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Abstract
The development of Lasémduced Thermal Grating Spectroscopy (LITGS) for diagnostics of

combusting and neaombusting flows iglescribed. The first use of LITGS to provide in situ
calibration of 2Dimensional temperature distributions generated usingTalour Planar
Laserinduced Fluorescence (TRLIF) is reported. Timeesolved measurements of

temperature distributions in aifig GDI optical engine obtained by TRLIF were made during

the compression stroke and calibrated to the absolute temperature scale by simultaneous LITGS
measurements. The accuracy and precision of the temperatures derived from LITGS data are
evaluated usig alternative methods of data analyisiast Fourier Transform and Fitting to
theoretical models of the experimental data. The relative merits of the two methods are
examined for analysis of weak LITGS signals obtained under engine conditions of leur@res

and high temperature. The combined-FPOF and LITGS system was demonstrated by

performing repeated singihot measurements for 1 in every 10 fsetioke cycles showing

excellent correlation of the temperatures derived from both techniques. Dissiin@@ent of

the effect of 0 c KaforgperationonitH directgnfection ésrepootadd e r 5
Inhomogeneous temperature distributions were observed during the compression stroke for fired
operation with Port Fuel Injection (PFI) and also v@asoline Direct Injection (GDI). The

effects of varying the relative concentrations of toluene andatane in the tw@omponent

fuel were investigated.

Extension of the LITGS technique to myibint measurements along @1line is described.
By recading signals from 4 points on separate detectors using acfiloi@ed photodiode array
the limitations of Streak Cameras used previously fOrlITGS measurements were
overcome. Demonstration of principle experiments are reported in which simultargoins 4
measurements were made with 1 mm spatial resolution and a precisio®oirOtémperature

gradients in gas flows and in boundary layers at surfaces.
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Introduction

1. Introduction

The aim of this thesis is to develop and demonstrate an optical diagnostisitordalibrated

2-dimensional thermometry in a spadhition internal combustion engine.

1.1. Combustion

Combustion has a part ptay in almost every aspect of modern life. From heating our homes,
providing the power for our electronic devices, to transporting the goods and food we purchase
from around the world, worldwide energy consumption has increased%t@3.2.3TW over

the past decadfr]. Of this energy demand, 80 is generated by some form of combustion

procesg7].

Climate change is now widely acceptétdo be a cri ti cal i nternati ona
Agreement 6 on cl i mat e "Oécambgr €015eadcas af Augystt2@16 on t
has been signed by 180 countfi@}s One of the key aims of this agreement is limiting the

global average temperature rise to less thad &bove préndustrial leveldy reducing the

global emission of greenhouse gases; @@issions from combustion processes account for

60 % of the worldwide greenhouse gas emiss{@hand hence combustion efficiency is vital to

the reduction in global emissions.

Recent changes in policy have led to a shift away from highly polluting forms of energy such as

coabb, towards &égreend reRerewablbslcarentynpeovidg just@of oduct i
world energy consumptidii0], hence there will be a dependence onrrerm@vable forms of

energy for many decades to come. Coupled with
reserves, improving the efficiency of combustion processes will have a key role to play in

satisfying our increasing energy demands.

L at a governmental level
2The USA and China were largely responsible for a fall & 1n8global coal consumption in 20[1®)].

3 The share of world energy consumption provided by renewable sources has more than tripled in the
past 10 years from 0.% to 2.8%[10].
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The chemical redions that occur during combustion are dependent on not only the species and
concentrations of the reactants, but asoperature and a wide variety of other environmental
parameters including pressure and flow dynamics. Measurement of any of thesagrareane

offer an insight into the combustion process and inform the development of future fuels and

engines for improvements in efficiency and emissions.

1.2. Thermometry

Temperature is a critical parameter in manyeaspof the combustion process. For many
applications the desired output is not heat but mechanical work, which can then be used to drive
machinery or generate electricity. The relative temperatures of the inpufTigicand the
environment Teod, define the maximum theoretical efficienclyamy heéengine, the Carnot

efficiency, cafbt, given byequation(1-1) [11].
- - e 1
Y
The desire to increase the 6hotd temperature
of improving efficiencies can lead to extreme demands of the materials used in engine

construction. Heat transfer to surfaces within an engine, such asothrgeequirements for

gas turbine blades, is an active area of resdaih

Chemical reaction rates are often highly temperature dependent. Temperature typically affects
both the frequency of collisions and, for reactions with an activation energy, the fraction of
collisions which are ©&succ etsaldwuhe feaciiontoo v er ¢c o mi

proceed. This exponential temperature dependence is describedAnshir@us equation

0 80 (1-2)
where k is the rate constant for the reactiqrishe activation energygk s Bol t zmannés
constantand T is temperature. The scaliagtor6 A6 i s typically assumed t
temperature, although for analysis of data over a wide range of temperatures it can be useful to

include a temperate dependence of the formi ds an additional multiplicativiector[13].
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Knowledge of the temperatures within an engine is therefore an important factor in predicting

the performance, efficiency and lifetime of the system.

1.3. Optical diagnostics

Thermometry techniques range from sienphysical probes such as thermocouples to optical
diagnostics involving multiple lasers and cameras. The motivation behind the development of

complex and costly optical techniques is twofold.

Firstly, while highly suited to thermometry of solid, staiopengine components, physical

probes are invasive and perturb the temperature of the working fluid. This limits the accuracy of
such techniqueld 4]. Optical diagnostics can be entirely Aorasive by simply collecting light
emitted by the combustion process it$&8]. Most are however minimally invasive and

involve applying small perturbations to the medium, often in the form of laser pulses, to excite
or scatter light from species within the flow. The resulting emitted or scattered light is collected

and analysed to derive the parameters of interest.

Secondly, conbustion occurs in 3 dimensions and so point measurement techniques provide a
very limited view of the likely inhomogeneous temperature distribution throughout the engine.
Optical diagnostics have the potential for performing linear, planar or even vitumet

measurements.

1.4. Internal Combustion engines

There were 36 million vehicles on the road in the UK in 20864, approximately one vehicle

for every two peopl€l7]. This is a trend reflected around the world as road transport accounts

for 17 % of the global CO2 emissions from fossil fuel combusfgnThe latest EU standard

OEuro 66 sets out stringent | i[6@(CG NOxnTHG,ar mf ul
PM, PNi carbon monoxide, nitrogen oxides, total hydrocarbons, particulate mass, and

particulate number respectively). Meeting these standards requires careful engine design and

optimisation.
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In-cylinder temperatures have a significaneetfon the combustion efficiency and the

production of particulates i.e. sdd®]. Even small temperature changes can have significant
effects on the overall combustion, as localised hot spots of festlifference to the bulk
temperaturare correlated ith knock* [20]. Accurate and precis#iagnostic techniques for

liquid fuel combustion, capable of performing spatially and temporally resolved measurements
play a vital role in improving theoretical models of combustion and contribute to the design of
future fuels and engineSuchimprovemets in understanding the fundamental physical

chemical processes involved asubsequent increases in efficiency and reduction of harmful

emissions will help to minimis¢éhe environmental impact of hydrocarbon combustion.

1.5. Structure of thesis

This introductory chapter explores the motivation for improving the capability of thermometry

in engines.

Chapter 2 presents a brief introduction to the operating principles ofigpérkn internal
combustion engines, along with a summary of the terminologynmmn usage throughout the

engines community and adopted in this thesis.

Chapter 3 summarises the main optical techniques of relevance to combustion engine
diagnostics and reviews the relevant literature, focussing on techniques with potential for

thermoméry.

Chapter 4 describes the theory and application of the lladeced Thermal Grating
Spectroscopy (LITGS) technique forsitu calibration measurements. The implications of

potential analysis methods for the accuracy afyilinder thermometry are disssed.

4 Undesirableauto-ignition of the fuelair mixture before the intended ignition timing, leading to a
reduction in power output and potentially engine damage.
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The selection of Twolour detection Planar Lasbrduced Fluorescence (FRLIF) as the
technique for Zlimensional ircylinder thermometry is discussed in chapter 5. The background

theory, initial development, methods of analysis and resultalifation tests are presented.

Chapter 6 presents the results of combiningPLIF and LITGS techniques for-gitu
calibrated 2D thermometry. The effects of varying fuel composition and injection strategy on

the incylinder temperature distributions atescribed and sources of inaccuracy investigated.

The development of an extension of the LITGS technique-tbm&nsional timeesolved
thermometry is presented in Chapter 7 and compared to that of previous publications. The
application of the technigue singleshot measurements of thermal boundary layers in flows

near surfaces is reported.

Chapter 8 summarises the achievements of this work, while the potential for future extensions to

the techniques described in this thesis is discussed in chapter 9.

The appendix provides further discussion on improvements to analysis methods for LITGS

thermometry, referred to in chapter 4.



Optical Internal Combustion Engine

2. Optical Internal Combustion
Engine

In this chapter a brief introduction to internal combus{i@) engines is given in sectidhl,
covering their principles of operation, thermodynamic efficiency and fuel injection strategies. A
summary of relevant engisrelated terminolgy is provided in sectio.2 The optical engine

and operating conditions used throughout this work are discussed in 28tion

2.1. Internal Combustion Engines

This chapter serves to provide a brief introduction to internal combustion (IC) engines,

sufficient for understanding of the development of the optical diagnostic techniques discussed in
later chapters. For further-ohepth explanations of the field, theader is referred in the first

instance to an excellent textbof@d ] and recent review of the fie[@2].

The operating principle of reciprocating IC engines is based around combustion edia fuel
mixture to raise the temperatiuard pressure of gases witlirsealed chambgthe cylinder).

One wall of the chamber is free to move (the piston) and the high pressure gases do work as
they expand and displace this piston. This linear motion of the piston is coupled to the
crankshaft ia a connecting rod, generating rotational motion which can then be used to drive
machinery or generate electricity. In order to provide a useful source of work IC engines must
be able to repeat this process by dealing with the exhaust of combustiongardluthe intake

of fresh fuelair mixture.
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2.1.1. Gasoline vs Diesel

There are a variety of designs of |1 C engine,
familiar, being found in the vast majority of road vehitles Gas ol i ne, orackmor e ge
ignitiondé (SI), engines typically mix fuel an

is compressed and ignited by application of a spark. In contrast, diesel engines use compression
ignition (CI) in which fuel is not introduced until the &ias already been compressed. The hot

compressed gas ignites the fuel immediately after injection without the need for a spark.

The optical diagnostics of this work were developed on a gasoline engine. While it is possible to
apply optical diagnostics tmoth gasoline and diesel engines, in practice it is easier in gasoline
engines due to the lower-gylinder pressures and the ability to use a flat piston crown window

for ease of optical access. This chapter will therefore focus on spark ignition.

2.1.2. 4-strok e engines

+ | .. a _ ’; O ;‘ L
N \ @ Y ‘-\__\'\__7_7_7 Y,
(e~ ) ( ~ )
a) S p) c) )

Figure2-1 4-stroke cycle stages. a) Intake, b) Compression, ¢) Expansion, d) Exhaust.
The four stages of a fotroke cycle are depicted ligure2-1. The intake stroke (a) draws a
fresh mixture of fuel and air into the cylinder through an inlet valve typically at the top of the

cylinder. This mixture is then compressed during the compression stroke (b). Just before the end

bal T RFQa w- fAYS 2F aLR2NIa OF N& | NB listoyleddirdtatyft S SEOS|
engine which contains no reciprocating parts.
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of the compression strokespark ignites the mixture causing a rapid increase in both

temperature and pressure. The high pressure does more work on the piston during the expansion
stroke (c) than was applied to the gas during the compression stroke, resulting in a net output of
work by the engine. The exhaust stroke (d) expels the combustion products, returning the engine

to its initial state ready for the following intake stroke.

2.1.3. Otto cycle

The operation of a spark ignition engine is often idealised as a thermodynamic cycle @dr ease
explanation and derivation of its thermodynamic efficiency, in this case the Otto Eigieg]

2-2]. The intake (green) and exhaust (blue) strokes are includéak ¢tV diagram ofFigure

2-2 solely for ease of identification of thesfroke cycle. The thermodynamic Otto cycle is

defined by the upper loop between points 4.to

>

V

Figure2-2 PressureVolume diagran for the Otto cycle[23] coveringpoints 1-4, with the addition of
GKS SEKlFdzad yR AyidalF1S adNB|1S | Gstrdd@efging tyglei LINS & & dz!

The compresen stroke in the Otto cycle @ 2) is assumed to be isentrdhi€heratio of the
maximum, i, and minimum, ¥, volumes of the compression strakefines the ampression

ratio of the engineyr.

i © 2-1
l d)_ (')

" User: Luc199https://commons.wikimedia.org/wiki/File:/_Otto _cycle.svg® CCBYSA4.0
8].e. there is no heat transfer between the gas and the engine walls and the process is reversible.
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Ignition occurs at point 2 and is assumed to be rapid such that the pressure associated with the
heat input rie occurs at constant volumeA23). The expansion stroke £ 4) is again

isentropic, followed by the pressure loss and rejection ofdsetite exhaust valves open

(4A 1)

The efficiency of the Otto cycle is defined as the ratio of wartbat to heat input. Treating the
fuel-air mixture as an ideal gas such that the ideal gaslaw QY holds and using the
fact thatD is a constant for an isentropic procesisis efficiency oud] may be expressed
solelyinterms otheen neds compression rati o:

WETEBONRBGO p
COEE 6 & (2-2)

Increasing the compression ratio of an engine therefore results in a higher theoretical efficiency.
As compression ratios increase, the maximum pressures and temperatures also increase. This
places engineering limitations on achievable compression rafosebengine damage through
overheating or autgnition (knock) begin to occur. Typical compression ratios for Sl engines

are of the order of 101, resulting in theoretical Ottoycle efficiencies of around 6. In
practice t he v aeraiura theatransfer betweenwhe dases dne engine
components, finite combustion speed and frictional losses combine to reduce the idealised Otto

efficiency of a Sl engine by half, around 0for a compression ratio of 1@ [21].

Sl engines for road vehicle use must have variable power output. By restricting the airflow into

the cylinder (throttling) and injecting less fuel to maintain stoichiometry, the power output can

be reducedRestricting the airflow lowers the pressun the intake manifold, increasing the

work required of the piston during the intake

reduces the efficiency of the engine whenever the throttle is partially closed.

%2 KSNB * Aa GKS NIGA2Z2 2F &todddspetificBeatatcbnstant volun@2 y & G | y
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2.1.4. 2-stroke engines

It is possible tarrange the design of the engine such that a power stroke is delivered for every
rotation of the crankshatft, instead of once every two revolutions. This is knownsigae

engine and combines the four stages of the-$tnake cycle into just two strek of the piston.

For a given power output a tvatroke S| engine will be smaller than a fatiroke, making it a
popular choice where size and weight are an 18skeel efficiency is however typically lower

for 2-stroke engines due to the simultaneotiaka and exhaust gas flows leading to partial
mixing'™. This leads to a richer than stoichiometric faiglmixture being required to ensure
reliable combustion which results in lower fuel efficiefiz]. The optical engine ohts work

uses a foustroke cycle, hence-&roke operation will not be given further consideration.

2.1.5. Gasoline Direct Injection
Gasoline Direct Injection (GDI) as the name suggests injects fuel into the cififdes has
seen increased application in puation vehicles due to a number of benefits over the older

method of Port Fuel Injection (PFI) which injects fuel upstream of the intake ports of a cylinder.

GDlI l eads to 6charge coolingé, where the | ate
the bulk gas in the cylinder. This reduces the temperature of thaifumixture by typically

30K and as a result, the volumetric efficiehbyf the engine is increased by arounhf4].

Additionally the reduction in final temperature enables the use of a slightly higher compression

ratio without initiating knock. Both of these factors combine to improve the efficiency of the

engine.

10 Such as handheld machinery or light motaieg.
11 As well as some loss of fresh charge into the exhaust system.
2 Typically during the intake stroke to allow time for mixing to form a homogeneousfusiixture.

13 The volumetric efficiency of an engine describes how effective the intake sta@kalrawing air into

the cylinder. More air allows more fuel to be burned per cycle, increasing the maximum power output of
the engine. It is defined as the ratio of the mass of air drawn into the cylinder per cycle, to the mass of
air required to fill tke cylinder at ambient pressure and temperature. By this definition, the volumetric
efficiency can be over 101 for effective intake pressures abovatin.

10
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The high level of control over the timing and quantt injected fuel with GDI also allows for

novel injection strategies such as injecting twice per dgelp This allows preparation of an
overal/l |l ean homogeneous mixture with one O6ea
by a second éngthe omropression strake tdo providedh stratified charge locally

rich around the spark plug for ease of ignition. It is also possible to inject additional fuel during

the expansion stroke to undergo additional combustion and raise the temperatuexiohtise

gases. This is beneficial during the initial wanm stage of the engine as it reduces the time

taken to heat the catalytic converters of the exhaust system to their operating temperature for

effective reduction of emissions.

2.2. Terminology

The fieldof internal combustion (IC) engines has many westiablished acronyms and
terminology which will be referred to throughout this thelsisaddition to theeomprehensive
table of acronyms at the start of this thesis, the most relevant engine acronyneseméegd

here for convenience of the reader.

TDC 6 Td@padCentred. The highest position of the
cylinder volume. There ar e t Fsteokeeycle,iateghe@nd 6 TDCO

of both the compression anghaust strokes.

CAD 6Crank Angle Degreesd6. The 't wtokeenginet i ons o
cycle are divided into 720 degrees. This allows the timing of engine events to be referred to in
rel ati on t o iaangu@rpasititn) ofnecgahkshaft. This work will follow the

conventionof3]i n | abelling the TDC at the end of the

BTDC 6 Be fTorDeadCent red. Uswually preceded by a val

event that occurs befotke piston reaches TBEC

14 E.g. the compression stroke begins at 180 CAD BTDC and finishes at TDC.

11
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ATDC 6 Af-TopDeadCent r e 6. Usually preceded by a wvalu

event that occurs after the piston reaches ¥DC

EGR 0Exhaust Gas Residualsé. The finite vol ume
some & the combustion products (EGR) remaining in the cylinder to mix with the fresh charge
of the next cycle. Not to be cadecthiguu®d with OE

deliberately increase the amount of EGR within the cylinder.

GDI 6Gasolihej ®&cttrieacnd. Air is drawn in to the
fuel is injected O6directl!l yoarmrtireo the cylinder
PFI 6Port Fuel I njectiond. Fuel is injected in

fuel-air mixture is then drawn into the cylinder during the intake stroke.

1] Guetai r e qui v.aHe proporton of fudl o aircompared to that at

stoichiometric conditiorig, Excess fuel (6ri>dhd conditions) \
e 6Lambdaé. TiHerel-arequieatersce ratio (i.e. an dinel equivalence

rati o). Excess oxygen>1.6leand conditions) wil

2.3. Optical Engine

Bore xStroke 89 x 90.3 mm

Displacement 562 cnt

Valves per Cylinder 2 intake, 2 exhaust

Compression Ratio 11.1

Fuel Pressure 150 bar

Injector Bosch Multthole Nozzle

Valve Timing (CAD ATDC) IVO 34, IVC 242, EVO 475, EVC 5

Table2-1 Optical engine specifications as detailéa[25] (c.f. List of Acronyms)

15 E.g. the expansion (powestroke begins at TDC and finishes at 180 CAD ATDC.
BhFGSy ftaz2 NBFSNNBR (2 Fa Ww9DwQsr (K2dzAK y20 Ay (K

17 Stoichiometry refers to the exact balance by number of carbon, hydrogen and oxygen atoms in the
fuel-air mixture (reactants) to undergo corgbe combustion to carbon dioxide and water (products).

12
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The optical engine providing the platform for the development of the optical diagnostic
techniques is based on a Jaguar AJ133.5%/8 engine. Launched in 2009 to replace the
existing 4.2L V8, the AJ133 provides 3t more powéef with a 6% reduction in specific fuel

consumption and with improved emissions to meet the latest Euro 5 staj2ddrds

d)

Figure2-3 a) Crosssection of optical engine layout showing Bowditch piston, piston crown window
(b) and optical access annulus (c). b) Optical access piston with window. c) Optical access cylinder
section (annulus) with four window ports. d) Quartz annulussténg on watercooled cylinder section.

18385hp when naturally aspirated, or 5Hp for the supercharged version.

13
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The optical engine of this work is a singiginder enginfwi t h an extended 6Bow
pistort®, which enables optical access through a window in the reciprocating piston via a
stationary 45 degree mirror within the void between the piston suppats¢2-3 a), b)]. A

wi ndow i n t her & jfddidesdinglasided opticqd access to the small volume

of the cylinder remaining at TDC which also contains the spark plug, fuel injector, inlet valves
and exhaust valvegigure2-4]. Optical access from the sides of the barrel is either provided by
a steel annulus at the top of the barrel with four flat quartz windows moihi6lear aperture
[Figure2-3 c)], a quartz annulus at the top of the barrel providing 360° of optical access over a
height of 29mm [Figure2-3 d)] or a fulllength quartz barrel providing 360° of optical access
over the entire barrel height. While the fully quartz components provide dramatically increased
optical access compared to the steel annulus, they are fautab$d and add the

complication of curved surfaces to any imaging setup.

In the interests of being able to reliably fire the engine for long enough periods to perform the
desired optical diagnosti©sthe steel annulus was selected for use throughowvtinks The

piston rises past the four side windows of the annulus at around 45 CAD BTDC, hence
measurements requiring side optical access may not be performed within 45 CAD either side of

TDC.

191.e. one of the 8 cylinders of the AJ133.

eKS W. 26RAGOKQ LIAAG2Y 61 & LINR L2 & Stdethededisting &R . 2 6 RA
designs where the valves were mounted in the cylinder walls to permit overhead optical access via a
6AYR26 Ay (KS O2fAYRSNIKSIR® ¢KS . 26RAGOK LIA&AG2Y |
providing a better represent#n of production engines.

21 The triangular prism shaped recess within the cylinder head which combined with the barrel and
piston crown forms the boundary of the engine cylinder.

22 This limits the engine operating conditions which may be studied usmfuthquartz components.
232 ¢ 5 minutes at a time.

14



Optical Internal Combustion Engine

25°hTDC

15°bTDC

35°%aTDC

Figure2-4 (Left) Image of ircylinder combustion taken from below through the quartz window in
the piston crown. The pair of inlet valves are illuminated by the combustion and are visible at the top
of the image. (Right) Preliminary combustion imaging of the penbf region using the new quartz
barrel section [chapter 9]. The spark plug electrodes are visible in the static engine image. [Images
taken by B. Scott c.f. acknowledgements].

2.3.1. Operating conditions
Since this work focusses on the development of an opli@ghostic technique, the operating

conditionsof the engine were typicallyeld constant at the values detailed below.

The air intake of the engine was heated to1818 ensure the full evaporation of toluene
injected into the airflow before the cylindender PFI operation. The flow rate waaintained
at alow 1.78 + 0.024™ in order to avoid high peak pressures within the cylinder at TDC which

increase the risk of failure for the quartz components.

Cooling water circulating around the cylinder head the barrel prevented the engine

overheating while running and was maintained atkk93

The engine speed was set to 1200¢*. With 2 crankshaft rotations in a festroke engine per
cycle, this corresponds to 10 festroke cycles per second. The caaseused for recording
Laserinduced Fluorescence (LIF) images, being limited to an acquisition raté.6Hgz,

could be triggered atHz to capture an image every 10 cycles.

24Ac'g\ually 1185pm to avoid a peculiarity with the Surelite pump laser being unable to be triggered at
WSEI Ozt 8Q wmn

15
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The crankshaft of the optical engine is connected to a dynamometer whicle mayds an

electric motor to drive the crankshaft and cause the piston to reciprocate (referred to as

6motoredbé operation). Alternatively it may be
the engine to do work while firing with fuel injectiona 1 gni ti on (referred t
operation). Clearly o6firedd operation is the
O6mot oredd operation provides a useful, simple

diagnostic techniques.

The engine hasnanjector installed both in the perdof of the cylinder for GDI operation and
before the inlet valve of the cylinder for PFI operation. Selection of either PFI or GDI operation
is controlled by the user via the engine timing and control software ahavieot used in this

work for motored and fired operation.

The standard fuel used in this work was@mponent blend of 7% iso-octane and 3%

toluene byvolum® a 670/ 30 blendd. 650/506 and 690/ 10

25 The selection of this particular fuel composition is discussed in chapter 6.
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3. Literature Review

This chapter presents a review of the literature for thermometry in internal combustion engines.

An overview is given of physicaB(l) and optical 8.2) thermometry techniques, which are
themselves divided into the categories of lin@aB)(and noAinear (3.4) optical methods. The
linear techniques discussed include absorption spectros8@d),(Rayleigh scattering3(3.2),
Raman scattering(3.3, thermographic phosphor3.8.4 and Laseinduced Fluorescence
(3.3.5. Nonlinear techniques considered include Coherent®tatkes Raman ®gtroscopy
(3.4.1), Polarisation Spectroscopy.4.2, Degenerate FoWave Mixing 3.4.3 and Laser
Induced Grating Spectrosco.4.4). This chapter concludes with secti®b which details the
selection of the techniques foréitu calibrated 2limensional thermometry whose

development in this woris discussed in chapters 4 and 5.

3.1. Engine diagnostics

Research and development of engine technology is often the primary aim for-edtjamg
diagnostic techniqud22]. As engines become ever more complex, the level of detail required
from diagnostic measuremies increases. Higbpeed imaging is one current trend, given its
ability to follow the evolution of scalar or vector fields throughout a single engine [@7dle
However, there is also a requirement for robust sensor technology to enabldabpsamntrol

of engine system&8].

This chapter will review potential techniques for thermometry of gas mixtures with the aim of
selecting techniques with which to perform accurat@e-resolved measurements of

2-dimensional ircylinder tenperature distributions.

Physical probes such as thermocouples are by their very nature an invasive measurement
technique and do not accurately report the
observed in the absence of the pr{t8. Corrections must be made for both heat transfer

between the thermocoupladithe gas and any catalytic effects in reacting flows in an effort to

17
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improve the accuracy of the measurement. These corrections will depend on the dynamics,

temperature and composition of the flfi#] yet for complex flows such corrections will not be

able to provide an effectively nanvasive measurement.

In IC engine research, thermocouples are typiaged for temperature measurements at
surfaces e.g. the piston surfd88]. The reciprocating nature of the engine ensures that even
disregarding or correcting for their invasive nature, measuring the spatial distribution of gas

temperatures within the cylinder, the target of this work, is not practicallybpmgsth physical

probes. Therefore optical techniques are considered in this work.

3.2. Optical diagnostics

Rayleigh Raman LIF
3
2
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Figure3-1 Energy level diagrams for optical diagnostic techniques discussed in this chapter sigowin

radiative (solid lines) and nomadiative (dashed lines) transitions. For details of each technique the

reader is referred to the relevant section of this chapter: Raylei@h3(2, Raman 3.3.3), LIF3.3.5),
CARS34.1), DFWM 8.4.3 and LIGS3/4.9).
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The field of optical diagnostics, even restricted to those applied to combustion environments, is
very wide and has been the subject of a nurabekcellent reviews. These range from broad
overviews of the field31], [32], [33] to those focusing on a subset of technid@d$ [35], [36]

or specific applicationf37], [38], [39]. For a complete overview of optical diagnostics for
combustion applications the reader is directed to the above texts and the references within. This

chapter focuses on a review of only those techniques with potemtthlefmometry.

Optical diagnostics typically measure gas temperatures in one of two ways. The density of the
gas may be measured and combined with an equation of state to derive temperature such as in
Rayleigh scatterirf§. Alternatively, the populatiodistribution across energy levels of the
molecules is probed and used to infer temperature directly such as-hifevAtomic

Fluorescence or Four Wave Mixing (FWM) techniques.

When discussing optical diagnostics, a distinction is commonly made betweeasol ed 61 i n e «
and -binmear 6 techniques. This nomenclature ari
the Iight with the medium under investigation

interaction between the medium and a singledieai photon, such as absorption of a photon by
a molecule in absodphnieamobspecthmoguepy re@Nome
multiple photons with the medium simultaneously, as described by the higher order terms of the

induced polarisation add medium P ( ¥), for application of an el

5 =

01 P O .. O .. O E (3-1)
whepies Ut he per mitt i &iareordefternisinehe expapsios @thea nd 6

el ectric susceptdbility of the medium 6gc

For gases t he [&igzerdnresulting inlteerlowdsteorden ndmear term being

&® which facilitates the mixing of the electric fields of 3 incidenttphs (& ,E; and E) to

26 Or indeed Laseinduced Thermal Grating Spectroscopy (LITGS) which measures density perturbations
in the form of acoustic waves.

27 This is true for all media which have inversion symmgagg].
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induce a polarisation whichhiradgiaves ki $8i go a:
Wave Mixing6 (FWM) us e dlindardechhiguescwhichimeketiseef c 1 as s
t hi®t e m. Each {hiegnisenany orded of magaitude smaller than the
p r e v ik"b Noelinear effects are therefore only seen for very high field stretigihsvhen

resonantly enhanced and higloeder effects than FWM are not typically observed.

3.3. Linear optical diagnostic techn iques

This section reviews the 6lineardé6 optical di a
thermometry in IC engines. Linear techniques typically involve the absorption or scattering of
an incident photofi. Information is gained either from the redoatin transmitted intensity or

collection of the scattered or emitted light.

3.3.1. Absorption spectroscopy

Absorption spectroscopy investigates properties of a medium by recording the transmitted
intensity of a probe beam through the medium in quefidh These measurements are

however limited to integrated measurements along the optical path of the beam. Tomographic
reconstruction for 2limensional measurements using multiple beams has ppbeadin Si
engined41] and jet engine exhaug#2]. The number of effective measurement points is

relaed to the number of beams and therefore typically results in poorer spatial regbkrion

planar techniques such asukarLIF (PLIF) for a given field of view.

Each molecule has a characteristic set of transitions which acts as an identifying fihgerprin

permitting species detection. The relative absorption strengths of these transitions are affected

by the temperaturdependent Boltzmann population of the levels involved and hence can be

used for thermometry. In gases the transitions will have theidf@ me nt al 61 i feti med
linewidths broadened by the pressdependent rate of collisions and the temperature

dependent velocity distribution of the molecules.

281.e. high lasepulse intensities.
2 Though not for passive techniques such as chemiluminescence.
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The absorption of light as it passes through the medium will in part be govertiesidstuning

bet ween the Il)asamdfrkRguearctyr  ¥vf njarglwidlecy of t h
strongest o € S 0 h aamng).eScafning the probe laser wavelength will record the

absorption spectrum of the medium. The width and locations of the transition lineshapes allow

for the measurement of various parameters of interest.

Use of the lineshapes for barometry or thermometiigs heavily on the accuracy of theoretical
models for the lineshapes in question. HITRAN is a database compiling spectroscopic data for a
wide variety of molecular species at a reference temperature &f RE&. The high

temperature analogue, HITEMP, is perhaps more relevant to combustion and contains many
more transitions for typical combustion prodye4] (H-.O, CQ, CO, NO, OH). As discussed

in the Tunable dde Laser AbsorptioBpectroscopyTDLAS) review of 201540] both

databases are however, not fully comprehensive or-a®rin particular for the broadening of
transitions. Reliablenvestigations therefore currently require measurement of the absorption

spectra of interest under controlled conditipfts.

Reliable tuneable diode laser sources belowrBA@re not availablgt0]. Elemental
spectroscopy, which requires UV wavelengths, must therefore be carried ounigy tak
advantage of nonlinear optical techniques such as harmonic, sum or difference frequency
generatiorf46]. This increases thaost and complexity of the otherwise compact TDLAS

system.

Multi -Mode Absorption Spectroscopy (MUMAS)

Typical TLDAS applications have tuning ranges limited tt00 GHz, often limiting
composition measurements to the detection of single species. Thie carrcome by
multiplexing several TDLAS systems at the expense of increased cost and complexity. An
alternative approach is to use a muitbde laser which, when scanned, in effect multiplexes
many single mode TLDAS measurements using only a singledadetetector and achieves

~250GHz scanning rangd7].
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This technique has been successfully applied to temperature, pressure anchaxylgen
density[48], to methane detection at pbm sensitivity{49], to simultaneous detection of
acetylene, nitrous oxide and carbon monoX&f, and tomethane, acetylene and
formaldehydd51]. MUMAS has also been applied to IC engine diagnostic§npeing
simultaneous measurements of £&@d COnumber densitie exhaust gas452]. MUMAS

shares the linef-sight limitation of TDLAS, therefore was not consid#fer this work.

3.3.2. Rayleigh scattering

Light is elastically scattered from molecules by the electric field inducing an oscillating
polarisation of the molecule, which then radiates light in different directions. For molecules and
particles whose diameternsuch smaller than the wavelength of the incident light this is called
Rayleigh scattering. Rayleigh scattering has an intensity proportiopgl tanaking the

scattering of shorter wavelengths much more efficient.

For larger particlethe Mie scatteringlominate® [53]. Mie scattering is only weakly

dependent on wavelength and predominantly scatters in the forward direction with respect to the
incident light. Rayleigh scattering can therefore traditionally only be applied te zero
particul ate 0cl espredixed tamefd]oOneoption fer applicatidn todC
engines is to replace the liquid fuel with a gas such as Ar2#to avoid droplet (Mie) scatter

[36].

Elastic scattering does not exchange energy with the molecule, resulting in scattered light with
the same wavelength distribution as thedeat light. This makes Rayleigh scattering
vulnerable to background scatter off surfaces, especially in confined environments like IC

engines with timevarying background scatter from moving parts.

13 | NRdzZZK 3IdzARSI gKSNB GKS RAFYSGSNI A& Xkmn 2NJ f
to 20 orders of magnitude larger than for Rayleigh scattering.

31 Thedistribution of intensity for Rayleigh scattering is such that the forwardl backwarescattered
intensities are of equal magnitude.

32 DichlorodifluoromethandFreon 12) has a high Rayleigh scattering esession which produces
strong signals and agdh density relative to air much like hydrocarbon fuels.
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Filtered Rayleigh Scattering offers a potential solutioexchange for a reduction in signal
intensity. Scatter from the gabase target molecules will be broadened with respect to large
particles or stationary surfaéésBy selection of a bandpass filter which is both wide enough to
block all urbroadened sttered light but narrow enough to transmit the wings of the broadened
scattered light, the desired contribution from thegaase can be isolat§eb]. This technique
permits Rayleigh scattering measuremeamtsooting flames, achieving 1015 % precision for

singleshot 2D thermometr{b6].

Scatter from hydrocarbons is much larger than air (water, oxygen and nitrogeajiasiovin
fuel composition in IC engine mixtures will strongly bias resulting temperatitres possible
to mitigate this issue by simultaneous measurement of composition with an independent
technique, such that the composition at any point in theelRgnybcattering image can be

corrected fof57].

While there are many limitations preventing its application to some practical combustion
systems, the thorough understanding of Rayleigh scattering has led to its use to ealibrate
McKenna burner to define a high temperature standard with which to calibrate other, more

complex optical diagnosti¢s8].

3.3.3. Raman scattering

Raman scattering, unlike Rayleigh scattering, is an inelastic scattering process, involving the
exchange of energy between the incident photon and the scattering moleculevibnatianal

structure of the molecule can also introduce spespesific compaents shifted down (Stokes)

or up (AntiStokes) in frequency. With an appropriate dispersive detection system a Raman
scattering spectrum may be recorded and used to derive temperature from the relative intensities

of the peaks arising from Boltzmapopuklted roevibrational levels.

33 Including Doppler and pressure broadening.

34 Rayleigh scattering is insensitive to the species of scattering particles. While the speciesctioss
will affect the intensity of scattered light, this effect is indistinguishable from e.g. number density.
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As Raman scattering arises from a fstler expansion of the polarizability, the scattering
crosssection is approximately 3 orders of magnitude smaller than that of Rayleigh sc&ttering
and also shares tipg _ dependency. fie correspondingly weak Raman signals makes the
technique vulnerable to interference from Lalseiuced Incandescence (LII) of soot,
chemiluminescence from flames and particularly for UV excitation, Laskrced

Fluorescence (LIF) of other specdies

Fastgating of the detection system using an eleoptical shutter can remove the longer

timescale interferences such as chemiluminescence afeblbut not the shoftimescale LIF.

Raman scattering preserves the polarisation of the incident light, whereas the internal transitions
over the nsscale fluorescence lifetimes for LIF do not. This can be utilised by recording two
images through orthogonablarisers and inferring the intensity of light with the same

polarisation as the excitation pul&8].

Raman scattering has been applied to measurements of composition in SI combustion engines
[61], [62], [63] but is rarey used for thermometry in enging&!] having been supplanted in this
specific application by the LIF and Coherent Agtckes Raman Spectroscopy (CARS)

technique¥.

3.3.4. Thermographic phosphors
Thermographic phosphors are widely used for measurements of surface temp¢é&iures

[66], [30], [55] and can be used for thermometry using two approaches.

The first method records the temporal decay of the emission from the phosphor after excitation
with a laser pulse. Phosphor emission is typically approximated by a-skmb@ental decay

over time with a lifetime that decreases as temperature inciéé$eBhosphors are available

35Which arises from the zeroth order polzability.
36 A drawback to using the shortest possible wavelengths to take advantage pf thedependency.
37 Typically LIF is used fordBmensional measurements, while CARS performs poiessurements.
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that exhibit this decay over seae100K and depending on the phosphor are suited for

thermometry in low (3200K) through to high (<L800K) temperature environments.

Alternatively, there is often a shift in the emission spectrum with increasing temperature. This
allows for timeintegrated temperature measurements by taking the ratio of emission intensity in

two spectral regiong7].

It is important to select the most appropriate detection method for each phosphor and situation.
The lifetime method was found to be both more accurate and more ftéuisethe spectral
intensity ratio method for MrGeQ:Mn [65]. However its m§ us range of lifetimes is too

slow for application to fastoving objects or for timgating removal of background

chemiluminescence in flam§g7].

Phosphothermometry is not limited to surface measurements. By seeding the intake air with
thermographic phosphor particlesdi2nensional thermometry within a firing IC engine has
achieved precisions of 5% [68]. With a suitable choice of phosphor particle size it is even
possible to perform Particle Image Velocimetry (PIV), returning measurements of both the

temperature distriltion and the velocity field within a single experimi8], [70], [71].

3.3.5. Laser-Induced Fluorescence (LIF)

Laserinduced Fluorescence utilises the absorption and emission characteristics of the target
molecules to perform measurementg@fposition, temperature, presstiand with

appropriate combination of laser wavelengths and target molecules, LIF is spauds. By

illuminating the measurement region with a laser sheet and imaging the resulting fluorescence
orthogonally onto aamera system, spatially resolveditnensional measurements may be
performed across the plane of the | aser sheet

PlanarLaserlnduced Fluorescence.

38 Above 650K, more precise by over an order of métgde.
%9 Via the number density or via pressure broadening of the absorption lineshapes.
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Compositional LIF measurements

Being a resonant technique, the effective esmsgion per molecule for LIF is larger than
scattering techniques by as much as 10 orders of magf®2ijdd his high sensitivity has led to

LIF being widely applied for quantitative detection of minor species in combustion as has been
thoroughly reviewed72]. PLIF has also seen application for imaging of fuel distributions

inside IC engines, for highpeed cranlangleresolved measuremerj#&3], mapping of exhaust

gas recircution distribution® [74] and highly quantitative measuremefis], [76].

It is beyond the scope of this thesis to cover the wide field of LIF diagnostics. Instead the reader
is directed to tA many excellent reviews on the subject including the initial developments in

LIF [77], LIF in combustion gasdg8], LIF in flames[79] and LIF in supersonic and multi

phase flowg80], along with the more general reviews referenced in se8tbihis section

will focus on applications of LIF to thermometry, specifigdthr measurements of gas

temperatures within IC engines.

The broad field of LIF may be separated into more focussed areas by the type of species
targeted for excitation. For LIF tracers, the theoretical background, practicalities for diagnostics
and theapplication to combustion environments is discussed indhwrehensive review by

Schulz andsick [81].

Two-Line Atomic Fluor escence (TLAF)

TLAF sequentially excites two transitions of different characteristic wavelengths sharing a
common upper level in atomic tracer speckagiire3-2 A)]. As a result of an excitation pulse
a t ay ,he common upper level c) is populated to an extent dependent on the thermal

population of the pumped lower level a). The subsequent fluorescence occurs on both

VeKAE 6l & K2SOSNE y2i LISNF2N¥YSR Ay | FANRY3I Sy3dAry
content was simulatethy adding heated ato the cylinder duringhe intake stroke. Also note Exhaust

DIFd wSOANDdzZ I A2y 6GKS RSEtAOSNIGS NBAYGNRRIzOGAZ2Y 2
Exhaust Gas Residuals (gases left in cylinder due to theerorvolume at TDC) discussed in this work.
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transi ti on ssctolBvalib)canibapectrallytseparated from the pump scatter and

recorded as a measurement of the initial thermal population of level a). In the same way, the

t her mal popul ation of b) canncpiguredi2B)]sThe ed by a
relative fluorescence intensities of the two measurements can therefore be used to derive

temperature.

7Y c) c)
AAAD
b) b)
A) a) a)
c) c)
\MM M
b) b)
B) a) a)

Figure3-2 TLAF principlesonstdering two transitions (a4 c) and (bA c) sharing a common upper
t SOSt OO0 FT2NJ aSljdzsSyidAalt YSFadaNBYSyid 2F (GKS GKSNXI
population is represented by solid arrows, photon absorption/emission by wavy arew

One major advantage of TLAF is that owing to the use of a common upper level, the unknown
quenching rate for each transition is identical and cancels during the derivation of temperature
[82]. Absorptioncrosssections are also many orders of magnitude higher for atomic transitions
(of the order of 18° cm? [83]) compaed to molecular transitions (of the order of*f46m? [84],

[85]). This permits very low seeding densities or exicitapulse energies for TLAF in

comparison to other LIF techniques.

The drawback of TLAF for engine thermometry is that flame temperatures are typically
required to break down the tracer compounds, often metal salts, to leave atomic species for

excitation.Therefore TLAF is restricted to measurements of-posatbustion gases.

The first demonsttéon of TLAF in-cylinder by Kanmnski and Aldér{86], [87] covered a
temperature range of 8801 2800K and demonstrated a %4 singleshot precision of
thermometry at 280B. Molecular dissociation of InGseeded into the fuelsp-octane)

provided the atomic indium required for TLAF. Unlike LIF which typically requires UV
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excitation and hence restricts the base fuel tefhummescing species, the 45in and 661m
dye lasers used to excite the indium transitions do not intlume$cence in the standard

hydrocarbon fuel or combustion products.

A recent novel seeding method using Trimethylindium (TMI) in the gas phase instead of the
traditional InCl and water solution introduced as droplets to the burner was rgg8itadth

the aim of minimising the perturbation of the flame chemistused by the seeding method.
This was coupled with the application of cheap, compact angdaver diode lasers for 2D
thermometry if{89] and represents both a reduction in invasiveness and an improvement in

accessibility of the TLAF imaging technique.

Despite this recent advance and a r&duction i

atomic tracers remain unavailable for the compression stroke gas temperatures of this work.

Radical (OH, CH, G) LIF

Radicals such as OH, CH afid are created durg combustion and have seen widespread use,
particularly with OH, for thermometry at flame temperatures and imaging of flame fronts. A
recent publication by Peterson et al. demonstrated the combination-BLB+and

Stereoscopic Particle Image Velocimet8/P1V) for 3-Dimensional, timeesolved flame
propagation in an IC engij@0], demonstrating the significant capabilities of ®HIF as a

diagnostic technique.

Much like TLAF however, radical fluorescence cannot be used to observe the gases before

combustion and is therefore not suitable for the investigations of this wo

Laser-Induced Exciplex Fluorescence

Laserl nduced Exciplex Fluorescence (LIEF) wuses 't
quenching molecule 6Q06. By adjusting their re
emission from excited F* dominates in the gas phase, while emissiarttie exciplex formed

by the combination of an excited F* and ground state Q dominates in the liquid @tjaJénis
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makes it possible to perform LIF measurements in the liquid and vapour phases simultaneously.
This work facusses on the temperature distribution of gases in the compression stroke before

combustion, not mulphase measurements, so LIEF will not be given further consideration.

Molecular tracer LIF

Unlike the sharply defined atomic transitions, more complgarc molecules such as ketones
and aromatics have broad absorption and emission spectra where individual-kaasiton
transitions are no longer resolved. The spectral distribution or magnitude of absorption and
emission for some of these moleculgkibit temperature dependence and hence may be
utilised as a tracer for LIF thermometry. The four most common LIF tracers that have been
sufficiently well studied for application to combustion thermometry are ac§@hd84], [93],
[94], 3-pentanone[94], [95], [96], [97], biacetyl,[98] and tolueng96], [5], [99], [100], [101],

[97], [102].

The strong absorption of these tracers in the UV anoanty accessible laser wavelengths such
as 248 m, 266nm and 308 m, coupled with their stability in the low temperature-pre

combustion gases make them promising candidates for investigation in this work.

1-colour total intensity thermometry

The total inensity of fluorescence signal recetdbymolecular tracer BIF measurements
dependent oa multitude of parameters, not only of the molecules and environment of interest
but also of the excitation and detection schemes. Derivation of temperature from the spectrally
integrated signal is challenging and requires the application of many carrsietps to the raw
imageq103] while being restricted to applications with known, or at least homogeneous, tracer

distributions.

The temperature dependence of the spectiaigrated fluorescence interysitan be more
sensitive than the spectral shifts utilised for the-botour methods described in the following

sections. This potentially allows the resolution of smaller changes in temperature such as the
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pertubations to the irtylinder temperature disbution caused by heat transfer to the walls

[104].

For IC engines the tracaumber densitys likely to be inhomogeneous for many conditions of
interest. The majority of PLIF thermometry in IC engines is therefore conducted using one of
the two methods described below, whichetaklvantage of the spectral dependence of either the

absorption or emission of the tracer molecules.

2-line excitation thermometry

2-line excitation PLIF thermometry excites the tracer sequentially with laser pulses at two

different wavelengths. As temperature increases, the thermal population of the LIF tracer

molecules redistributes amongst the accessibléorational levels. Thigauses the absorption

spectrum to change shape and typically shift towards longer wavel¢g4jthEhe relative

absorption efficiency of the two pulses therefore changes as a function of temperature. The

del ay between the two pulses is kept sufficie
the same moledes are involved in the absorption of both pulses. By taking the ratio of the two
fluorescence signals, the technique becomes independent of tracer distribution and can therefore

be used in inhomogeneous environments suehgas burnel05].

First described by GroBmann et[@4], the selection of excitation wavelength felirge

excitation PLIF has a significant effect on the temperature sensitivity as discussed by Einecke et
al.[106] for the 350K i 600K range. Modelling of the fluorescence ep8ntanone over the

desired temperature and pressure ranges resulted in an improvement in precision by a factor of 2
to £2.1% in[107], compared to precisions of4% [106] and £5 % [108] in similar work in

IC engines. However, the headline precision of%a.i5 a bestasevalue achieved at the end of

the compression stroke and the precisions in fact vagageen 2.267 10 % over thei 135 to

124 BTDC range of crank angles investigated.
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2-colour detection thermometry

Two-colour detection PLIF (T@LIF) thermometry take$é signal ratio principle of-Ene

excitation a step further by using a single excitation laser and relying on the temperature
dependence of the tracer6s emission spectrum.
emitted over two different speatrwindows, a signal ratio is derived which is independent of

any parameter which has the same value for both spectral windows including laser intensity

profile, absorption crossection and tracarumber density

TC-PLIF is therefore potentially even neorobust than-Bine excitation PLIF due to its
independence of laser parameters, removing any need to homogenise or quantify the intensity
profile of each pulsed sheet. The tradEfor this robustness comes from the rejection of a large
fraction of thefluorescence intensity that falls outside the spectral windows, resulting in much
weaker signals for T®LIF than 2line excitation PLIF. The characteristically low sighad

noise ratios for TAPLIF data can be observed in the thorough comparison of¢bar PLIF

and TCGPLIF techniques applied to a motored IC endirGs].

Luong et al[109] achieveda precision of 5.86 for single shot T@LIF with tolueneusing a
dichroic beamsplitter and Sch&MG series filters to spectrally separate the collected signal.
The variation in signal ratio with temperature is significantly affected by the choiceecddi
discussed if110] and in chapter .BHigher precisiortould potentially have been achieved had
filters with sharper cubffs been availableA precision ofl.7% at 295K to 5.3% at 550K was
achieved using toluene TRELIF in a maored engine observing cold gas entrainmefitid].
This confirms that TEPLIF is capable of higher precisions than those reportgdj, in
particular as the upper precision limit[iriL1] at 550K is capable of being reduced to 346

with 10x 10 pixel spatial averagirat the cost of some loss of spatial resolution.

LIF in fired engines

The challenges of operating PLIF diagnostics incaptngines often lead authors to perform

measurements with motored engines (as above)
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such as using resistiveheated aif74]. Without combustion the inylinder @nditions are

comparatively stable with lower pressures and reduced thermal loading of optical components.
O6Real 6 engines ar e, of cour s e, fired, so the
fired operationsuch as foHCCl engined112] and Sl enginefl08] provide valuable insights

into phenomena which occur naturally in fired operation.

Particularly impressive fie Sl engine results were achieved by Loffler efldl3] with a full
quartz barrel, permitting singihot temperature and EGR concentratiaaps to be derived
covering the full height of the cylinder. The high quality images presented were in part as a
result of the use of a beam homogen[24#], to minimise spatial variations in the intensity of

the two pump sheets.

PLIF Calibration methods

For both 2line excitation and TEPLIF, conversion ofhesignal ratio to temperature requires
calibration This is often calculateflom preliminary ma@surements in eoparison with
thermocouple datandas such it annot account for any variatiam environmenbetween the
calibration and experimentadsts TC-PLIF has been used to record temperature distributions of
a seeded gas flow impinging on a m@bmetal plat¢115]. Care was taken to ensure the
calibration and experimental conditions were as equivalent as possible, resulting in accurate

measurements of the unsteady thermal boundary layarn t he pl ateds surface

In contrast, the TPLIF measurements of Luong et [dl09] were calibrated using

spectroscopic studies in a static ¢88]. The accuracy of the derived temperatures is therefor
dependent on the calibration remaining valid for the conditions inside the cylinder of the optical
engine. The calibration (conducted in nitrogen at ambient pressure) will not account for any
oxygen or pressur@ependency of the fluorescence spectrutheftolueneair mixture used

for the engine experiments.
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Toluene is strongly quenched by oxygen and any reduction in overall fluorescence intensity will
leave the signal ratio of F€LIF, and therefore the derived temperature, unaffected. However,
measuements by Koban et 4B9] for toluene excitation at 248n at 1bar showed that
tolueneds emission spect roumberdensigonpatiat s wi t h
pressures up to 20@bar.In the engine experiments reportedi9], for any given

temperature the fluorescence of the toluamenixture will therefore be at longer wavelengths

than expected from the calibration, resulting in a bias towards hotter reporfetaames.

Indeed, both an isentropic calculation based on tloglinder pressure trace and a more
sophisticated model which allows for heat tranf9&i report lower theoretical temperatures

than the TEPLIF measurements, particularly at higher pressures closer to TDC which are the

conditions furthest from those of the calitioa cell.

A more effective calibration approach was employed by Petersor{Et Hl.in which the

central 5 x 5mn? region of the man TGPLIF images was calibrated to the temperatures

derived from the pressure trace via an assumption of polytropic compression. Importantly the
calibration was performed under identical conditions to the experiment. However, this approach
reduces the TLIF technique to an entirely relative measurement of temperature and relies
entirely on the accuracy of the conversion of bulk pressure to bulk temperature. This may be
reasonably accurate for motored operation given that, ignoring heat loss to théhedleating

of the gas is solely due to compression. For fired operation where hot exhaust gas residuals will
mix with the intake gases, a process that may well vary with different engine operating

conditions, this is likely to be subject to greater utzisty.

In-situ calibration with a simultaneous, independent thermometry technique would provide the
most generally applicable calibration for the-IPCIF signal ratio images. A point thermometry

technique such as CARS LITGS*" would be able to impart itsigh accuracy to the TELIF

41 See sectiod.4.1and3.4.4
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temperatures via the generated calibration ¢ar¥de simultaneous nature of the peint
referenceand T® L1 F measurements would also allow the
any changes in engine conditions, ensurirgatcuracy of the calibration would be maintained

throughout a set of experiments.

Structured Laser lllu mination Planar Imaging (SLIPI)

Structured Laser lllmnination Planar Imagin¢SLIPI), recently reviewed ifiL16], offers the

capability for a dramatic reduction in secondary scatter and other sources of background
intensity from a laser scattering or fluorescence image. The principle is to use three pump sheets
instead of one, each with a sinusoidal intensity profile imposed by a grating. Each resulting
image represents a combination of the desired signal (doatesor fluorescence) with the
background from multiple scattering events. Rostessing of the three images can then be

used to remove the multiply scattered background.

SLIPI is extremely effective at improving the image quality of highly scattetiiwvgronments
such as TEPLIF thermometry of GDI fuel spray$17]. The focus of this work is to improve
the accuracy of TPLIF measurements via-situ calibration and will not be performing
measurements in the ity of the GDI spra$?. As such, the considerable time investment for
application of SLIPI is not appropriate, although SLIPI could be introduced in future work

investigating Late Direct Injection or thermometry during the intake stroke.

3.4. Non-linear techni ques

This secti olni meari ée wosp téincoanl di agnostic technigt
thermometry. Nodinear techniques typically involve the interaction of multiple photons to

generate a signal photon via an induced tbidkr polarisation of gfnmedium. The

contributions to the signal throughout the interaction constructively interfere and produce a

42 precision would remain inherently dependent on thecfliations in the T@®LIF signal ratio images.

43 Start of injection is typically 280 CAD BTDC for this work i.e. during the intake stroke. Fuel injection is
therefore completed before the earliest F®LIF measurements at 90 CAD BTDC.
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coherent signal only for the case where the beam geometries satisfy the phase matching
conditionw 'Q 1t The coherent nature of the generated signalires that it propagates as a
laserlike beam which aids in the rejection of background intensity by spatial filtering in
comparison to the incoherent emission produced by linear techniques. Information is gained
either from scanning or multiplexing tivecident frequencies to produce a spectrum or from the

temporal behaviour of the signal.

3.4.1. Coherent Anti -Stokes Raman
Spectroscopy (CARS)

BOXCARS _ Folded BOXCARS

Figure3-3 BOXCARS and folded BOXCARS geomdtni€SAR$118]. Frequencie® i.4) and colour
scheme corresponds to the transitions detailed Figure3-1.

Coherent AntiStokes Raman SpectrosgofCARS), subject of an excellent recent review

[119], is a Four Wave Mixing (FWM) technique combining three incident beams at frequencies

1 h R togeneateafourthat 1 1 1 where the difference in frequency

bet ween two of the incident beams corresponds
1 1 1 [Figure3-1]. While the phase matching conditianQ mmay be satisfied

by making all beams collinear, spatial resolution is vastly impfSisdusing the BOXCARS

[120] or folded BOXCARS118] geometrieskigure3-3].

CARS can be understood conceptually in one of two ways. Firstly, the three beams create a

third-orderpolarisation in the mediungiven by equatiof3-1), atf which radiates the signal

44 Down to 25um with gopropriate choice of focusing lensfisl9].
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beam. Alternatively, the application of two beams populates a rotational atietial level at
their difference frequengy 1 , followed by scattering off the excited molecules by a third

beam at resulting in a signal beamiat .

By scanning the frequency of the probe bgam,or Stokes beam, , a CARS spectrum is
generged which contains peaks in intensity at the frequencies of rotational or vibrational
transitions in the target species. The relative intensities of these peaks is related to the thermal
(Boltzmann) populations of the various levels involved and can tirerbe used to derive

temperature byhe fitting of a complex theoreticapectrunto the detected spectrum

Singleshot measurements are possible by the application of a broadband probe laser covering a
wide range of frequencies with a single pulse. Meskelasers may be employed to reduce the

noise originating from the broadband source giving high precisions of ofd¢t41], [122].

Vibrational energy levels have larger energggiand therefore smaller thermal populations
above the ground state than rotational levels, which at room temperatures are insufficient for
accurate CARS thermometry. Vibrational CARS has been widely applied to flame thermometry
with quoted singleshot acaracies oR 1 5% in relation to thermocouple measurements, while
rotational CARS is better suited to lower temperature thermometry due to its closer spacing of
energy levels resulting in singieh ot a ¢ ¢ W0%[22], [#28], [124], [1Z53]. Both

techniques are capable of achieving precisions%fif their respective teperature ranges

[126].

Vibrational and rotational CARS measurements anééid to major speciésdue to the low
effective crosssection and proportionality of CARS to the square of the number density of the

target speciefl 19].

CARS:is a twephoton technique, i.e. no beam is resonant with a spigion transition, which

means there will be no absorption of the incident or signhal beams outside of the interaction

45 Typically > % by number which precludes CARS of OH, NO and hydrocarbon species in combustion.
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region where they overlap. This makes CARS suitable for e.g. sooting fieagnostic§l27],
although CARS measurements in sooting environments suffer from interference from Laser

Induced Incandescence (LII).

CARS in engines

CARS hasdeen successfully applied to IC engines for the last two def€§ti28], [129]. The
high precision of CARS thermometry enables the investigation of subtle temperature changes
such as the evaporative diog of directinjection fuel sprays for a variety of fuel compositions

[130], [131], [132].

Singleshot measurements of temperature mmahber densityere performedn an HCCI
engine by use dD. and N rotational CARY133]. Owing to the ability to use s a target
species, measurements were also possible after combustion unlike techniques which rely on

combustible fuebased tracers.

ERECARS

Electronically resonantly enhanced CARS tunes the pump beam to an electronic transition such
thatitexcitesmobecul es t o a Oreal 6 rather [134ph[a36]. 6vi rt u;
ERE-CARS signal strengths can be more than 3 orders of magnitude stronger than standard
CARS[136], enabling an improvement in species detection limits from order &f10% to

ppm levelg137] similar to DFWM.

Femtosecond CARS

The recent availability of femtosecond laser sources has opened up new possibilities for the
CARS technique. The verydh intensities of fpulses improve the sigr&d-noise ratio of
intensitydependent processes such as CARS. Additionally, the higjkitz) repetition rates
typical of fslasers enable timeesolved temperature andmber densityneasurements at

smallertime intervals than is achievable with-lasers. Collisions in gases up to 20 bar are

46 Mostly rotationalCARS due to the 3@B00K temperatures typical of inylinder gas mixtures.
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typically on picosecond timescales se@BRS requires detailed modelling to account for their

effect. A fsCARS signal is generated quickly enough to be essentialpartient of collisions

[138]. Picosecond CARS signal s emady, ahloswe vbeer cpo ncsois
laser sources are inherently less stable thé#astss owing to the modecking methods used,

as opposed to the stable seibdelocking typical of fslasers which take advantage of the

optical Kerr effect’ [139], [140], [141].

Ns-CARS requires temporal overlap of the three incident beams to generate a signal. The
coherence in the medium gaated by the #€ARS pump]  and Stokes beams persists
for timescales of the order of 3, enabling the probe beam to be delayed yet still generate a
signal[142]. This allows the nomesonant background, present in all@ARS measurements,

to be eliminated as it is only generated when all three incident pulses are simuffaneous

The intensity of the f€ARS signal decreases with increasing delay of the probe beam as the
coherence creatddlet ween rotati onal |l evel s by the excit
different characteristic frequencies. The rate of this decrease with probe delay increases with
increasing temperature and can therefore be used for thermometry with precisietvgesi

37 8% over the range 300900K. However, this requires the probe delay to be scanned over

several minutes, removing the both the high repetition rate and temporal resolution advantages

of fs-=CARS. This problem can be overcome by using groupcity! dispersiof? to stretch the

pulse duration to approximately?s . Thi s al |l ows &6probe del ayd tt

within 2 ps instead of 2 minutg$43].

4" The optical Kerr effed236] describes the variation of the refractive index of a medium proportional
to the intensity of the lighe & & O

48 This noAresonant background and attempts to suppress it withG#RS is described[287].

49 E.g. by passing the fs probe pulse through a glass rod the sheatelength components of this-

Lidzt aS gAff 0S RSfEFESR Y2NB o0& G(KS NRRQa NBFTNY OGAQ@S
than the longer wavelengths.
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1- and 2-dimensional CARS

CARS may be extended from the established posurement technique to up to 2

dimensional measurements. FeDICARS, the BOXCARS geometry &igure3-3is

maintained but laser sheets are crossed instead of beams to generate a linear interaction region
[144]. The development of sifggshot 2D CARS imaging is reported in a series of papers from
Sandia National Laboratory, Livermdi45]i [149]. A broadband fpulse is formed into a

sheet to provide both the pump and Stokes photons. Adbageeter (several mm) gmilse

intersects this sheet at the phasatching angle to generate CARS signals from each point

within the planar intersection region. The signals are then dispersed with a diffraction grating
and imaged onto a CCD. This approach works for rotational spectra where the lines are much
narrower than their separatifas the CARSmages generated by eachelicb not overlap on

the CCD after dispersion by the grating.

3.4.2. Polarisation spectroscopy (PS)

Polarisation spectroscopy (PS) uses the birefringence induced by the presence of a strong pump
beam to perturb the phase and amplitude of a probe beam, allowfilag tp@nsmission of the
probe through a polariser orthogonal to the
the pump beam saturates the transitions and induces birefringence depends on its detuning from
each transiti on 0larlytoabsdrption speatresacppyeP$ cay be us&d tmimap
out an absorption spectrum of the medium. For a detailed explanation of the theory of
polarisation spectroscopy the reader is directed to the relevant litd&it}rid4].

Polarisation spectroscopy was first reportefllB0] and has seen application for thermometry

with OH and NH[151], for singleshot thermometry using a broadband laser sda&d and

for 2-dimensional flame thermometf¥53].

PS can be used with néluorescing species (many hydrocarbons) that do not absorb in the

visible or UV by targeting the raibrational transitions available the midinfra-red[154].

S0E.g. in nitrogen the-Branch transitions are spaced byc8r* with a linewidth of <0.1cn! [145].
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While this feature lends itself to combustion diagnostics, PS sigrealgery sensitive to any
misalignment of the polarisers. Deviations of as little as 0.1° are sufficient to perturb the

apparent lineshapes of transitions and hence any derived pargiebgrs

The windows of an optical IC enginéll experience presswi@duced birefringence which
varies both over the engine cycle and through cyclic variations $syme As it is not possible
to distinguish between the O6windowd and 061l ase

impractical and hence was not considered for this work.

3.4.3. Degenerate Four Wave Mixing (DFWM)

Backwards N Forwards
Pump Geometry ) z Pump Geometry

Figure3-4 W. | O1 ¢ NRQ | YR WC2NBI NRaQ LlzyLl] 3S2YSGNRSa ¥F2I
arrow.

Degenerate Four Wave Mixing (DFWM) is a nonlinear technique offering the potential for
compositional and temperature measurements in combustion environments using just a single

laser and generating a coherent signal bd&i@], [34].

The mixing of three incident beams of the same wavelength generates a fourth signal beam via
the third order electric susceptibility of the medjlweguation(3-1). As a resonant technique,
DFWM has sufficient sensitivity to target minor combustion species such asdameeated

OH or G [157], [158], [159] or NO detection in an IC engin#60], [161].

There are two typical geometries for DFWM peinéasurements-[gure3-4]. In the
6backwards pump geomet r y 6-frde meabusemgntstifietaseb | e t o p

linewidth is narrower than the Doppler width such that only molecules with approximately ze
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velocity with respect to the incident beams
molecules can interact with all 3 incident beams and therefore typically produces stronger

signals than the Obackwardsd geometry.

The first model for DFWM in lasorbingmedia was presented by Abrams &t [162]. While
qualitatively successful in comparison to many experimi@dfs the Abrams andind model
makes many assumptions about the experinverth in general do not hold. These include
nonsaturating beams, stationary atoms,-texel atoms, all beams have the same linear
polarisation, countegpropagating pumps oty monochromatic beams, negligible absorgfion

a weak probe beam allowing a pebation theory approach and a steathté®.

A thorough model based on Direct Numerical Integration (DNI) of the FWM polarisation
density matrix equations allowed for the modelling of saturating bgE68% It was found that

the optimal pump intensity for both maximising signal strength and minimising the dependence
of signal intensity on collision rate is the saturation inteffsi@ver a series of papetbe

limitations of the Abrams anidind model were overcome, albeit via a computationally

expensive numerical solutigh64]i [168].

For optimised DFWM signals the issue of a saturated probe beam is one of the most significant
limitation of the Abram&andLind model. This was addressed bganperturbatve, analytical
solution for the treatment of arbitrary pump and probe intenit&d, and can be extended to

apply to broadband laser soascfor singleshot thermometfy [170], [171].

SILPSd® GKS Wol O ¢ MgRe3ldzY L) 3S2YSGNEQ 27

52].e. an optically thin medium.

53].e. no short laser pulses.
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dependence on total collision rate but increase the deperweon the relative rate of dephasing versus
quenching collisions, hence an optimal valué®f as opposed t6& .

55 Removing the requirement to scan the laser frequency over several minutes to record a DFWM
spectrum.
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Fluctuations in the intensity distribution between longitudinal modes significantly reduce the
practicality of singleshot broadband DFW€[172]. Use of a modeless laser source removes

these fluctuations and improves the repeatability of the techfiig0g [171], [173].

DFWM forms a periodic spatial variation in the excited state population of the target molecules,

a O6pwopulgataiti ngdé. Any collisions that occur wi
the excitation, returning the molecule to the ground state, depositing the energy as localised
heating of the medium and removi nignaltDF&M mol ec
therefore performs best at low pressures far) where the collision rate is lower. The heating

resulting from collisional quenching can lead to the formation of a thermal grating, which will
coherently scatter light along the DFWM signalpand for higher pressures dominates the

DFWM signal. This phenomenon leads to the field of Lésduced Thermal Grating

Spectroscopy (LITGS) discussed in secBoh 4

The undesirable LITGS contribution in a DFWM setup may be removed by using orthogonal
instead of parallel polarisations of the pump bé&anidis was initially considered, using
diagrammatic perturbation theory, to be detrimental to DFWM sigrexsitiy[174]. A full

DNI approach to modelling cagcted this finding by demonstrating that the crossed polarisation
case has a higher saturation intensity and therefore stronger DFWM signal for saturated

intensities than the parallel polarisation cHLY].
DFWM imaging

The degeneracy of the frequency of all four beams simplifies the requirements fer phase
matching and hence also makes the extension to 1D and 2D measurements conceptually easier
than CARS. A cylindrical lens may be used to form sheets from the ceprapagating pump

beams and the intersection of a circular cisEssgion probe defines a planar interaction region.

% These fluctuations can lead tosuccess rate for singhot spectra being acceptable for temperature
derivation as low as 1%[172].

57 This prevents the formation of an interference pattern and therefore the thermal grating, seiesect
3.4.4
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This method was used to perform 2D DFWM measurements of compqsitigjp[176] and

temperaturg¢l77]in a flame.

Thermometry with DFWM requires measurement of, if not the entire spectrum, then at least the
relative intensities of two lines originating from thermallgpulated levels. The 2D

thermometry of177] was therefore restricted to time averaged measurements by the need to
adjust the laser frequency between measurements. Shgtemeasurements can instead be
performed using a duatavelength laser providing light centred at two distinct wavelengths

within a single puls§l53], or using a broadband lagdB2].

A significart practical difficulty when imaging is that the effect of any fumiformity of the
incident beams is amplified in the signal ds i
typical approach to correct for this is to compare the DFWM signal to a refereage in

uniform mediunm178].

3.4.4. Laser-Induced Grating Spectroscopy
(LIGS)

Unlike CARS and DFWM, which require a coherent interaction bettiger beams to

generate a signal, Laskrduced Grating Spectroscopy (LIGS) crosses two beams to generate a
spatially periodic perturbation in the densit
time. The generation and evolution of the gratindependent on a range of local gas

parameters. The grating can therefore be used as a diagnostic technique by scattering a third

beam off the grating to record the evolution of the grating over time.

The theory of LIGS will be discussed in further detaitivapter 4. For now it suffices to say
that there are two types of density grating t
gratings. The two techniques are closely related and may both be present in a single experiment.

For the avoidance of arguity, in this work the acronyms diable3-1 will be used.

%8 Figure 3.3, Chapter 3, pg 79[82].
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Technique Type of grating Acronym
LaserInduced Grating Unspecified, could refer tthermal,

o LIGS
Spectroscopy electrostrictive or both.
Laserinduced Thermal Unspecified, could refer to therma LITA
Acoustics (Equivalent to LIGS)| electrostrictive or both.
Laserinduced Thermal Grating
Spectroscopy Thermal LITGS
LangInduced Electrostrictive Electrostrictive LIEGS
Graing Spectroscopy

Table3-1 Laserinduced Grating technique acronyms
For pump beams tuned to an electronic transition in the target molecules, absorption of the
pump energy heats the gas | ocally. This tempe
gr at i n g-desondatgump beams, the electric field of therfarence pattern induces a
polarisation of the gas molecules which then are displaced by the field, forming an

6el ectrostpi9ctive gratingé

Before use in the ggshase, LIGS was widely used in studies of relaxation in condensed matter,
[180], [181]. The first demonsation of LIGS in the gas phase was by Cummiig2] in

which a theoretical model was presented, one of two models now in widespread use for the
analysis of LIGS measurement$e initial theoretical treatment was upgraded the following

year to include finite beam sizg83]. Theother popular model for LIGS analysis was

presented by Paul et fil] with associated experimental confirmati@84] alongside a

discussion on the relative contributionsDFWM and LITGS in a DFWM experimeft].

One of the most readily apparent advantages that distinguishes LITGS from similarueshniq

is that LITGS signals improve with pressure, in direct contrast to DFWM which performs best
below atmospheric pressure. Although LITGS can be an unintendeeff@deof DFWM
measurements and at high pressures will dominate the desired DFWM sigmaldise is not

an issue. A different wavelength source can be used as the LITGS probe or, as DFWM requires
all 3 beams to be simultaneous within the coherence time of the pulses, the probe can be

delayed by a time exceeding the coherence time to remeWwiMDcontributions.
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Measurements with LIGS

LIGS can be used for measurement of a variety of local gas parameters such as pressure,
temperature, velocity and gas composition. The crossed pump beams and probe beam define the
interaction region for the measurent, hence high spatial resolutions can be achieved,

particularly with focused beams. The lifetime of the grating and therefore the scaitgrads

typically between 0.1 1 ps, short enough to consider the motion of the gas to be frozen for

many appkations, giving high temporal resolution.

The lifetime of thermal gratings is highly pressdependent. Pressure is most readily
determined from the decay rate of the LITGS signal and has been applied to a range of
environments including test ce[E85], high pressure flamg486] and supersonic flowd87],

[188].

Velocimetry with both LITGS and BGS has been demonstrated by measuring the Doppler
shift of the LIGS signal caused by the motion of the flow both via a fabrgt etalorj189],

and via heterodyne detection with a refeeshean{190], [191] and[192].

LIGS thermometry relies on a measurement of the sound speed via the characteristic temporal
oscillations in the signal and was first demonstrated by Latzel[@8&l.in premixed

methane/air flames. Temperature measurements have since been performed in many
environments, including with LITGS in combustion engipgswith LITGS in highpresure

sooting flame$193] and with LIEGS in aif194].

LITGS signals have lemused for tracenumber densityneasurements in three main ways. The
relative strengths of thermal and electrostrictive gratings depend on the partial pressure of the
tracer versus the total press{tt85] and changes in composition affect both the oscillation
frequency[196] and the signal strengfth97]. Measurements and discussions of the relative

merits of each approach have also been rep{f8], [199].
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A novel approach for simultaneously measuring both fuel and oxygmiber densitiegas
presented ifi3]. Toluenenumber densityvas determined by the LITGS signal sigéh, while
the strong dependency e quenching rate on local oxygemmber densitallowed the fitted
guenching rate to be used to derive the oxygen and therefore air partial pressure. The
combination results in a timesolved measurement of feadl ratio, a key compositional

parameter in the operation of IC engines.

The experimental and analytical requirements to derive pressure, temperature, velocity and
composition from LIGS signals are not mutually exclusive. A single LITGS experiment can
performhigh precision measurements of pressur&)4flow velocity (0.2%) and temperature
(0.4%) simultaneously187], and indeed many of the studies cited perform measurenfents o

multiple parameters.

LITGS is also highly suited to measurements in challenging combustion environments. A recent
development of Infraied LITGS at 3um allows fundamental vibrational modes of water and

many hydrocarbons to be excited by the pump bgaé®, [201]. Hydrocarbons are plentiful

before the flame front and water is a major combustion product, allowing a single LITGS setup

to track temperatures throughout the-med postcombustion zones of a flame.

Electrostrictive gratings (LIEGS)

The theory and experimental application of electrostrictive gratings have been concisely

summarised by Stampanepanariello et al[202], [203].

The electrostrictive LIEGS signal oscillates at twice the frequency of the equivalent resonant
LITGS signal. When the thermal component isrggier in magnitude than the acoustic
contribution, as is usually the case with resonant LITGS experiments, the acoustic oscillations

modify the reflectivity of the combined grating to reach a minimum once per acousticperiod

5 SFAYSR a GKS WaNldAy3d GNryaird GAYSQs AdSed (KS
next at the local speed of sound.
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The acoustic contribution domates the thermal contribution for electrostrictive grat{@g4|,
the ef ore both the 6épositived and dbdnegatived ex
local maxima in the density perturbation as a function of time. Equivalently there are two

6zerosdé of density perturbation per acoustic

Electrostrictivegratings have been successfully applied for measuremerdsradgelocity

[205] which can be used to derive temperature. Care must be taken to avoid conditions where
unintendd absorption leads to formation of a thermal grating, in which case the oscillation
frequency halves to that of a resonant LITGS grd@08]. Conversely, electrostrictive gratings

may also be observed in resonant LITGS experiments if the pump pulses are sufficiently intense

[207].

Accuracy and precision

Thermometry with LIEGS has been reported as haviygiaal precision of 86 at 137&K
[203], comparable to equivalent CARS measurements.sigpisficantly improves at lower
temperatures, such as 04208], where the thermal diffusion of the grating is slower leading

to longer signals, more oscillation cycles and hence a more precise derivation of frequency.

The singleshot accuracy and uncertainty of electrostrictive grating measuremenisnasi@nf

of pump pulse energy have been carefully evaluatE2D®]. Sound peeds were measured to

within an accuracy of 4 % over a range of pulse energies and an optimal precision @ 0.5

was achieved with a high pump pulse energy just below that which causes breakdown of the
gas. Given the quadratic dependence of signal ramon pump intensity, this agrees with the
intuition of maximising the signdb-noise ratio, while avoiding dramatic perturbations to the
medium. The analysis ¢209] used fitting to the model of Cummings et[4B3] to determine

the speed of sound. As such, their thorough analysis of the causes of inaccuracies at low signal
to-noise ratios and at overly high laser intensities approaching the breakdown energy of the air

is unaffeted by the issues discussed for FFT and {iedikng analysis in chapter 4.
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LITGS measurements under optimal conditions of high pressure (40 bar) and low temperature
(3007 400K) are capable of accuracies of 0%2and singleshot precisions of 0.1% [185].

For conditions more typical of an optical IC engfitee precision has been demonstrated to be
0.4% [25], enabling the small cyclic variations in temperature of approximateB6Idbbe

resolved.

LITGS measurements in premixed methane/air flames were performed by Latzgl&élal.
Temperature was derived from the LITGS signals by fitting to the model of Paulldt al.
modified to account for propagation of the sound waves from the finite volume of the
interaction region as described[#83]. Precisions comparable to equivalent CARS
measurements (2%) were achieved for temperature measurement over a range of
stoichiometries and pressures betw&@in 40 bar. The high pressures were highly beneficial

for LITGS measurements at flame temperatures20060K, helping to counteract the

shortening of the LITGS signal by slowing the otherwise the rapid diffusion of the grating
density perturbation at gjin temperatures. Fitting to a theoretical model to recover temperatures
proved very effective at 40 bar. At the lower pressure of 10 bar, the breakdown of some
assumptions of the model, namely that the formation of the grating is much faster than the
tmex al e of the gratingbs decay and can be appr

a slight reduction in the quality of the®fit

3.5. Selection of techniques
3.5.1. 2D thermometry

To summarise: Absorption spectroscopy is impractical for planar measureAei@sengine
is by no means a 6écleand environment hence Ra
scattering produces weak signals at laser pulse energies low enough to avoid window damage.

Without the benefit of PIV, seeding the air intake witbrthographic phosphor particles is an

80 At 50 CAD BTDC under the motored condition8fthe pressure is typically around 2 bar.

51 For further discussion of quenching rates and the improvement in fitting with arat@model, see
chapter 4.
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unnecessary complication and chemiluminescence does not provide a signattompustion
gases. Nonlinear techniques applied-tirBensional measurements are complex to perform, do
not necessarily provide higher aicacy or precision than their linear counterparts and would

require greater optical access than is available in this engine.

Of the LIF techniques, molecular tracer LIF is most applicable to thermometry in tragrfuel
mixture before combustion as the ipdadence of the-Ine excitation and 2olour detection

PLIF techniques to compositional inhomogeneity is critical to application to a firing engine
where homogeneity cannot be assumed. Molecular tracer PLIF was therefore selected as the 2
dimensional thenometry technique of this work. The selection ofPOF as the specific

technique for development in this work is discussed in detail in chapter 5.

3.5.2. In-situ calibration

The reduction in complexity and reduced optical access required by thermaintirenat
applications of nonlinear optical diagnostics allows the high accuracies and precisions offered
by nonlinear techniques to be preferable to their linear rivals. Additiotiadhygeneration of a
coherent signal beaby the nonlinear techniguesakes iteasy to spatially filter scattered light

and other incoherent noise sources to providiengpnoved signato-noise ratio.

LITGS thermometrynherently depends onmaeasurement of an oscillation frequemnather
than an intensitylt is therefore lesaffeded by the presence of intensity nasseh aghat
caused by fluctuations in laser intenstrget speciesumber densitpr window fouling, than
techniques which rely on the intensity of a signal such as DFWM or CARS. By deriving
temperature from theimporal oscillations of signal intensity, LITGS also removes the
requirement for tuneable lasers or broadband/multiple wavelength sources coupled with

dispersive optics required for broadband CARS or DFWM.

As LITGS thermometry caprovide greater precisnms with reduced complexity compared to
alternativenonlinear techniques. LITGS was selected fesiin calibration of the T@LIF

temperature distributions.
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4. Point LITGS

In this chapter the application of LITGS foréglinder thermometry of an optical gine will

be discussed he theory of LITGS thermometry is presented.ig firstly with a qualitative
description of the key processes and secondly with a summary of the derivation of the LITGS
signal expression froifi] highlighting the assumptions requirédreview of the literature is
presented id.3specific to the areas of discussion in this chapter, naemgiyne thermometry

with LITGS, the influence of weak signals and analysis methods for oscillation frequency
extraction. Potential measurements and sources of uncertainty are discésdetlhia merits

and issues of three methods for derivation of the oscillation frequency from a LITGS signal are
discussed i4.5. Sectiord.6 describes the experimental methods and the results of preliminary

investigations into the application of this LITGS system to the optical engine are repattéd i

4.1. Introduction

LITGS was selected in chapter 3 as the measurement technique to presitdecadibration of

the TGPLIF images. The accuracy of the “RCIF temperature maps of chapter 6 is strongly
dependent on the LITGS measurements used for calibration. In order to confirm the production
of accurate, precise and reliable reference temperatures, the capabilities of both the experimental

and analytical aspexof LITGS are evaluated in this chapter.

LITGS has previously been shown to be capable of performing-p@asurements in the
optical engine used in this work with a spatial resolutionyfik 10 mm and a temporal
resolutionof <LOs, sufffieeramd t [@p The s oftbetdiscassion on
LITGS analysis irt.5is to determine the performance and robustness of three oscillation
frequency recovery methods when apptiedignals with low signatio-noise ratio,
characteristic of engine measurements. The experimental section of this eh@pieél, assess
detector saturation drthe ability of LITGS to resolve small-zylinder temperature differences

using the optimal analytical method selected.m
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4.2. Theory of LITGS

An overview of he LITGS technique has already been given in the literature review of chapter
3. In sectio4.2.1the formation of a LITGS grating and the derivation of tempegdtom the
LITGS signal will be gqualitatively described. The theory of thermal gratings [ftbforms the
basis of sectiod.2.1and the analysis methods used in this work and is summarised in section

4.2.2

4.2.1. Qualitative description of LITGS
thermometry

LITGS thermometry derives temperature framasurement dhe sound speed in a gas
Absorption of | aser pulses i-hndbhbeednGeatichdgdn,
generates acoustic wawehich modify the density perturbations in the spatial pattern of the
grating over ti me. -lITrhdeu ceevdbit @ondorethyBeflg t he O6Las e
scattering a probe bearff the grating andecordingthe scattered intensity as a function of

time [34].

The first step in performing a LITGS measurement is to create the grating. Two coherent pump
beams are crossed to define the measurement ragibimterfere to create a sinusoidal spatial

variation in intensitfFigure4-1] . These 6brightoé and Oesafr K6 fri
the graing at a spacing , determined by the pump wavelengh.mp, and thecrossing angle

of t he beams, d,

Q — 41
¢ O EQ—I
The wavelength of the pumps is chosen to match an electronic transition of the target molecules.
The target species are therefozsonantly excéd in the regions of high intensitgollisions
with other moleculesccur, for conditions relevant to this oon picosecond timescalgy
andquench this excitation, depositing the energy intdothlk gasover multiple collisionsgs

kinetic energy (heat). This localised heating perturbs the local temperature and pressure, leading

to the form#éon of two density perturbations.
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Firstly the (very small) rise in temperature reduces the local densggions of high laser
intensity. This O6temperature gratingdéd decays
contrast between the high anavidensity rgions.Secondly, the rapid increase in pressure
generatesicoustic waves, which constructively interfere for propagation directions orthogonal

to the grating planes. The resulting two coupi@pagating waves sum to produce a standing

wave.Thh s dacoustic gratingd decays over time due

The total density modulation is a sum of these two compongh&sethe magnitudeof the
thermal density grating is modulated in time by the oscillation of the acouostichbution. This
produces a 6strongbé grating when both compone

two components are out of phase.

The visibility of the combined grating can be probed by Brsggitering a third beam at an

incident angle «, given byequation(4-2):

_ <Q0 B (4-2)

The inensity of the diffracted signal can thiea used to measure the oscillations in grating

visibility over time [Figure4-1].

b)

2
%

Figure4-1 I 0 t dzYLJ 0S| Y& ONR to aradvicaan iniérfetente gatyes foSThetral *
FYR ' 02dza0A0 3INI GAy3Ia FT2N¥Y 6A0GK aLIl OAy3d 0SGsSSy L
generating a signal beam. a) to ¢) as drawr3].
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The frequencyQof t he acoustic standing wavaedisnosdsil l

visibility is given in terms of the sound speed, by equatior{(4-3):
ny @
Q o (4-3)
Therefore by measuring the frequency of the oscillations in diffractedlsigansity, the sound
speectan be calculateproviding the grating spacing jsknownWhi | e s may be det
geometrically fromequation(4-1), in practice it may be derived with much higher accuracy

from a measurement under known conditions of composition and tempefaaating the gas

as ideal, the isentropic sound spedis given by:

o QY
R (4-4)
a

where®dis the ratio of specific hemat constant pressute constant volumekg0is

Boltzmann®d 6c o 3s t & mipie theanteanrmelecalar mhasHof the.gas

So given knowledge of the gas composittpthe temperature in the measurement region
can be deriveffom a measurement tie oscillation frequencyg) of aLITGS signal

aQ |

Y o) Q (4-5)

4.2.2. Theory from Paul et al.
The theory described in this section is the work of Paul §tJalAs with other reviews of
LITGS theory[34], [3], the salient points are summarised in this section for the convenience of

the reader.

A two-rate quenching model was foundij to provide a significantly improved match to
experimental results. A single collision will not be PaCefficient at converting the electronic
energy of the excited target molecule into heat. A fraction mslieiad be stored asro

vi brational excitation of the colliding 6bulk

62 The effect of gas compositiononsoundSpe A4 3IA GBSy o6& GKS NIGA2 1 kYD
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time as the &ébul k gasd mol e c-ate modal notheimegao es f ur
6fastd rate for thediai 6sbhobwéneagy fleposheéei sn
over multiple collisions. For clarity, only the singiae quenching model will be summarised

here and the reader is directedXpfor further details.

As described in sectioh2.], the two pump pulses are crossed to form anfereme pattern

wi t h a sbpeatcwenegn, 6ésb,r i g hequationdil)aleadiregy tog spateally by
varying perturbation in the gas density which
normal to these planes is | ab edfifdfidtelextanssuachx 6 and
that the problem is reduced to a single spatial dimension. This is a reasonable simplification for

the case where the pump beams are much larger than the fringe $macihghat the duration

of the LITGS signal is much shorteatihthe timescale over which acoustic energy escapes the

grating.

The evolution of the grating and hence the LITGS signal is determined by the evolution of the

gas ensity,” , with time, t This evolution is governed byset of hydrodynamic equatigns

—. 0" T (4-6)
T 0
T " .
— nd"1 1 N0 T (4-7)
T 0
1'% .59 o (4-8)
T o

derived from the fundamental principles of conservation of thé&§), conservation of
momenturf® (4-7) and conervation of energy4-8) . | n t heldiethee3h weldity ons o6
vector P® i s ,prae sius ea source term f otdisthe ener gy

total specific energyjefinedas:

53 A typical grating spacing is of the order of| i, and even for focussed beams the spot size is likely to
be of the order of 10Qum.

64 Also known as the continuity equation and is set to zero as no mass is created nrthistsystem.

85 Set to zero because there are no external forces acting on the molecules in LITGS. For LIEGS the force
due to electrostriction would have to be represented here.
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0
Q Q — (4-9)
C
where 6ed is the specific ther mal energy.

The heatingsor c e teand;, imequafion(4-8) describes the energy input to the gas by
collisional quenching of the excited molecules. The population of the upper level of tteel exci
transition per unit volume\*, can be described by a rate equation

0 o6k A& adt g 5 5ot oL (10
wheredErdis the total laser energy flux per puléBdis the Einstein Boefficient,dNbis the
density of absorbing moleculagpis the normalised temporal profile of the pump pulsiis
the duration of the pump pulsi&dis the normalisedpatialprofile of the pump pulsegdis the

diameter ofthe pump puls&Adis the Einstein Acoefficient,dbis the collisional quenching

rate andD0ois the molecular diffusivity for the excited molecule.

Each collisional quenching event will transfer afractigm f t he mol ecul ed s

into thermal energy. The rate of energy input to the system is therefore given by

ooz

-Q oo (4-11

where 6hod i s P Baisnthekrégsenay of the excted transitiord

The hydrodynamic equatiori4-6) to (4-8) contain several nelinear terms, sth ast Om
making analytical solutions difficult. In order to solW®seequations for density, it is
convenient to linearize the equations. Linearization refers to the process of expanding
parametei® about an equilibrium poirgnd discarding any terms which are higher order than
linear in the perturbation, as illustrated in equaf#®i?) for density,” :

oo 7 @’ad (4-12
Combination oequationg4-6) through(4-12) results in the dimensionless limzad

hydrodynamic equations,

el

Ly (KAa OFlas$S RSyaride o vz @St20aAdG8 om0 FyR LINBAAd
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— — T (4-13)

@ T o= (4-14)

T 6 (4'15)

where O6Red is the Reynolds numbd4lld,dadandPr é6 i s
(4-15), are presented using normalised variables of the \@aidd "@Afd j "Q
Correspadingly, the distance and time parameters have also been normalisedijdQand
w0 QY. Also required in the formulation efjuationg4-13) to (4-15) is the linearized ideal
gaslamd0 7  "¥and the equation of state for the enthalpgrofdeal compressible medium
"N ®Y 0 awhereddisenthalpyd® i s the specifi dlobBeat at con

temperature and/6is volume.

The collation of constants into the Reynatdsnber,

'Y'Q[— (4-16)
where 006 i s t ahndthePramdthmamber vi scosi ty

Y|

DI — 4-1

0 i 5 (4-17)
where O0KO6 is thantdbedicmat heosgect i Vviistypeadht at c

of fluid dynamics calculations as they each define characteristics of the flow in question. The
Reynolds number corresponds to the ratio of inertial to viscous forces in the flow. A low
Reynolds number describes a laminar flow where viscousdatominate, while high Reynolds
number flows are dominated by inertia and are typically turbulent. The Prandtl number
corresponds to the ratio of viscous and thermal diffusion rates and over the range of
temperatures and pressure in this work is appraeipnaonstant at 0.%. The linarized

hydrodynamic equatior(@-13) to (4-15) only apply fortheas e wher e t heisfri nge

5" Where @ is the isentropic sound speed in the absence of the grating, taken foche
%8 For example, the Prandtl number for air varies by orfig Between 50@ 1000K and 1g 10 bar [238].
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much greater than the mefiae path of the gas molecul€orrespondingly, the derivation of
the impulse response functiontoh e gr at i ng, W( d420),isdadidforned i n eq

Reynolds numbers greater than three.

The problem set out iequationg4-13) to (4-15) is both irrotation&f and has a separable
source functiof. It can therefore be reduced to a single wave equation which may be solved via
a combination of Fouriertras f or ms f or 3 (space) and Lapl ace

solution for the density perturbation

"o AT O, O (4-18)
involves the convolution dhe impulse response function of thegrat®(, ¢ ) , t he t empor
profile of the | aser pulse, G(e), and the tem
WD— 0 ®—20-120 — (4-19)
where W(e) is defined,aswvith a constant phase s
- 0OQ COQ AT d- %o (4-20)

The constants;shy, and b defined during the derivation efjuation(4-20) are given by:

q ™0,

— — - 4-21
! Yaii Q" &0 (-21)

10 1 ot
a. ¢ e o ovol P (4-22)

YQUu i C Q" w C
8 " et 4-23
w— ¢ ¢ g0 (4-23)
The i mpulse response function of the grating

sectiond.2.10f the density perturbation. The first term represents the stationary thermal
component of the grating which decays with a time constan©dk ¥. The seond term
represents the acoustic component, a standing wave formed by two quopggating

acoustic waves which decays over time with a time constaktiofy. For most relevant

% The vorticity of an irrotatinal flow is zero, i.el 1 T

°The source function can be separated into a product of terms which are solelydirapace
dependent:6° -h O-w,

57



Point LITGS

experimental conditions and gas compositionss bnly slightly smallethan s [3]. The
di fference is dependent on 9 and Pr, and so o
temperature. This results in the acoustic and thermal components of the density perturbation

decaying at similar rates.

Thermal

0 50 100 150 200 250 300
1 T T T T
Acoustic

0 50 100 150 200 250 300
2 T T T T T
Sum
1 1
0 S
0 50 100 150 200 250 300
Time [ns]

Figure4d-2 9 @2f dziA2y 2F (GKS [L¢D{ RSyaAride edSaudndzNDbIl GAZ2Y
(4-18)] consideingthe case of an instantaneous excitation pulse and quenching process such that
Ly e 3 t . Atan antinode of the spatial distributiofHi "l Z K, thereforez © F .

The scattering efficiency, d, {41 imdeinedbe nsi t vy

the ratio of signal and probe intensities,

O “ cQ Q
o ks el (4-24)
(@) T

where6dd i s t he pudpdisthechange th reiactioe inglex amp Bis the

change in absorption coefficiedi81].

71 Eg

& 1@ xiv for dry air at standard temperature and pressure. As statddji a4 C2 NJ 02 YY2 Yy
3 asa I
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In the limit of an optically thin mediufe is negligible andl §T & T §T ‘stherefore the
change in refractive index is dominated by the density perturbation. The evolution of the LITGS

signal is therefore entirely determineddxyuation(4-18).

4.3. Previous work
A literature review of LITGS has been presented in chapter 3, this section focuses in greater

detail on previous work with LITGS in areas that are discussed further in this chapter.

4.3.1. Fourier domain analysis

Fitting in the timedomain is computationally expensive and therefore slow due to the need to
convolute the grating response function with the quenching response and finite duration pump
pulse function$l]. By transferring the analysis to the frequency domain via widely available
and rapid FFT routines, convolutions can be computed more easily by multipfitatiich

dramatically reduces the time taken to model a LITGS si@pal

4.3.2. Long pulse probes

The simplest way to implement LITGS is to use a Contintsase (CW) probe, such that the
diffracted intensity directly represents tiedlectivity of the grating. Typical CW lasers have
powers of the order of hW to 1W. Longpulse dye lasers can deliver e.g. BIW for 2 us,
increasing the signal intensity by 5 orders of magnif@88]. As the probe beam is non

resonant, saturation of transitions in the tracer are not an issue. This approach does however
require normalisation for the intensity variation of the probe pulse, hence a neeitier a t
resolved measurement of the probe pulse in order to determine theatiyimgy grating

reflectivity.

2The medium in all typical LITGS experiments neagdmsidered optically thin, at least over the
RAaGEFEYyOS 2F (GKS 3aINIGAYy3a aLIOAY3 oO6[ 0D

The convolution theorem states that convolution in the time domain is equivalent to multiplication in
the frequency domain. 'Oz 'Q  "0"Q J0O"Q where F{p} is the Foiar transform of p, * is

O2y @2t dziA2y YR i A& YdzZ GALX AOFGA2y ®
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The application of a lorgulse probe laser has also been reported by Balla[&©4], [190], in

which a flashlamgpumped alexandrite laser is operated in-frtgeing mode. Angle tuning the
intra-cavity BBO'* frequency doubling crystal allows the fragning pulse train to be

smoothed into a single approximately flat pulse of upjis @luration with an intensity ofiBN.

While this is weaker than the dye laser useld &5], the much narrower bandwidth compared

to the broad output of the dye laser increases the coupling efficiency with the grating and hence
signal levels are stronger than the probe power suggests. This laser is however no longer
commercially &ailable and required significant modification to avoid mode beating (a severe
complication for detection of the oscillations in a LITGS signal), hence the use of a dye laser in

the more recent applicati¢h85].

4.3.3. Optical engine thermometry

Recent demonstrations of the LITGS system used in this work for IC engine thermometry were
reported if4] and[25]. The high precisions of £% permitted the resolution of tisenall

temperature variationd the order of 86 associated with thevaporative cooling due to fuel

injection of various alcohatontaining fuel blendDue to the available optical @ess, crank

angles less than 50 @Aeither side of tojuleadcentre were inaccessible for thermometry using
thissystemifd]. A modi fied 6éslotted pistond of the
rising piston blocking the LITGS beams and enabled the first LITGS thermoawetiss an

entire compression arekpansion stroke of a motored engjag].

4.3.4. Weak signals

In an ideal world, an optical diagnostic such as LITGS would produce strong signals with high
signatto-noise ratio throughout the desitrange of experimental conditions. This is not always
achievable, particularly in IC engine exipeents where limitations on e.gas composition,
pressure and optical access are determined by the engine under study, not compatibility with

any one optidadiagnostic. While LITGS demonstrates excellent performance at high pressures

74 Betaphase Barium Borate
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(> 1 bar), the low pressures and traneamber densitie®und early in the compression stroke

can result in very weak signals with poor sigmahoise ratios.

Both the accurmy and precision of LITGS thermometry are reliant on not only the quality of
signal produced experimentally, but on the method for recovering the acoustic oscillation
frequency from which the temperature is derived. The analysis of weak signals is ¢chgléeng
displayed by the comparison of atmospheric versusimigbsure resonant LITGS results of
Altenhofer et al[207] where a poor measurement precision 6f% was observed at
atmospheric pressure along with a systematic shift in mean LITG®tatapes of 6 %

compared to 10 bar.

Weak signals probe the limitations of commonly used analysis methbith may not be

apparent when applied to stronger signals and will be subject to discussion in4&ction

4.3.5. Analysis methods for thermometry

In general, the most precise analysis method for thermometry is fitting to a theoretical model
(e.g. Cummings et gl183] or Paul et al[1]), resulting in achievable precisions of order%.1
[185]. However, fitting routines are computationally expensive and a number of alternative
approachebave been utilised for determination of the oscillation frequency and hence

temperature.

In the application of electrostrictive gratings by StampaiRamiariello et a[202], the

determination of the oscillation frequency of the signal was based on-éipaialy approach,

as the separation in time betweeakgegives the time period of the acoustic oscillations. This is
straightforward in principle and quoted[R03] as typically achieving precisions of @&for

strong, clear signals. However, such an approach becomes less robust for weaker signals with
lower signalto-noise ratios where uncertainty in determining the exact timing of the paeds le

to much poorer precisions of% [203].
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An alternative approach is to use a Fast Feodiransform (FFT) routine. This has been used
successfully i3], however, as with most analysis methods, there are several aspects which
must be handled with care to avoid systematic errors or reductions in precision and accuracy.
For example, the frequency resolution of the power spectra of Altenhofef2tQjlis

extremely coarse and will cause large uncertainties in temperature derivation. This may be
compounded by the cropping of the signaledmove the pump pulse scatter which will

introduce artefacts into the power spectrum if not treated carefully. Oy di@cision in the
temperature measurements was achieved at-temperature. However, the raw signals at a
high pressure of 9 bar werenlp enough to show 20 oscillation peaks and had sufficient
signatlto-noise ratio that a potential uncertainty of % could have been obtained if a more

sophisticated FFT analysis had been used, such as that discussed imideetion

Pronyds method for oscillation f[l9%gPuioeyncy det e
analysig211]fits a linear combination of damped complex exponentials to a signal. While the
reproduction of the initial rise of a LITGS signal was not captured at all by {i®4i}, for

sufficiently long signals the fit reproduced the majority of oscillation peaks accurately and the
oscillation frequency could be determined. For LITA measurements betweé&r630K this

resulted in a standard deviation of only ®&3romthe corresponding thermocouple readings of

+ 1 K precisior®>. However the poor fit to the first peak raises questions about the applicability

of the Prony analysis for weak signals with only a few peaks.

In summary, peakinding, FFT analysis and Pronyalysis have each been very successfully
applied to experimental data to derive LITGS parameters from strong, typically high pressure,
signals. However, these more rapid methods of oscillation frequency determination have been

suboptimally applied to weakignals, leading to unnecessary increases in measurement

S A more recent studysing the experimental data 194]NB O 2 Y Y S ¥y R &RegrésSve Spectizim?
Y S (i K 2 RaQ a méthadresulting in improvedqzision over Prony analyg§&11]. AR involves fitting a
model in which the value of the function at a given time is predicted based on a linear combination of
earlier or later (or both) values of the function and a white noise term. Being more computationally
expensive than peafinding,CC ¢ 2 NJ t NP38¢, & workdn&idemR it preferential to instead

fit to models based on the underlying physics of the siftja[183].
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uncertainty{210]. Methods for accurate determination of the acoustic oscillétemuency will

be discussed in detail in sectidrb.

4.4. Analysis of a LITGS signal

The LITGS signal contains a wealth of information about the local environmére of

interaction region. As discussed abaveection4.2.], the temperature of the medium can be
derived from the oscillation frequency of the LITGS signal via derivation of the local speed of
sound. While thermometry is the focus of this work, el value of any parameter that has an
impact on the size or shape of a LITGS signal can in theory be recovered (e.g. pressure,
absorber (fuelhumber densityquencher (oxygemumber densityor, if these are known, the

gas dynamic parameters may berfdu

4.4.1. Pressure

-

Normalised signal
intensity [arb. units]

© o o o
o N A O O

| 1 1 1 1 1 1

0 20 40 60 80 100 120 140 160 180
Time [ns]

Figure4-3 Pressurised cell data displaying the effect of pressure on the decay rate of a LITGS signal.

The rate of decay of the grating depends on the rate of diffusion of moleculesaaisitb
equilibrate the initial density perturbation. Considering ideal gases, the diffusion coefficient is
proportional to the mean free p&thnd mean velocity of the molecules. The diffusion rate (D)

therefore decreases with increasing pressu@®s® and increases with increasing

temperature @8 "Y! . Provided the temperature is kno@rihe time constant of the

®aSky FNBS LI GK WEiQ Ad AYODSNRASERaBINEYDNI A2yt G2 0
"aSly @St20AG@& F2NJ Ly ARSIfwemM a WwgQ A& NBEFGSR (2
"8 E.g. by deriving the temperature from the oscillations of the same LITGS signal.
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underlying exponential decay of a LITGS signal can be used to derive pressure. Even a small

change in pressure has a dramatic effecherdtration of a LITGS signaFigure4-3].

4.4.2. Tracer number density

Thenumber densitpf target molecules present in the interaction region will determine the
amount ofenergy absorbed and hence heat deposition, magnitude of the density perturbation
and thus signal strength. Integration of the total signal intensity will provide a measure of target
moleculenumber densityAs a measurement of an intensity, this will hbjsct to increased

uncertainty due to intensity noise much in the same way as CARS or PLIF.

The FARLIG technique developed|[B] (Fuel/Air Ratio by Lasetnduced thermal Gratings)
extends the compositional measurement to also derive the local axygéer densitysing
thedependence of the quenching timescal®i@Qoxygemumber densityThe contrast of the
acoustic oscillations also improved by the presence of oxygen due to the more rapid heat

release.

In combination, these two effects can in principle be used to measure axygbrr densityn

parallel with tolueneaumber density

4.4.3. Quenching timescales

The timescales for the O6fastd and 6ésl owd quen
ratio, have a significant effect on the initial rise of the LITGS signal, the relative heights of the

first and second peaks and the contrast of the acoustic asodlafhese three parameters may

be inferred from the besit parameters of a modelled LITGS signal. This can potentially

provide a method for measuring oxygammber densityn cases such as toluene in air, where

the quenching of the toluene moleculedasninated by molecular oxygen.

4.4.4. Sources of uncertainty for thermometry
As with all diagnostic techniques it is important to understand the potential sources of

uncertainty associated with using LITGS to perform temperature measurefwgrason(4-5)
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offers an initial insight into the main sources of uncertainty for a temperature derived from a

LITGS signal and will be separated into 3 terms in the following disaussio

Grating spacing

The conversion factor relating a measured LITGS oscillation frequency to temperature depends

on the grating spacing, S,

"Ye ) (4-25)
The determation of the grating spacirigpm the geometrical alignment alone is prone to
significant error. An investigation ii6] estimated a 9 % error in temperature assuming the
beams could be manuati§igned to within 0.3nm of the targets on the alignment mask. This is

unfortunately a bestase scenario given the standard procedure of optimising the alignment of

the beams using a live signal after the initial geometrical setup.

In practice, this potstially large source of error does not impact the accuracy of a test cell or
engine based setup. In such conditions it is straightforward to perform a calibration
measurement at a known gas composition and temperature. The actual grating spacing can be
deiived from this calibration and applied to all future measurements with the reasonable
assumption that the pump alignment will not be altered over the course of the experiments.
Small adjustments to the probe beam are commonplace for signal optimisatienehthese

wi | | not affect the grating formed by the

pum

value of s is therefore |Iimited by the knowl e

measurement and the accuracy of the frequency recoverygaeh

Gas composition

For compositional uncertainties of LITGS thermometry, the reader is diredd [#] and
[212] in which there ee detailed discussions of the subject. The conclusions of these

investigations are summarised below.
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At any given temperature, the speed of sound in the interaction region is determined by the
mean molecularmas§,, and rati o of \alpesaretypicalyasseraet®be o . T
fixed during analysis, hence any change in composition will shift the derived temperature
proportional to the relative change'ind from the assumed value,

Y x F_ Y (4-26)
i a
In a combustion engine, the typical constituents of the gas mixture are air, fuel and exhaust gas
residuals (EGR). The error in temperature is relatively insensitive to the exchange of EGR for
air[4Jas t he fanéach isresséniially the sathe€Considering a blend of @ iso-octane
with30% t ol uene as wused in this work, oO6fuel 6 mol

airt, and a | arhyafactovad3. Uneertainty inine fusimber densityherefore

dominates the error in derived temperature.

Measurements of the fuelimber densityor PFI and EarlyGDI using QPLIF show a

coefficient of variability of 2346 for typical injection conditions in the optical engine used for
this work[4]. For the intended 1.9% fuel @ncentration to create a stoichiometric mixture, the
uncertainty in composition for fueich deviation is therefore restricted to an upper bound of
2.42% fuel concentration. Fuétan deviation is not limited by injection mixing, but instead by
fuel conent in the pockets of EGR observed in chaptérhe relevant lower bound therefore
corresponds to the minimunumber densityequired to produce a visible signal, typically%0

of the intended stoichiometric mixture, hence a lower bound 0f%.20

Consiering the I inear dependence of derived ten

worstcase compositional errors in LITGS oked temperature are therefard.6% +5.9%.

Oscillation frequency recovery

LITGS temperature measurements inherently déms the acoustic oscillation frequency,

EGR (m=28gmol'y 1 Ik m ®OgmBHY. Riy(m=29.gmot’s + [ mMongmBYYK! T HA
[212].
80 Fyel (m=107.molE  + kM ® Aghngith dH
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Yo "Q (4-27)
Given the finitedurationof a LITGS signal and the combination of a stationary thermal
component with an oscillating acoustic component, extraction of the acoustic oscillation
frequency is not trivial. Any uncertainty or systematic errors in deriving this frequency will
translateinto errors in derived temperature, amplified by the quadratic relationship between
Q and T A full investigation into the optimal method for frequency recovery and the

associated systematic errors is discussed in setBon

Multiple temperatures

A key assumption made in the use of pdifEGS for thermometry is that the environment
being probed has a uniform temperature actussrieasurement region. The description of
pointLITGS as a point measurement is valid on the length scales of the engine cylinder,
however the narrow crossing angle of the pump beams, combined with teir-WHM

results in an interaction region on thel@r of Immx 1 mmx 10 mm in sizé&.

This long axial dimension introduces the possibility that the LITGS volume may contain

multiple temperature regions. Contributions to the LITGS signal from each region will sum at

the detector, resulting in a signalngprised of more than one acoustic oscillation frequency. For
strong temperature gradients this can be observed as a beat frequency in the oscillations of a
recorded LITGS signal. This effect was investigatef218], in which a model was written to

predict LITGS signals from multiple discrete temperature zones within a single LITGS volume.
The technique was validated using measurements in a heated ethylene flow and a Giilder burner.
If the standard sgletemperature LITGS analysis was applied, the analysis tended te under

estimate the temperature of the interaction region compared to the mean of the two

81 This would most likely be an upper limit. The actual effective length depends on defining the
AYLERNIIFYOS 62N y2iHO 2F GKS O2yiNRodziaz2ya FNRY (KS
regions only the lowntensity wings of the beams overla@iven the quadratic dependence of the

grating magnitude on local pump intensity, the vast majority of the LITGS signal intensity is generated

from the central region of full overlap. The effective axial spatial resolution will therefore be smaller
thanthetipto-i A LJ RAYSyaAz2y 2F GKS WRAFIY2YRQ AYGSNBRSOGAZ2Y
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temperatures. The signal generated by the hotter region has a shorter lifetime than that from the

cool er region. The 6coolerd signal therefore h

Due to the additional complication of the analysis, in what is already a challenging environment
for LITGS measurements, the multiple temperature analysis isadtin this work. The effect

is instead considered as a potential contribution to uncertainty in the derived tempetatares.
advantage of performing simultaneous LITGS andPILOF is the ability to not only use LITGS

as a calibration of T®LIF, but to e TCPLIF to determine whether each LITGS shot is

measuring a volume with a strong axial temperature gradient.

4.5. Oscillation frequency recovery
The oscillation frequency of a LITGS signal is the critical parameter for thermometry. This
frequency can be endcted from a LITGS signal in a number of ways, each with its own

advantages. The 3 most appropriate are described below.

4.5.1. Peak separation

Perhaps the simplest method to determining an oscillation frequency is to measure the time
between peaks and take thgerse to recover a frequency. This method is very useful as a

quick ruleoft humb f or comparison of O6lived signal s,
experiment. Small temperature differences between signals of the ordeK ebleasily be

identfied by aligning the first peaks in time and observing the signals driftingfepitase for

later oscillation peaks.

For quantitative analysis, this method is strongly affected by the choice of peaks to compare, by
the procedure used determine thécation in time of each oscillation peak and by the number

of available peaks determined by the ratio of acoustic transit time to overall decay time.
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Peak choice

For a typical LITGS signal, the separation in time between peaks is not constant for all peak
pairs. The separation in time between the first and second peaks is marginally shorter than that
of subsequent peaks. For later peaks, the grating has been fully established and, ignoring the
exponential decay of the thermal and acoustic components, theé¢jpendency is due to the
acoustic oscillations. In contrast, the timing of the first peak is dependent not only on the
acoustic oscillation frequency, but also on the timescales of energy deposition and quenching.
The effect of finite timescales for girag generation is to delay the time at which the first peak

reaches its maximum compared to the timing of an instantaneously generated grating.

It is therefore more accurate to derive the oscillation frequency from the separations of later
peaks. This igasiest for long signals, such as those generated in higher pressures and low
temperatures (% bar and around 30). Such signals provide many visible oscillation cycles
which facilitates selection of later peaks. In many practical applications howeéter,the

pressures involved are lower or the temperatures are much higher and only a few peaks may be
visible. Disregarding the first, strongest, peak throws away information and forces the peak

separation method to rely solely on the weaker and nqisas.

Peak location procedure

The derived frequency and therefore temperature is highly sensitive to the location of each peak
in time. For a typical peak separation ofri&) a shift of just 0.hs corresponds to a% change

in derived temperature.

For very strong signals finding the |l ocation
such as those generated in the optical engine, have high frequency noise complicating the
determination of the maximum. Smoothing procedures which replace eaehnitti a

weighted average of itself and its neighbouring values have the potential to shift the peak

slightly away from its O6trued | ocation toward
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the averaging window required to generate a smooth peakthe same scale as the oscillation

itself, leading to a very distorted peak and loss of contrast.

4.5.2. FFT
Origin of MATLAB FFT analysis

MATLAB scripts for FFT analysis of LITGS signals were written prior to this work by Ben
Williams [3] and Rob StevenR]. These formed the basis of the investigations made by this
work in sectiond.5.2into improving the FFT analysi$ ITGS signals for application to in

situ calibration of TEGPLIF in chapter 6.

Principles

The Fourier transform of a signals allows its characteristic frequencies to be determined. The

power spectrum of a LITGS signal will be comprised of two main featkigure4-4]. The

underl ying decaying exponential wil/ generat e
acoustic oscillation will generate a secdrmtentzianpeak centred at the oscillation frequency.

The finite duration of the signal and sharp initial rising edge will also introduce higher

frequency contributions of smaller magnitude.

o
.
[4)]

; 017F

Signal intensity
[arb. units]
o
3
Normalised power
spectrum [arb. units]

0 100 200 300 400 0 50 100
Time [ns] Frequency [MHz]

Figure4-4 Exanple singleshot experimental LITGS signal (left) and the power spectrum (right)
produced by FFT analysis. The location of the characteristic peak in the LITGS power spectrum is
marked by the dotted line.

Finding the maximum of this acoustic oscillatioragen thepower spectrunis critical to the

measurement of the oscillation frequency and therefore temperature.
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By taking the Fourier transform of the signal, information from the entire signal is encoded in

the power spectrum without the need to defimet exact ti ming of each pe
avoiding the associated sources of error. Fourier transforms have been thoroughly studied and
programming environments such as MATLAB offer Fast Fourier Transform (FFT) routines as
standard. This allows for wefast processing of experimental data. Using a standard office

desktop computer, reading the data, performing the FFT for each signal and recovering the

oscillation frequency takes only a few seconds for astf dataset.

Zero-Pad data vectors

The Discete Fourier Transform (DFT) approximates the Continuous Fourier Transform (CFT)

of a signal. The number of points describing the power spectrum, and therefore its frequency
resolution, is determined by the length of the input vector which forms the repaaii for the
infinite-length input to the DFT process. A short initial vector will result in a very coarse power
spectrum. To increase the resolution of the DFT output such that it very closely resembles the
theoretical CFT output, the input vectoriseended with el ements of wval
paddi n gwork,the lkength bfithe signal vector was padded to lengths of increasing

powers of 2 until the improvement in power spectrum resolution was negligible.

Non-padded input

Zero-padded input

o
N

0.1

0.05 1 0.05

(=
o

Normalised power
spectrum [arb. units]

45 50 55 60 40 45 50 55 60
Frequency [MHz] Frequency [MHz]

B
o

Figure4-5 Improvement in resolution of power spectrum by zefpadding the input signal vector.
bd. ® 620K FAIANBE INB LI 200SR dzaAy3d A8 RRSIROS L2 A\
spectrum are simply so close together thdte point markers appear as a solid line.
Figure4-5 displays the LITGS oscillation frequency peak of the power spectriiigofe4-4
calculated with and without zeqmadding the signal vector before calculating the FFT. The

improvement in resolution by applying zgpadding is dramatic, with the number of datapoints

defining theLITGS frequency peak increasing by a factor of order 100.
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Signal preparation for FFT - Windowing function

One of the principles of taking the Fourier transform of a signal is that thel&nigéh input
signal forms the repeating unit @bignal with iffinite length which is the subject of the
transform. The start and end values of the input vector must be identical in order to avoid a
discontinuity at the boundary between repeated units. Any step change at the boundary

introduces spurious frequency cent in the FFT output.

Stepchanges can be removed by application of a windowing function which multiplies each
element of the input vector by a number between 0 and 1. The choice of window, as discussed
in [214], can have a dramatic effect on the power spectrum produced. Adding extra structure to
the input vector necessarily changes the frequency content, so that each window has a
characteristic power spectrum of its own. Doing nothing is not a soletiber, this simply

corresponds to a O6rectangl e wi né#Higue$6l.wher e eve

Rectangular Tukey Hann
1 1 1
4]
58
£305 0.5 05
3
0 0 0
0 0.5 1 0 0.5 1 0 0.5 1
Time [arb. units]
5 10° 1 10% 10° [
85 405 ] 10° W[ T 105 { [l
= g .--Ii 5""r"'”-;""'.r-_“ !.
;" ‘ | ‘H‘H"\‘WM"-”T'|"|’ ‘ -
Z  4p0 40 i i 10°10 | LYY
0.2 0 0.1 0.2 0 0.1 0.2
Frequency [arb. units]
Figure46 wS QG y3dzf  NE ¢dz1 S& yR | IyyfaagR2bGLIRGBENN & LG
t208a F2NI A ¢ no

Different windows are optimised for different situatiorgglure4-6]. There is usually a trade

off to be made between heavy smoothing (Hann) which reduces the relative power of-the side
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lobe artefact& versus light smoothing (Rectangular or Tukey) which preserves the ability to

finely resolve small changes in frequeficy

For nontransient signals, such as a mixture of sinusoids of different frequencies, a common and

effective preprocessing step is to applyHann window0 € , to the input vector,

o ¢ ALG  tom  LIER piwplE i (29
for samplandindput v el[2l¥]olhis codfundiion issnmogthlyhvaryntyl 6
with a value of zey at the start and end of the vector and a value of one at the centre. The Hann
window has the effect of damping the signal to zero as it approaches each end of the vector,

ensuring continuity when used to form a repeating pattern.

A LITGS signal is howeer very transient in nature. Application of the Hann window to such a
signal suppresses the strong peaks near the start of the signal, resulting in a significant loss of
information and an amplification of the contribution that weaker, noisier peaksheezaritre

of the vector make to the resulting power spectrum.

The window selected for use in preparing the LITGS signals for the FFT was the Tukey

window,0 € , which consists of a rectangular window modified by tapering the edges to zero

withacosiecurveand i s defined for sample 6né of an
! P T €S |(j
I'p G
CE el 5 5 *+29
= p Al @ —& — g5 —
g P @ o | 0 |C &3 c
w

wherethefraction of the window width congsed of the cosine curve(si U) [214].

The purpose of the Tukeyindowis to retain as much of the listorted signal as possible

while still dampening the inpwvector values to zero at the eddgeevious LITGS analysis used

82].e. the relative height of maitobe to first sidelobe.
83].e. a narrow maitobe.
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the Hann window as a windowing function, resulting in a distorted input to the FFT processing.
In this work, the Tukey window was selected and displays a dramatic improvement in signal

pregrvation over the Hann windowigure4-7].

Signal intensity
[arb. units]

0 50 100 150 200
Time [ns]

Figure4-7 Tukey vs Hann windows, as applied to a singleot experimental LITGS sigridl

There is a corresponding improvement in the power spectra derived using the Tukey window
[Figure4-8] . The power spect r wignalesfstrongly effeatetilaytha 6 wi nd o
periodic troughs of t heFidieh6h. windowadasrpeswer t s
caseisdominatéthhy t he two Lorentzian peaks correspon
contributions to the LITGS signal, as can be seen by comparing experimental to theoretical

power spectraHigure4-8].

The peak of the power spectrum close tdvB4z is interpreted as the LITGS oscillation
freqguency. This peakébés |l ocation is affected b

derived frequency and therefore temperafiigure4-9].

84The original signal was an experimental LITGS signdlatds inFigure4-3.
8 For frequenciesbelow 1001 T = | 62 3S $KAOK (KS WgAYR26Q YR y2ia
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Figure4-9 Shift in derived frequency owing to the use of a Hann window in comparison to the
nominally correct Tukey window result. Magnified plot of the data irigure4-8 (Right).

It is therefore crucial to sel ectesappresgignpr opr i
at each end of the signal vectol¥ 0) with preservation of # shape of the LITGS signal

(¥ 1.Theval ue of U used in this work (e 9) 1lies

peak position oFigure4-9 is insensitive to variation di[Figure4-10]. The peak position

varies by only 0.02% f or v a betweenio.8lrandi084, [Bading to variation in the

derived temperature of only 0.84.In contrast, @ o or s el ect iadtmerrorsin U woul d

derived temperature of up to 34d for this experimental signal.
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Signal strength requirements

Successful use of the FFT method for frequency recovery relies on having a sufficiently strong
signal such that the acoustic oscillation frequency peak is well defined in the power spectrum.
Key to this condition is that the magnitude of the peak is lengeigh to dominate both the
underlying windowing spectrum and the noise related structure on the power spectrum.
Typically this is achieved for signals with four or more identifiable peaks and with noise
fluctuations smaller in magnitude than the contbativeen peaks as Figure4-3 andFigure

4-8.

The FFT analysis runs intosises when the signals are both shiie (ime constant of the decay
of the signal is comparable to the acoustic oscillation peaond noisy (noise fluctuations

similar in magnitude to the contrast between peaks). In such cases the contribution of the

aomustic oscillation peak is insufficient to

spectrum Figure4-11]. This hampers identification of the maximum bétacoustic oscillation
peak in the power spectrum and prevents meaningful temperature measurement. Application of
the FFT routine to a set of such noisy data produces wildly varying peak frequencies because

the routine picks out the local maximum from tiwése structure in the power spectrum.
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Figure4-11 Power spectra from a pair of weak LITGS signals taken under nominally identical
conditions.

The LITGS signals irigure4-11 were taken from a motored optical engine dataset at 90 CAD
BTDC. Despite the near identical nature of the signals, the temperature derived from the power
spectrum differs by 2%. The full déaset has a standard deviation of the derived temperature of
13%. Given that the cyclic variability of the engine for motored operation is arotndrid

the LITGS technique is inherently capable df % precision for sufficient signal strength even

at the justbelowatmospheric pressures found at 90 CAD BDTC, this demonstrates that the FFT

routine is not an appropriate method to use for very weak and noisy signals.

Accuracy of FFT temperature derivation

It has been previously assumed that the FFT analysis provides a satisfactory method for

recovering the acoustic oscillation frequency of a LITGS signal. This analysis should indeed be
successful in application to test cell measurements, vighepressure andstable tracer

number densitiesan be maintained indefinitely, leading to long duration signals dominated by

the acoustic oscillations. However, the accuracy of the frequency recovery by FFT cannot be
assumed for combustion engine and flame measutsméere signals are shorter, often with

only a few visible peaks. An investigation into the accuracy of FFT analysis for LITGS in low
pressure environments, conducted by Willidjs found that for conditions with both high
temperature and | ow pressure the O6standarddé F
lower derived temperatures. The worst case error in derived temperatéri, occurred for

the extemal low pressure (ar), high temperature (6%) modelled conditiori6].
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Such a conclusion suggests that FFT analysis is inappropriate for use in the curemt wo

indeed in any environment where pressures are close to atmospheric. Despite this, the speed and
simplicity of the FFT approach compared to the full fitting routine merits consideration as to

whether it could be adapted for accurate use at low peeasdrhigh temperature. One potential
adaptation, the 6subtractedd method written b
low temperature and high pressure with a maximum errbi3ds % for 650K at 1bar. An
alternative aPpFBp methodal doednbtashow the systeraaticderror at low

pressure and high temperature, but is less accurate at low temperature and high pressure with an

error d + 1.3% for 650K at 4bar compared to an error of ori0.36% f or t he Osubtr a

method.
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Figured4-12 Accuracy of FFT temperature derivation by three methods for four reference
temperatures (300K, 417K, 533K and 65K). The LITGS mode] was used to generate signals for a
NFy3IS 2F LINBaadzaNBa FT2N) Fylfeara oe@ O KSKSI{WENRENRD
FFT method is kindly provided by the authors[6f.

Figure4-12 shows the temperatures derived by the three different FFT analysis methods
(6standarddé, Osubtracted6é and o6fittedd) from
temperatures (300 K1Z K, 533 K and 650 K) over a range of pressurés4 bar). An

accurate analysis method should derive the reference temperature from the modelled signals for

all combinations of pressure atemperature present igure4-12. The systematic error for
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the 6standardé FFT method is particularly app

which the 6standardd FFT method derives a tem

Thecause of this systematic shift in derived temperatures and the two potential alternative

methods are discussed in the Appendix.
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Figure4-13 FFT vs Fitted derived temperatures for motored compressioroke data. Errorbars
correspond to the standard deviation of 20 measurements at each CAD timing.

Experimentatonfirmationof this predictedifference in derived temperatusepresergd in
Figure4-13For the | ow pressures early in the compr
approximately 1 cooler than the temperatures derived from the same data by fitting to a

theoretical modé%. This clearly displays the systematic bias to lower temperatures with the FFT
analysis. As pressure increases throughout the compression stroke the discrepancy between the

two analysis methods decreases until 50 CAD BTDC where the pressure is high enotigh that

FFT inaccuracy is minimal.

Suitability for engine measurements

Unfortunately, LITGS signals from the optical engine are often unavoidably weak and noisy

[Figure4-11]. Thus the standard FFT routine cannot cope as discussed above.

86See sectiod.5.3F 2 NJ | RSEONALIIA2Yy 2F (GKS WFAGGAYIQ | LILINEI O
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Figure4-14 Variation in strength of mean LITGS signals as pressure increases during the compression
stroke.

Strong signals generatéalvards the end of the compression stroke at higher pressures and
tracernumber densitieare well suited to FFT analysiBigure4-14]. Weaker signals within the
sane dataset from earlier in the compression stroke can often be unsuitable for FFT analysis.
This leads to compression stroke temperature profiles which are well resolved for later CAD

values but extremely imprecise and inaccurate for earlier CAD vétigpg¢4-15|.
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Figure4-15 Singleshot FFT LITGS temperatures during the compression stroke displaying low
precision of derived temperatures between 90 and 70 CAD BTDC.

Increasing the gain of the PMT to increase the signal to noise ratio of these weak signals is not
appropriateas it would result in the stronger signals saturating the detector and producing a non
linear response to the incident light intensity. Additionally, as discussed later in chapter 6,

varying the gain has other unwanted effects on the temporal respohsePdfiT.

The necessity of making LITGS temperature measurements reliably throughout the compression
stroke motivated an investigation into the use of an existing routine for fitting to the theoretical

model of[1] for temperature derivation, discussed below in seetibr8
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4.5.3. Fitting

Fitting routines involve the repeated calculation of a theoretical signal and comparison to the
input data in an iterative loop. Fitting is therefore a much more computationally expensive
method for extracting temperature information from a LITGS signal thanrigke $tFT

evaluation required for the FFT analysis routine.

In theory, fitting to a theoretical model could also be used to derore information abouhe

fluid properties than solelgmperaturesuch as pressure and quenching rates. These
investigations are however outside the scope of this work. The desired benefit for this work, in
exchange for the extra investment in time and complication, jgotieatial for extracting
temperaturénformation fromthe weak anahoisy signalscharacteristic of earlAD

measurements during the compression stroke of the optical engine.

The LITGS fitting routine used throughout this work is based on the theoretical mdtel of
was adapted for application to fitting in the frequency domain by St¢¥kard applied to
measurements of fuel/air ratios by Williafi3}. For a detailed discussion of tfiging routine

and model, please refer to the above references. In what follows, the application of the fitting
routine to the current experimental data will be discussed along with its suitability for

temperature recovery from weak signals.

Fitted para meters

The fitting routine is designed to optimise up to 5 fit parameters from the set of: acoustic wave
transit time between grating planes (U0), Reyn
0sl owd qguenc hiamddranchingrato beteleen (6@ ast 6 and O6sl owd
mechanisms (split). 6U6 is the inverse of the
main parameter of interest for thermometry as it can be used to derive temperature. The

Reynolds number is an important paeder in the LITGS signal model discussed in section

422and adjustment of ORe6 provides the mechani

pressure onbd,t:h6e@rsd gtntaedi.r 6lQr anching ratio &6spli
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to form the grating via the twoate quenching model referred to in secdo 2 for further
details the reader is directed[id. Throughout the fitting process, the Prandtl number was fixed

at 0.7 as its variation over the temperature and pressure range of this work is thitirsal

alsoimprtant to 6centred and d6éscaled all fit par
functior?®.
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1 ] 1 1
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Figure4-16 Example LJ N} YSGSNJ 6. 0 FAG G2 [L¢D{ araayrta Fad

The simplestpproach is to select appropriate values for all the parameters except the acoustic
transit ti me, 0, then allow the fitting routi
derived temperature. Such a simple approach can only reproduce thefsihapecorded

LITGS signal accurately for a narrow range of conditions where the other par&tuzsterse

considered constant. During a compression stroke, the pressure and density of the gas mixture
increases. The Reynolds number, being dependentnsitygeand the fast quenching timescale,

Qs, being pressurdependent, are not constant and cannot be treated as such without affecting

87 For air, the Prandtl number at® is 0.715, while at 40C it is 0.68, a difference of only 49

881t is crtical to centre and scaleldit parameters to a range afl < x < 1 during fitting to ensure that
Isgcurvefit. m(standard MATLAB functiomaries parameters in appropriately sized increments. Without
this scaling, Isqcurvefin would take the same sizestep for all parameters. As there is a large
difference in scalbetweenparameers (Re is O(2) whilei@ O€9)) this has a disastrous effect on
converging to a suitable solution for all fit parameters. Only the fit parameter with the scale that
matchesthe step size is optimised, the other parameters are either essentially unaffected by the
increment or hit the upper or lower bounds within one iteration.

®Re, @, split, Q.
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the accuracy of the modelled signal. This results in large, systematic residuals for the fit at 50

CAD BTDC as inFigure4-16, where Re and Qvere optimised for 90 CAD BTDC.

The minimum number of fit parameters for an accurate model of the recorded LITGS signal is 3

(U, R . Thasrsidgle Quenching rate model gives a moderately good fit and recovers the

correct timing and spacing of the acoustic oscillation peaks but does overestimate the contrast of

the acoustic oscillation$-[gure4-17].
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Figure4-17 Example 3LJF NJ Y S (i S NJ 1pfit t& LITBS signalsRit 99 and 50 CAD BTDC with

residuals.

50 CAD BTDC
1 '
[\ A — Signal
i \ Fit
| ” ;
051 ‘I‘ \# f\
| '-‘A\_.m
0 rﬁﬂtr\"“«’“wml . L »,MJMMWW
0 50 100 150 200
0.4
0.2 1
0 Pt s P igieroy
021 1
0.4 : - .
0 50 100 150 200
Time [ns]

Inclusion of the slow quenatig mechanism (£), along with the branching ratio between the

two quenching pathways (split) brings the number of fit parameters ug hisSs sufficient to

give an excellent fit with little to no structure to the residugigure4-18].

One concern when using the fulparameter optimisation is the large number of fit parameters.

When combined with the not fully independent nature of the parameters, this canudfigle

solutions to the optimising routine with potentially different combinations of parameter values.

| f this were to occur

and affect t

he

v al

temperature with a best fit to the data and the fittowgine would be inconsistent. However,

the S5parameter fitting routine is consistent with thpéameter derived temperature over a

range of temperatures and pressures. In contrast;alnmeter fitting results in a deviation
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toward higher temperatures pressure increases. This suggests that usinggasheter

model is appropriate to use throughout the compression stroke.
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Figure4-18 Example 5LJF NI Y S (i S Xbplit anB QMit3LITGS signalat 90 and 50 CAD BTDC
with residuals.

Comparison to FFT results

Before the fitting routine can be used to recover temperatures from weak, noisy signals it must
first be shown to derive the correct oscillation frequency for strong signals. A straightforwa

test for the validity of the fitting routine used in this work is whether it produces temperatures
consistent with the results of the FFT analysis towards the end of the compression stroke at 50
CAD BTDC. For this late CAD timing, the errors in FFT ded temperature discussed above

in sectiond.5.2are minimal due to the strong signals and higher pressures.

As can be seen lrigure4-19this is indeed the case. Mean temperatures for the 50 and 60 CAD
BTDC measurement timings match to within @5using identical calibration factors, hence the
fitting routine is deriving thesame, nominally correct, frequency as the FFT analysis. The
inherent resilience of the fitting routine to noisy signals is displayed for the earlier 90 and 80
CAD BTDC measurement timings. Where the FFT analysis is strongly affected by the noise
levels andluctuates wildly in its derived temperature, the fitted temperatures are consistent

shotto-shot with only a marginal decrease in precision compared to the stronger signals.
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Figure4-19 Fitted vs FFHerived singleshot LITGS temperatures. Measurement sets taken at 5 fixed
timings during motored operation (90, 80, 70, 60 and 50 CAD BTDC).

For the optical engine investigations of chapter 6, FFT analysis will no longer be considered and
fitted LITGS resuls will be presented throughout due to the large dynamic range of signal

strengthgroduced by the compression stroke measurements.

4.5.4. Suitability for calibration of TC -PLIF
To provide a suitable reference forgitu calibration of TEPLIF images, LITGS thenometry

must be capable of providing an accurate, precise and robust temperature measurement.

Theinherent dependence of LITGS omaasurement of an oscillation frequemnather than an
intensity offers some resilience against uncertainty caused byiipteose.FFT analysis

offers a robust anstraightforwardmethod forextracing a temperature measuremémm

LITGS signals of sufficient strength. Challenging practical environments such as an optical
engine often produce weaker, noisy LITGS signalsuch cases, application of a fitting routine
can reliably recover temperature information from signals too noisy for FFT analysis. LITGS
measurements in the engine have been shown to achieve high precisioris b¥0depending

on pressur@5]. The accuracy of thelTGS derivedtemperature is limited by knowledge of
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gas composition (9/m) and its local wvariation

be robust against the-sylinderfuel fluctuations present in a fired optical end#jas].

The high precisions achievable with LITGS anduhderstanding of the largest source of
inaccuracy, the local gas composition, makesuitable technique for-situ calibration of the

TC-PLIF images.

Toluene, as required for the implementation ofHIQF discussed in chapter 5, is an
appropriate target molecule for LITGS due to its large absorption coefficient anRéfd the
effedive quenching of exited toluene by molecular oxygen allows the electronic excitation
produced by the pump pulses to be rapidly transferred to the local environment as heat,

generating a grating with good contrast.

4.6. Method

The LITGS system used throughohistwork was designed and built for the work of Williams

et al.[4] with the aim of reducing the footprint of the system. Typically a LITGS system would
fill half a 2 m x 4 m optical table, allowing plentof free space for development goidcement

of additional optics odetectos. For application to the confined space of an optical engine bay it
was necessary to build a smaller version optimised for engine diagnostics. Freedom to make

adjustments to the layout was exchanged for compactness.

4.6.1. Equipment

A flashlamp pumped solistate Nd:YAGlaser (Continuum Minilite 1) provided the pump
pulses for this work. The priority for selection of the pump laser was its compact nature. The
Minilite provides 4mJ per ts pulse at 266m with a repetitiomate variable over the range

17 15 Hz, sufficient to perform poiAtITGS experiments within the engine.

% Under suitably controlled conditions of plenum injection for PFI or earlytioje for GDI.
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The probe laser for this work is a CW DieBamped Solid State (DPSS) laser (QWLL -II).
This provides 300nW at 671nm and as with the Minilite the laserrobust, turrkey and
conpact. The space constraints and simplicity of operation outweigh the signal strength benefits

of using a longpulse probe laser such [@85].

Fastresponse photliodes are readily available and affordable. Typically arB@0 probe

would be sufficient to generate a detectable signal using a photodiode detector in this geometry
andin a lab environment. However, in this experiment the optical losses associated with
conducting the experiment in a running engfinehether motored or fired, are sufficient to

degrade the signarlherefore gphotomultiplier tube (PMT) was used to amplify the small
photoelectron signal produced by theident light intensitynto a largeelectrical signal.

Additionally, the large active area of the PMhen compared to a fast photodiodas

sufficient to capture the entire signal beam without requiring a lens to focus the beam onto the
detector surface. This removes the reflection losses of two surfaces from the signal collection

path and decreases the amount of scattered light directetherdetector.

The PMT is sensitive to both the red probe lighdl the scattered UV pump light.gh-
transmission, narrow bandpass filter for &ir was used to block scattered light which would

otherwise be detected as a prompt small peak beforashelfif GS peak.

As will be discussed in chaptervaryingthe PMT gain alters th time response of the detector.
It is therefore important to record all measurements within a dataset using a consistent gain

value.

4.6.2. Optical Layout
For accessible experimendn a large optical table, the pump and probe wavelengths, along
with the desired grating spacing typically specify the crossing angles of the 3 input beams. With

the restricted optical access of the optical engine, the critical design factor was éoadinsur

91 E.g. mssing through windows which experience foglwhile the engine is running scatter and
absorption from gases and patrticles inside the cylinder
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beams could pass through therié clear aperture quartz windows in the cylinder \Wll

The crossindens (nominal focal length of 8dnm) and pump spacing (X2m) were chosen to
meet this requirement and to ensure the grating spacingr(§.2esulted in an oscillation
frequency (581Hz) low enough to be accurately recorded by theMex bandwidth
oscilloscope. The oscilloscope used for data acquisition in this work has a bandwidth of

2.5GHz, partly relaxing the restriction on detectable oscillation frequencies.

50/50 beamsplitter To PMT A
Fused silica plate -
+300mm lens
v 4
+300mm W
MLL-1II " Fused Silica window
671nm }I_ 7<k
+500mm
Minilite-Il
266nm

Figue 4-20 Point-LITGS optical layout for engine thermometry showing pump (blue), probe (red)
and signal trace (red dashed) beams. Not to scale.

By insertion of spherical lenses into the pump and probe beti® yastream of the crossing
lens, Keplerian telescopes were formed with the crossing s 4-20]. This results in
collimated pump and probe beams being croaséite interaction region. The beam widths

were matched at a diameter ofnin to maximise the spatial overlap of the beams and therefore
the magnitude of the scattered LITGS signal. The intersection of comparatively, large
collimated beams results in &aBle interaction region that is resilient to the effects of beam

steering.

While the incident angle of the probe beam with respect to the grating planes is specified as the
Braggscattering anglegjguation(4-2)], there is no restriction on the probe beams to lie within

the same plane as the two pumps. To aid in the separation of signal, pump and probe beams

92 A spot size of inm diameter is large compared to e.g. focussed beam geometriesdef 100um.
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after the interaction region it is oftadvanageous to bring the probe beant of the
(horizontal in this case) plane which increasesstparatiorbetween the beams at a given
distance from the measurement point. The vertical separation of pump and probe reference

marks on the masks &fgure4-21 may therefore be freely chosen.

The LITGS beams lie within a horizontal plane approximatelyng®below the base of the

pentroof of the cylinder head. The baa cross at the centre of the barFag[ire 4-20], after

which the pump and probe beams are dumped and the LITGS signal is directed to the PMT
approximately 5n away.This long beam path serves to reduce the intensity of unwanted
scattered light from the engine (falling@s ) while collecting the entirety of the coherent

signal beam in an effort to improve the sigt@hoise ratio of the measurement. An iris was

used to reduce the aperture of the PMT to match the signal beam diameter, further reducing the

potential for scattered light collection.

4.6.3. Alignment procedure

Accurate alignment of the LITGS beams is essential for high quality measurements, in
particular matcimg the beam sizes and obtaining good spatial overlap at the measurement
region optimises both the intensity and stability of the siftid]. The dignment of the LITGS

system proceeds as described in detdBfinbut is summarised here for convenience.

The two pump beams, probe beam and signal trace beam are aligned using a pair of masks to
ensure the beams propagate through tgenercylinde?® parallel to each other and with the

correct spacing determined in sectibf.2[Figure4-21 a)]. The crossing lens is then positioned
such that the two pump beams cross at the desired measurement location and hit the correct
reference marks on the rear mask (b). By placing a pirgtahe crossing point, mounted on an

XYZ translation stage, observation of the pump beam transmission as the pinhole is translated

9 Actually, for initial alignment the cylinder barrel is removed as without the crossing lens in place the
beams would not pass through the téin clear aperture windows.
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allows the location otheintersection point to be determined with considerable acctr@y

The pinhole and the referemmarks on the rear mask now define the correct beam geometry for
all beams for production of a LITGS signal. This is important as the dispersion of the crossing
lens will result in a different focal length for the UV pump beams compared to the red probe
and signal trace beams. The incidence angle of the red beams on the crossing lens must be
adjusted to bring all beams into alignment (d). The mask and pinhole are then removed and the

signal trace beam is used to correctly position the detector.

Figure4-21 LITGS alignment procedure as detailed in the main text for the pump (blue), probe (red)
and signal trace (red dashed) beams.

This alignment procedure is typically sufficient to produce a LITGS sigiaja test
environment of toluene vapour. The alignment

and very small adjustments to the beam steering mirrors.

4.6.4. Target species selection

As the target species for LITGS simply providesieans of introducingnergy into the bulk

gas t o f or mwithtalapprapripte ahbice mfgpdmp laser waveleitgthn be chosen

94\(‘\/hen correctly centred on the intersection point, translation of thiehwle transversely to the optical
FEA& ogAff OFdzAS 620K 0ONXyavYAGGSR 60SFYa G2 WILWSKENR
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to be the LIF traceto simplify simultaneousneasurements with LIF and LITGS. The LIF
tracer in this work, toluene, is sufficiently wellenched in the fueir environment of an
optical engine to efficiently deposit energy absorbed from the LITGS beams as heat to form the

grating.

4.7. Results, analysis and discussion

The initial developmental work on this LITGS system had already been cehplgodr to this
work [3]. In what follows, the initial testing focusses on the saturation tests and temperature
sensitivity validation required in order to apply the LITGS technique-sitincalibration of

TC-PLIF images of thin-cylinder temperature distribution.

4.7.1. Saturation tests

When recording data it is good practice to limit signal strengths to remain within the linear
response regime of the detector being used. In the case of LITGS signals recorded using a PMT,
either the gain of the PMT or the level of optical attenuationrbefee detector must be

carefully selected to ensure the PMT can accurately record the variations in intensity of the

optical signal over the duration of the LITGS signal. If these variables are not correctly set, the
current demand on the final dynodegsta of the PMT is too great and the effective gain is

reduced for the strongest sections of an incidentsignalP MT i s consi dered to
when the relationship between the intensity of the incident light and the magnitude of the signal

produceds no longer linear.

Temperatures derived from saturated LITGS signals (peak detected volatg ¢nan
100mV) in Figure4-22 are systematically colder than thguivalent unsaturated measurements
with a worstcase discrepancy ofL..1% for a peak PMT signal voltage oM\ It is therefore

important to remain in the linear regime of the PMT.
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Figure4-22 Temperaures derived from LITGS signals as a function of incident LITGS signal intensity
as recorded by the peak PMT signal voltage. Attenuation of the incident optical signal was achieved
using neutral density filters. The PMT was operated at a fixed gaime 1@ mV linearity limit
discussed in the text is marked by a red linerrorbars represent the standard deviation of 100
measurements for each datapoint

In order to determine a suitable metric for the adjustment of PMT gain and optical attenuation to
avoid cetector saturation during experiments, the linearity of the PMT response to a LITGS

signal was investigated for a range of peak signal voltages produced by th&ig€4-23].
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Figure4-23 Ratio ofpeakdetectedsignal voltagefor an un-attenuated optical LITGS signal and an
optical LITGS signal attenuated by %8 as a function of peak detected voltage for the-attenuated
optical signalVariation of the peak detected voltage was achieved by changing the PMT Jéie.
nominally correct ratio of peak heights for a linear response of the PMT is marked by a green line at a
ratio of 2. The 100 mV linearity limitidcussed in the text, above which the signals are considered
saturated, is marked by a red line at 100 migtrorbars correspond to the standard deviation of 100
measurements for each dataset.
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For each datapoint ¢figure4-23, two sets of LITGS signals were recorded by the PMT, one
set with a neutral density filter of 36 transmission and one setattenuatedvariation of the
peak detected voltage for the-attenuagd optical sighabetween datapoints was achieved by
changing the PMT gairkor a linear response, the ratio of mean peak signal voltages between
the two sets should be 2, matching the intensity ratio of the incident optical signals.rAY100
saturatiorstarts to become apparent as the peak detected voltage ofatierurated signal is

less than double that of the signal with%Gattenuation.

It is apparent that the error barsFafjure4-23 decrease in magnitude for higher peak detected
voltages, corresponding to higher PMT gain values. The incident optical signal is consistent for
all datasets, hence the fluctuations in the optical signal intensity will havepeadknce on

gain. Multiplier noise, related to the statistical distribution of the number of secondary electrons
emitted from each dynode, also contributes to the fluctuations in the detected signal and its
fractional contribution to the overall noisetbe signal decreases as the gain is increased to

higher value$216].

Clearly the best solution from a PMT linearity point of viewio use signals sufficiently weak

to avoid saturation. However, as discussed in sedtm@ weak signals with low signab-

noise ratios present difficultidsr the FFT analysis. A limit of 10V was set as the strongest
acceptable signal output to ensure that even the strongest signals in a dataset were only
negligibly affected by saturation. While this made the analysis of the signals significantly more
chdlenging, the penalty of a systematic error in derived temperature was considered an

unacceptable price to pay for strong, clean signals.

4.7.2. Engine warm -up measurements

The temperature sensitivity of the LITGS system was verified by recording LITGS
measurem@s at 2 minute intervals during the waum phase of the engine. Under motored
operation, frictional heating and heat transfer from the comprebsiated gases to the cylinder

walls acts to raise the temperature of the engine. This heat can thenlia partially
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transferred to the incoming cool fresh charge by conduction from the body of the plenum and
the cylinder walls. The engine takes many minutes of running to reach an equilibrium
temperature, during which time there isubtleincreasen thetemperaturef the incylinder

gases. This offers an opportunity to demonstrate the ability of the LITGS system and analysis to

resolve small ircylinder temperature differences of only a few Kelvin.
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Figure4-24 Mean LITG&mperature measurementgor sequential datasets a) to djuring an 8- 10
minute period duringthe warm-up phase othe motored engine.The errorbars represent the
standard error of the meafP at each CAD timing for each dataset. Spliiits to each dataset have
been added as guides to the eye

For each dataset, 20 LITGS measurements were recorded at each of 5 CAD timings during the
motored compression stroke from 90 to 50 CAD BTDC in increnart® CAD. The
sequential runs a) to df Figure4-24 are each separated in time by approximately 2 minutes

and show an increase in the mean temperature at each CAD timing of atduwnd 36.

%|.e. eacherrorbaris ,jV0 s KSNBE -~ Aa GKS &dl yRIFNR SGAILGAZ2Y | YR

at the relevant CAD timing for eachn, in this case N = 20.

94



Point LITGS

4.7.3. Heated inta ke air measurements

For a more direct approach to generating variations in temperature, a resistive heater was used
to heat the intake air by externally heating the body of the plenum through which the intake air
passeskigure4-25 displays the temperatures recorded at 90 and 50 CAD BTDC relative to

those recorded without heating.
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Figure4-25 LITGS mean temperatures 90 and 50 CAD BTDC over time. Errorbars correspond to the
standard deviation of singleshot temperatures within each dataset. a) Initial unheated condition used
as reference for the relative temperature scale. b) Heater switched on. c) Heater switdfed

Figure4-25 shows constant temperatures derived from the first 4 unheated datasets (a). After
the plenum heater is switched on (b), a rapid initial temperaa@ésrobserved, followed by a
gradual increase over the following @ minutes as the plenum, with a large heat capacity due
to its bulk, gradually heats up. A similar effect is observed after the heater is switched off (c)
where the plenum cools down bgveral Kelvin between each dataset. Both the weak signals at

90 CAD BTDC and the stronger signals at 50 CAD BTDC display the same trends over time.

The compression stroke of an engine can be approximated by an adiabatic process, with a
corresponding teperature rise dependent on not only the initial temperalurbut also he

initial and final pressure®: and B,
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ooy (4-30)

C-ll [l

Thus for the same increase in intake air temperatyi®,a&he temperature increase recorded at
50 CAD BTDC is over twice that recorded earlier in the compression stroke at 90 CAD BTDC

owing in part to the different final pressures.

4.7.4. Precision

Based on measurementsaigtatic enginevith a known compositionfdaoluene vapour in ajr
the inherent precision ohieasuremenwith this LITGS systenis 0.2% for the stongest signals
with 57 7 oscillation peaksisible. The atual precisiorof measurements in a running engine
will likely be worse than this, parti@rly for signalsearly in the range of compression stroke
timings investigatedd0 CAD BTDC) where pressure and tracaermber densitare lower,
leading to weak, noisy signalBhe value of 0.26 therefore represents a lower bound for the

precision of theLITGS measurements in this work.

Given that the cyclic variability in peak pressure of the motored engine is approximégely 1
and sets of LITGS measurements at each CAD timing produce standard deviations of
approximately P4, it appears that cyclic vahlgity of the engine provides a significant
contribution to the spread of derived temperatures for a given CAD timing. It is therefore likely

that the actual precision of the LITGS measurements lies within the ranigé.0.%.

4.8. Summary and conclusions
In this chapter, the application of the portable LITGS system developéptmthe optical
engine was investigated. Approaches to LITGS thermometry in the literature were reviewed and

the theory of LITGS grating formation and temperature derivation was summarised.

The potentiabpproaches to analysis of LITGS signals for thermometry were discussed with
particular consideration given to assessing the strengths and weaknesses of each technique with

regard to signals characteristicndf mepthiodal e
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raises issues with peak selection and location, leading to potential biases in derived temperature.

FFT analysis in its current form, while offering rapid derivation of temperatures, was found to
be inaccurate in environments with both low press@and high temperatures and has
limitations for application to weak signals. Fitting to a theoretical model is far more
computationally expensive than the above two methods but offers higher accuracy and is
applicable to weak signals without the drambigs of accuracy and precision seen with FFT
analysis. All LITGS signals from the optical engine in this work are therefore analysed by
fitting to a theoretical mod¢l], [2], [3]. Preliminary testing of the LITGS system with the

optical engine provided experimental data for validation of these conclusions.

Additionally, saturation tdés determined the linearity limit of the PMT detector used in this
system and motored engine tests validated t

the incylinder temperature.
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5. Two-Colour PLIF

In this chapter the initial development of a T®@olour Planar Lasenduced Fluorescence
(TC-PLIF) system is reported. A discussion of the principles of PLIF is presere?] in

covering the generation of fluorescence and its application to thermometry. Se8tion
discussethe motivation fo selection of TEPLIF in this work. Sectio.4 details the

experimental methods and data analysis routines. The results of experiments tothaidate
system and determine its suitability for application to optical engine thermometry are presented

in sectionb.5.

5.1. Introduction

Molecular tracePLIF was selected in chapter 3 as the measurement technique to provide 2
dimensional maps of the-tylinder temperature distributions inside the optical engine. This
chapter discusses the development of aPLO- system starting with an explanation of the
principles of PLIF thermometry and the selection ofHIGF over competing PLIF techniques.
The initial selection of tracer species and optimisation of spectral filtering optics are discussed,
followed by a description of the equipment, experimental niistlamd data analysis routines
required to capture a pair of fluorescence images and convert the raw images into a temperature
map. Finally the results of preliminary experimentsdtidate the temperature sensitivity of the
technique, the image correctiprocess and the capability for timesolved measurements are
reported. The relevant literature for FLIF has already been reviewed in chapter 3, to which
the reader is directed for a summary of PLIF techniques as applied to thermometry in

combustion.

5.2. Theory of TC-PLIF

In this section a discussion of the principles of PLIF thermometry is presented, forming the

basis for the selection of FELIF for development in sectidn3
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5.2.1. Qualitative description of PLIF

By forming a pump laser beam into a sheet, tracer molecules in a planar section of the
measurement volume can be resonantly excited into a higher electronic energy state. The
subsequent spontaneous emissiamofiscence) is incoherently emitted in all directions, a

fraction of which can be used to form an image by a lens orthogonal to the laser sheet to provide

a spatiallyresolved 2D measurement.

The molecular states and processes involved in PLIF are detejieidure5-1], using toluene
as an example of a tracer molecule. The description is based on the discussion if98ldban
which the reader is directed for further details. In what follows it is assumed that the laser

intensity in PLIF experiments is small enbug make stimulated emission negligif24.7].

Energy

Absorption
""" " Quench i'n-g.

[
¥

Figure5-1 Proceses involved irPLIF with toluene as a tracer, based on discussiof@i]. Solid black
lines represent electronic states, where 8 the ground singlet state,1Ss the first excited singlet
state, Tuis the first excited triplet state. Dotted black lines represent excited vibratiorsthtes while
the closely spaced rotational state lines aboeachvibrational state line are not shown for simplicity
of the diagram.R-VR is revibrational relaxation withinthe same electronic statelC is internal
conversion between states with the same spin multiplicitgnd 1SGs inter-system crossing between
states with different spin multiplicity.

A photon from the incident pump beam can be absorbed by the traceulmaéiea the ground

state g, electronically exciting the molecule the excited state,; SThis excited electronic state
has a nanosecoratale lifetimg5] before decaying to the ground state via the spontaneous
emission of a fluorescence photdinese fluorescence photons comprise the LIF signal. The

efficiency of fluorescence emission after excgatwith a pump photon is however far from
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100%. For conditions relevant to this worollisions with other molecules occur on

picosecond timescal¢3] and can perturb the molecule to either relax into a lower energy ro
vibrational statavithin S, leading to fluorescence at longer wavelengtihhgreventadiative
emissiorentirelye.g. byinternal ConversiofiFigure5-1]. InternalConversionnvolves a

transfer from $to a highly excited rwibrational state in & leading to nosradiative relaxation

down the revibrational manifold towards the lower enerdgiyermally populated levels.
Quenchingeollisions can transfer energy to the colliding species in the form of kinetic energy or
excitation, resulting in a transfer froBato S without radiative emissiornin contrast, mter

System CrossingSC) does noprevent the emission of phototmaweverphosphorescenam

the spinforbidden transitiorirom the T; triplet state to the &inglet ground state has a-ms

scale lifetime compared to the-ssale lifetime for fluorescence from the excited singlet state.
ISC therefore effectively 6gqguenchesé the fluor

[96].

The fluorescence gutum yield, FQYfor any given staté nisba measure of the efficiency of

fluorescent signal generation, defined as the ratio of fluoresztatal decay rates for ¢state

: e (5-1)

7

whered is the rate of spontaneous emissfion om t he e x ctateédéd d Osdsrtbet e 6 n d
combinedrate ofall quenchingprocesses, including internal conversion and igystem

crossing from the excited stad@[100].

When referring to mo¥%edbulebersheoFQNespEkticum
emission at any particular wavelength, which when integrated over all emission wavelengths
describes the totdl HQ¥ FQYt bpemdlraeculies & her e

analogue to the abrption spectrum of a molecule.

Considering the processes involved in PLIF, an expression for the number of fluorescence
photons collected for a given pixel of the PLIF camera after monoetio excitation may be

written:
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3ECT @I z, z¢ ZQ 2 %Z — (5-2)
Application of t h ephdtoasper RreasHting the measerement tegioni n 6 NO
imaged by a particular camera pixel. Each tracgleoule has an effective cresection to
6 c ol | iapkoton resultingy in absorption given by the absorption esossc t, Db on T & e
number of tracer molecules in the measurement region is given by the tracer number density

A

& 6 and t hegevdolounmeo iamapart Foul avepyxabsoérbed p

number of fluorescence photons emitted is givethbyfluorescence quantumyie®dd . Fi nal | vy
the efficiency of the collectionoptit®® d 6 det er mi nes the number of |

A

reaechi ng the camera pixel 6S6, which can be ex|

O
w O
Vog0e . e (539

wherecEois laser fluence (J#), hdi s P | a n ¢ kédis pumplasar freguency, is the
solid angle subtended by the collection optics-and is the transmission efficiency of the

collection optic4107][218].

The fluorescence signal producedRyF measurementhereforecontainserms dependent on
the laser parameters, tracer number density, absorptionserctisn fluorescence quantum

yield (FQY) and collection optics.

5.2.2. Application to thermometry
Thermometry with PLIF using molecular tracers utilizes the temperdependence of the

absorption and/or emission spectra of the tracer.

Unlike the sharp atomic transitionsed in TLAF, the broad and temperature dependent

absorption and emission spectra of a molecular tracer arise fromheational structure

% Including the solid angle subtended by the imaging lens, which will be significantly less than the full
n- o
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within each electronic state, which permits many different transitions betwe S with a

wide range of egrgies.

The rovibrational levels above each electronic state are thermally populated, therefore at higher
temperatures, highersobrational states of:Snay be reached by the absorption of a pump
photon. The increase in the range of available stat€és ® a broadening of the absorption
spectrum. Additionally, at higher temperatures the reduction in the energy gap between the
highest populated;State and the lowest-xgbrational state of Scontributes to a redshift of the
absorption spectrum toriger wavelengti§$[84], [85]. Emission spectra, whose spectral

distribution is defined by that of the FQY, as a functof temperature have been less widely

studied and may have |l ess generally applicabl

spectrum reghifts as temperature increagegs however no studies of

spectrum as a function of temperature were found in the literature review of this work.

A phenomenological model for tracer FQY, sasththat developed for toluene by Koban et al.
[99], may be used to predict the fluorescence intensity as a function of temperature, pressure
and compositiol¥. Such an approach is not necessary in this work as the use edian in

calibration technique removes the need to model tleedscence signals of experiments and

literature data for measured absorption and emission spectra are sufficient to optimise the design

of this PLIF system. The three main approaches to thermometry with molecular tracer PLIF are

discussed below.

1-colour total intensity

With sufficient knowledge of the parameterseijuation(5-3), including their temperature
pressureand spatialdependence, the integrated inténsif fluorescence provides a

measurement of temperature. Howevee, dependence tie totalfluorescencéntensityon so

97 As discussed if81], the redshift of the absorption spectrum of organic molecules with temperature
may be explained by the SulZéfieland mechanisrf240].

% Eg. concentration of oxygen which strongly quenches excited toluene molecules
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many, often imprecise or unquantifiable, parameters makehdlengingneasirement choice

for thermometry.

Of particular concern for many engine applications is the requirement for either quantification
of the local tracenumber densityacross the object plane, or a restriction to measurement under
homogeneous tracer conditions. The operating conditionsesésitto this work involve nen
uniform tracer distributions, during GDI operation or as a result of partial mixing with EGR.
Without the application of an independent diagnostic technique to measure the tracer
distribution for every PLIF measurement, whitamatically increases the cost and complexity

of the over al | GdolbuePLIA G theréfareynét sustapls.t e m, 1

Two commoralternativeapproachesf time-resolvedPLIF thermometryare discussed below

Both take ratios of tw&LIF measurementso that many of the terms in tR&IF signal
expressionequation5-3), are identical by definition for both signals and cancel. This leads to
perhaps the most significant advantage of the signal ratio detection methods, the independence
of any variation in local tracarumber densitpcross the measurement regidramaticaly

reducingthe uncertainty of measuremeimsnhomogeneous tracer environments

2-line excitation

Two-l i ne excitation LIF relies on the temperatu
spectruni106]. By using sequential pulses of different wavelength from two lasers, two regions

of the absorption spectrum cangrebed. The ratio of the fluorescence signénsities

generated bthe two pulses provides a measure of temperaituitee excitation region,

Y, 0w, _HY%_RY

Y %06, _AY%_RY

(5-4)

where $is the fluorescence signal in photges pixel, C is a constant,i$ the pumpaser
intensity as a function of position (X),is the absorption crossection as a function of
excitation wavelength artémperatureg;, T) and%.is the FQY as a function ecitation

wavelength antemperatureg,T).
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The two signals are separated in time by the detdween incident laser pulses ahdrefore
the fraction of emitted signal intensity that reaches the detector is only limited by the collection
optics.The collection of all the avaible fluorescence for two excitation pulses resultslineg

excitation having higher signéb-noise ratio than-2olour detection.

The use of two laser pulst tracer excitatiomloes however result in the signal ratio of
equation(5-4) retaining the dependence on laser intensity spatial profile for each pump sheet.
This will eitherredue theaccuracy angrecision of theemperatureneasuremenor require

the energy and spatial intensity profile of every shot from both pump lasers to be recorded and

used to correct the resulting signal ratios.

The precisions achieved by Rothamer efldl7] variedbetween 2.261 10 % over the engine
cycle and under the majority of the motored engimrditions studied, the precision of the
temperature measurement increased throughout the compression stroke towdeds top

centre. This trend can be attributed to a combination of two factors. Firstly, the magnitudes of
the absorption crossections fo 3-pentanone at the excitation wavelengths of @m7and

308nm diverge at a faster rate as temperature increases frokt80E60K. This results in

higher sensitivities and thus higher precisions for higher temperatures. Secondly, the
compression of #hgas mixture increases the number density of the tracer, resulting in larger

signals and higher signtd-noise ratios.

2-colour detection

Two-colour detectioiPL | F r el i es on the temperature depend
spectrum. Filters are used to select two different wavelargibns of the emitted fluorescence

for detection with separate cameras. The ratio ofitieeescencéntensities from the two

spectral windows provides a measure of temperature at the excitation region

Y 5 %o _AY
Y %o w _HY

(55)
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where $is the fluorescence signal in photons per pixel, C is a constafiimrttie FQY as a

function of wavelengths withinspectral windova nd t emp eT.at ur e ( o

The tracer can be excited using a single laser pulse, ensuring that the absorptisectiass
and any fluctuations in pump intensity are identical for each sigfta¢n taking the ratio of the
two signals, these terms é@guation(5-3) cancel, producing a measurement independembtof

only tracemumber densitybut alsdaserintensity profileand absorption crossection

For a givertracet two-colour detection wiltypically produce weaker sigls than twdine
excitation due téhe deliberateejection of fluorescence with wavelengths outside the chosen

spectral windowsThis results in a poorer sigri-noise ratio for TEPLIF.

5.3. In-situ calibrated 2 -Colour Detection
The motivation for selecting TELIF for development for application to engine thermometry is
presented in this section. The merits ofitu calibration areliscussed and an investigation into

potential molecular tracers confirms the suitability ofPOF for this work.

Independence of variations in tracer distribution is critical for thermometry in a fired optical
engine, hence-tolour PLIF was immediatelgiscounted. Both T@LIF and 2line excitation

are valid choices for thermometry in IC engifi@¥], [103].

2-line excitation requires measurement of pump laser intensity profiles and modelling of both
the absorption cross section and FQY. Imprecision arises if any of these three parameters are
not evaluated under exactly the samaditions of the measureméhtThe potential precision

gain from the higher sign#éb-noise ratios is at least partly offset by the vulnerability to
imprecision arising from these three sources:PLAF simply requires a calibration curve

relating signal atio to temperature and is to a large extent immune to window fouling.

% For obvious practical reasons, the detectors recording the intensity profile of each pump sheet must
be outside the cylinder. Any window fouling will therefore cause the intensity profile in the
measurement region to deviate from that measured outside cylinder.

105



Two-Colour PLIF

Reductions in overall transmission will be likely to affect each spectral window equally, and the

single pump laser excitation scheme is the most straightforward of the two ratigjteshni

The challenging environment of a fired optical engine motivates the selection of the technique
with the greatest resilience to deviation otiflinder condition¥° from the calibration regimes.
Therefore, provided the signal intensities provideiskgfiit signalto-noise ratio for analysis,
TC-PLIF should be the more robust of the two ratio techniques and is selected for this work,

subject to the caveats discussed below.

5.3.1. In-situ calibration

Forboth ratiotechniqus discussed aboyeonversion oignal ratio to temperature requires the
measurement of a calibration constant 6 C6 i 1t5-4)eaqd@5a)t This is aften calculated

by making preliminary measurements in comparison with thermocouplgld&ijsor in the

case of engine mearements calibration to the polytropic temperature assuming compression
heating of the intake gasess Buch it cannot account for any variations between the calibration

tests and experimental environment.

The accuracy with which the signal ratio is tethto temperature, for bothlide excitation and
TC-PLIF, depends oknowledge othe FQY of the tracer as a function of temperature,
pressure, excitation wavelength and mixture composifiog.inaccuracies in these
relationships will directly influencthe derived temperature. This reliance on theoretical or
empirical models of FQY (and absorption crssstion in the case oflihe excitation) can be
removed by performing an empirical calibratiortled dependence of signal ratio on

temperature.

In principle this empirical calibration can be performed in a test cell under known conditions of
temperature, composition and pressure to generate a map between the PLIF signal ratio and

each of these parameters. Such a calibration method raises questidriieabpplicability of

100E g. temperature, pressure, composition, window fouling.
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the calibration environment to the conditions inside the measurement environment. For
predictable, weltontrolled systems such as gas flows used to validate CFD models this may be
a highly accurate method. For the more complex antiglly unpredictable conditions found

inside a firing combustion engine, these relationships may not accurately describe the wide

variety of local environments experienced by the tracer.

In-situ calibration of the TE@LIF signal ratio by an independehermometry technique such as
LITGS guarantees that the calibration conditions, being one and the same as the measurement
conditions, are an accurate representation of
conditions are varied, the simultaneous indelemt temperature measurements can be used to
update the calibration to ensure the accuracy of th€ME thermometry is maintained.

Strictly, this is the case only for the local region in which the LITGS measurement is performed.
For example, the compaisin may vary across the TELIF measurement plane in such a way

that it affects the spectral dependence of the fluorescence and thus biases the temperatures
reported by TEPLIF in a way that is not accounted for by this calibration. The assumption

made inthe calibration procedure is that the variation ofFIQF signal ratio with time (i.e.
measurements over a range of CAD timings) may be used to determine a calibration curve
which is also applicable to the variation of -PCIF signal ratio with locatiofi.e. local

measurements across the-PCIF image).

This method of irsitu calibration is therefore not fully comprehensive. Nevertheless, given that
parameters such as pressure will not vary hugely across the measurement plane, that any
variation that skely affects the total intensity of fluorescence will be corrected for and also that
the TGPLIF data discussed in chapter 6 appearscagiistent, this situ calibration method

represents an i mprovement over O6o0offlined cal.i
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5.3.2. Tracer selection

Fluorescence

When selecting a tracer for PLIF measurements, consideration must be given to the predicted
signal intensity, temperature sensitivity and compositional effects over the range of relevant
experimental conditions. This work focusses on the temyerdistributions in the

compression stroke before combustion, therefore tracers generated during combustion such as
radicals (OH, CH, € and atomic tracers liberated from compounds by the high temperatures of

the flame such as rta@ salts (InClA In) arenot considered here.

Organic molecules can provide strong fluorescent signals and are typically soluble in, as well as
having similar boiling points to, gasoline. Acetone and toluene are two of the most popular
organic fluorescent tracers and have bedircgntly well-studied to permit temperature

measurements based on literature values for their absorptiorseisms and FQY81].

2-colour detection or 2 -line excitation?

While TC-PLIF is attractive for this work due to its inherent independence of laser intensity
profile and single pump laser, the tracer must be capable of generating sufficient fluorescence
intensity overlhe relevant range of temperatures, pressures and mixture compositions. If no
such tracers were available, it may be determined thaé Zxcitation is the optimal 2D
thermometry technique for these conditions, despite its increased experimental cgrriplexit
what follows, the properties of toluene and acetone will be compared in order to compare their

expected fluorescence intensities for typical optical engine conditions in this work.

Physical properties

Property Iso-octane Toluene Acetone
Molecularweight (g/mol) 114.2 92.1 58.1
Boiling point (°C) 99.2 110.6 56.1
Density at 25C (g/cm) 0.69 0.87 0.79
Number of carbon atoms | 8 7 3

Table5-1 Physical properties of potential *ELIF tracers and their comparison to isatane.
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For successful T®LIF measurements in combustion engines, the fuel must be composed

entirely of nonrfluorescing species except for the-PCIF tracer.

Gasoline is canprised of a wide variety of hydrodeims each containing betweein 52 carbon
atomg[219]. Typically the largest fraction is comprised of straight or branched alkanes with a
smaller fraction of cyclic alkanes and aromatic hydrocarbons. The evapafgjasoline
proceeds in a stepise manner, with the lightest species evaporating first and the heavier
species remaining longest in the liquid phaseolsane 2,2,4Trimethylpentangwas used as

the base fuel for this work due to its appearance agj@ romponent in standard forecourt

gasoline and the fact that it is rflnorescing.

Acetone is a more volatile species than toluene, with boiling points W a6d 111°C

respectively. When used as a tracer added to a reference fuel mixture, aeetantée

evaporation of the lighter components of the fuel, toluereveporates with the medium

fraction, while a heavier tracer such asmigéthylbenzene (TMB) is required to follow the heavy
fraction[76]. Toluene will ceevaporate well with the isoctane base fuel. Acetone will have
much poorer c@&vaporation which could result in differences between the spatial distribution of

the trace and base fuel for GDI.

Also, forecourt gasoline has a typical aromatic content of aroufél. 38hile missing both the
lightest and heaviest components of standard gasoline, a blend by volunfé idfctane
with 30% toluene will serve as a bettgpproximation to standard gasoline than an equivalent

mixture of iseoctane with acetone.

Absorption cross -section

The absorption cross section of acetone in the UV displays an overall increase in magnitude and
a redshift to longer wavelengths with incrieastemperaturg84]. However, the effective
increase of aroundi0 % between 300 650K holds only for excitation wavelengths greater

than 270nm. For 266'm on the shonvavelength edge of the absorption feature, the increase in
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magnitude is counteracted by the redshift making the increase far less significaot,tbaly

order of 10% from the value at 30R of 4.3x 102° cm? [84].

The absorption crossection of toluene increases with temperature when excited an26due
to a strong peak in the absorption spectrum at aroundrGf room temperature. As
temperature increases from 30850K, the broadening of the abgbion spectrum leads to an
increase in the absorption cressction at 26&m by almost a factor of 3 fromx210° cm? to

5.5x 101° cm? [85].

Fluorescence Quantum Yield (FQY)

Acetone has a lowQY of 0.002[220], which decreases with temperature by approximately
40% over the 300 650K range relevant to the compression stroke temperatures in this work
[84]. Pressure has minimal effect on the FQY of acetone for tymoapiession stroke

pressures of gasoline combustion eng|2es].

Toluene has a velyigh FQY of 0.1781], characteristic of aromatic hydrocarb#sThe FQY
of toluene also has an exponential dependence oretatape, decreasing by a factor of 40 over
the 3001 650K temperature rang85]. The pressure dependencedalfiene is dominated by

the effect of oxygen quenching, discussed below.

Oxygen quenching

Quenching by xygen is a concern in mamLIF experiments as it reduces the fluorescence

signal significantly{100]. Usually transitions between singlet and triplet states of a molecule are
forbiddenuné r t he el ectric dipole selection rule of
unusually, a triplet state and can permit singeriplet transitions known as Int&ystem

Crossing (ISC) of a colliding molecule via a transition state with a very stedirne. After

ISC, the molecule no longer fluoresces and decays to the ground stateibiational

101 Benzene has an even higher FQY of (82}, but beng carcinogenic has proved unpopular as a
tracer for safety reasons.
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relaxationfollowed byphosphorescencé&igure5-1]. This reduces the FQY in proportion to the

increase in the rate of ISC.

For this transition stateartial charge transfer must oc¢8@d], [221]. This may only happen if
there is a sufficient energy difference between the singlet and triplet states of the colliding
moleaule to supply the 0.98V to permit an excitation of the oxygen molecule into its singlet
state[81]. Ketones, such as acetotygically have singletriplet energy gaps much smaller
than this resulting in negligible quenchifgi]. Aromatic moleculesmthe other hand have
comparatively large singlétiplet energy gaps and hence oxygen is very effective at rapidly
quenching the exited singlet state and preventing fluores¢@hjcé-or toluene vapour in air at
latm g =5.25x 10?*m?), the presence of oxygen results in a fluorescence emission of

1.5% of its intensity in nitrogen and reducing to 0935t 2 atn99].

Oxygen-dependent redshift

For 2colour thermometry with 248m excitation of toluene, oxygen also redshifts the
fluorescence, therefore deriving temperature from the emission spectrum requires knowledge of
the oxygen number density distributif@®]. As there is no such redshift for excitation of

toluene at 266im [99], temperature can be ded for any partial pressure of oxygen.

Selection of toluene

Parameter Toluene Acetone
0 (% dnd at 300K 20 4.3

0 (% dnd at 650K 55 6.0
FQY at 300K 0.170 0.002
FQY at 650K 0.004 0.001
Qo2 Oxygen quenching factor for air thr) | 0.0150 1
Qo2 Oxygen quenching factor for air t&r) | 0.0075 1

0 * F QY%z(xQ02%cn¥) at 300K at 1bar 51.0 8.6

0 * F QY%z(xQ02%cn¥) at 650K at 1bar 3.3 7.2

0 * F QY%z(xQ02%cn¥) at 300K at 2bar 255 8.6

0 * F QY%z(xQ02%cn¥) at 650K at 2bar 1.7 7.2

Table5-2 Fluorescence parameters at 3®0and 65 for toluene and acetone.
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Toluene is widely considered to be unsuitable for use as a fluorescent tracer in-oxygen
containing or high temperatuemvironments due to the strong quenching effect of oxygen and

decrease in FQY with temperature.

The calculations iTable5-2 show, however, that considering the tataénsity of fluorescence

over the range of temperatures relevant to

t

h

independent 6 acetone per molecule by a factor

Although by 65K and 2bar acetone outperformsliene by a factor of 4.

The lower temperature and pressure conditions found earlier in the compression stroke at 90
CAD BTDC is also where the traceumber densitys smallest. The action of the tracer number
density doubling between 90 CAD BTDC and@AD BTDC acts to mitigate some of the

reduction in fluorescence intensity of toluene caused by the increasing temperature and oxygen
partial pressure. The corresponding factor of 30 reduction becomes a factor of 15 when tracer

number densitys accounteddt.

For fired operation, there is potential for oxyeggficient pockets of hot EGR to be present

within the cylinder. These would contain only smatiountsof toluene, either unburned from
crevices or mixed in from the fresh charge. The reduction al toacemumber densitgould

be partially mitigated by the reduction in quenching by oxygen and the corresponding increase

in FQY.

Toluene is indeed a poor choice in environments rich in oxygen with very high, of order
1000K, temperatures. Despite th®yer the temperature and pressure range relevant to this
work toluene has comparable fluorescence intensities to acetone. In addition, oxygen does not
impact the spectral content of toluene fluorescéorcexcitation at 26&im. TC-PLIF

measurements in eimonments with spatially varying oxygemmber densitiemay have
corresponding variations in local sigrtainoise ratios, but will not experience any systematic

biases in derived temperature due to the presence of oxygen.
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The choice of technique for gwork can therefore be made based on the inherent advantages
of the TCPLIF (toluene) and-line excitation (acetone or toluene) methods, unrestricted by
tracer limitations. Therefore, as stated abovePLO- was selected for application ta in

cylinder termometry in this work.

5.3.3. TC-PLIF with toluene
As discussegreviously theTC-PL 1 F si gnal rati ods tempter at ur e
that of the FQY spectrum of the trag¢equation(5-5)]. For toluene,hie peak fluorescence

wavelength redshifts (increases) with increasing temperature, as shbignres-2 [5].

_

— 296K
— 827K

e o o
2 o

o
X!

Normalised
Fluorescence Efficiency

OF - A -,

250 260 270 280 290 300 310 320 330 340 350
Wavelength [nm]

Figure5-2: Fluorescence quaam yield spectra for toluene at 29& and 82K after excitation with
266nm radiation. Examples of two spectral windows are marked by the blue and red shaded areas.
Toluene dita used with permissiorirom Faust et al[5].

For increasing temperature, the normalised intensity of fluorescence atn3@creases, while
that at 270m decreases. The ratbsignals 6 s i g fram the twa éxampl@é spectral

windows marked ifrigure5-2 therefore provides a measure of temperature.

While the fluoresence spectrum is entirely in the ultravioket, conveniencéhe relevant
literature and thisvork refer to the spectral windows according to their central wavelength as

6redd (longer &) and 6blued (shorter a).
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5.4. Method

In this section the critical desigiage of spectral window selection is discussed, along with a
description of the T@LIF equipment. The preliminary testing environments are described for
6proof of pr i-RWFinpalcantiolled ensirorenent before ap@ication to the
opticalengine. An explanation of the data analysis routine for processing the raw fluorescence

images and extracting a 2D temperature map is also presented.

5.4.1. LIF optics selection

The choice of spectral separation optics has a significant effect on the variagignal ratio
per Kelvinandtherefore temperature sensitivity. Luong eft1dl0] found that for different filter
choices, a temperature increase of KOfausedhe signal ratios to increase by a factor of
between 1.5 and 2.76ptimisaton of the spectral separation opt&g®uld allow improvements

in singleshot precision over the% quoted previouslin [109], as can be seen[ibll].

The normalisedluorescence spectra of tolueneross a range of temperatures presentfs]

were kindly provided by the authors for use in this Wrkn combination with the LIBignal
equationsrom [107], the fluorescence signadtios were modelled for a vanyesf filter options.

While temperature sensitivity is an important quality for filter selection, the intensity of
fluorescence collected in each window must also be considered in order to maintain a sufficient

signatto-noise ratio for both cameras.

Thel onger wavelength o6red6é region of tolueneds
temperaturel e pendent but al so significantly weaker

temperatures near 360. I n order to maxi mi sedot hteaiclo lolfe ctthee
spectrum, a |l ongpass filter was selected to d
from combustion events or room lighting is performed by the shorhs@@te width of the

intensifier of the ICCD cameras. Given the compardtilev intensity of ambient light, these

102Two examples of FQY spectra for 206nd 82K are displayed iRigure5-2.
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visible sources provide negligible contribution to the total intensity when integrated over only

500ns.
The 6blued window must coll ect as much intens
possible, while alsblocking any scattered pump lightat266n and any | i ght fror

wing or longer wavelengths. A bandpass filter was selected as being ideally suited to these

requirements.

For this choice of spectral selection optics, the predicted LIF signalsweelelled over the

expected temperature range for optical engine operation af 800K. As is to be expected,

the highest temperature sensitivity would be
and o6blued spectral ohangas oneddlectedvintensityat the bxreme r ac t i
edges of the spectrum result in a large fractional change in signal ratio. The greatest signal
intensity would be collected by a very small
Both this casewould be extremely poor choices, producing either negligible temperature

sensitivity or negligible collected intensity.

A compromise was chosen by giving approximately equal weighting to signal intensity and

temperature sensitivity, and taking into acddine commercial availability of suitable optics.

The transmission spectodithe selected opti@re shown irFigure5-3, with details of the
individual optics inTable5-3. A dichroic beamsplitter with transition edge at 310 was also

selected to minimise the amount of fluorescence rejected by the filters.

i . Centre/edge
Spectral window Filter type wavekngth Product code
. o Bandpass, 26m . .
6Bl uebd FWHM 280nm BrightLine -FF01-280/1025
Redbd Longpass 305nm BrightLine -FF01-300/LP-25
Both Dichroic. 310nm BrightLine-FF310Di01-25x36
beamsplitter

Table5-3 TGCPLIF spectral separation optics specifications.
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Figure5-3: Transmission spectra of the cornmted spectral separation opticsompared to the
normalisedemissionspectrum of toluenel5]® ¢ KS & . f dz§8¢ GAYyR2¢6 Aa RSFAYSR .
Bandpasdilter at 280nm and the reflectivityof the dichroic beamsplitte® ¢ KS awSRé GAYR2 4

defined by the transmission of the Longpass filter at 308 and the transmission of the dichroic
beamsplitter.

5.4.2. Equipment

A flashlamp pumped solid state Nd:YAG las€oftinuum Surelite-10) was used to provide
the pump sheet for this work, with a maximum pulse energy aiB@at 266 1m. Excitation of
toluene at 86 nmavoids the oxygerdependency of themissionspectrum observed for other

excitation wavelengthi®9].

LIF experiments typically mduce very low signal intensities, in part due to the incoherent
nature of fluorescence distributing the emiss
further reduced for T@LIF by the requirement of spectral filtering. LIF images are therefore

highly susceptible to noise, hence noise reduction and filtering are important issues to consider

and will be addressed in sectibrl.3.

The smallsignal intensities necessitate the use of a detection system with significant gain. In
this work Intensified CCD (ICCD) cameras were used to amplify and record the weak

fluorescence signald able5-4].
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Manufacturer RS Princeton Instruments

TC-PLIF spectral , ~ . .
o 6Redb©d 0Bl ueod
Model ICCD-576-G/RB ICCD-512T
Detector size (pixels) 576 x 384 512 x 512

Pixel size

22.5um x 22.5um

19pum x 19um

Spatial resolutiotimit

85um (~4 pixels)

85 um (~4 pixels)

Spectrél respﬁnse

2007 900nm at 50% dropoff

Gate time response

51 7ns

Gate on/off ratio

5x10°:1

Gain

17 70 counts per photoelectron

Response linearity

<1 % deviation fronlinearity for upper 9846 of dynamic range. Phosphg
nonlinearity produces minor nonlinearity for lowe%®of dynamic range.

Table54 YwSRQ FyR W. £dzSQ L/ /5 OFYSNI

aLISOAT.

Cooling a CChdramatically reduces the noise caused by thermally generated electrons in the

CCD, for the ICCDB576-G/RB when cooled from room temperature to approximat20d,C

this can be as much as a factor of 6. The heat generated by thed?etiethermoelectric

cooler must be carried away by water circulated past the rear of the cooler, introduced via the

supplied inlet/atlet ports at a flow rate of 13 L/min. To avoid condensation forming and

freezing on the CCD, dry nitrogen must be used to flush the cdmesing at a flow rate of

1 L/min, keeping the water vapour concentration within the camera to belppm0

The intensifier stage sets the lower limit of spatial resolution achievable with the ICCD camera
due to the 8jum FWHM spot size at the CCD gent@ by a pointike input. This corresponds

to a pixel size of just under 4 pixels, hence the noise filtering image processing stage can filter

the images to a 44 pixel level without any loss of spatial resolution.

One advantage of the large gains ala# to ICCD (or ElectroiMultiplying CCD) cameras is

the ability

current or readout noise when running at very high gain I1¢2285. This usually ensures that

t

(0]

essentially ignore al/|l

f or ms

shot noise from fluctuations in the arrival of incident photons dominates the total noise in an

image as it experiences the large gain factor of the intensifier, unlike the CCD related noise. In

the spiri

increase the noise on the signal as it cannot perfectly amplify without adding noise. The overall

t

ofh

tthheirneg baesi nag forneoe sluucn c h 6,
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noise of an image amplified in this way will bedar by a factor of between 1.3 ahd

compaed to the product of the incident shot noise and the[gaB].

Optics layout

A lens tube and camera translation stage system has been designed and built to provide a
compact and robust layout for tM€-PLIF optics and ICCDsHigure5-4]. A 105mm f/4.5
CoastalOptics lensis used tacollect andmage the fluorescenaggnal. A dchroic beamsplitter
transmits waveedl eawigntdhoshiéa e dwri e @ b & ébefarecackepathn gt h's
experiencefurther spectral filterindpy the filters detailed ifable5-3. Relay lenses in each
armtransfer images onto each ICCD. Axiarislation stges allow each camera to be

individually focussed.

Beam dump

Dichroic — wgeq” filter
beamsplitter /

Optical axis

Dualflow

nozzle Relay lenses

Pump
sheet

Figure5-4 Experimental layoutfor TGPLIF thermometry displaying the pump sheet, imaging lens,
spectral filtering optics, relay lenses and ICE&meras. Also shown is the Dualflow nozzle and
extraction used to provide a stable temperature gradient in a tolueseeded nitrogen flow.

The inclusion opairs of50 mm focal lengtiplanaconvexrelay lenses transfetise image

formed by the UV leawith1: 1 magnification ont@achlCCD sensoy creating space for the
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inclusion of spectral separation optiéspair of planeconvex lenses is close to the best form
solution for minimising spherical aberration. Distortion, which changes sign for revepshof
throughan opticalelements zero by symmetry, while imaging at 1 magnification eliminates
coma[224]. The spectral filtering of the fluorescence restricts the range of wavelengths

transmitted through each relay armnmiising the effect of chromatic aberration.

Spatial resolution

The spatial resolution of the system is specified by the choice of imaging optics and limited by
the besttase 4 4 pixel point spread function (PSF) of the ICCD camera due to the intensifier
stage. At the imaging conditions specified for the optical engine measurements, the image
dimensions correspond to 35 pixels thithe minimum dimension noiseducing filter

applied to the data in this work is a Gaussian ffitavith a standard deviatioof 3 pixels. The
FWHM of such a filter is 7 pixels, marginally larger than the doase PSF of the camera,

corresponding to an effective spatial resolution of @@0for the TCPLIF system.

Flow system design

Development of the TLIF system requiresabh uniform and nomniform stable temperature
distributions to be generated within a tolueseeded environment. Sealed test cells, while ideal
for uniform temperature measurements, suffer from convection effects which act to disturb the

intended smoothemperature gradient when regions of the gas are differentially heated.

The selected method for temperature gradierdymtion was a pair of adjacent goarallel

nitrogen flows seeded with toluene vapour. One flow could be heated by passing the flow
through an inline resistive gas heater. Ideally this heating would occur independently of the
second flow, however heat conduction through the copper sections of the apparatus resulted in

partial heating of the nominally unheated flow.

103 FEWHM of a Gausai centred at x = 0 is given B@w ™00 ¢ WG €, ,usingpj¢ Q !
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A pair of 4mm coppeipipes® deliver tolueneseeded nitrogen to the entrance aperture of the

nozzle Figure5-5]. The 8mmx4mm sl ot which forms the exit ap
and o601 ower 6 gmedatnless steel shegt in a hofizbn@al plane. A wire wool

diffuser at the exit of edn copper pipe encourages each flow to fill the internal volume of the

nozzle, such that immediately after the two flows exit the nozzle, they are gaahint

diameter, parallel and separated by only 460

——
—

Figure5-5 Elevation view crossection of the Duaflow nozzle. The hot and cold flows pass into the
nozzle via diffusers and are kept separate by a 150 steel plate until the exit aperture.

The geometrical arrangement of the pump sheet and fisters is depicted iRigure5-4. The
pump sheet is constrained to propagate within a horizontal plane, forming a vertical sheet
propagating across the field of viewtbe TGPLIF imaging system which is aligned

perpendicular to the pump sheet.

The simplest arrangement for IRLIF development in isolation would be to have the flow
introduced vertically from below the pump sheet. This would negate any complicatirtg effec

due to buoyancy when using differentially heated flows, simplify extraction of the gas flow after
the measurement region and ensure all directions of interest in the experiment were orthogonal.
This system was developed in parallel with thelIDGS work of chapter 7. The flow system

was arranged to enable both measurements to be performed simultaneously using the narrow
crossing angle of the EDITGS pump sheets to approximate a single pump sheet fétLTE

The 1DLITGS measurements were restrictedrteasuring temperatures along a vertical line,
requiring the temperature gradient to also be vertical. The pair of flows therefore propagated in
the same horizontal plane as the pump sheets, directed at an angle of 45° with respect the optical

axes of botlihe TGPLIF system and the LITGS beams. This provided the desired vertical

1044 mm outer diameter, 0.6nm wall thickness, 2.81m inner diameter.
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temperature gradient, kept the flow plumbing out of the LITGS beam paths and allowed the

flow to be extracted to one side of the-PCIF collection lens.

5.4.3. LIF analysis
Selection of MATLAB

MATLAB, a software package for matrixsased numerical computing, is a natural environment
for the analysis of scientific data due to the tendency for experiments to generate signals
(vectors) and images (matrices) that require mathematical mandpulMATLAB offers a

wide array of documented functions for mathematical operations, curve fitting and image
processing among others. Of additional interest to this work is the Mathworks file exXéhange

which provides a forum to share community writtandtions.

The data analysis software throughout this section has been written by the author using either
the standard library of functions available in MATLAB or incorporating functions shared via
the Mathworks file exchange. In such cases, the authtbeotlevant function is credited as a

footnote in the relevant paragraph.

Image processing overview

The principle behind T@LIF is straightforward; record two images in different spectral
windows and take their ratio to generate a relative temperaagelmpractice a variety of
processing steps must be performed before the ratio can be taken. The processing steps are

detailed schematically iRigure5-6 and explaned below.

Firstly, the high noise levels of the raw ICCD camera images are reduced by applying spatially
averaging filters to the images. Any apparent intensity in the raw images not originating from
toluene fluorescence, whether scattered light or electronic gersrated by the camera

systemwill affectthe signal ratio ancesult inan apparent temperature change. A background

105 http://uk.mathworks.com/matlabcentral/fileexchange
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image is recorded before every test under the same conditions except without tracer. This mean
background image is then subtracted fittwa corresponding T€LIF images. Optical

aberrations resulting from the sequence of imaging optics may cause minor distortions of the
image or result in a neaniform effective sensitivity across the camera sensor. These issues are

dealt with via the distrtion and flatfield correction stages.

The two cameras will unavoidably be imaging slightly different regions of the object plane. In
part this is due to the coarse manual translation available for alignment in the directions
transverse to the optical axiMainly, however, it is due to the two ICCD cameras used in this
work being different models and having sensors with different aspect ratios. This issue is
corrected by the image registration stage. One of the images is considered to be the reference
geametry. Transforms are applied to the second image to bring it into alignment with the first,
ensuring that each pixel @vdinate corresponds to the same physical location in the object
plane for both images. Once the images have been fully correcteideheige ratio of the pair

can be taken, resulting in a signal ratio image equivalent to a map of relative temperatures.

Raw images
- Raw image » Noise
pair filtering

I(AM)

¥

Distortion ‘ Background

correction subtraction
Flatfield . :
correction » Registration

Signal ratio image

\ 4

— m = f(T,x,y) Si?rgzlggtio 4@ Division

Figure5-6 Image processing steps for IRLIF.
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Reference images

In order to calculate the appropriate corrections and transforms to apply to-BlelH @Gw

images, it was necessary to image a structured object in the object plane to provide a grid of
reference points for the corrections. For visible applicatiosstitvial to image a printed grid
illuminated by a visible light source. Registration images could be taken using visible light in
this setup by replacing the dichroic beamsplitter with a 50/50 visible beamsplitter. This would
however align the system ceatly for visible light, not the UV fluorescence signal of interest in
this work. The effective focal length of the lenses would image the UV fluorescence signal at a
different axial location to visible light potentially resulting in-@ftfocus TGPLIF images.

Providing a reference structure illuminated with UV light presents a greater practical challenge.

200
200
400
384
0 200 400 576 -
a) b) o 200 400 512

Figure5-7 Reference images of UWacklit steel grid from each camera, a) IGED6D k w .S ROV NJ
spectral window), b) ICGB12¢ 6 Wof dzSQ &ALISOGNI f SAYR260d ¢KS LI ANJ
act as points of reference to determine the correct relative orientation and position of the images.
A 150 um thick steel sheet was laser cut to prevaorobust sheet with a grid of GrBn x
0.5mm square holes separated by a cetateentre distance of thm. This sheet was fixed
inside the cylinder of the engine at the desired location of tABOIE object plane. The UV
pump sheet was 1&igned to povide a backlight for the grid by illuminating a static engine
filled with a toluene and air mixture. Adjustment of the camera alignment to bring the grid into
sharp focus at the correct scale ensured the cameras were optimally aligned in the UV
wavelengh region of interest. The images from each aligned camera were then recorded to

provide the required grid of reference points for calculation of the image processing steps

[Figure5-7].
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Noise filtering

TC-PLIF images are highly susceptible to noikee to the low signal intensities, as discussed in
chapter 3, which necessitates the use of ICCD caméfiaie shot noise, thermal noise and

CCD read noise are presgihite main contributioris Poisson noistom the MicreChannel

Pl ate used as t he 06i [AQ7]eltisshereforeeberteficialtoaaeptsonfe t h e
reduction in spatial resolution in exchange for the significant noise reduction achieved by

smoothing of the image.

Before the reference images were used to calculate the various image processing steps detailed
above, a noiseemoval filter was applied to the images. Nefise reference images with
sharply resolved fine detail are beneficial for accurate determinaititve required image

processing transformations.

Simple weighted average filters are effective at removing high spatial frequency noise, but
usually at the expense of smoothing out steep gradients and blurring fine detail in the image. As
the edges of & squardn the reference grid are marked by sharp transitions from high to low
intensities, it is desirable to use a more sophisticated filter capable of preserving the steep
gradients present in the reference images. The filter found to be most effedhis work is a

nonlinear diffusion filter nldif.nf%, sourced from the MATLAB file exchang225].

The potential for the nonlinear diffusion filter to introduce systematic bitetexperimental
TC-PLIF images has not been investigated. The use of this filter was therefore restricted to the
highly structured reference images as the relative intensity of the processed images does not
affect the accuracy of the registration procéissteadthe simplerand computationally much

faster Gaussian filtewas applied tdhe engine datasété Each pixel is replaced with a

weighted sum of its neighbours, where the distribution of weights as a function of distance from

65 Q1 £ YSARIZ C® 0OH a0 wolo RetridvgdSérdititait pdated2a My FA L G S NA
2004 http://uk.mathworks.com/matlabcentral/fileexchange/3710onlineardiffusiontoolbox

107 A Gaussian filténg function is available in the standard MATLAB library.
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the central pixel it Gaussian. The larger weights at the centre of the filter tend to help preserve
edges in an image, although not nearly as effectively as the nonlinear diffusion filter. The
degree of smoothing can be chosen by varying the standard deviation of the rifanssian
depending on the desired balance of spatial resolution versus noise reddesion smoothing
removes the majority of noise, highlighting the large scale underlying structure in an image.

Light smoothing preserve the smaller scale structussmafage at the expense of granulation

[Figure5-8].
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Figure5-8 TGPLIF image of an inylinder temperaturedistribution with a) heavy smoothing giving
@1 mm spatial resolution, b) light smoothing giving @25mm spatial resolution.

Distortion corrections

0 0
200 200
400 400
512 512
a) 0 200 400 512 b) 0 200 400 512

Figure5-9 Pincushion distortion correction, a) raw image, b) corrected image.

Careful selection of the imaging optics led to pincushion distortion being the main distorting

aberration visible in the reference images. This was corrected by applying barrabdistort
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using the lensdistort.¥# function sourced from the MATLAB file exchan{@26]. The image
from one camera before and after pincushion correction is displayéglire5-9, showing a

clear improvement in the orthogonality of the lines of grid points for the corrected image.

Flatfielding

Images recorded by the TRLIF system suffer from a reduction in intensity radially away from
the centre of the image, askigure5-9 andFigure5-7. This is an example of vignetting, where
light rays originating from a point ithe image plane away from the optical axis experience a
reduced effective aperture of the lens system comparedagistight, leading to lower
transmitted intensities. By recording the variation in intensity across an image for uniform

illumination, the effective sensitivity of each pixel can be calculated and used to divide out the

vignetting effect for all futurFguredshges, refe
0
0
100 100
200
200
300
300
0 200 400
a) b) 0 100 200 300 400

Figure5-10 I 0 WwSRQ FfI GFASEtR LINPFAES RSNADBSR FNRBY AYI:
profile derived from fluorescence image at uniform temperature and traceamber densityby
comparison with a).

With all optical filters in place, the |l ong w
the filters for the short wghvabdve2d@n [Figuré bl uedé ¢
5-3]. This prevents flatfielding both cameras using visible light. The practical solution used was

to flatfield t hdelight teed @cord annmeageaf fluorescancevfronsda b

quartz cell of toluene vapour in air excited by a UV pump sheet with both cameras. The toluene

108V/ries, J. de. (2012http://uk.mathworks.com/matlabcentral/fileexchange/3798Barreland
pincushionlensdistortion-correction Retrieved version last updaté&d Aug 2012
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number density and the temperature of the gas mixture is considered to be uniform across the

cell, leavingthe pump sheet intensity as the only spatially varying parameter determining the
fluorescent signal. Therefore, while the total intensity will differ between the two cameras due

to the choice of spectral windows, the spatial distribution of that intestsiyld have the same
profile for both images. Any deviation in nor
and the flatfielsc or r ect ed &éredd i mage can then be inter

for the blue camerdjgure5-10].

Image registration

Image registration is a procedure which aims to transform a set of images of different scales,
locations or orientations such that they match therdmates of a reference image. This

enables multiple photographs taken with a handheld camera to be stitched together seamlessly
into a single panoramic image, or permits a pixisle overlay of multiple images as in this

work. The registration stage ofedi GPLIF image processing applies an affine transform to one
of the camera imagewhich can include translating, rotating, scaling and shearing the original

image until it aligns with the geometry of the second camera image.

The reference images wergigered using a control point method, where the standard
MATLAB function fitgeotransm'® infers the affine transformation required to map a set of
userdefined control points onto the control points of a reference image. This transform was

applied for regitration of future TEPLIF images.

The features chosen to be control points were the centres of each bright square. The co
ordinates were determined by passing each registration image to a 2D peak finding function
FastPeakFind.H sourced from the MATLABIfe exchangg227]. This function was written

to provide peak locations based on local maxima after smoothing with a filter, Gaussian in this

109 hitp://uk.mathworks.com/help/mages/ref/fitgeotrans.html

110 Natan, A. (2013Fast 2D peak findehttp://uk.mathworks.com/matlabcentral/fileexchange/37388
fast2d-peakfinder. Retrieved versio last updated 10 Oct 2013.
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work, which matches the expected size of the peaks. As such the function is well suited to

robustly locating the reference image kewhich all have nominally the same dimensions.

5.5. Results, analysis and discussion

In this section, initial verification ofthe TR L1 F syst emb6s t her mometry
pair of tolueneseeded nitrogen flows described in secBoh2is reported. Without

simultaneous LITGS to provide a reference, calibration of the relationship between signal ratio
and absolute temperature could not be performed. For tpegas of this work, the relative
temperatures displayed in the signal ratio figures of this section are sufficient to demonstrate the

capability of the TEPLIF system.

5.5.1. Temperature sensitivity

Initial verification of the temperature sensitivity of the sijratios produced by the TELIF
system was performed using a pair of toluseeded nitrogen flows. The Dualflow setup
described above in sectiém.2was usedvith the nozzle removed. The exposed adjacent
copper pipes generate two flows which can be considered separate within a few mm of the
nozzlé!l The upper flow was heated to a range of temperatures usinglihe iiasistive gas
heater, the lower flow wasohheated directly. Taking the signal intensity at the centre of each

flow as a quaspoint measurement, signal ratios for each flow were calculated.

Two experimental runs were performed at each temperature to demonstrate the repeatability of
the techniquegiving consistent mean signal ratios within the precision of the measurement for
each pair of runsHigure5-11a)]. Runs 1 and 2 (unheated) display the same mgaal satio

for both flows, demonstrating the expected resilience of th®OIE technique to variations in

pump laser intensity, tracer number density and optical collection efficiency between the two

interrogated regions.

111 As mixing has not yet caused the flow boundaries, initially physically separated by the thickness of
the two pipe walls, to overlap.
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Figure5-11 Verification of TEPLIF temperature sensitivity. a) TRLIF signal ratios. b) Thermocouple
measurements. c) Correlation plot of FELIF signal ratio vs thermocouple temperature.

The variation of signal ratio shawgood positive correlation with the flow temperatures
measured by a thermocouple placed at the nozzle exit after ead¢hgureb-11 b) and c)]. The
thermocouple da will contain systematic errors due to the invasive nature of attempting to
measure the temperature of ensh diameter flow with a 1.6m diameter physical probe. It

was however a temperature reference sufficient for a {miepfinciple.

Due to the hip thermal conductivity of copper, heat transfer from the heated upper pipe to the
unheated lower pipe was significant, causing the observed increase in signal ratio for the
unheatedd | ower fl ow. Despite t hmantamddfoect , a
successfully display the ability of the TRLIF system to resolve temperature differences of the

order of 5K between points in the same im&gand between sequential images.

112 5eparated by more than tH200um spatial resolution of this TELF system.
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5.5.2. Final image corrections

Verification of the ability of the C-PLIF system to record temperature differences across the
entire image was performed with the full Dualflow setup, nozzle in place. TH& Timages
were centred on the boundary between the flows in a plane intersecting the flow at 45° to the
flow axis. The horizontal distance across this gahe inFigure5-12is thus both an axial and
transverse displacement with respect to the flow. Temperature differeraggsroximately K

(b1), 20K (b2), 30K (b3) and 4K (b4), as measured by a thermocouple, were achieved

between the two flows.

Mean signal ratio images with the upper flow heated are preserfiggline5-12 and show the
development of the temperature gradient at the boundary of the two flows. Also visible in the
uncorrected images (@) is a strong-omiform perturbation to the signal ratio map whose

spatial distribtion, if not magnitude, is independent of temperature.
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3
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E f
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Figure5-12 Mean TCPLIF signal ratio images for a pair of adjacent, parallel flows with only the
upper flow heated, taken at 45° to the flow axis) Uncorrected images. b) Images corrected for the
residual flatfield as described in the main text. Horizontal distance m# is closest to the nozzle.

Considering that image (al) represents two identically seeded, ambient temperature flows, the
signalratio image should be uniform. However, it is not. The persistence of this distribution
throughout the heated datasets{ald) suggests that the flatfield correction, calculated initially

using visible light, is not performing correctly for these UV fescence measurements.
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The 6war mbé spot a¢7mm,Bpm)occirnaathedocagion 6fa kngwn
region of damage in the O6blued camera. A redu
spectral window would indeed be interprebgcthe TGPLIF analysis as a region of

comparatively higher temperature.

A solution to imperfect flatfield correction would be to recordFAF images under similar
experimental conditions known to be uniform in temperature. The signal ratio distribution
would provide a measure of the relative sensi

pixel. This could be applied to the main-RCIF datasets as a residual flatfield correction.

Image (al) oFigure5-12 provides an appropriate uniform temperature reference image for the
residual flatfield correction. A copy of this image was normalised to a mean pixel value of 1 in
order to perturb the spatial distributibat not the mean signal ratio of the other images. The
remaining imagefFigure5-12 (a21 a4)]were then divided by this normalised reference, to

give the fullycorrected imagedjgure5-12 (b27 b4)].

The first image no longer conveys any useful information as it is forced to be mathematically
flat by the correction process described above. An improved measurement of the thermal
boundary between the flows is obtained in the remainirg@s, as the systematic artefacts

have been removed.

This improvement permits the observation of subtle features that were obscured inthe non
corrected images. The steep temperature gradient observedanhm of image (b4), closest to
the nozzle aperte, becomes gentler as distance from the nozzle increases towabdam.

This displays the mixing of the two flows acting to reduce the magnitude of the initial

temperature gradient as the flow propagates away from the nozzle.

The equivalent results adisplayed inFigure5-13 for the case where the lower (not upper)
flow is heated. The buoyancy effect of the hotter gas is immediately apparent. As distance from

thenozzle increases, the lower flow rises to fill a larger fraction of the imaged plane.
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Figure5-13 Mean TCPLIF signal ratio images for a pair of adjacent, parallel flows with only the lower
flow heated, taken at 45° to the flow axis. a) Uncorrected images. b) Images corrected for the residual
flatfield as described in the main text.

Angle-dependence of beamsplitter

Work by Peterson et 03] identified asystematic error arising from the common use of a

dichroic beamsplitter in T®LIF systems. Measurements of uniform temperature fields resulted

in a horizontal gradient in signal ratio across the image. The culprit was determined to be the

fact that the spctral transmission of dichroic filters depends on the incident angle of the light.

This effect is well known, indeed there are m
filters which make use of exactly this property. Unfortunately forPLIF applcations, the

fluorescence emitted from the object plane arrives at the beamsplitter from a finite range of

angles.

The 45° angle of the beamsplitter about a vertical &igfe5-4] results in light hitting one
side of the beamsplitter at an angle closer to the normal than light which hits the other side. As
the TGPLIF analysis treats the spectral transmission of gagrisplitter as spatially uniform,

this difference in transmission is interpreted as a temperature shift.

This can be corrected by division of each i ma
gradien103]. As the symptom is a systematic agmiformity in the signal ratio image for
measurements of a uniform temperature field, this additional correction is already accounted for

in this work by the residual flatfield correction.
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5.5.3. Single shot measurements

The measurements in sectidns.1land5.5.2demonstrate the capaibjl of the TGPLIF system

for performing timeaveraged measurements. In chapter 6, investigations into-tlgérider
temperature distribution of the engine will require sirgjiet capability. Verification of time
resolved measurements was performedénsame Dualflow setup as before, but with the more
challenging environment of a strong extraction system close to the measurement region. This
ensured that the flow pattern was very unstable, with the-seation of the flow which

intersected the imagedane varying in both location and shape from shot to shot.
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Figure5-14 Timeresolved signal ratio images (right) masked below %0of the maximum signal
intensity and histograms of pixelvise sgnal ratios (left) of thermal gradients in an unstable flow. a)
unheated, b) upper flow heated.

The TGPLIF system proved to be capable of tiregolved measurements of two zones of
temperature with a steep thermal gradient in between. As a guide iethegions of the

image with low signal intensity and thus low sigt@hoise ratio were masked figure5-14.
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Histograms of the signal ratio for each singl®t image show the transitionadimodal

temperature distribution with heating of the upper flow.

5.6. Summary and conclusions

In this chapter the development of the-PCIF thermometry system in a controlled

ervironment was reported. FELIF with toluene was determined to be the technique of choice
for 2-dimesional thermometry for this work and subsequently optimal spectral filtering optics
were selected. Data analysis routines were written in MATLAB to redisteiaw images onto

a common geometry, perform noise filtering and to correct for image distortions and spatial
variations in effective camera sensitivity. This enabled preliminary tests to be performed in the
controlled environment of a heated flow sedath toluene. The temperature sensitivity,
repeatability, image quality, spatial resolution and capability for-teselved measurements of
thisTGPLI F system was demonstr at @fdh.r i lhalilpdwveibn g etsh
the TGPLIF systenwas applied to optical engine thermometry withsitu calibration by

LITGS in chapter 6.
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6. SimultaneousLITGS and TEPLIF

This chapter reports and discusses development of T®LIF for 2-dimensional ircylinder
thermometry with simultaneous LITGS forsitu calibration. The optical layout is detailed in
section6.2, after which the bulk of this chapter covers the results of the application of the

combined techique to the optical engine in secti6rs.

6.1. Introduction

The motivation for using LITGS measurements to providgtun calibration for TGPLIF

images has already been discussed in chapters 4 and 5. In summBRiyFT@@ovided single

shot 2dimensional maps of relative-oylinder temperatures that were minitgaffected by

spatial fluctuations in laser intensity, traceimber densitpr local gas compositidt. In order

to place these temperature maps on an absolute scale, LITGS is used to provide simultaneous
in-situ calibration with high accuracy and pregisi* at a single point within the T€LIF

images.

Section6.2 describes the optical layout for applying-PCIF and LITGS to the optical engine.
Preliminary testig of the combined LITGS and FRLIF system under motored and fired

conditions is reported in sectiofs3.1and6.3.2

Investigations into charge cooling in sect®B.3revealed a systematic bias to the temperatures
derived by LITGS for some datasets. This restricts measurements with LITGS for some datasets
of this chapter to relative measurements of temperatufde bias can be removed for future
applications by modi6iation of the detection method, a process confirmed by additional

measurementwithin section6.3.3

113 Specificallypxygen concentration.
114 Typically ircylinder LITGS measurements produce accuracies of ofteardd precisions of k%.
115 As opposed to absolute measurements of temperature.
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Measurements of engine wawp and temperature inhomogenestiuring fired operation are

reported in section8.3.4and6.3.5 Theeffects of varying the toluene content of the iso
octane/toluene-2omponent fuel are discussed in sec8adh & Investigations into unphysical

artefacts in the T@LIF temperature maps are presented in se6ti®s7, along with a

di scussion on the interpretation of the appar

Finally, the conclusions of this chapter are summarised in séc#éon

6.2. Optical layout

The TGPLIF and LITGS systems discussed in chapters 4 and 5 were applietytimder

thermometry of the optical spaitnition combustion engine detailed in chapter 2.

s 1064nm radiation Beam dump
-
e 532nm radiation /&D Pellin-Broca
——  266nm radiation ) prism
|
|
Vertical I
cylindrical telescope i
|
|
Horizontal Fé%ﬂ%ﬁgcy
= cylindrical lens 9
I I crystal
45° Mirror Dichroic mirror
Bowditch piston
Surelite I-10
a) by L |

Figure6-1 a)lLayout of TEPLIF pump sheaiptics showing production of the 266m (fourth
harmonic) fortoluene excitation, rejection of 1064im and 532nm radiation, sheet formation and
application of 45° mirror within Bowditch piston to introduce pump sheet vertically through piston
crown window. b) Geometry of T®@LIF sheet within cylinder, approximatetg scale. Pump sheet

intersects LITGS measurement point.-PCIF imaged region represented the central square

highlighted in purple.

The 532nm second harmonic output of the Surelite pump laser was separated from the residual
1064nm fundamental radiath before being doubled to the 2&® required for oxygen

independent toluene FELIF in an external frequency doubling crystal. A pair of cylindrical
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lenses formed a telescope to increase the diameter of these pump pulses to the desired height of
20mm. Acylindrical lens of focal length £ m focused the pulses in the horizontal direction to

form a sheet of thicknessmim at the interaction region. A 45° mirror within the Bowditch

piston was used to introduce the laser sheet into the cylinder vertigalhgh the piston crown
window [Figure6-1 b)]. The laser sheet therefore illuminates a plane in the centre of the barrel
defined by the vertical axis of the cylinderd a line bisecting both the pair of inlet valves and

the pair of exhaust valves. The imaging lens and pair of ICCD cameras for the detection of
toluene fluorescence are aligned orthogonal to the sheet, looking throughntine ihdow at

the top of thecylinder with intake valves on the left and exhaust valves on the Rghure

6-2].
................................. . LITGS signal detector
H— ; (Photomultiplier)
_ o
g - / 671nm bandpass filter
= . |
= i @ .
Point-LITGS el )
system e

TC-PLIF system i A

— “Red”
I ICCD
camera

|

. : “Blue” p
! : ICCD .
1

camera

Beam dump Tl

Figure6-2 Layout of pointUTGS system [chapter 4] and -RCIF system [chapter 5] with respect to
the optical engine cylinder crossection. Approximately to scale.

The layout of the LITGS system with respect to the engine has already been described in

chapter 4. The LITGS opticaka is aligned through the I6m windows at the top of the

137



Simultaneous LITGS and FELIF

cylinder and intersects the central axis of the cylinBagure6-2]. LITGS measurements were

therefore performed at a location withinthe-P@. | F pump sheet and with t
the LITGS interaction volume lying within the sh&etThe intersectionf the LITGS pump

beams with the TPLIF measurement plane is imagedrigure6-3, which displays the

location, dimensions and intensity distribution of the intdiseacegion.
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Figure6-3 Images of the intersection of the LITG@8amswith the TGPLIF measurement plane. These
images were taken both unobstructed (a) and with the -RCIF reference grid (b).

6.3. Results, analysis and discussion

The investigations of the application of IRLIF and LITGS to the optical engine are grouped
into those looking at preliminary motore@l 8.1 and fired 6.3.2 tests, charge coolirand
systematic biases introduced by the PMT d6iB.3, engine warrrup 6.3.4), temperature

inhomogeneitiesq.3.9, fuel composition§.3.6 and critical analysis of the technique3.7).

6.3.1. Preliminary results

70/30 iso -octane/toluene

A70/30isecoct ane/ tol uene fuel bl end was wused as th
development ofhetechnique as it represents the aromatic content of forecourt gasoline.
Gasoline has, of course, many different components. The selectioncoiap®nent kend was

primarily decided by the T®LIF limitation of requiring only one fluorescing component as

116 This geometry is determined by the available optical access to the cylirmlgemer it also provides
an opportunity to use T@LIF to identify the presence of strong thermal gradients within the LITGS
volume such as those discussed in chapter 4.
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opposed to an accur at e % ®lpeneby wlnmegptovidesn of a o6r
sufficient tracenumber densitguring the compression stroke fasth techniques to operate
effectively. Iseoctane was chosen for the base fuel as it isfluamescing and is a major

component in forecourt gasoline.

Correlation of TC -PLIF and LITGS motored

The initial verification of the combined FELIF and LITGS teknique was performed by
recording data at 5 different crank angles (90, 80, 70, 60 and 50 CAD BTDC) during the
compression stroke of a motored engthed 70/30 iseoctane/toluene fuel blend was
introduced via PofFuetinjection (PFI) to form a stoichionmét mixture with the intake air,

these conditions being nominally the simplest environment of interest in the running engine.

Reference signal ratio values from the-PCIF data were obtaining by spatially averaging the
TC-PLIF data across the LITGS mesasment region, then averaging all 20 images from each of
the 50 CAD BTDC and 90 CAD BTDC datasets. These two values were calibrated onto an
absolute temperature scale using the mean temperatures derived at 50 CAD BTDC and 90 CAD
BTDC from the LITGS measungents. The relationship between signal ratio and temperature
determined by this calibration was applied to the individual images in tHeLTiCdataset.
Importantly, the intermediate CAD datasets were not individually corrected to match the
temperature afhe corresponding LITGS datasets. Instead they show the raw variation in signal
ratio over the 5 sets of CAD timings, displayed on a scale of absolute temperature rather than

abstract O6signal ratiod.

Figure6-4 shows the result of comparing the temperatures reported by the two techniques. The
TC-PLIF data shows excellent agreement with LITGS for the intermediatediremtly

corrected sets.

1171200rpm, airflow 1.2Ls', intake air heated to 46C.
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The distinct stejgchangesn signal ratio and hence temperature observed betwed?LTEC

datasets taken at different CAD are well resolved byPLO- systemThis supports the

assertion that the temperature sensitivity of thePLOF technique is sufficient to provide a

useful diagiostic relevant to a running engine. These datasets supply further evidence against
the concept that the TELIF images are insensitive to the changing temperature and are simply

being 6correctedd by calibration with LITGS
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Figure6-4 Initial correlation check of T@LIF and LITGS in motored engine. Sequential sets of 20
singleshot temperatures at each of 5 CAD timings.

Shotby-shot correlation is not observed as the sensitivity of th€’[LIE technique is
insufficient to follow the minor fluctuations in local-gylinder temperature between cycles for
motored operation. T@LIF appears to shoeomparablevariability compmred to LITGS. This

is most likely an effect of the spatial averaging ofFOF across the LITGS volume which
reduces the fluctuations due to noise within the ICCD imagesvéindlsosuppress any small

scale variation in temperature from the mean.

TheLITGS measurement, while representing a measurement of the same physical region, does
not spatially average the result in the straightforward way of averaging an are@alH C
pixels. Signal contributions from each region of the LITGS interaction vofumeto produce

an overall signal. The centre where the overlap between beams is strongest will dominate. As
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such, the LITGS measurement will be weighted towards the temperature at the centre of the

region and could be more sensitive to small scale flucngtn temperature.

If the measurement precision of LITGS was the dominant contribution to the observed
fluctuations inFigure6-4, the variability of the LITGSlerived temperatures would decrease for
later crank angles due to the improvement in LITGS precision with increasing pressure. As is
apparent fronfrigure6-4, this is notthe case. The expected fluctuations in temperature 860.6
based on the variability of the-gylinder pressure trace are of similar magnitude to the
fluctuations in the temperatures derived from the LITGS data ¢&0IlA# combination, these
observationsuggest that ieylinder temperature fluctuations are likely to provide a-non

negligible contribution to the observed variability of the LITGS resul&giire6-4.

Calibrated TC-PLIF motored
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Figure6-5 Calibrated motored TE@LIF at a range of CAD timings during the compression stroke.

Upon examination of the singhot TGPLIF data, homogeneous temperaiigtributions are
recorded for motored operation with BFigure6-5]. Direct injection images show an
occasional artefact of intense fluorescence which may be fropheds[ Figure6-6 b)] or
particularly strong spatial variation in fusimber densityFigure6-31]. Despite the raw

images showing greater variation in intensity, the temperature distributions derived from the

motored GDI data are also homogenedtigyre6-6 a)].
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Figure6-6 TGPLIF signal ratio (analogous to temperature) maps for GDI operation. a) Homogeneous
distribution. b) Droplet fluorescence artefact.

6.3.2. Fired results

The purpose of developing this thermometry technique was not to further characterise the
comparatively simple case of a motored engine, but to be able to investigate a wide variety of
engine conditions in a firing engine. With this in mind, furtkperiments continue to contain
some motored data as a reference but the focus is on examining and explaining the trends and

features discovered during fired operation.

Comparison of motored and fired
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Figure6-7 Fired vs motored LITGS temperatures between 90 and 50 CAD BTDC. Errorbars correspond
to the standard deviation of 20 measurements for each CAD timing.

As expected, firing the engine results in a jump in temperadura!f5 CAD timings between
6071 100K. The standard deviation of the data sets at each CAD increased irétnoe

around 24 corresponding to an increase in variability due to the introduction of combustion.
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The shape of the temperature vs CAD curve remained the same as no cambasecurring
during the compression stroke. Despite the complication of hot Exhaust Gas Residuals (EGR)
mixing with the fresh air, the temperature rise in this figure is largely due to compression

heating of the gas.

Comparison of motored and fired JRLIF data shows the appearance of temperature
inhomogeneity, in particular for later Crank Anglésgure6-8] . T iospot® aGppear f or
both PFI and GDI operaticend coincide with the increase in variability observed within the

fired LITGS data ofFigure6-7 to a standard deviation 0f98 for the 50 CAD BTDC dataset.
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Figure6-8 Calibrated fired T@PLIF at a range of CAD timings during the compression stroke.

The appearance of temperature inhomogeneity combined with the higher temperatures and
increased cyclic variabty of fired operation provide large enough temperature differences to
be able to further validate the combined system by observing theyshhbt correlation of the

temperatures reported by the two techniques.

Fired shot -by-shot correlation

By using thesimultaneous LITGS measurements to generate an averaged calibration curve for
the TGPLIF data, then allowing the individual TRLIF images to vary independently, we can
see sheby-shot correlation of the temperatures reported by the two techrjigigese6-9].

This is particularly noticeable for datasets at 60 and 50 CAD BTDC whenaithiger density

of toluene molecules is highest, leading to the strongest sigmdisth techniques. Pressure is
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also highest at these CAD timings, leading to longer LITGS signal durations and therefore
higher precision in temperature derivation.
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Figure6-9 Shotby-shot correlation of LITGS and RLIF temperatures at 50 CAD BTDC for fired
operation. TGPLIF errorbars correspond to the standard deviation ofFOF temperatures across a
reference singleshot image for a homogeneous (motored) temperaturestfibution. LITGS errorbars

correspond to the standard deviation of the 16 sing#hot temperatures of this dataset.
Corresponding T®LIF images are presentedkigure6-11.

This strong correlation confirms that both techniques are independently resolving the cyclic
variability of the incylinder temperature. One question that remains to be answered however, is
whether the TEPLIF technique is generating a map ofdbiemperature distributions which

can be reliably interpreted as having different temperatures at specific locations within the
image. Alternatively, is the T@LIF data simply tracking the mean bulk temperature as though
performing a point (albeit a vefgrge point)measurement, with variations across any one

image being unrelated to temperature?

In order to answer this question, each-FOF image in a fired dataset from 8D BTDC

was split into a grid of supguixels, with each supggixel representing the mean TRLIF

temperature across a &0 pixel area (approximatelyrim x 1mm) within the TGPLIF

image. For each image, a correlation map was then generated showing the mean absolute value
in Kelvin of the difference between the loc&l-PLIF temperature at each sumxel and the
corresponding simultaneous LITGS temperatbigure6-10 displays the mean of DGuch

correlation maps.
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Figure6-10 Spatial orrelation of LITGS temperaturgersus local T®LIF temperaturesaveraged
over 100 shots.

There is a distinct structure to the correlation mapigfire6-10, with the smallest difference
between the T@LIF and LITGS temperatures towards the cerityit of the map. The

correlation worsens with distance from this region, with the largest differenceoitedp
temperatures being observed in the lclefrregion of the map. From direct measurements
during alignment, the LITGS volume is known to be centred over the-piystrat row 4,

column 6. Unsurprisingly, this means the best correlation occurs wengoecing the LITGS
temperature to the TELIF temperature spatially averaged across the LITGS interaction region,

rather than elsewhere in the image.

This map supports the argument the-FIAF technique is performing as designed to generate
2D maps showinghe variation in local temperature. Also, the correlation shows that both
techniques are independently resolving the cyclic variability of loegylinder temperatures

under fired operation.

Discrepancies between TC-PLIF and LITGS temperatures

Overall,the TGPLIF and LITGS derived temperatures display excellent correlatibigure
6-9, in particular shot 14 forwhich @ LI F reports a st rleoragportéd ot sp o
high temperature. Despite this, shots1Bldisplay LITGS temperatures cooler than the

corresponding T@PLIF data, with shot 12 showing the largest deviation.

A potential explanation for the LITGS technique reporting cooler temperatures@hRahIF

would be the presence of multiple temperature zones within the LITGS interaction region. TC
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PLIF would return the mean temperature across the imaged area, while LITGS would return a
temperature lower thandimean as discussed in chaptefldis towever is not the case for
shots 1113 as inspection of the relevant ‘RCIF imageqFigure6-11] shows no evidence of

multiple distinct temperature zones across the LITGS measurement region.
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Figure6-11 TGPLIF imges corresponding to the FTELIRemperatures reported inFigure6-9.
This demonstrates the utility of performing temperature measurements with two techniques
simultaneously. Not only can LITGS be used as asitincalibration of TEPLIF data, but the
TC-PLIF data can provide information about the local temperature distribution for
investigations into the accuracy of LITGS measurements. Currently the cause of the discrepancy

between LITGS and T®LIF for shots 1413 is unknown.

6.3.3. Charge cooling
This sedbn discusses a major difference between GDI and PFI operation, the phenomenon of
6charge coolingd, along with the discovery

temperatures derived from the LITGS measurements.
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6 Char ge c o otheevapprative ceoling effect df injecting liquidel directly into the
cylinder, leading to a reduction in overall temperature of the order §f[8 At the low load
conditions of this work charge cooling is a more subtle effect, typically resulting in a

temperature differenceesbveen GDI and PFI of the order oK5

In section6.3.6 belowthe effect of varying the fraction of toluene in thednponent iso
octane/toluene fuel blend investigated. Suffice to say, one consequence of increasing the
toluene fraction is to increase the signal intensities for both tRBLIE and LITGS techniques

due to the increased tragcermber densityAlthough the standard fuel blend was 70/30 iso
octane/toluene, much of the discussion that follows uses the higher toluene fraction fuel (50/50
iso-octane/toluene) data. This is in part due to the slight increase in latent heat of vaporisation of
the fuet*® which magnifies the charge cooling effect. Mgihbwever, it is due to the higher
signalto-noise ratio and hence lower variation of the results of both techniques. This allows the
findings to be presded and explained with clarity amdthout any ambiguity in interpretation

caused by noisy data.

A major parameter of interest is injection strategy. Previous work with-pbi@S had
demonstrated the ability of LITGS to resolve the effect of charge cooling with direct injection

compared to port injectiof25].

Measurement of charge cooling with the combinedPILIF and LITGS system would
demonstrate the ability of the optical diagnostic to resolve temperature differences small enough
to be of use to investigate the subtle differenceserabsolute temperature distributions

between engine conditions.

LITGS

Measurement of the aylinder temperatures with LITGS for PFI and GDI under motored

operation provides an initial test environment to isolate the potential charge cooling effect.

us¢ 2 f dzSy SQa f I Kiioh){e41KSslightly greaterdharcis® O G Iy S REmofY [@42]P H
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Figure6-12 A)Motored LITGS temperatureat 90 CAD BTD@ith reference to the mean
temperature of datasets a) and bB)Motored LITGS temperatureisetween 90 and 50 CAD BTW@h
reference to the mean temperature at 90 CAD BTDC for datasets a) arfebbthe datasets of both A)

and B), a) and b) are taken using PFI while c) and d) are taken usinge@Bibars in this figure
represent the standard error of the mean.
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As show in Figure6-12 A), the two GDI datasets at 90 CAD BTDC both display lower mean
temperatures than the two PFI datasets. This trend contimoegltiout the compressi stroke
[Figure6-12 B)], with mean GDI temperatures consistently &K cooler than those of PFI.
These measuremerdppear to be resolving the charge cooling effect of GDI compared to PFI.

However a problem arises if the absolute temperatures from the two experiments are compared.

PMT gain bias to temperature

There exists a mismatch of approximatelylBetween the erived temperatures of the 90

CAD BTDC PFI motored dataset and the first datapoint of tHe®DCAD BTDC PFI

motored dataseFjgure6-13]. These two datapoints sHdumatch exactly, within the precision

of the measurement, as they represent data acquired under identical engine conditions. The same
problem is apparent for GDI operation, as a shift of approximatel/ [2&tween the two

measurements of GDI at 90 CAD BTD
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Figure6-13 Mismatch in derived temperatures for LITGS at 90 CAD BTDC for the motored datasets of
Figure6-12 A) and B). Datasets a) and b) are taken using PFI while ¢) and d) are taken using GDI.
Errorbars in this figure represent the standard error of the mean. Single datapoints at 90 CAD BTDC

have been offset by 8.5 CAD for clarity.
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An investigation into theaurce of this systematic bias considered both the practical and
analytical aspects of the experiment. It was determined that varying the gain of the PMT, a
procedure intended to maximise the sigioahoise ratio of the weak signals from the engine,

was responsible for the bias.

As the compression stroke progresses from 90 to 50 CAD BTDC, the volume inside the
cylinder halves with corresponding increases in tracenber densitypressure and

temperature. This results in a large dynamic range of LITGSlsigtensity within the 90 to 50

CAD BTDC datasets. In order to collect the data on an oscilloscope, the gain of the PMT was
adjusted to optimise the signal strength of the largest signals (at 50 CAD BTDC) while
remaining under the 108V limit forthe PMT6 s response to be | inear
4. The oscilloscope scale was then adjusted to make best use of its 8 bits of vertical resolution.
The LITGS signals at 90 CAD BTDC were therefore much smaller on the oscilloscope scale,

covering perhaps fifth of the available range.

When recording data solely at 90 CAD BTDC, it was assumed to be beneficial to increase the
gain of the PMT to optimise the signal strength, and therefore gigmnalise ratio, of these

much weaker signals. Again, the 10¥ linearity limit was used to determine the optimum

PMT gain.This procedure was followed for each type of dataset collected over the course of an
experiment. Engine conditions producing similarly sized signals resulted in the PMT gain
remaining unchangednine conditions that led to significant changes in signal strength, such
as changing the CAD timing of interest or switching from motored to fired operation, resulted in

the PMT gain being reptimised to a new value.

Had varying the PMT gain simply altst the intensity of the signal, no bias in derived
temperature would have been introduced. However, the gain setting also affects the time
response of the PMT either by delaying the signal output, distorting the shape of the signal or
most likely both A change in the timeesponse of the PMT with changing gain introduces a

different delay between the signal recorded by a photodiode indicating the timing of the pump
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pulse and the LITGS signal recorded by the PMT. This has the effect of changing tlem@ppar
time behaviour of the LITGS signal which is dependent on quench rates that affect the induced

grating evolution.

The LITGS fitting routine generates a modelled signal with reference to the timing of a pump

pulse. A shift in time of the recorded LITGHgsal with respect to the recorded pump pulse that

is not a result of the dynamics of the grating formation cannot be accounted for by the fitting

routine. While a delay in the PMT response time of less than 1 ns is on a much smaller

timescale than that dfie acoustic oscillations, approximately 20ihg on a comparable

timescale tdhe fast quenching rate affexg the grating dynamics andgsfficient to cause a

mismatch of the experimental LITGS signal and the modelled LITGS signal generated by the
nominally 6écorrectd values of the quenching r
This mismatch is greatest in magnitude for the steep initial rising edge of the LITGS signal. A

better fit to the rising edge of the experimental signal is gea/by slowing the quenching

rates, which delays the rising edge of the modelled signal to match that of the signal recorded by
the PMT. Altering the quenching rates has a more complex impact on the evolution of the signal
than simply delaying the formaticof the grating, including affecting the contrast of the

acoustic oscillations and the duration of the LITGS signal. These effects, which in isolation

would reduce the quality of the fit, can in part be compensated for by perturbing the values of
theremani ng fit parameters from their nominally
thermometry diagnostic technique, one of the fit parameters biased in this way is the acoustic
transit time, from which temperature is derivéterefore the gaidependent chge in the

time response of the PMT leads to the fitting routine altering the temperature from the correct

value to compensate for an apparent change in parameters such as quench rates.

The current sets of LITGS data from the engine therefore cannoebgréted as a self
consistent set of absolute temperature values.titmg/the gain of the PMT is changed, the

calibration relating the LITGS measurement to an absolute temperature value is lost.
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Information recovery

While the comparison of absolute tergteres for some datasets is not possible, it is still
possible to recover relative temperature information within a dataset and also between any

datasets which share a common PMT gain.

Figure6-12 a) and b) can therefore each be analysed in isolation as the datasets within each
figure have the same PMT gaffigure6-13in contrat is displaying data collected using two

different PMT gain settings, leading to th@R discrepancy.

One of the major losses in discussing only the relative temperatures of LITGS datasets was the

intention to use LITGS to provide an absolute calibratar TGPLIF measurements. This

issue can still be mitigated, in part, for existing datasets by calibrating one of the LITGS

dat apoints for each O6newé value of PMT gai
value of PMT gain. This requires thesamption that TE@LIF datasets which show identical
signal ratios can be used to identify datasets of different PMT gain which have the same
physical temperature. The corresponding 6én
same temperatureastheo r i gi nal 6 LI TGS datapoint. The
interest have known relative temperatures with respect to the first and can therefore all be

placed on an absolute temperature scale.

With the absolute values of LITGS temperatureasugements restored, the-RCIF data can
be calibrated as intended. Investigations into the thermal effects of injection strategy, fuel
composition and fired operation can continue on those subsets of the initial experimental

datasets which meet the catimins for absolute temperature recovery described above.

All LITGS results presented in the remainder of this chapter have absolute temperature values

presented with the above discussion in mind and do not mix datasets of different PMT gains.
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Future solut ion

The solution is of course to fix the PMT gain at a constant value for future LITGS experiments.
The signal output of the PMT must still be maintained below therd(nearity limit,

necessitating some alternative form of control over the signakityegiven the wide range of

signal strengths produced during engine experiments. One option is to set a very high fixed gain
for the PMT, optimised to record the weakest signals of interest. The problem of intensity

control is then reduced to an issuatiEnuation.

A filter wheel containing neutral density filters with a variety of optical densities placed in front
of the PMT would permit the attenuation to be selected from a discreteafamjgigons for any
given run. 8lutions with greater potentidbr fine-tuning the optimisation of the signatlude

the use of a variable optical density filter or imeodudion of an iris in front of the PMT. The
smoothly varying aperture size offered by the iris would allow for attenuation féno0

100%, limited by how small the incremental adjustments to aperture size could be made.

Preliminary optical attenuation tests

Preliminary tests were performed to assess the potential for optimising signal detection using
optical attenuation at fixed high PMT gdmmreplace the variable PMT gain method used
previously. For each set of data collected, an iris was used to attenuate the LITGS signal to the

highest intensity which retains a lineasponse of the PMT.

Figure6-14 clearly shows the success of the new signal collection method. Derived
temperatures at 90 CAD BTDC are consistent between datasets with high optical attenuation (a)
and low attenuation (b).HIs is in contrast to the derived temperatures from datasets with

different values for PMT gairFjgure6-13].
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Figure6-14 Optical attenuation of LITGS signal at fixed high PMT gaduces consistent derived
temperatures throughout compression stroke at a) 90 to 50 CAD BTDC, b) 90 CAD BTDC and c) 50 CAD
BTDC. Errorbars in this figure repregehe standard error of the mean. The datapoints of b) and c)
are offset from a) by 2 CAD for clarity.
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Figure6-15 Charge cooling between a) PFI and b) GDI operation witlv optical attenuation
method of LITGS signal control. Errorbars in this figure represent the standard error of the mean.
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Figure6-15 supplies further confirmation regarding the ability of th& &5 system to resolve
the charge cooling effect. The temperature decrease for GDI operation is still visible with new

optical attenuation method of signal conttdl

Using this new method of signal collection, the LITGS technique can be reliably apmied to
wide variety of signal intensities, and therefore engine conditions, without the systematic bias

introduced by varying the PMT gain.

TC-PLIF comparison to LITGS
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Figure6-16 Uncalibrated TEPLIF sigriaratios taken simultaneously with the LITGS measurements of
Figure6-13. Datasets a) and b) are taken using PFI while c) and d) are taken using GDI. Errorbars in this
figure represent the standard error of the mean. Single datapoints b) and d) are offsef BYAD
from 90 CAD BTDC for clarity.

For comparison with LITGS data, uncalibrated-POF signal ratios for motored operation at
90 CAD BTDC, taken simultaneously with the LITGS dataseEgire6-13, were averaged

over the LITGS region and presentedrigure6-16. The TGPLIF signal ratios, being

19 This preliminary dataset was taken in a new optical engine, with a new fuel injector and without the
ability to fire the engine to accurately determine the stoichiometry of thefad@l mixture. An overlyrich
mixture for the GDI case b) would be consistent wiith larger 15K charge cooling effet in comparison

to the 5K cooling observed iRigure6-12.
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analogous to temperature, show saene trend as the corresponding LITGS data, that GDI

operation results in cooler-zylinder temperatures throughout the compression stroke. Further
confirmation that the mismatch of derived LITGS temperatures at 90 CAD BTDC is a

systematic bias, not a pigal temperature shift between runs, is given by the excellent match

of the TGCPLI F si gnal ratio values at 90 CAD BTDC

and 6do) .

Fired operation

Having confirmed the observation of charge cooling for the homogsriemperature
distributions of motored operation, examination of the fired datasets determines whether the
cooling effect remains resolvable amongst the inhomogeneous and more variable environment

of fired operation.

At 50 CAD BTDC the charge cooling efferemains clear in the LITGS datakifure6-17 A).
While LITGS is able to resolve the charge cooling effect throughout the compression stroke
from 90 to 50 CAD BTD(Figure6-17 B)], TC-PLIF is no longer able to consistently resolve
the difference in temperatuté(without individual calibration of each dataset by the
correspondig LITGS measurement®wing to the reduced signed-noise ratios compared to

motored operatiorHigure6-17 C)].

120 Although runs a) and c¢) &igure6-17 C) do show a difference in mean temperatures at 60 and 50
BTDC.
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Figure6-17 Fired LITGS temperatures at 50 CAD BTDC (A) and between 90 and 50 CAD BTDC (B). TC
PLIF temperaturebetween 90 and 50 CAD BTDC (C) using the same calibration for all 4 datasets to
illustrate the capabilities of TELIF wihout calibration of each individual dataset with LITGS. Datasets
a) and b) are taken using PFI while c) and d) are taken using GDI. Errorbars in this figure represent the
standard error of the mean. Absolute temperature scale recovered using theakbration technique
of section6.3.3 SeeFigure6-12 for comparison to motoredoperation.

157











































































































































































































































































