer control LabView program, expanded
to include optical switch.
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Figure 5.12: Example of ring-down time flame spectrum for 1535 nm interrogation and
1547 nm normalisation laser (held constant at 195 mA)



5.5 SPECTROMETER PERFORMANCE EVALUATION 98

5.5 Spectrometer Performance Evaluation

Figure 5.12 shows a typical raw acquisition taken using the two wavelength approach,
recovered 3 mm above the burner surface in a ¢ = 2.07 flame, using the new spectrometer
design. In this case, the drive current of the interrogation laser has been scanned in
0.25mA increments, which corresponds to an average wavelength change of 3.6 pm.
As with the initial combustion measurements an average of 32 ring-down traces was
recorded at each current increment, and also for the normalisation laser, which was held
constant. The standard deviation in the un-averaged ring-down times was measured
to be 0.132 us for the normalisation laser (approximately 3% of its average ring-down

time).

The time taken to complete the scan shown in figure 5.12 was approximately 8 min-
utes with an average acquisition time of 3s per data point, implying that individual
ring-down measurements occurred at a rate of 10.67 Hz, which is a significant improve-
ment over the initial design. There is a disadvantage to the new approach however, as
each absorption measurement requires an associated measurement at the normalisation
point. Despite the increased number of data points the overall acquisition time for a
spectrum is still reduced using the refined design due to the increased cavity output
intensity using the SOA. Figure 5.12 also shows that the normalisation laser ring-down
time does drift at a rate estimated to be approximately 1x 1074 us/s. It is assumed that
this drift is due to degrading mirror reflectivity and/or alignment, and is also present
at the same rate in the interrogation laser measurements. The drift is therefore negated
by measuring the effective reflectivity of the cavity using the two laser approach. In
practice extended operation of the cavity inevitably leads the finesse to degrade to a
point where the quality of the recorded spectra is effected, during normal operation the
spectrometer could typically be operated for three consecutive days. After this point
the mirrors required to be removed for cleaning necessitating the realignment of the

cavity optics.
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Figure 5.13: Example of raw ring-down time flame spectrum including a mid-scan drop
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Figure 5.14: Example of normalised flame spectrum including a mid-scan drop in finesse.
(outlier identified)
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Figure 5.15: Normalised high resolution (0.05 mA increments) flame spectrum, recorded
3mm above the burner in a ¢ = 2.37 flame.

Parameter Value Units
Temperature 1600 K
CsyH, Concentration  1.22 %
H50 Concentration 7 %
Pressure 1.013  bar
Path-length 3.4 cm

Table 5.1: Input parameters for Hitran 2008 model.

Figure 5.13 shows another higher resolution scan during which the effective reflectivity
of the cavity is sharply decreased, likely due to particulate fouling of the mirrors. When
this spectrum is normalised, shown in figure 5.14, the two laser method is robust enough
to correct for even such sharp decrease in ring-down time, albeit with an outlying point
immediately following the decrease. Figure 5.15 shows a normalised spectrum taken
at a higher resolution, at a position 3mm above the burner surface in a ¢ = 2.37 flame. .
In this measurement the interrogation laser was scanned over a larger wavelength range
to aid in the identification of the unknown absorption features, revealing a second large

feature, which can be assigned using the HITEMP 2010 database as water. Figure 5.15
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also shows the modelled spectra of CoHy and water (which was introduced in in chapter
2), highlighting the discrepancy between the model and the experimental spectra, even
when high temperature water is included in the model. The input parameters used
for the model are shown on table 5.1. This discrepancy between the measured and
modelled spectra will introduce an error in the concentration values recovered from the

fitting process, which will be discussed further in section 5.6

The signal to noise ratio (SNR) for the P17e acetylene feature was calculated to be
approximately 31 for this spectrum, and was calculated by comparing the standard
deviation of the absorbance measurement at the peak of the P17e absorption feature
and comparing with an estimation of the average absorption at the peak, which was
determined from a third order polynomial fit applied over 20 measurements at the
peak of the feature. The measured absorbance at the peak of the P17e feature is
1.3 x 107 em™! at this position in the ¢ = 2.37 flame. This leads to a measurement
sensitivity of 1.2 x 107 cm ™! based on the sensitivity limit being 3 times the standard

deviation of the absorption measurement.

5.5.1 Cavity Mode Structure

The beam steering and thermal lensing effects caused by the flame are thought to
direct light out of the fundamental TEMgy mode, and direct the light into higher order
transverse modes with each successive round trip. As was discussed in chapter 4 each
of the higher order modes will have a different ring-down time, which will introduce

error in the absorption measurement.

Figure 5.16 shows the result of scanning the cavity length a short distance (¥ Avpgpr)
using the piezoelectric mirror mount. The design of the mode-matching optics and
careful alignment of the cavity mirrors couples the majority of the input laser-light
into the TEMggmode. This is evident from the high transmission when this mode is

resonant compared to the inter-spaced higher order transverse modes, the majority of
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Figure 5.16: Example of cavity output recorded for a cavity length scan (in absence of
the flame).

which are not visable on figure 5.16. The difference in output intensity of the TEMgq
mode between the different directions of the piezo mount sweep is thought to be due
to a slight change in alignment associated with the change in direction. The temporal
spacing of the cavity modes is also slightly offset in each direction due to the mechanical

hysteresis of the piezo mount.

Figure 5.17 shows the same scan of the cavity length where the centre of the TEMjgg
mode, is positioned 3mm above the burner in a ¢ = 2.37 flame. Aside from the previ-
ously observed reduction of the peak transmission of the TEMgy mode there is a marked
increase in both the transmission and number of observable inter-spaced higher order
modes. This change in the mode structure supports the assumption that a proportion
of the light is directed into these modes, with the remainder lost due to any residual
broadband absorption and/or scattering losses due to the presence of particulate. De-
spite the increase in the transmission of the higher order modes the TEMgg mode still
remains the preferentially excited mode, with the other modes remaining below the

trigger level.
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Figure 5.17: Example of cavity output recorded for a cavity length scan with flame
ignited.

To reduce the probability of false triggering, the trigger voltage is set relatively high.
However, using such a high trigger level reduces the measurement repetition rate as the
instabilities introduced from the flame can reduce the on-resonance transmission of the
TEMgp mode below the trigger level, and therefore a measurement will not be triggered
every time the resonant conditions are met. This is shown on figure 5.17 where the

ok

resonance denoted with ‘*’ fails to reach this level, and would therefore not be included

in the integration of the ring-down time measurement.

One of the concerns with including an additional active optical component, such as an
SOA, in the design, is the introduction of noise due to amplified spontaneous emission
(ASE), an unwanted broadband emission resulting from the amplification. When the
output wavelength of the SOA is not controlled with one of the DFB lasers, the power
output of the ASE was reduced to ~ 4mW (» 20% of the output when controlled using
a DFB laser), which is distributed across its entire gain region. Figure 5.18 shows the

same scan of the cavity length, where the cavity is pumped using only the ASE from

the SOA.
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Figure 5.18: Example of cavity output recorded for a cavity length scan with the ASE
from the SOA.

The spontaneous nature of ASE means that it is generally incoherent. However, due
to the broad range of phases emitted a proportion of the light will have a degree of
coherence, which results in random build up in the cavity. As the efficiency of the mode-
matching optics has been shown to be high, the vast majority of this light is held within
the TEMyy mode. Comparing this random excitation of the cavity to the well defined
mode structure shown in figure 5.16 implies that when the SOA is controlled using the
DFB laser there is little contribution of the ASE to cavity resonance compared to the
coherent light. Despite the random nature of the resonance using just the ASE from
the SOA a stable ring-down trace can be recorded (figure 5.19), with a ring-down time

that is of the same order as when the SOA is controlled with a laser.

5.5.2 Ring-down time vs. Height above burner

Using the assumption that no significant absorption occurs at the normalisation laser
wavelength, the broadband loss due to the presence of the flame can now be evaluated

across a range of equivalence ratios and flame positions. As was discussed in chapter
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Figure 5.19: Comparison of ring-down measurements with the SOA with and without
input light from the 1535 nm laser.

3, the formation of particulate soot is thought to begin at a distance between 5 and
8 mm above the burner surface. The presence of particulate intra-cavity would cause an
increase in the broadband losses, which could limit the sensitivity of the spectrometer
at these positions in the flame. Similarly the strong thermal gradients known to exist

lower in the flame, close to the flame front, will increase the broadband loss intra-cavity.

Figure 5.20 shows the measured ring-down time as a function of height above the
burner for a range of flame conditions. These measurements were taken using the
1547nm laser tuned to the normalisation wavelength, marked on figure 5.10. Aside
from showing the limitations of cw-CRDS as a measurement technique, with regards
to measurement position, this data also provides useful into particulate formation and
flame-front position. There is increased attenuation due to the presence of soot at posi-
tions above 7mm from the burner, In agreement with the photoacoustic (and previous
laser induced incandescence) measurements presented in 3. However, the cw-CRDS
results also show attenuation lower at lower positions in the flame for the higher equiv-

alence ratios, showing attenuation from 4.5mm above the burner. This supports the
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Figure 5.20: Ring-down time compared to height above the burner for the 1547 nm laser
tuned to the normalisation point.

explanation for the increased Planck emission at this position, providing a further indi-
cation of the presence of small nascent particles, which the other techniques may lack

sufficient sensitivity to measure.

As the equivalence ratio is increased there is an increase in the broadband atten-
uation at all positions above the burner surface. The lowest point in the flame at
which resonance could be supported within the cavity becomes elevated as the equiva-
lence ratio is increased. This is consistent with the flame-front position elevating from
the burner, with the steep thermal gradients in this region likely responsible for the

increased intra-cavity losses.

Figures 5.21 and 5.22 show ring-down time spectra recorded at 1 mm increments
above the surface of the burner in the ¢ = 1.77 and ¢ = 2.59 flames respectively. The
spectra recorded using the higher equivalence ratio flame do not show a significant
change in shape with height above the burner, other than an increase in the broadband
attenuation from 5 mm upwards. This indicates that there is likely no significant change

in the composition with height above burner. This is in contrast with the lower equiv-
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Figure 5.21: Ring-down time spectra recorded using the 1547 nm laser at various heights
above the burner in the ¢ = 2.37 flame.
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Figure 5.22: Ring-down time spectra recorded using the 1547 nm laser at various heights
above the burner in the ¢ = 2.59 flame.
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Figure 5.23: Initial comparison of normalised spectra for ¢ = 1.77 to ¢ = 2.59 recorded
3mm above the burner.

alence ratio flame, where several small features become apparent. This change in the
shape of the spectra will reduce the accuracy of the absolute absorption measurements
made using the spectrometer, by introducing errors in the normalisation thereby effect-
ing the measured absorption at the peak of the P17e feature. However, the variation is
lower than the attenuation due to the presence of particulate. Although this variation is
a source of error, other sources, including the lack of agreement with the model spectra,
and poor understanding of the temperature dependence of the broadening parameters
at high temperatures, have a more significant contribution the residual of the fit and

are therefore are a greater source of error in the final concentration values.

5.5.3 Initial Equivalence Ration Comparison.

Due to the variation in the broadband intra-cavity loss, which is observed with varying
the equivalence ratio, the initial design for the spectrometer described in chapter 4

would not be capable of producing comparable spectra.

However as shown in figure 5.23 the variation in optical absorption from acetylene
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Figure 5.24: Flow-chart of procedure for iterative extraction of acetylene features from
constant background spectra.

as a function of the fuel equivalence ratio, is clearly apparent using the new design.
This data shows in increase in acetylene concentration, which is expected due to the
progressively more sooting conditions as the equivalence ratio is increased. Interestingly,
the variation in absorbance as a function of equivalence ratio is limited to the region
in which acetylene has a contribution, as shown in figure 5.15. It appears that the
spectral features for which absorbance is roughly invariant with equivalence ratio may
be associated with species, perhaps water vapour, whose concentration at this location

in the flame is generally constant

5.6 Determination of Absolute Acetylene Concentration Profiles

5.6.1 Extraction of Acetylene Spectra

One of the major challenges in determining acetylene concentrations from the spectra
acquired using the spectrometer is the large discrepancy to the model spectra. This

could potentially introduce large errors in the calculated concentration values using the
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Figure 5.25: Initial estimation of acetylene contribution to spectrum.

model fitting procedure The initial comparison of the different equivalence ratios indi-
cated that there was very little variation of the spectra where there is no contribution
from acetylene, this was also observed to hold true at all positions above the burner
up to 7mm. A reasonable approximation of the acetylene concentration can be made

using the iterative algorithm shown in figure 5.24.

Figure 5.25 shows the first step in the iterative process where the spectrum recorded
in the ¢ = 1.77 flame has been subtracted from the ¢ = 2.59 spectrum. This can be
considered as a first estimation of the acetylene spectrum. This intial estimation is
first reduced by the initial ratio of the acetylene peaks in the ¢ = 1.77 and ¢ = 2.59
spectra, and then subtracted from the initial ¢ = 1.77 spectrum which provided the
initial estimation of the non-acetylene portion of the spectra, which is shown on figure
5.26. This first estimation of the non-acetylene spectrum is then subtracted from the
original ¢ = 2.59 spectrum, providing the second estimation of the acetylene spectrum.
The process of rescaling the estimated acetyene spectrum, and subtracting from the
leaner flame is repeated until convergence. Figure 5.27 shows this second estimation of
the acetylene spectrum, along side two further iterations of the extraction algorithm,

for a total of four iterations until convergence.

Figure 5.28 shows the output of the algorithm when applied to the spectra for each
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Figure 5.26: Initial estimation of non-acetylene contribution to spectrum.
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Figure 5.27: Estimation of acetylene contribution following several iterations of extrac-
tion algorithm.
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Figure 5.28: Example of extracted spectra for all flame conditions, recorded 2 mm above
the burner.

equivalence ratio included in figure figure 5.23. The extraction algorithm removes the
majority of the unassigned absorption features, but causes an increase in the level of
noise present in the data. Figure 5.29 shows the extracted spectra of the ¢ = 2.37 flame
compared to model spectra calculated from HITRAN 2008. Although some discrep-
ancies remain, the shape of the extracted spectra has a much better resemblance to
the model spectra, which should improve the accuracy of the fit. This approach has a
further benefit that it removes the need to model the complex water vapour spectrum

reducing the number of floating parameters in the fitting process.

Although the shape of the extracted spectra appears to be a better match to the
model, the method does not give an exact representation of the acetylene spectra.
Figure 5.30 shows an estimation of the non-acetylene portion of the spectrum, which
highlights a further error in extraction algorithm. The estimation of the background
spectra falls below zero absorbance in several regions which indicates that there will be

a corresponding over estimation of absorbance in the extracted acetylene spectra.

Another disadvantage of extracting the acetylene spectra in this way is that the noise
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Figure 5.29: Comparison of extracted spectra to Hitran 2008 model.
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Figure 5.30: Background spectra outputted from iterative extraction.
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Figure 5.31: Example of extracted spectra for all flame conditions, recorded 7mm above
the burner.

1.6x10™
1.4x10° —e=1m7
: —— ¢ =259

1.2x104-
1.0x104-
8.0x10’5—-
6.0x10'5—-

4.0x10°

Absorbance (cm™)

2.0x10°

0.0

-2.0x10° , T , T : T . . :
1535.30 1535.35 1535.40 1535.45 1535.50 1535.55

Wavelength (nm)

Figure 5.32: Comparison of un-extracted spectra for the ¢ = 1.77 and ¢ = 2.59 flames
recorded 7mm above the burner.
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in each spectra will to each of the other spectra following extraction. This is particularly
prevalent for measurements which are taken at a position in the flame where there is
an increase in the intra-cavity loss in the richer flames. Figure 5.31 shows extracted
spectra recovered 7mm above the surface for the ¢ = 1.77 and ¢ = 2.59 flames. There
is a marked decrease in the SNR of each of the spectra, which originates from the poor
quality of the ¢ = 2.59 spectra. The extracted ¢ = 1.77 and ¢ = 2.59 spectra acquired
2mm above the burner have an SNR of over 17 compared to the spectra acquired at
7mm, which have an SNR of approximately 5. The SNR of the extracted spectra
begins to decrease above 5 mm above the burner which is consistent which the increase

in intra-cavity loss shown on figure 5.20.

5.6.2 Fitting of Model Spectra

The concentration of acetylene can be determined by fitting the model spectra, calcu-
lated using parameters from the Hitran 2008 database, to the extracted experimental
spectra. This was achieved using an unconstrained non-linear fit in Matlab (function:
fminsearch), where the temperature, pressure, and path-length were held constant at
the values given in table 5.1. Figure 5.33 shows an example fit to an extracted acetylene

spectra acquired 2mm above the burner in a ¢ = 2.59 flame.

The output from the fitting function is an acetylene concentration of 1.85% with
a total residual (o/N) of 2.29 x 1074, The fit is generally quite poor, particularly at
the peak of the main P17e feature, where the peak absorbance is significantly above
the experimental data, which potentially provides an over estimation of the acetylene
concentration. The quality of the fit can be marginally improved by truncating the
experimental data and fitting only over the main feature (shown on figure 5.34). This
reduces the calculated concentration to 1.81% and with a lower total residual of 1.71 x
107*. However, there is still a relatively large discrepancy at the peak of the main

feature.
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Figure 5.33: Example fit to the extracted spectra for concentration over a number of
acetylene features.
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Figure 5.34: Example fit to the extracted spectra for concentration, truncated to the
P17e feature only.
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Figure 5.35: Example fit to the extracted spectra for concentration and air broadening
parameter.

The error in the fit appears to originate from an incorrect calculation of the FWHM
of the model. Returning to the numerical approximation of the Voigt profile presented
in chapter 2 it is likely that the source of this error is in the calculation of the Lorentzian
FWHM (T'z) which is calculated using the broadening parameters taken from the HI-
TRAN 2008 database. At such low concentrations of acetylene the largest contribution
to I'r, will be the air broadened half-width (I'y;-). The poor fit indicates that the tem-
perature dependence of I'y;, given in HITRAN may be incorrect when applied to the

elevated temperatures present in the flame.

The fitting program can be adapted to fit for I'y, for the main feature in addition to
concentration. Figure 5.35 shows a such a fit over the same truncated data. Including
the broadening parameter in the fit produces a better match at the peak of the feature
and further lowers the total residual to 8.92 x 10™°. The calculated concentration is
now at 1.91%, and the broadening parameter determined from the fit is 0.0306 cm™!
at the flame temperature compared to 0.0207cm™! calculated from HITRAN for this

temperature. The temperature at which the HITRAN broadening parameter would
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Figure 5.36: Example fit to the un-extracted spectra using the constant background
assumption.

match the recorded data is 948.71 K, back calculated using the temperature dependence
coefficient from HITRAN (0.75), which is far lower than the input temperature for the
model, and below that which was measured by Hu et al [42] at this position in the

flame.

The final approach to fitting the model spectra is to make the assumption that the
background spectra forms a constant continuum of background absorption under the
P17e feature. The un-extracted spectra is then truncated as before, and the offset is
subtracted to compensate for this assumption. It is unlikely that this approach would
produce accurate absolute values for acetylene concentration. However, the relative
concentration values may provide a useful comparison for the values determined from
the extracted spectra, as they will not be effected by the reduction in SNR which occurs
with the iterative extraction. The accuracy of this assumption will also be at its best
when the acetylene concentration is high, as it’s contribution to the spectrum will be

higher compared to the other species present which are not included in the fitted model.

Figure 5.36 shows a fit using the above assumption. The fit provides a concentration
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of 1.41% and a total residual of 1.13 x 107*. The concentration is lower than that
determined for the extracted spectra using the Hitran broadening parameters, which

indicates an over assumption in the background spectra.

5.6.3 Acetylene Concentration Profiles

The spectrometer was used to acquire spectra at a range of positions between 1.5 mm
and 7mm above the burner in the ¢ = 1.77, 2.07, 2.37, & 2.59 flames. Figures 5.37 and
5.38 show concentration profiles determined from these spectra, using the air broadening

parameter from HITRAN 2008, and fitting for broadening parameters respectively.
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Figure 5.37: Acetylene concentration profiles from fitting the extracted spectra for con-
centration only.

There is an unexpected upturn in the calculated acetylene concentration between
6mm and 7mm with both of these approaches. From previous literature [104] it is
likely that this upturn may be the result of a poor fit, due to the decreased SNR in
these spectra. Figure 5.39 shows the total residual for each of the fits. There is a
marked increase for the spectra acquired at 7mm above the burner indicating that

the increase in concentration at this point may indeed be due to the low quality of
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Figure 5.38: Acetylene concentration profiles from fitting the extracted spectra for con-
centration and air broadening parameter.

the extracted spectra. The residual is reduced for all spectra when the broadening
parameter is included in the fit, although there is only a minor change in the determined
concentration. Figure 5.40 shows the air broadening parameter determined from each
fit. There is no clear trend apparent, although the similarity in the shape of each of the
curves gives further indication that the spectra have an influence on each other during

the extraction process.

Figureb5.41 shows the concentration profiles determined using the constant back-
ground assumption. The shape of the concentration profile is largely in agreement
with the extracted spectra profiles, with the acetylene concentration decreasing with
increased height above the burner. However, the profiles do not show the marked in-
crease at 7mm. As previously stated, this method is expected to provide the most
accurate view to the change in acetylene concentration through the flame. The lack
of the marked increase in this data adds further weight that this was indeed due to
the reduction in the quality of the fit at this point. Another, minor, advantage to this

method is that it does not require measurements at each equivalence ratio at each posi-
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Figure 5.39: Comparison of total residuals for each fitting method and flame condition.
‘C’ denotes fit for concentration only, and ‘B’ denotes fit for both concen-
tration and air broadening parameter.
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Figure 5.40: Air broadening parameters determined from fitting extracted specta.
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Figure 5.41: Acetylene concentration profiles from fitting the un-extracted spectra.

tion, which allows the concentration to be estimated in positions where it is not possible
to make measurements in the higher equivalence ratio flames (e.g. 1.5mm above the

burner).

In all cases there is little difference in the concentration profile between the ¢ = 2.37
and ¢ = 2.59 flames, which is also the case observed for the profile of the broadband

attenuation in these flames.

The difference in out-put from each the fitting techniques allows for the estimation of
the uncertainty in the acetylene concentration measurement, which is estimated to be
12% of the measured value. The discrepancy resulting from the use of the HITRAN 2008
broadening parameters highlights the need for further calibrated spectroscopic work on
acetylene and water at elevated temperatures. The results of such measurements would
further aid the identification of the unidentified features present in the flame spectra
and would provide a better estimate of the spectroscopic parameters used in the fit,

included but not limited to the broadening parameter.
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6 Conclusions and Further Work

6.1 Overall conclusions

6.1.1 Project Aims and Objectives

The aim of this project was to develop a measurement technique to measure the concen-
tration profile of acetylene (CoHs), which is a precursor in soot formation, in laminar
ethylene (CoHy) flames supported on the porous-plug burner (described in detail in
chapter 3). The low absorbance exhibited by acetylene in the near infra-red precluded
the use of direct absorption techniques, and therefore continuous-wave cavity ring down
spectroscopy (cw-CRDS) was identified as a technique that should have sufficient sen-
sitivity.
The individual objectives outlined in the introduction (chapter 1) were as follows:

1. To evaluate the porous-plug burner to identify conditions which may inhibit the

in-situ operation of the cw-CRDS spectrometer.

2. To develop a cw-CRDS spectrometer which possesses sufficient robustness to op-

erate in-situ within the porous-plug burner.

3. The novel application of cw-CRDS to recover absorption spectra of a suitable
acetylene feature in-situ in the porous-plug burner, from which concentration can

be determined.

4. To apply existing modelling techniques to the recorded spectra to recover the
vertical concentration profile of acetylene in a range of flames supported on the

porous-plug burner
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6.1.2 Evaluation of Porous-Plug Burner.

Due to the inherent sensitivity of cavity enhanced techniques to optical disturbances
caused by the thermal gradients, and soot particulate within the flame, it was deemed
necessary to undertake a series of characterisation measurements on the porous-plug
burner flames to identify any locations/flame conditions which may limit the usefulness

of the cw-CRDS technique.

During this evaluation a novel, easy to implement, photoacoustic technique using
an intensity modulated high-power diode laser was developed for in situ measurement
of soot profiles. The photoacoustic measurements compared well to those made using
the well-established laser induces incandescence (LII) technique, producing repeatable
measurements across a range of flame conditions. Soot distribution profiles for three
different flames were recovered using this technique, which was able to detect the pres-
ence of soot from ~ 6 —7mm above the surface of the burner in each case. The gradient
of the distribution profile, and therefore the maximum soot volume fraction, was shown
to increase with equivalence ratio (¢), and the limit of detection for the technique was
determined to be 5 ppb of soot, based on the variation of the background acoustic signal
in absence of the flame. This detection limit was ~ 5% of the maximum soot volume
fraction of 5.526 x 10~7 for the ¢ = 2.97 flame. The soot volume fractions that were mea-
sured for this burner were higher than previously reported in other burners, which use
a larger diameter porous-plug, operating at the same equivalence ratios. Comparison
measurements of temperature were undertaken on the burner used for this project and
one such larger burner, using a thermocouple probe positioned 7 mm above the burner
surface. The temperature was 100K lower in the smaller burner, and it is believed that
this is due to differing heat transfer rates to the stabilisation plate in each case. The
presence of particulate soot will limit the usefulness of the cw-CRDS technique at posi-
tions above 6 —7mm form the burner surface, as it will greatly increase the background

intra-cavity losses.
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The second characterisation technique used for this technique used for this evaluation
was based on measurements of the viable emission from the flame. These measurements
were made by imaging a range of equivalence ratio flames (¢ = 1.77 to ¢ = 2.97) using
a commercially available digital camera. By separating each of the camera images
into its constituent red, green, and blue components inferences could be made about
the position of the reaction zone of the flame, due to an increase in the intensity of
the red and green signal close to the surface of the burner. The images showed that
the reaction zone, or flame-front, shifted upwards away from the burner surface as the
equivalence ratio was increased due to a reduction of the temperature in the region. The
reaction zone is the region of the flame which will have the steepest thermal gradients
and therefore the highest optical disturbance which will also limit the usefulness of

cw-CRDS in this region.

The red component of the images indicated that orange Planck emission begins to
occur at a height of 4 - 5mm above the burner, which is lower than where soot can be
detected using either the LII or photoacoustic technique. This emission is thought to
originate from nascent particles which do not exhibit sufficient absorption in the near

infra-red for detection using either technique.

6.1.3 Development of cw-CRDS Spectrometer

In chapter 4 the background theory of optical cavities was presented and attention was
drawn to specific considerations for the design of a cw-CRDS spectrometer. Accurate
mode-matching to the fundamental TEMqy transverse mode, and therefore suppression
of high order modes was identified as a key step in maximising the sensitivity of the spec-
trometer for combustion measurements. A spectrometer was designed using a LiNbOs
intensity modulator to attenuate the input light to the cavity and initiate a ring-down
measurement. This design of the spectrometer was shown to have an absolute detection
limit of 3.670x 1078 cm™! (3¢), which was calculated by measuring a transition of ambi-

ent, room temperature, water vapour in absence of a intra-cavity flame. This detection
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limit, although ex-situ with regards to the flame, is several orders of magnitude greater

than should be required for the in-situ detection of acetylene.

6.1.4 cw-CRDS Performance in Laminar Flames

In chapter 4 the application of the initial design of the cw-CRDS spectrometer to a
¢ = 2.22 flame was presented. The initial in-situ measurements demonstrated that the
introduction of the flame produced a significant increase in the intra-cavity losses. This
was observed as a ~ 20 us reduction in the ring-down time of the cavity, suggesting the
fractional intra-cavity loss had increased by 1.61 x 10™*. Despite the increased losses
the P17e absorption feature, which has previously been uses for acetylene detection in

different flames was easily identified.

Although this application was to the best of the authors knowledge the first applica-
tion of cw-CRDS in-situ in a flame several areas in which the design of the spectrometer
could be improved were identified. The key shortcoming of the initial spectrometer de-
sign was the inability to normalise the recovered spectra by assigning which proportion
of the optical loss was due to absorption, and which was due to broadband optical losses
caused by disturbance to the resonant cavity mode by the flame. The spectrometer de-
sign was refined to include a second DFB laser which was tuned to a wavelength which
appeared to be free from any absorption features, that were of the same order as the
acetylene feature of interest. By alternately switching back to this laser the broadband
optical loss could therefore be determined for each point in the spectrum, allowing for
a point-by-point normalisation. Ring-down measurements were conducted at this wave-
length at a range of positions above the surface of the burner for a range of different
equivalence ratio flames. In agreement with what was observed based on the emission
measurements undertaken in chapter 3 the ring-down time in all flames above ¢ = 1..77
was shown to decrease from about 4 — 6 mm above the burner. This adds weight to the
explanation that nascent soot particles begin to form in this region which exhibit such

a low near infra-red absorption that their detection requires the high sensitivity that
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can be achieved using the cw-CRDS approach.

The refined design of the spectrometer also replaced the LiNbOj intensity modula-
tor with a semiconductor optical amplifier, which increased the intensity of the light
resonating within the cavity. This not only increased the signal to noise ratio of the
ring-down trace, but the increase in the intensity of the light leaving the cavity in-
creased the number of times that the trigger level was achieved and therefore doubled

the measurement rate of the spectrometer.

The in-situ detection limit of the refined design was determined to be 1.2 x 10™°cm™"

(30) demonstrating a significant improvement over what is generally considered achiev-
able using single pass measurement techniques under such conditions. A key benefit of
using cw-CRDS over single path techniques is that it is immune to any noise caused
by emission from the flame and that it provides a direct measurement of absorption

without the complex calibration required by some other cavity based techniques.

6.1.5 Recovery of Acetylene Concentration Profiles

Although the sensitivity of the cw-CRDS spectrometer was sufficient to resolve the
absorption spectra, through a range of flame conditions and measurement positions, the
recovered spectra was highly complex showing a number of features which interfered
with the pl7e acetylene feature. When the spectra is compared to model spectra of
acetylene from the HITRAN 2008 database and water from the HITEMP 2010 database,
it is possible to assign some of the stronger interfering features as water but the majority
of the weaker absorption features are a poor match to the model. In chapter 5 a
number of post-processing approaches were applied to isolate the absorption due to
acetylene from these unidentified features. The variation in the recorded spectra as
the equivalence ratio of the flame was varied was limited to wavelengths at which,
according to HITRAN, acetylene should have a contribution. The contribution from

the unidentified and water features remained constant over this region. Therefore, an
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iterative approach was tested to subtract the features for which the absorption did not
change with equivalence ratio. The result of this extraction was a closer match to the
HITRAN 2008 model spectra for acetylene, although full width half maximum of the
pl7e feature was broader than that of the model spectra. This was understood caused by
a poor understanding of the temperature dependence of the air broadening parameter at
the flame temperature. To improve the quality of the fit, the air broadening parameter
was included as a floating parameter in the model, the fitted value of which showed only
minor variation across all the fitted spectra, whilst producing similar values for acetylene
concentration. The final strategy applied to fitting the model spectra was to tightly
limit the fit to a small wavelengths over the pl7e feature with no extraction, making
that the other contributions form a constant offset over this region. This approach
produced acetylene concentrations which were lower than those determined from the
extractive method however, the spectra were not effected from the poor SNR associated
with the iterative extraction process. The lower concentration values were likely due
to a reduction of the absorbance at the peak of the P17e feature, and therefore this
approach may only provide an indication as to the difference in concentration at each

position in the flame.

For all approaches to fitting the acetylene concentration was shown to increase with
the flame equivalence ratio. This is in agreement with the evaluation of the soot vol-
ume fraction presented in chapter 3, which showed an increase in soot volume fraction
with equivalence ratio. The shape of the concentration profiles appears to show that
acetylene gradually drops as the measurement position is moved upward, indicating its
consumption as the size of the poly-aromatic hydrocarbons increases, moving towards
the creation of particulate. In all cases the change in acetylene concentration between
the ¢ = 2.37 and ¢ = 2.97 flames is significantly lower than that to the lower equivalence

ratio flames.
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6.1.6 Summary of Conclusions

With reference to the aims of this project which were outlined in the introduction, and

restated in section 6.1.1, the outcomes of this work are summarised in the following

points:

1. A novel, and relatively simple, photoacoustic technique for in-situ measurement

6.2

for the measurement of soot distribution profiles in a porous-plug flat-flame burner

was presented.

. A detailed evaluation of the porous-plug burner was undertaken which identi-

fied several regions of the flame which may limit the usefulness of the cw-CRDS

technique.

. The first applications of cw-CRDS to conduct in-situ flame measurements were

demonstrated, which had a sufficiently high sensitivity to resolve the p17e absorp-

tion feature of acetylene.

. A limitation of both the LII and photoacoustic measurement techniques was iden-

tified with respect to the measurement of nascent particles, however the potential

to detect these particles with cw-CRDS was demonstrated.

. Several strategies were tested to evaluate the acetylene concentration from the

spectra recovered from the porous-plug burner flames, and concentration profiles

were reported and compared for each strategy.

Further Work

6.2.1 High Temperature Spectroscopy

In chapter 5 recovered spectra at wavelengths around 1535 nm, from CoH,4 flames sup-

ported on the porous-porous plug burner were presented. Despite the recorded spectra

possessing a high SNR, it did not compare well with model spectra calculated using the
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HITRAN 2008 and HITEMP 2010 databases, enabling only the stronger absorption
features to be assigned and preventing the full model being accurately fitted to the
recovered spectra. Several reasons were postulated for this lack of agreement, includ-
ing the presence of other species which were not included in the model, and a poor

understanding of the high temperature behaviour of the species that were included.

A method of improving the model would require high temperature absorption mea-
surements to be undertaken on CoHs and HoO under tightly controlled and monitored
conditions. Firstly, the spectra recorded in these experiments would highlight absorp-
tion features in the flame spectra which do not arise from the presence of CoHs and HO.
Secondly, the controlled high temperature spectra of CoHy and HoO can be fitted using
the Voight function to gain a more accurate understanding of their temperature de-
pendent parameters (such as: line strength, and broadening parameters), which would

increase confidence in the recovered CoHs concentration profiles.

6.2.2 Application of cw-CRDS to Low Pressure Flames

One of the limiting factors that was identified with the in-situ cw-CRDS absorption
measurements was the high number of interfering features, which hindered the deter-
mination of species concentration. By reducing the ambient pressure surrounding the
flame, the air broadening parameter, which was identified as being poorly understood
at combustion temperatures, has much lower contribution to the absorption line-shape
which serves to narrow and better isolate each absorption feature. In-conjunction with
the high temperature spectroscopy outlined in section 6.2.1 this may better enable
the concentration to be accurately determined. A further advantage of operating at
low pressure is that the gradients of the flame become more spatially extended, which

reduces the requirement such highly spatially resolved measurements.
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6.2.3 Other Cavity Enhanced Techniques

In chapter 2 an overview of other techniques utilise a resonant optical cavity to increase
the effective path-length for absorption measurements was presented. Unlike CRDS
these other techniques use the reduction in the on-resonance transmission through the
cavity to recover the absorption spectrum, rather than the lifetime of light within
the cavity. Over the course of this work two such techniques have been identified as
showing promise for making in-situ flame measurements: Integrated Cavity Output
Spectroscopy (ICOS), and Cavity Enhanced Absorption Spectroscopy using Optical
Feedback (OF-CEAS).

The simpler of the two techniques, ICOS, the cavity mode structure of the cavity is
treated as a continuum when integrated over several scans of either the laser frequency,
or the cavity length. It is therefore preferential that the laser is in resonance with
each of the TEM,,,,, mode for an equal time, and for this reason mode-matching optics
are not normally used in ICOS experiments. To further ensure the resonance time is
equal across all cavity modes a rapid scan frequency is required, such that it becomes
the limiting factor for the resonance time rather than the coherence length of the
laser source or the mechanical stability of the cavity. In chapter 5 degradation of
the mode-matching to the TEMyy mode, due to thermo-optical distortions caused by
the flame, was identified as one of reasons for the reduction in the ring-down time of
the cavity when taking measurements in-situ. As ICOS treats the mode spectrum as
a quasi-continuum the effect of this degradation on the resulting spectra should be
reduced, therefore ICOS may have a higher sensitivity for in-situ measurements. The
disadvantage of ICOS is that there will be a reduction in the spatial resolution of the

technique associated with the excitation of the higher transverse modes.

The second cavity enhanced technique, OF-CEAS, is a more complicated technique
where the backwards propagating light leaking out from the input cavity mirror is fed

back into the laser source. If the correct phase is maintained this feedback not only locks
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the laser to the cavity mode but also seeds the active medium of the laser, narrowing
the line-width to only those frequencies that are resonant in the cavity, and thereby
increasing the cavity transmission. Assuming that an adequate feedback intensity can
be achieved with a flame intra-cavity to maintain the lock to the cavity mode, this
increase in the on-resonance cavity transmission has the potential to compensate for
the loss in coupling efficiency caused by the presence of the flame. The lock to the
resonant cavity mode may also reduce the effect of any minor mechanical disturbances
to the cavity. The main disadvantage to this technique is that it is limited to laser
sources which respond favourably to optical feedback, typically c-QCLs, as feedback to

some sources can result in frequency jitter of the output.

6.2.4 Photoacoustic Soot Detection With Fibre Lasers

Although the novel photoacoustic technique for soot measurement, presented in chapter
3, performed comparably with the more common laser induced incandescence (LII)
technique the true potential of the technique could not be explored due to limitations
of the laser source used. For a number of years doped fibre amplifiers have been used
in the telecommunications industry to increase the output power of diode laser diodes,
whilst preserving the high speed intensity modulation characteristics of the laser diode.
An amplifier such as such as a Ytterbium Doped Fibre Amplifier (YDFA), which is
readily commercially available, could be used to increase the output power of a 1064 nm
DFB laser from ~ 10mW up to several Watts. If the intensity of the seed DFB laser is

modulated then there will be an amplified modulation depth in the EDFA output.

Initial testing using a commercially available (Keopsys) YDFA has shown that mod-
ulation depths of up to 2 W are achievable using this approach, with an average output
power of ~ 1 W. This modulation depth is an order of magnitude greater then the high
power diode originally used. A further advantage of the fibre amplifier approach is
that it can achieve a faster modulation frequency (up to » 1 MHz), which would further

isolate the signal from ambient acoustic noise which typically occurs at low frequencies.
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6.2.5 cw-Laser Induced Incandescence

In a recent publication [105] the potential to use cw-diode laser sources for LII was
demonstrated. The lasers used in this example had a relatively low output power
(175mW) compared to the high power pulsed lasers which are typically used for such
measurements. The fibre amplified diode laser, described in section 6.2.4 shows poten-
tial as a source for cw-LII. By The measurement of small and nascent soot particles
has proven difficult using the pulsed approach to LII [106] as such particles are of-
ten sublimated due to the relatively high laser fluence. The fine control of the output
power of the fibre amplified diode laser should allow for operation below the sublimation

threshold, and therefore mitigate this difficulty.
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