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Abstract  

The development of Laser-Induced Thermal Grating Spectroscopy (LITGS) for diagnostics of 

combusting and non-combusting flows is described. The first use of LITGS to provide in situ 

calibration of 2-Dimensional temperature distributions generated using Two-Colour Planar 

Laser-Induced Fluorescence (TC-PLIF) is reported. Time-resolved measurements of 

temperature distributions in a firing GDI optical engine obtained by TC-PLIF 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 using alternative methods of data analysis ï Fast 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 low pressure 

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

performing repeated single-shot measurements for 1 in every 10 four-stroke cycles showing 

excellent correlation of the temperatures derived from both techniques. Direct measurement of 

the effect of ócharge coolingô, of order 5 K, for operation with direct injection is reported. 

Inhomogeneous temperature distributions were observed during the compression stroke for fired 

operation with Port Fuel Injection (PFI) and also with Gasoline Direct Injection (GDI). The 

effects of varying the relative concentrations of toluene and iso-octane in the two-component 

fuel were investigated. 

Extension of the LITGS technique to multi-point measurements along a 1-D line is described.  

By recording signals from 4 points on separate detectors using a fibre-coupled photodiode array 

the limitations of Streak Cameras used previously for 1-D LITGS measurements were 

overcome. Demonstration of principle experiments are reported in which simultaneous 4-point 

measurements were made with 1 mm spatial resolution and a precision of 0.7 % in temperature 

gradients in gas flows and in boundary layers at surfaces.   
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1. Introduction  
The aim of this thesis is to develop and demonstrate an optical diagnostic for in-situ calibrated 

2-dimensional thermometry in a spark-ignition internal combustion engine. 

1.1. Combustion  

Combustion has a part to play 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 by 25 % to 12.3 TW over 

the past decade [7]. Of this energy demand, 80 % is generated by some form of combustion 

process [7].  

Climate change is now widely accepted1 to be a critical international issue. The óParis 

Agreementô on climate change was adopted on the 12th December 2015 and as of August 2016 

has been signed by 180 countries [8]. One of the key aims of this agreement is limiting the 

global average temperature rise to less than 2 °C above pre-industrial levels by reducing the 

global emission of greenhouse gases. CO2 emissions from combustion processes account for 

60 % of the worldwide greenhouse gas emissions [9] and 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 

coal2, towards ógreenô renewable energy production3. Renewables currently provide just 3 % of 

world energy consumption [10], hence there will be a dependence on non-renewable forms of 

energy for many decades to come. Coupled with the finite nature of the worldôs fossil fuel 

reserves, improving the efficiency of combustion processes will have a key role to play in 

satisfying our increasing energy demands. 

                                                           
1 at a governmental level 
2 The USA and China were largely responsible for a fall of 1.8 % in global coal consumption in 2015 [10]. 
3 The share of world energy consumption provided by renewable sources has more than tripled in the 
past 10 years from 0.8 % to 2.8 % [10]. 
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The chemical reactions that occur during combustion are dependent on not only the species and 

concentrations of the reactants, but also temperature and a wide variety of other environmental 

parameters including pressure and flow dynamics. Measurement of any of these parameters can 

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 many aspects of 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 input fluid, Thot , and the 

environment, Tcold , define the maximum theoretical efficiency of any heat engine, the Carnot 

efficiency, ɖCarnot , given by equation (1-1) [11].  

 
– – ρ

Ὕ

Ὕ
 (1-1) 

The desire to increase the óhotô temperature of the working fluid to ever higher values in search 

of improving efficiencies can lead to extreme demands of the materials used in engine 

construction. Heat transfer to surfaces within an engine, such as the cooling requirements for 

gas turbine blades, is an active area of research [12]. 

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 ósuccessfulô in overcoming the energy barrier to allow the reaction to 

proceed. This exponential temperature dependence is described by the Arrhenius equation,  

 
Ὧ ὃὩ

 
 (1-2) 

where k is the rate constant for the reaction, Ea is the activation energy, kB is Boltzmannôs 

constant and T is temperature. The scaling factor óAô is typically assumed to be independent of 

temperature, although for analysis of data over a wide range of temperatures it can be useful to 

include a temperature dependence of the form Tn as an additional multiplicative factor [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 simple physical 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, stationary engine components, physical 

probes are invasive and perturb the temperature of the working fluid. This limits the accuracy of 

such techniques [14]. Optical diagnostics can be entirely non-invasive by simply collecting light 

emitted by the combustion process itself [15]. 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, combustion 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 volumetric 

measurements. 

1.4. Internal Combustion engines  

There were 36 million vehicles on the road in the UK in 2014 [16], approximately one vehicle 

for every two people [17]. This is a trend reflected around the world as road transport accounts 

for 17 % of the global CO2 emissions from fossil fuel combustion [9]. The latest EU standard 

óEuro 6ô sets out stringent limits on harmful emissions from road vehicles [18] (CO, NOx, THC, 

PM, PN ï 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 significant effect on the combustion efficiency and the 

production of particulates i.e. soot [19]. Even small temperature changes can have significant 

effects on the overall combustion, as localised hot spots of just 5 % difference to the bulk 

temperature are correlated with knock 4 [20]. Accurate and precise diagnostic 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 engines. Such improvements in understanding the fundamental physical and 

chemical processes involved and subsequent increases in efficiency and reduction of harmful 

emissions will help to minimise the 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 of spark-ignition internal 

combustion engines, along with a summary of the terminology in common 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 

thermometry. 

Chapter 4 describes the theory and application of the Laser-Induced Thermal Grating 

Spectroscopy (LITGS) technique for in-situ calibration measurements. The implications of 

potential analysis methods for the accuracy of in-cylinder thermometry are discussed. 

                                                           
4 Undesirable auto-ignition of the fuel-air mixture before the intended ignition timing, leading to a 
reduction in power output and potentially engine damage. 
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The selection of Two-Colour detection Planar Laser-Induced Fluorescence (TC-PLIF) as the 

technique for 2-dimensional in-cylinder thermometry is discussed in chapter 5. The background 

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

Chapter 6 presents the results of combining TC-PLIF and LITGS techniques for in-situ 

calibrated 2D thermometry. The effects of varying fuel composition and injection strategy on 

the in-cylinder temperature distributions are described and sources of inaccuracy investigated.  

The development of an extension of the LITGS technique for 1-dimensional time-resolved 

thermometry is presented in Chapter 7 and compared to that of previous publications. The 

application of the technique to single-shot 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. 
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2. Optical Internal Combustion 
Engine 

In this chapter a brief introduction to internal combustion (IC) engines is given in section 2.1, 

covering their principles of operation, thermodynamic efficiency and fuel injection strategies. A 

summary of relevant engine-related terminology is provided in section 2.2. The optical engine 

and operating conditions used throughout this work are discussed in section 2.3. 

 

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 in-depth explanations of the field, the reader is referred in the first 

instance to an excellent textbook [21] and recent review of the field [22]. 

The operating principle of reciprocating IC engines is based around combustion of a fuel-air 

mixture to raise the temperature and pressure of gases within a sealed chamber5 (the 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 via 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 combustion products and the intake 

of fresh fuel-air mixture.  

                                                           
5 IŜƴŎŜ ǘƘŜ ƴŀƳŜ ΨƛƴǘŜǊƴŀƭ ŎƻƳōǳǎǘƛƻƴΩΦ 
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 Gasoline vs Diesel 

There are a variety of designs of IC engine, of which ógasoline/petrolô and ódieselô are the most 

familiar, being found in the vast majority of road vehicles6. Gasoline, or more generally óSpark 

ignitionô (SI), engines typically mix fuel and air into a homogeneous charge before the mixture 

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 air has 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 to both gasoline and diesel engines, in practice it is easier in gasoline 

engines due to the lower in-cylinder pressures and the ability to use a flat piston crown window 

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

 4-strok e engines 

a)   b)   c)   d)  

Figure 2-1    4-stroke cycle stages. a) Intake, b) Compression, c) Expansion, d) Exhaust. 

The four stages of a four-stroke cycle are depicted in Figure 2-1. 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 

                                                           
6 aŀȊŘŀΩǎ w· ƭƛƴŜ ƻŦ ǎǇƻǊǘǎ ŎŀǊǎ ŀǊŜ ŀ ƴƻǘŀōƭŜ ŜȄŎŜǇǘƛƻƴ ŘǳŜ ǘƻ ǘƘŜƛǊ ǳǎŜ ƻŦ ǘƘŜ ²ŀƴƪŜƭ Ǉistonless rotary 
engine which contains no reciprocating parts. 



  Optical Internal Combustion Engine 

 8 

of the compression stroke a spark 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. 

 Otto cycle 

The operation of a spark ignition engine is often idealised as a thermodynamic cycle for ease of 

explanation and derivation of its thermodynamic efficiency, in this case the Otto cycle [Figure 

2-2]. The intake (green) and exhaust (blue) strokes are included on the P-V diagram of Figure 

2-2 solely for ease of identification of the 4-stroke cycle. The thermodynamic Otto cycle is 

defined by the upper loop between points 1 to 4.  

 

Figure 2-2    Pressure-Volume diagram7 for the Otto cycle [23] covering points 1-4, with the addition of 

ǘƘŜ ŜȄƘŀǳǎǘ ŀƴŘ ƛƴǘŀƪŜ ǎǘǊƻƪŜ ŀǘ Ŏƻƴǎǘŀƴǘ ǇǊŜǎǎǳǊŜ ŀǎ ǊŜǉǳƛǊŜŘ ŦƻǊ ŀ ΨǊŜŀƭΩ п-stroke engine cycle. 

The compression stroke in the Otto cycle (1 Ą 2) is assumed to be isentropic8. The ratio of the 

maximum, V1 , and minimum, V2 , volumes of the compression stroke defines the compression 

ratio of the engine, rV :  

 
ὶ

ὠ

ὠ
 (2-1) 

                                                           
7 User: Luc1992, https://commons.wikimedia.org/wiki/File:P-V_Otto_cycle.svg, © CC-BY-SA-4.0 
8 I.e. there is no heat transfer between the gas and the engine walls and the process is reversible. 

https://commons.wikimedia.org/wiki/File:P-V_Otto_cycle.svg
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Ignition occurs at point 2 and is assumed to be rapid such that the pressure associated with the 

heat input rise occurs at constant volume (2 Ą 3). The expansion stroke (3 Ą 4) is again 

isentropic, followed by the pressure loss and rejection of heat as the exhaust valves open 

(4 Ą 1).  

The efficiency of the Otto cycle is defined as the ratio of work output to heat input. Treating the 

fuel-air mixture as an ideal gas such that the ideal gas law ὖὠ ὔὯὝ holds and using the 

fact that ὖὠ  is a constant for an isentropic process9, this efficiency, ɖOtto , may be expressed 

solely in terms of the engineôs compression ratio: 

 
–

ὡέὶὯ έόὸὴόὸ

ὌὩὥὸ Ὥὲὴόὸ
ρ

ρ

ὶ
 (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 ratios before engine damage through 

overheating or auto-ignition (knock) begin to occur. Typical compression ratios for SI engines 

are of the order of 10 : 1, resulting in theoretical Otto-cycle efficiencies of around 60 %. In 

practice the variation of ɔ with temperature, heat transfer between the gases and engine 

components, finite combustion speed and frictional losses combine to reduce the idealised Otto 

efficiency of a SI engine by half, around 30 % for a compression ratio of 10 : 1 [21].  

SI 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 reduced. Restricting the airflow lowers the pressure in the intake manifold, increasing the 

work required of the piston during the intake stroke. The increase in ópumping lossesô therefore 

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

                                                           
9 ²ƘŜǊŜ ʴ ƛǎ ǘƘŜ Ǌŀǘƛƻ ƻŦ ǎǇŜŎƛŦƛŎ ƘŜŀǘ ŀǘ Ŏƻƴǎǘŀƴǘ ǇǊŜǎǎǳǊŜΣ ŎP, to the specific heat at constant volume, 
cV. 
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 2-stroke engines  

It is possible to arrange the design of the engine such that a power stroke is delivered for every 

rotation of the crankshaft, instead of once every two revolutions. This is known as a 2-stroke 

engine and combines the four stages of the four-stroke cycle into just two strokes of the piston. 

For a given power output a two-stroke SI engine will be smaller than a four-stroke, making it a 

popular choice where size and weight are an issue10. Fuel efficiency is however typically lower 

for 2-stroke engines due to the simultaneous intake and exhaust gas flows leading to partial 

mixing11. This leads to a richer than stoichiometric fuel-air mixture being required to ensure 

reliable combustion which results in lower fuel efficiency [21]. The optical engine of this work 

uses a four-stroke cycle, hence 2-stroke operation will not be given further consideration. 

 Gasoline Direct Injection  

Gasoline Direct Injection (GDI) as the name suggests injects fuel into the cylinder12. This has 

seen increased application in production 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.  

GDI leads to ócharge coolingô, where the latent heat for vaporisation of the fuel is supplied by 

the bulk gas in the cylinder. This reduces the temperature of the fuel-air mixture by typically 

30 K and as a result, the volumetric efficiency13 of the engine is increased by around 5 % [4]. 

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 motorcycles. 
11 As well as some loss of fresh charge into the exhaust system. 
12 Typically during the intake stroke to allow time for mixing to form a homogeneous fuel-air mixture. 
13 The volumetric efficiency of an engine describes how effective the intake stroke is at drawing 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 the cylinder at ambient pressure and temperature. By this definition, the volumetric 
efficiency can be over 100 % for effective intake pressures above 1 atm. 
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The high level of control over the timing and quantity of injected fuel with GDI also allows for 

novel injection strategies such as injecting twice per cycle [24]. This allows preparation of an 

overall lean homogeneous mixture with one óearlyô injection during the intake stroke, followed 

by a second ólateô injection during the compression stroke to provide a 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 temperature of the exhaust 

gases. This is beneficial during the initial warm-up 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 field of internal combustion (IC) engines has many well-established acronyms and 

terminology which will be referred to throughout this thesis. In addition to the comprehensive 

table of acronyms at the start of this thesis, the most relevant engine acronyms are presented 

here for convenience of the reader. 

TDC óTop-Dead-Centreô. The highest position of the piston resulting in the smallest in-

cylinder volume. There are therefore 2 óTDCô events within a single 4-stroke cycle, at the end 

of both the compression and exhaust strokes. 

CAD óCrank Angle Degreesô. The two rotations of the crankshaft during a 4-stroke engine 

cycle are divided into 720 degrees. This allows the timing of engine events to be referred to in 

relation to a óCrank Angleô (i.e. angular position) of the crankshaft. This work will follow the 

convention of [3] in labelling the TDC at the end of the compression stroke as ó0 CADô. 

BTDC óBefore-Top-Dead-Centreô. Usually preceded by a value in CAD, BTDC describes an 

event that occurs before the piston reaches TDC14.  

                                                           
14 E.g. the compression stroke begins at 180 CAD BTDC and finishes at TDC. 
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ATDC óAfter-Top-Dead-Centreô. Usually preceded by a value in CAD, ATDC describes an 

event that occurs after the piston reaches TDC15. 

EGR óExhaust Gas Residualsô. The finite volume at the end of the exhaust stroke results in 

some of the combustion products (EGR) remaining in the cylinder to mix with the fresh charge 

of the next cycle. Not to be confused with óExhaust Gas Recirculationô16, a technique to 

deliberately increase the amount of EGR within the cylinder. 

GDI óGasoline Direct Injectionô. Air is drawn in to the cylinder during the intake stroke and 

fuel is injected ódirectlyô into the cylinder to form the desired fuel-air mixture. 

PFI óPort Fuel Injectionô. Fuel is injected into the manifold before the intake valve and the 

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

ű óFuel-air equivalence ratioô. The proportion of fuel to air compared to that at 

stoichiometric conditions17. Excess fuel (órichô conditions) will give ű > 1. 

ɚ óLambdaô. The inverse of the fuel-air equivalence ratio (i.e. an air-fuel equivalence 

ratio). Excess oxygen (óleanô conditions) will give ɚ > 1. 

2.3. Optical Engine  

Bore × Stroke  89 × 90.3 mm  

Displacement  562 cm3  

Valves per Cylinder  2 intake, 2 exhaust  

Compression Ratio  11.1  

Fuel Pressure  150 bar  

Injector  Bosch Multi-hole Nozzle  

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

Table 2-1    Optical engine specifications as detailed in [25] (c.f. List of Acronyms). 

                                                           
15 E.g. the expansion (power) stroke begins at TDC and finishes at 180 CAD ATDC. 
16 hŦǘŜƴ ŀƭǎƻ ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ Ψ9DwΩΣ ǘƘƻǳƎƘ ƴƻǘ ƛƴ ǘƘƛǎ ǿƻǊƪΦ 
17 Stoichiometry refers to the exact balance by number of carbon, hydrogen and oxygen atoms in the 
fuel-air mixture (reactants) to undergo complete combustion to carbon dioxide and water (products).  
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The optical engine providing the platform for the development of the optical diagnostic 

techniques is based on a Jaguar AJ133 5.0 L V8 engine. Launched in 2009 to replace the 

existing 4.2 L V8, the AJ133 provides 30 % more power18 with a 6 % reduction in specific fuel 

consumption and with improved emissions to meet the latest Euro 5 standards [26].  

 

Figure 2-3    a) Cross-section 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 annulus resting on water-cooled cylinder section. 

                                                           
18 385 hp when naturally aspirated, or 510 hp for the supercharged version. 
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The optical engine of this work is a single-cylinder engine19 with an extended óBowditchô 

piston20, which enables optical access through a window in the reciprocating piston via a 

stationary 45 degree mirror within the void between the piston supports [Figure 2-3 a), b)]. A 

window in the side of the ópent-roofô21 provides single-sided optical access to the small volume 

of the cylinder remaining at TDC which also contains the spark plug, fuel injector, inlet valves 

and exhaust valves [Figure 2-4]. 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 of 16 mm clear aperture 

[Figure 2-3 c)], a quartz annulus at the top of the barrel providing 360° of optical access over a 

height of 29 mm [Figure 2-3 d)] or a full-length 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 far less durable22 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 diagnostics23, the steel annulus was selected for use throughout this work. 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. 

                                                           
19 I.e. one of the 8 cylinders of the AJ133. 
20 ¢ƘŜ Ψ.ƻǿŘƛǘŎƘΩ Ǉƛǎǘƻƴ ǿŀǎ ǇǊƻǇƻǎŜŘ ōȅ CǊŜŘ .ƻǿŘƛǘŎƘ ƛƴ мфсм ŀǎ ŀƴ ŀƭǘŜǊƴŀǘƛǾŜ to the existing L-head 
designs where the valves were mounted in the cylinder walls to permit overhead optical access via a 
ǿƛƴŘƻǿ ƛƴ ǘƘŜ ŎȅƭƛƴŘŜǊ ƘŜŀŘΦ ¢ƘŜ .ƻǿŘƛǘŎƘ Ǉƛǎǘƻƴ ŀƭƭƻǿŜŘ ŦƻǊ ŀ ƳƻǊŜ ΨǊŜŀƭƛǎǘƛŎΩ ƻǾŜǊƘŜŀŘ ǾŀƭǾŜǎ ŘŜǎƛƎƴΣ 
providing a better representation 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 using the full quartz components. 
23 2 ς 5 minutes at a time. 
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Figure 2-4    (Left) Image of in-cylinder 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 pent-roof 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]. 

 Operating conditions  

Since this work focusses on the development of an optical diagnostic technique, the operating 

conditions of the engine were typically held constant at the values detailed below.  

The air intake of the engine was heated to 313 K to ensure the full evaporation of toluene 

injected into the airflow before the cylinder under PFI operation. The flow rate was maintained 

at a low 1.78 ± 0.02 Ls-1 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 and the barrel prevented the engine 

overheating while running and was maintained at 293 K. 

The engine speed was set to 1200 rpm24. With 2 crankshaft rotations in a four-stroke engine per 

cycle, this corresponds to 10 four-stroke cycles per second. The cameras used for recording 

Laser-Induced Fluorescence (LIF) images, being limited to an acquisition rate of < 1.5 Hz, 

could be triggered at 1 Hz to capture an image every 10 cycles. 

                                                           
24 Actually 1185 rpm to avoid a peculiarity with the Surelite pump laser being unable to be triggered at 
ΨŜȄŀŎǘƭȅΩ мл Hz. 
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The crankshaft of the optical engine is connected to a dynamometer which may be run as an 

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

ómotoredô operation). Alternatively it may be run as a generator to provide resistance and allow 

the engine to do work while firing with fuel injection and ignition (referred to as ófiredô 

operation). Clearly ófiredô operation is the more realistic condition of interest, however 

ómotoredô operation provides a useful, simpler reference condition for development of the 

diagnostic techniques. 

The engine has an injector installed both in the pent-roof 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 and both were used in this 

work for motored and fired operation. 

The standard fuel used in this work was a 2-component blend of 70 % iso-octane and 30 % 

toluene by volume25, a ó70/30 blendô. ó50/50ô and ó90/10ô blends were also used in chapter 6. 

  

                                                           
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 physical (3.1) and optical (3.2) thermometry techniques, which are 

themselves divided into the categories of linear (3.3) and non-linear (3.4) optical methods. The 

linear techniques discussed include absorption spectroscopy (3.3.1), Rayleigh scattering (3.3.2), 

Raman scattering (3.3.3), thermographic phosphors (3.3.4) and Laser-Induced Fluorescence 

(3.3.5). Nonlinear techniques considered include Coherent Anti-Stokes Raman Spectroscopy 

(3.4.1), Polarisation Spectroscopy (3.4.2), Degenerate Four Wave Mixing (3.4.3) and Laser-

Induced Grating Spectroscopy (3.4.4). This chapter concludes with section 3.5 which details the 

selection of the techniques for in-situ calibrated 2-dimensional thermometry whose 

development in this work is discussed in chapters 4 and 5. 

3.1. Engine diagnostics  

Research and development of engine technology is often the primary aim for cutting-edge 

diagnostic techniques [22]. As engines become ever more complex, the level of detail required 

from diagnostic measurements increases. High-speed imaging is one current trend, given its 

ability to follow the evolution of scalar or vector fields throughout a single engine cycle [27]. 

However, there is also a requirement for robust sensor technology to enable closed-loop control 

of engine systems [28]. 

This chapter will review potential techniques for thermometry of gas mixtures with the aim of 

selecting techniques with which to perform accurate, time-resolved measurements of 

2-dimensional in-cylinder temperature distributions. 

Physical probes such as thermocouples are by their very nature an invasive measurement 

technique and do not accurately report the ótrueô temperature of the gas which would be 

observed in the absence of the probe [29]. Corrections must be made for both heat transfer 

between the thermocouple and the gas and any catalytic effects in reacting flows in an effort to 
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improve the accuracy of the measurement. These corrections will depend on the dynamics, 

temperature and composition of the flow [14] yet for complex flows such corrections will not be 

able to provide an effectively non-invasive measurement.  

In IC engine research, thermocouples are typically used for temperature measurements at 

surfaces e.g. the piston surface [30]. 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 practically possible with physical 

probes. Therefore optical techniques are considered in this work. 

3.2. Optical diagnostics  

 

Figure 3-1   Energy level diagrams for optical diagnostic techniques discussed in this chapter showing 

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

reader is referred to the relevant section of this chapter: Rayleigh (3.3.2), Raman (3.3.3), LIF (3.3.5), 

CARS (3.4.1), DFWM (3.4.3) and LIGS (3.4.4). 
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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 number of excellent reviews. These range from broad 

overviews of the field [31], [32], [33] to those focusing on a subset of techniques [34], [35], [36] 

or specific applications [37], [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 potential for thermometry.  

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 scattering26. Alternatively, the population distribution across energy levels of the 

molecules is probed and used to infer temperature directly such as in Two-Line Atomic 

Fluorescence or Four Wave Mixing (FWM) techniques. 

When discussing optical diagnostics, a distinction is commonly made between so-called ólinearô 

and ónon-linearô techniques. This nomenclature arises from the interaction of the electric field of 

the light with the medium under investigation. óLinearô techniques can be considered as an 

interaction between the medium and a single incident photon, such as absorption of a photon by 

a molecule in absorption spectroscopy. óNon-linearô techniques require the interaction of 

multiple photons with the medium simultaneously, as described by the higher order terms of the 

induced polarisation of a medium, P(ɤ), for application of an electric field, E(ɤ),  

 ὖ‫ ‐ … Ὁ‫ … Ὁ‫ … Ὁ‫ Ễ  (3-1) 

where Ů0 is the permittivity of free space and ɢe
(n) are nth order terms in the expansion of the 

electric susceptibility of the medium óɢeô. 

For gases the second order term ɢe
(2) is zero27, resulting in the lowest order non-linear term being 

ɢe(3) which facilitates the mixing of the electric fields of 3 incident photons (E1 ,E2 and E3) to 

                                                           
26 Or indeed Laser-Induced Thermal Grating Spectroscopy (LITGS) which measures density perturbations 
in the form of acoustic waves. 
27 This is true for all media which have inversion symmetry [236]. 
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induce a polarisation which radiates a ósignalô photon (E4). This gives rise to the name óFour 

Wave Mixingô (FWM) used to describe the class of non-linear techniques which make use of 

this ɢe
(3) term. Each higher order ɢe

(n+1) term is many orders of magnitude smaller than the 

previous ɢe
(n). Non-linear effects are therefore only seen for very high field strengths28 or when 

resonantly enhanced and higher-order effects than FWM are not typically observed. 

3.3. Linear optical diagnostic techn iques 

This section reviews the ólinearô optical diagnostic techniques which have potential for 

thermometry in IC engines. Linear techniques typically involve the absorption or scattering of 

an incident photon29. Information is gained either from the reduction in transmitted intensity or 

collection of the scattered or emitted light. 

 Absorption spectroscopy   

Absorption spectroscopy investigates properties of a medium by recording the transmitted 

intensity of a probe beam through the medium in question [40]. These measurements are 

however limited to integrated measurements along the optical path of the beam. Tomographic 

reconstruction for 2-dimensional measurements using multiple beams has been applied in SI 

engines [41] and jet engine exhausts [42]. The number of effective measurement points is 

related to the number of beams and therefore typically results in poorer spatial resolution than 

planar techniques such as Planar-LIF (PLIF) for a given field of view. 

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

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

by the temperature-dependent Boltzmann population of the levels involved and hence can be 

used for thermometry. In gases the transitions will have their fundamental ólifetimeô or ónaturalô 

linewidths broadened by the pressure-dependent rate of collisions and the temperature-

dependent velocity distribution of the molecules.  

                                                           
28 I.e. high laser pulse intensities. 
29 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 governed by the detuning 

between the laser frequency (ɤL) and the centre frequency of the transition (ɤ0) and will be 

strongest on-resonance (ɤL= ɤ0). Scanning 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 thermometry relies 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 of 296 K [43]. The high 

temperature analogue, HITEMP, is perhaps more relevant to combustion and contains many 

more transitions for typical combustion products [44] (H2O, CO2, CO, NO, OH). As discussed 

in the Tunable Diode Laser Absorption Spectroscopy (TDLAS) review of 2015 [40] both 

databases are however, not fully comprehensive or error-free, in particular for the broadening of 

transitions. Reliable investigations therefore currently require measurement of the absorption 

spectra of interest under controlled conditions [45]. 

Reliable tuneable diode laser sources below 300 nm are not available [40]. Elemental 

spectroscopy, which requires UV wavelengths, must therefore be carried out by taking 

advantage of nonlinear optical techniques such as harmonic, sum or difference frequency 

generation [46]. This increases the cost and complexity of the otherwise compact TDLAS 

system. 

Multi -Mode Absorption Spectroscopy (MUMAS)  

Typical TLDAS applications have tuning ranges limited to ~ 100 GHz, often limiting 

composition measurements to the detection of single species. This can be overcome by 

multiplexing several TDLAS systems at the expense of increased cost and complexity. An 

alternative approach is to use a multi-mode laser which, when scanned, in effect multiplexes 

many single mode TLDAS measurements using only a single laser and detector and achieves 

~ 250 GHz scanning range [47]. 
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This technique has been successfully applied to temperature, pressure and oxygen number 

density [48], to methane detection at 25 ppm sensitivity [49], to simultaneous detection of 

acetylene, nitrous oxide and carbon monoxide [50], and to methane, acetylene and 

formaldehyde [51]. MUMAS has also been applied to IC engine diagnostics, performing 

simultaneous measurements of CO2 and CO number densities in exhaust gases [52]. MUMAS 

shares the line-of-sight limitation of TDLAS, therefore was not considered for this work. 

 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 diameter is much smaller than the wavelength of the incident light this is called 

Rayleigh scattering. Rayleigh scattering has an intensity proportional to ρ‗ϳ  making the 

scattering of shorter wavelengths much more efficient.  

For larger particles the Mie scattering dominates30 [53]. Mie scattering is only weakly 

dependent on wavelength and predominantly scatters in the forward direction with respect to the 

incident light31. Rayleigh scattering can therefore traditionally only be applied to zero-

particulate ócleanô environments such as premixed flames [54]. One option for application to IC 

engines is to replace the liquid fuel with a gas such as Freon-12 32 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 the incident light. This makes Rayleigh scattering 

vulnerable to background scatter off surfaces, especially in confined environments like IC 

engines with time-varying background scatter from moving parts.  

                                                           
30 !ǎ ŀ ǊƻǳƎƘ ƎǳƛŘŜΣ ǿƘŜǊŜ ǘƘŜ ŘƛŀƳŜǘŜǊ ƛǎ ˂κмл ƻǊ ƭŀǊƎŜǊΦ aƛŜ ŎǊƻǎǎ ǎŜŎǘƛƻƴǎ ŦƻǊ ǎǳŎƘ ǎǇŜŎƛŜǎ Ŏŀƴ ōŜ 10 
to 20 orders of magnitude larger than for Rayleigh scattering. 
31 The distribution of intensity for Rayleigh scattering is such that the forward- and backward-scattered 
intensities are of equal magnitude. 
32 Dichlorodifluoromethane (Freon 12) has a high Rayleigh scattering cross-section which produces 
strong signals and a high density relative to air much like hydrocarbon fuels. 
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Filtered Rayleigh Scattering offers a potential solution in exchange for a reduction in signal 

intensity. Scatter from the gas-phase target molecules will be broadened with respect to large 

particles or stationary surfaces33. By selection of a bandpass filter which is both wide enough to 

block all un-broadened scattered light but narrow enough to transmit the wings of the broadened 

scattered light, the desired contribution from the gas-phase can be isolated [55]. This technique 

permits Rayleigh scattering measurements in sooting flames, achieving 10 ï 15 % precision for 

single-shot 2D thermometry [56]. 

Scatter from hydrocarbons is much larger than air (water, oxygen and nitrogen), so variation in 

fuel composition in IC engine mixtures will strongly bias resulting temperature34. It is possible 

to mitigate this issue by simultaneous measurement of composition with an independent 

technique, such that the composition at any point in the Rayleigh scattering image can be 

corrected for [57]. 

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 calibrate a 

McKenna burner to define a high temperature standard with which to calibrate other, more 

complex optical diagnostics [58]. 

 Raman scattering  

Raman scattering, unlike Rayleigh scattering, is an inelastic scattering process, involving the 

exchange of energy between the incident photon and the scattering molecule. The ro-vibrational 

structure of the molecule can also introduce species-specific components shifted down (Stokes) 

or up (Anti-Stokes) 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 Boltzmann-populated ro-vibrational levels.  

                                                           
33 Including Doppler and pressure broadening. 
34 Rayleigh scattering is insensitive to the species of scattering particles. While the species cross-section 
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 first-order expansion of the polarizability, the scattering 

cross-section is approximately 3 orders of magnitude smaller than that of Rayleigh scattering35 

and also shares the ρ‗ϳ  dependency. The correspondingly weak Raman signals makes the 

technique vulnerable to interference from Laser-Induced Incandescence (LII) of soot, 

chemiluminescence from flames and particularly for UV excitation, Laser-Induced 

Fluorescence (LIF) of other species36.  

Fast gating of the detection system using an electro-optical shutter can remove the longer-

timescale interferences such as chemiluminescence and LII [59] but not the short-timescale LIF. 

Raman scattering preserves the polarisation of the incident light, whereas the internal transitions 

over the ns-scale fluorescence lifetimes for LIF do not. This can be utilised by recording two 

images through orthogonal polarisers and inferring the intensity of light with the same 

polarisation as the excitation pulse [60].  

Raman scattering has been applied to measurements of composition in SI combustion engines 

[61], [62], [63] but is rarely used for thermometry in engines [64] having been supplanted in this 

specific application by the LIF and Coherent Anti-Stokes Raman Spectroscopy (CARS) 

techniques37. 

 Thermographic phosphors  

Thermographic phosphors are widely used for measurements of surface temperatures  [65], 

[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 single-exponential decay 

over time with a lifetime that decreases as temperature increases [66]. Phosphors are available 

                                                           
35 Which arises from the zeroth order polarizability. 
36 A drawback to using the shortest possible wavelengths to take advantage of the ρ‗ϳ  dependency. 
37 Typically LIF is used for 2-dimensional measurements, while CARS performs point-measurements. 
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that exhibit this decay over several 100 K and depending on the phosphor are suited for 

thermometry in low (> 200 K) through to high (< 1800 K) temperature environments. 

Alternatively, there is often a shift in the emission spectrum with increasing temperature. This 

allows for time-integrated temperature measurements by taking the ratio of emission intensity in 

two spectral regions [67].  

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 precise38 than the spectral 

intensity ratio method for Mg4FGeO6:Mn [65]. However its ms ï µs range of lifetimes is too 

slow for application to fast-moving objects or for time-gating removal of background 

chemiluminescence in flames [67]. 

Phosphor thermometry is not limited to surface measurements. By seeding the intake air with 

thermographic phosphor particles, 2-dimensional 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 distribution and the velocity field within a single experiment [69], [70], [71]. 

 Laser-Induced Fluorescence (LIF)  

Laser-Induced Fluorescence utilises the absorption and emission characteristics of the target 

molecules to perform measurements of composition, temperature, pressure39 and with 

appropriate combination of laser wavelengths and target molecules, LIF is species-specific. By 

illuminating the measurement region with a laser sheet and imaging the resulting fluorescence 

orthogonally onto a camera system, spatially resolved 2-dimensional measurements may be 

performed across the plane of the laser sheet. This gives rise to the common acronym óPLIFô for 

Planar Laser-Induced Fluorescence. 

                                                           
38 Above 650 K, more precise by over an order of magnitude. 
39 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 cross-section per molecule for LIF is larger than 

scattering techniques by as much as 10 orders of magnitude [32]. This high sensitivity has led to 

LIF being widely applied for quantitative detection of minor species in combustion as has been 

thoroughly reviewed [72]. PLIF has also seen application for imaging of fuel distributions 

inside IC engines, for high-speed crank-angle-resolved measurements [73], mapping of exhaust 

gas recirculation distributions40 [74] and highly quantitative measurements [75], [76]. 

It is beyond the scope of this thesis to cover the wide field of LIF diagnostics. Instead the reader 

is directed to the many excellent reviews on the subject including the initial developments in 

LIF [77], LIF in combustion gases [78], LIF in flames [79] and LIF in supersonic and multi-

phase flows [80], along with the more general reviews referenced in section 3.2. This section 

will focus on applications of LIF to thermometry, specifically for 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 the application to combustion environments is discussed in the comprehensive review by 

Schulz and Sick [81]. 

Two -Line Atomic Fluor escence (TLAF) 

TLAF sequentially excites two transitions of different characteristic wavelengths sharing a 

common upper level in atomic tracer species [Figure 3-2 A)] . As a result of an excitation pulse 

at ɤaĄc, the 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 

                                                           
40 ¢Ƙƛǎ ǿŀǎ ƘƻǿŜǾŜǊΣ ƴƻǘ ǇŜǊŦƻǊƳŜŘ ƛƴ ŀ ŦƛǊƛƴƎ ŜƴƎƛƴŜ ǿƛǘƘ ΨǊŜŀƭΩ ŜȄƘŀǳǎǘ ƎŀǎΦ LƴǎǘŜŀŘ ǘƘŜ ŜȄƘŀǳǎǘ Ǝŀǎ 
content was simulated by adding heated air to the cylinder during the intake stroke. Also note Exhaust 
Dŀǎ wŜŎƛǊŎǳƭŀǘƛƻƴ όǘƘŜ ŘŜƭƛōŜǊŀǘŜ ǊŜƛƴǘǊƻŘǳŎǘƛƻƴ ƻŦ ƎŀǎŜǎ ǘƻ ǘƘŜ ŎȅƭƛƴŘŜǊύ ƛǎ ƴƻǘ ǘƘŜ ǎŀƳŜ Ψ9DwΩ ŀǎ 
Exhaust Gas Residuals (gases left in cylinder due to the non-zero volume at TDC) discussed in this work. 
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transitions. Emission at ɤbĄc to level b) can be spectrally separated from the pump scatter and 

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

thermal population of b) can be measured by an excitation pulse at ɤbĄc [Figure 3-2 B)]. The 

relative fluorescence intensities of the two measurements can therefore be used to derive 

temperature. 

 

Figure 3-2    TLAF principles considering two transitions (a Ą c) and (b Ą c) sharing a common upper 

ƭŜǾŜƭ Ŏύ ŦƻǊ ǎŜǉǳŜƴǘƛŀƭ ƳŜŀǎǳǊŜƳŜƴǘ ƻŦ ǘƘŜ ǘƘŜǊƳŀƭ ǇƻǇǳƭŀǘƛƻƴǎ ƻŦ ƭŜǾŜƭ ΨŀΩ ό!ύ ŀƴŘ ΨōΩ ό.ύΦ ¢ǊŀƴǎŦŜǊ ƻŦ 

population is represented by solid arrows, photon absorption/emission by wavy arrows. 

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]. Absorption cross-sections are also many orders of magnitude higher for atomic transitions 

(of the order of 10-10 cm2 [83]) compared to molecular transitions (of the order of 10-19 cm2 [84], 

[85]). This permits very low seeding densities or excitation pulse 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 post-combustion gases.  

The first demonstration of TLAF in-cylinder by Kaminski and Aldén [86], [87] covered a 

temperature range of 800 K ï 2800 K and demonstrated a 14 % single-shot precision of 

thermometry at 2800 K. Molecular dissociation of InCl3 seeded into the fuel (iso-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 to non-fluorescing species, the 451 nm and 661 nm 

dye lasers used to excite the indium transitions do not induce fluorescence 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 reported [88] with 

the aim of minimising the perturbation of the flame chemistry caused by the seeding method. 

This was coupled with the application of cheap, compact and low-power diode lasers for 2D 

thermometry in [89] and represents both a reduction in invasiveness and an improvement in 

accessibility of the TLAF imaging technique.  

Despite this recent advance and a reduction in decomposition temperature to óonlyô 410 K, 

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

Radical (OH, CH, C2) LIF 

Radicals such as OH, CH and C2 are created during 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 of OH-PLIF and 

Stereoscopic Particle Image Velocimetry (S-PIV) for 3-Dimensional, time-resolved flame 

propagation in an IC engine [90], demonstrating the significant capabilities of OH-PLIF 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 work. 

Laser-Induced Exciplex Fluorescence  

Laser-Induced Exciplex Fluorescence (LIEF) uses two tracers, a fluorescing molecule óFô and a 

quenching molecule óQô. By adjusting their relative concentrations, it can be arranged that 

emission from excited F* dominates in the gas phase, while emission from the exciplex formed 

by the combination of an excited F* and ground state Q dominates in the liquid phase [91]. This 
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makes it possible to perform LIF measurements in the liquid and vapour phases simultaneously. 

This work focusses on the temperature distribution of gases in the compression stroke before 

combustion, not multi-phase measurements, so LIEF will not be given further consideration.  

Molecular  tracer LIF  

Unlike the sharply defined atomic transitions, more complex organic molecules such as ketones 

and aromatics have broad absorption and emission spectra where individual rotation-vibration 

transitions are no longer resolved. The spectral distribution or magnitude of absorption and 

emission for some of these molecules exhibit 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 acetone [92], [84], [93], 

[94], 3-pentanone [94], [95], [96], [97], biacetyl, [98] and toluene [96], [5], [99], [100], [101], 

[97], [102].  

The strong absorption of these tracers in the UV at commonly accessible laser wavelengths such 

as 248 nm, 266 nm and 308 nm, 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 intensity of fluorescence signal recorded by molecular tracer PLIF measurements is 

dependent on a 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 correction steps to the raw 

images [103] while being restricted to applications with known, or at least homogeneous, tracer 

distributions.  

The temperature dependence of the spectrally-integrated fluorescence intensity can be more 

sensitive than the spectral shifts utilised for the two-colour methods described in the following 

sections. This potentially allows the resolution of smaller changes in temperature such as the 
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perturbations to the in-cylinder temperature distribution caused by heat transfer to the walls 

[104].  

For IC engines the tracer number density is 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, which take advantage 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 accessible ro-vibrational levels. This causes the absorption 

spectrum to change shape and typically shift towards longer wavelengths [84]. The relative 

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

delay between the two pulses is kept sufficiently short to ófreezeô the gas motion, ensuring that 

the same molecules 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 such as a gas burner [105]. 

First described by Großmann et al. [94], the selection of excitation wavelength for 2-line 

excitation PLIF has a significant effect on the temperature sensitivity as discussed by Einecke et 

al. [106] for the 350 K ï 600 K range. Modelling of the fluorescence of 3-pentanone 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 of ± 4 % [106] and ± 5 % [108] in similar work in 

IC engines. However, the headline precision of 2.1 % is a best-case value achieved at the end of 

the compression stroke and the precisions in fact varied between 2.1 % ï 10 % over the ï135 to 

ï24 BTDC range of crank angles investigated. 
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2-colour detection thermometry  

Two-colour detection PLIF (TC-PLIF) thermometry takes the signal ratio principle of 2-line 

excitation a step further by using a single excitation laser and relying on the temperature 

dependence of the tracerôs emission spectrum. By comparing the ratio of fluorescence intensity 

emitted over two different spectral windows, 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 cross-section and tracer number density.  

TC-PLIF is therefore potentially even more robust than 2-line excitation PLIF due to its 

independence of laser parameters, removing any need to homogenise or quantify the intensity 

profile of each pulsed sheet. The trade-off for this robustness comes from the rejection of a large 

fraction of the fluorescence intensity that falls outside the spectral windows, resulting in much 

weaker signals for TC-PLIF than 2-line excitation PLIF. The characteristically low signal-to-

noise ratios for TC-PLIF data can be observed in the thorough comparison of the 1-colour PLIF 

and TC-PLIF techniques applied to a motored IC engine [103]. 

Luong et al. [109] achieved a precision of 5.5 % for single shot TC-PLIF with toluene using a 

dichroic beamsplitter and Schott-WG series filters to spectrally separate the collected signal. 

The variation in signal ratio with temperature is significantly affected by the choice of filters as 

discussed in [110] and in chapter 5. Higher precision could potentially have been achieved had 

filters with sharper cut-offs been available. A precision of 1.7 % at 295 K to 5.3 % at 550 K was 

achieved using toluene TC-PLIF in a motored engine observing cold gas entrainment in [111]. 

This confirms that TC-PLIF is capable of higher precisions than those reported in [109], in 

particular as the upper precision limit in [111] at 550 K is capable of being reduced to 3.5 % 

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

LIF in fired engines  

The challenges of operating PLIF diagnostics in optical engines often lead authors to perform 

measurements with motored engines (as above) or with simulation of ófired engineô phenomena 
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such as using resistively-heated air [74]. Without combustion the in-cylinder conditions are 

comparatively stable with lower pressures and reduced thermal loading of optical components. 

óRealô engines are, of course, fired, so the less common investigations into thermometry under 

fired operation such as for HCCI engines [112] and SI engines [108] provide valuable insights 

into phenomena which occur naturally in fired operation.  

Particularly impressive fired SI engine results were achieved by Löffler et al. [113] with a full 

quartz barrel, permitting single-shot temperature and EGR concentration maps 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 homogenizer [114], to minimise spatial variations in the intensity of 

the two pump sheets.  

PLIF Calibration methods  

For both 2-line excitation and TC-PLIF, conversion of the signal ratio to temperature requires 

calibration. This is often calculated from preliminary measurements in comparison with 

thermocouple data and as such it cannot account for any variation in environment between the 

calibration and experimental tests. TC-PLIF has been used to record temperature distributions of 

a seeded gas flow impinging on a cooled metal plate [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 layer near the plateôs surface. 

In contrast, the TC-PLIF measurements of Luong et al. [109] were calibrated using 

spectroscopic studies in a static cell [85]. The accuracy of the derived temperatures is therefore 

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 pressure-dependency of the fluorescence spectrum of the toluene-air 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 TC-PLIF, and therefore the derived temperature, unaffected. However, 

measurements by Koban et al. [99] for toluene excitation at 248 nm at 1 bar showed that 

tolueneôs emission spectrum redshifts with increasing oxygen number density for partial 

pressures up to 200 mbar. In the engine experiments reported in [109], for any given 

temperature the fluorescence of the toluene-air mixture will therefore be at longer wavelengths 

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

Indeed, both an isentropic calculation based on the in-cylinder pressure trace and a more 

sophisticated model which allows for heat transfer [97] report lower theoretical temperatures 

than the TC-PLIF measurements, particularly at higher pressures closer to TDC which are the 

conditions furthest from those of the calibration cell. 

A more effective calibration approach was employed by Peterson et al. [111], in which the 

central 5 x 5 mm2 region of the mean TC-PLIF 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 TC-PLIF 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 the walls, the heating 

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 uncertainty. 

In-situ calibration with a simultaneous, independent thermometry technique would provide the 

most generally applicable calibration for the TC-PLIF signal ratio images. A point thermometry 

technique such as CARS or LITGS41 would be able to impart its high accuracy to the TC-PLIF 

                                                           
41 See section 3.4.1 and 3.4.4 
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temperatures via the generated calibration curve42. The simultaneous nature of the point-

reference and TC-PLIF measurements would also allow the calibration to be óupdatedô to track 

any changes in engine conditions, ensuring the accuracy of the calibration would be maintained 

throughout a set of experiments. 

Structured Laser Illu mination Planar Imaging  (SLIPI)  

Structured Laser Illumination Planar Imaging (SLIPI), recently reviewed in [116], 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 (direct scatter or fluorescence) with the 

background from multiple scattering events. Post-processing 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 scattering environments 

such as TC-PLIF thermometry of GDI fuel sprays [117]. The focus of this work is to improve 

the accuracy of TC-PLIF measurements via in-situ calibration and will not be performing 

measurements in the vicinity of the GDI spray43. 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 section reviews ónon-linearô optical diagnostic techniques which have potential for 

thermometry. Non-linear techniques typically involve the interaction of multiple photons to 

generate a signal photon via an induced third-order polarisation of the medium. The 

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

                                                           
42 Precision would remain inherently dependent on the fluctuations in the TC-PLIF 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 TC-PLIF measurements at 90 CAD BTDC. 
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coherent signal only for the case where the beam geometries satisfy the phase matching 

condition ῳὯ π. The coherent nature of the generated signal ensures that it propagates as a 

laser-like 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 the incident frequencies to produce a spectrum or from the 

temporal behaviour of the signal. 

 Coherent Anti -Stokes Raman 
Spectroscopy (CARS) 

 

Figure 3-3    BOXCARS and folded BOXCARS geometries for CARS [118]. Frequencies ό1̟-4) and colour 

scheme corresponds to the transitions detailed in Figure 3-1. 

Coherent Anti-Stokes Raman Spectroscopy (CARS), subject of an excellent recent review 

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

‫ȟ‫ȟ‫  to generate a fourth at ‫ ‫ ‫ ‫  where the difference in frequency 

between two of the incident beams corresponds to a vibrational or rotational óRamanô transition: 

‫ ‫ ‫  [Figure 3-1]. While the phase matching condition ῳὯ π may be satisfied 

by making all beams collinear, spatial resolution is vastly improved44 by using the BOXCARS 

[120] or folded BOXCARS [118] geometries [Figure 3-3]. 

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

third-order polarisation in the medium, given by equation (3-1), at ‫  which radiates the signal 

                                                           
44 Down to 25 µm with appropriate choice of focusing lenses [119]. 
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beam. Alternatively, the application of two beams populates a rotational or vibrational level at 

their difference frequency ‫ ‫ , followed by scattering off the excited molecules by a third 

beam at ‫  resulting in a signal beam at ‫ . 

By scanning the frequency of the probe beam, ‫ , or Stokes beam, ‫ , a CARS spectrum is 

generated 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 therefore be used to derive 

temperature by the fitting of a complex theoretical spectrum to the detected spectrum.  

Single-shot measurements are possible by the application of a broadband probe laser covering a 

wide range of frequencies with a single pulse. Modeless lasers may be employed to reduce the 

noise originating from the broadband source giving high precisions of order 1 % [121], [122]. 

Vibrational energy levels have larger energy gaps and 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 single-shot accuracies of 2 ï 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 single-shot accuracies of Ò 10 % [32], [123], [124], [125]. Both 

techniques are capable of achieving precisions of 3 % in their respective temperature ranges 

[126]. 

Vibrational and rotational CARS measurements are limited to major species45 due to the low 

effective cross-section and proportionality of CARS to the square of the number density of the 

target species [119]. 

CARS is a two-photon technique, i.e. no beam is resonant with a single-photon transition, which 

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

                                                           
45 Typically > 1 % by number which precludes CARS of OH, NO and hydrocarbon species in combustion. 



  Literature Review 

 37 

region where they overlap. This makes CARS suitable for e.g. sooting flame diagnostics [127], 

although CARS measurements in sooting environments suffer from interference from Laser-

Induced Incandescence (LII). 

CARS in engines 

CARS has been successfully applied to IC engines for the last two decades46 [128], [129]. The 

high precision of CARS thermometry enables the investigation of subtle temperature changes 

such as the evaporative cooling of direct-injection fuel sprays for a variety of fuel compositions 

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

Single-shot measurements of temperature and number density were performed in an HCCI 

engine by use of O2 and N2 rotational CARS [133]. Owing to the ability to use N2 as a target 

species, measurements were also possible after combustion unlike techniques which rely on 

combustible fuel-based tracers. 

ERE-CARS 

Electronically resonantly enhanced CARS tunes the pump beam to an electronic transition such 

that it excites molecules to a órealô rather than óvirtualô level as in standard CARS [134], [135]. 

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 of 0.5 ï 1 % to 

ppm levels [137] similar to DFWM. 

Femtosecond CARS 

The recent availability of femtosecond laser sources has opened up new possibilities for the 

CARS technique. The very high intensities of fs-pulses improve the signal-to-noise ratio of 

intensity-dependent processes such as CARS. Additionally, the high (> 1 kHz) repetition rates 

typical of fs-lasers enable time-resolved temperature and number density measurements at 

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

                                                           
46 Mostly rotational CARS due to the 300 ς 800 K temperatures typical of in-cylinder gas mixtures. 
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typically on picosecond timescales so ns-CARS requires detailed modelling to account for their 

effect. A fs-CARS signal is generated quickly enough to be essentially independent of collisions 

[138]. Picosecond CARS signals may also be considered ócollision freeô, however picosecond 

laser sources are inherently less stable than fs-lasers owing to the mode-locking methods used, 

as opposed to the stable self-mode-locking typical of fs-lasers which take advantage of the 

optical Kerr effect47 [139], [140], [141]. 

Ns-CARS requires temporal overlap of the three incident beams to generate a signal. The 

coherence in the medium generated by the fs-CARS pump ‫  and Stokes ‫  beams persists 

for timescales of the order of 20 ps, enabling the probe beam to be delayed yet still generate a 

signal [142]. This allows the non-resonant background, present in all ns-CARS measurements, 

to be eliminated as it is only generated when all three incident pulses are simultaneous48. 

The intensity of the fs-CARS signal decreases with increasing delay of the probe beam as the 

coherence created between rotational levels by the excitation pulses ódephasesô due to their 

different characteristic frequencies. The rate of this decrease with probe delay increases with 

increasing temperature and can therefore be used for thermometry with precisions of between 

3 ï 8 % over the range 300 ï 900 K. 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 group velocity dispersion49 to stretch the 

pulse duration to approximately 2 ps. This allows óprobe delayô thermometry to be performed 

within 2 ps instead of 2 minutes [143]. 

                                                           
47 The optical Kerr effect [236] describes the variation of the refractive index of a medium proportional 
to the intensity of the light: ὲ ὲ ὲὍ 
48 This non-resonant background and attempts to suppress it with ns-CARS is described in [237]. 
49 E.g. by passing the fs probe pulse through a glass rod the shorter-wavelength components of the fs-
ǇǳƭǎŜ ǿƛƭƭ ōŜ ŘŜƭŀȅŜŘ ƳƻǊŜ ōȅ ǘƘŜ ǊƻŘΩǎ ǊŜŦǊŀŎǘƛǾŜ ƛƴŘŜȄΣ ŀǊǊƛǾƛƴƎ ŀǘ ǘƘŜ /!w{ ƛƴǘŜǊŀŎǘƛƻƴ ǊŜƎƛƻƴ ƭŀǘŜǊ 
than the longer wavelengths. 
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1- and 2-dimensional CARS 

CARS may be extended from the established point-measurement technique to up to 2-

dimensional measurements. For 1-D CARS, the BOXCARS geometry of Figure 3-3 is 

maintained but laser sheets are crossed instead of beams to generate a linear interaction region 

[144]. The development of single-shot 2-D CARS imaging is reported in a series of papers from 

Sandia National Laboratory, Livermore [145]ï[149]. A broadband fs-pulse is formed into a 

sheet to provide both the pump and Stokes photons. A large-diameter (several mm) ps-pulse 

intersects this sheet at the phase-matching 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 separation50 as the CARS images generated by each line do not overlap on 

the CCD after dispersion by the grating. 

 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, allowing partial transmission of the 

probe through a polariser orthogonal to the probeôs original polarisation. The degree to which 

the pump beam saturates the transitions and induces birefringence depends on its detuning from 

each transitionôs centre frequency. Similarly to absorption spectroscopy, PS can be used to map 

out an absorption spectrum of the medium. For a detailed explanation of the theory of 

polarisation spectroscopy the reader is directed to the relevant literature [31], [34]. 

Polarisation spectroscopy was first reported in [150] and has seen application for thermometry 

with OH and NH [151], for single-shot thermometry using a broadband laser source [152] and 

for 2-dimensional flame thermometry [153].  

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

visible or UV by targeting the ro-vibrational transitions available in the mid-infra-red [154]. 

                                                           
50 E.g. in nitrogen the S-branch transitions are spaced by 8 cm-1 with a linewidth of < 0.1 cm-1 [145]. 
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While this feature lends itself to combustion diagnostics, PS signals are very 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 parameters [155].  

The windows of an optical IC engine will experience pressure-induced birefringence which 

varies both over the engine cycle and through cyclic variations in pressure. As it is not possible 

to distinguish between the ówindowô and ólaserô induced birefringence, PS in IC engines is 

impractical and hence was not considered for this work. 

 Degenerate Four Wave Mixing (DFWM)  

 

Figure 3-4    Ψ.ŀŎƪǿŀǊŘΩ ŀƴŘ ΨCƻǊǿŀǊŘǎΩ ǇǳƳǇ ƎŜƻƳŜǘǊƛŜǎ ŦƻǊ 5C²aΣ ǎƛƎƴŀƭ ǊŜǇǊŜǎŜƴǘŜŘ ōȅ ŀ ŘŀǎƘŜŘ 

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 beam [156], [34].  

The mixing of three incident beams of the same wavelength generates a fourth signal beam via 

the third order electric susceptibility of the medium, equation (3-1). As a resonant technique, 

DFWM has sufficient sensitivity to target minor combustion species such as flame-generated 

OH or C2 [157], [158], [159] or NO detection in an IC engine [160], [161]. 

There are two typical geometries for DFWM point-measurements [Figure 3-4]. In the 

óbackwards pump geometryô it is possible to perform Doppler-free measurements if the laser 

linewidth is narrower than the Doppler width such that only molecules with approximately zero 
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velocity with respect to the incident beams can interact. In the óforwards pump geometryô all 

molecules can interact with all 3 incident beams and therefore typically produces stronger 

signals than the óbackwardsô geometry. 

The first model for DFWM in absorbing media was presented by Abrams and Lind [162]. While 

qualitatively successful in comparison to many experiments [34], the Abrams and Lind model 

makes many assumptions about the experiment which in general do not hold. These include 

non-saturating beams, stationary atoms, two-level atoms, all beams have the same linear 

polarisation, counter-propagating pumps only51, monochromatic beams, negligible absorption52, 

a weak probe beam allowing a perturbation theory approach and a steady-state53.  

A thorough model based on Direct Numerical Integration (DNI) of the FWM polarisation 

density matrix equations allowed for the modelling of saturating beams [163]. 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 intensity54. Over a series of papers, the 

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

expensive numerical solution [164]ï[168]. 

For optimised DFWM signals the issue of a saturated probe beam is one of the most significant 

limitation of the Abrams and Lind model. This was addressed by a non-perturbative, analytical 

solution for the treatment of arbitrary pump and probe intensities [169], and can be extended to 

apply to broadband laser sources for single-shot thermometry55 [170], [171]. 

                                                           
51 LΦŜΦ ǘƘŜ ΨōŀŎƪǿŀǊŘ ǇǳƳǇ ƎŜƻƳŜǘǊȅΩ ƻŦ Figure 3-4. 
52 I.e. an optically thin medium. 
53 I.e. no short laser pulses. 
54 Ὅ ᴐ‫ „†ῳ‫ϳ Σ ǿƘŜǊŜ ˖ ƛǎ ǘƘŜ ǘǊŀƴǎƛǘƛƻƴ ŦǊŜǉǳŜƴŎȅΣ ɲ˖ ƛǎ ǘƘŜ ǘǊŀƴǎƛǘƛƻƴ ƭƛƴŜǿƛŘǘƘΣ ˋ ƛǎ ǘƘŜ ŎǊƻǎǎ-
ǎŜŎǘƛƻƴ ŀƴŘ ˍ ƛǎ ǘƘŜ ŦƭǳƻǊŜǎŎŜƴŎŜ ƭƛŦŜǘƛƳŜ ƻŦ ǘƘŜ ǘǊŀƴǎƛǘƛƻƴΦ Lǘ ǘǳǊƴǎ ƻǳǘ ǘƘŀǘ ƘƛƎƘŜǊ ƛƴǘŜƴǎƛǘƛŜǎ ǊŜŘǳŎŜ ǘƘŜ 
dependence on total collision rate but increase the dependence on the relative rate of dephasing versus 
quenching collisions, hence an optimal value of Ὅ  as opposed to ὍO Њ. 
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 single-shot broadband DFWM56 [172]. Use of a modeless laser source removes 

these fluctuations and improves the repeatability of the technique [170], [171], [173].  

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

a ópopulation gratingô. Any collisions that occur with excited molecules will tend to óquenchô 

the excitation, returning the molecule to the ground state, depositing the energy as localised 

heating of the medium and removing that moleculeôs contribution to the DFWM signal. DFWM 

therefore performs best at low pressures (< 1 bar) 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 signal path and for higher pressures dominates the 

DFWM signal. This phenomenon leads to the field of Laser-Induced Thermal Grating 

Spectroscopy (LITGS) discussed in section 3.4.4.  

The undesirable LITGS contribution in a DFWM setup may be removed by using orthogonal 

instead of parallel polarisations of the pump beams57. This was initially considered, using 

diagrammatic perturbation theory, to be detrimental to DFWM signal intensity [174]. A full 

DNI approach to modelling corrected 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 case [167]. 

DFWM imaging  

The degeneracy of the frequency of all four beams simplifies the requirements for 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 counter-propagating pump 

beams and the intersection of a circular cross-section probe defines a planar interaction region. 

                                                           
56 These fluctuations can lead to a success rate for single-shot spectra being acceptable for temperature 
derivation as low as 15 % [172]. 
57 This prevents the formation of an interference pattern and therefore the thermal grating, see section 
3.4.4. 
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This method was used to perform 2D DFWM measurements of composition [175], [176]  and 

temperature [177] 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 thermally-populated levels. The 2D-

thermometry of [177] was therefore restricted to time averaged measurements by the need to 

adjust the laser frequency between measurements. Single-shot measurements can instead be 

performed using a dual-wavelength laser providing light centred at two distinct wavelengths 

within a single pulse [153], or using a broadband laser58 [32]. 

A significant practical difficulty when imaging is that the effect of any non-uniformity of the 

incident beams is amplified in the signalôs intensity by the nonlinear nature of DFWM. A 

typical approach to correct for this is to compare the DFWM signal to a reference image in 

uniform medium [178]. 

 Laser-Induced Grating Spectroscopy 
(LIGS) 

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

generate a signal, Laser-Induced Grating Spectroscopy (LIGS) crosses two beams to generate a 

spatially periodic perturbation in the density of the medium, the ógratingô, that evolves over 

time. The generation and evolution of the grating is dependent 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 detail in chapter 4. For now it suffices to say 

that there are two types of density grating that may be formed, óthermalô and óelectrostrictiveô 

gratings. The two techniques are closely related and may both be present in a single experiment. 

For the avoidance of ambiguity, in this work the acronyms of Table 3-1 will be used. 

                                                           
58 Figure 3.3, Chapter 3, pg 79 of [32]. 
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Technique Type of grating Acronym 

Laser-Induced Grating 

Spectroscopy 

Unspecified, could refer to thermal, 

electrostrictive or both. 
LIGS 

Laser-Induced Thermal 

Acoustics (Equivalent to LIGS) 

Unspecified, could refer to thermal, 

electrostrictive or both. 
LITA  

Laser-Induced Thermal Grating 

Spectroscopy 
Thermal LITGS 

Laser-Induced Electrostrictive 

Grating Spectroscopy 
Electrostrictive LIEGS 

Table 3-1    Laser-Induced Grating technique acronyms 

For pump beams tuned to an electronic transition in the target molecules, absorption of the 

pump energy heats the gas locally. This temperature rise perturbs the density forming a óthermal 

gratingô. For non-resonant pump beams, the electric field of the interference pattern induces a 

polarisation of the gas molecules which then are displaced by the field, forming an 

óelectrostrictive gratingô [179]. 

Before use in the gas-phase, LIGS was widely used in studies of relaxation in condensed matter, 

[180], [181]. The first demonstration of LIGS in the gas phase was by Cummings [182] in 

which a theoretical model was presented, one of two models now in widespread use for the 

analysis of LIGS measurements. The initial theoretical treatment was upgraded the following 

year to include finite beam sizes [183]. The other popular model for LIGS analysis was 

presented by Paul et al. [1] with associated experimental confirmation [184] alongside a 

discussion on the relative contributions of DFWM and LITGS in a DFWM experiment [1]. 

One of the most readily apparent advantages that distinguishes LITGS from similar techniques 

is that LITGS signals improve with pressure, in direct contrast to DFWM which performs best 

below atmospheric pressure. Although LITGS can be an unintended side-effect of DFWM 

measurements and at high pressures will dominate the desired DFWM signal, the reverse 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 remove DFWM contributions. 
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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 measurement, hence high spatial resolutions can be achieved, 

particularly with focused beams. The lifetime of the grating and therefore the scattered signal is 

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

many applications, giving high temporal resolution. 

The lifetime of thermal gratings is highly pressure-dependent. Pressure is most readily 

determined from the decay rate of the LITGS signal and has been applied to a range of 

environments including test cells [185], high pressure flames [186] and supersonic flows [187], 

[188]. 

Velocimetry with both LITGS and LIEGS has been demonstrated by measuring the Doppler 

shift of the LIGS signal caused by the motion of the flow both via a fabry-perot etalon [189], 

and via heterodyne detection with a reference beam [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 et al. [186] in premixed 

methane/air flames. Temperature measurements have since been performed in many 

environments, including with LITGS in combustion engines [4], with LITGS in high-pressure 

sooting flames [193] and with LIEGS in air [194]. 

LITGS signals have been used for tracer number density measurements in three main ways. The 

relative strengths of thermal and electrostrictive gratings depend on the partial pressure of the 

tracer versus the total pressure [195] and changes in composition affect both the oscillation 

frequency [196] and the signal strength [197]. Measurements and discussions of the relative 

merits of each approach have also been reported [198], [199].  
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A novel approach for simultaneously measuring both fuel and oxygen number densities was 

presented in [3]. Toluene number density was determined by the LITGS signal strength, while 

the strong dependency of the quenching rate on local oxygen number density allowed the fitted 

quenching rate to be used to derive the oxygen and therefore air partial pressure. The 

combination results in a time-resolved measurement of fuel-air 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 

perform high precision measurements of pressure (4 %), flow velocity (0.2 %) and temperature 

(0.4 %) simultaneously [187], and indeed many of the studies cited perform measurements of 

multiple parameters.  

LITGS is also highly suited to measurements in challenging combustion environments. A recent 

development of Infra-red LITGS at 3 µm allows fundamental vibrational modes of water and 

many hydrocarbons to be excited by the pump beams [200], [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 pre- and post-combustion zones of a flame. 

Electrostrictive gratings (LIEGS)  

The theory and experimental application of electrostrictive gratings have been concisely 

summarised by Stampanoni-Panariello et al. [202], [203].  

The electrostrictive LIEGS signal oscillates at twice the frequency of the equivalent resonant 

LITGS signal. When the thermal component is stronger 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 acoustic period59. 

                                                           
59 5ŜŦƛƴŜŘ ŀǎ ǘƘŜ ΨƎǊŀǘƛƴƎ ǘǊŀƴǎƛǘ ǘƛƳŜΩΣ ƛΦŜΦ ǘƘŜ ǘƛƳŜ ǘŀƪŜƴ ǘƻ ǇǊƻǇŀƎŀǘŜ ŦǊƻƳ ƻƴŜ ƎǊŀǘƛƴƎ ǇƭŀƴŜ ǘƻ ǘƘŜ 
next at the local speed of sound. 
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The acoustic contribution dominates the thermal contribution for electrostrictive gratings [204], 

therefore both the ópositiveô and ónegativeô extrema of the standing waveôs oscillation produce a 

local maxima in the density perturbation as a function of time. Equivalently there are two 

ózerosô of density perturbation per acoustic period.  

Electrostrictive gratings have been successfully applied for measurements of sound-velocity 

[205] which can be used to derive temperature. Care must be taken to avoid conditions where 

unintended absorption leads to formation of a thermal grating, in which case the oscillation 

frequency halves to that of a resonant LITGS grating [206]. 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 having a typical precision of 5 % at 1376 K 

[203], comparable to equivalent CARS measurements. This significantly improves at lower 

temperatures, such as 0.6 % [208], 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 single-shot accuracy and uncertainty of electrostrictive grating measurements as a function 

of pump pulse energy have been carefully evaluated in [209]. Sound speeds were measured to 

within an accuracy of < 1 % over a range of pulse energies and an optimal precision of 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 magnitude on pump intensity, this agrees with the 

intuition of maximising the signal-to-noise ratio, while avoiding dramatic perturbations to the 

medium. The analysis of [209] used fitting to the model of Cummings et al. [183] 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 unaffected by the issues discussed for FFT and peak-finding analysis in chapter 4.  
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LITGS measurements under optimal conditions of high pressure (40 bar) and low temperature 

(300 ï 400 K) are capable of accuracies of 0.42 % and single-shot precisions of 0.16 % [185]. 

For conditions more typical of an optical IC engine60 the precision has been demonstrated to be 

0.4 % [25], enabling the small cyclic variations in temperature of approximately 1.5 % to be 

resolved.  

LITGS measurements in premixed methane/air flames were performed by Latzel et al. [186]. 

Temperature was derived from the LITGS signals by fitting to the model of Paul et al. [1], 

modified to account for propagation of the sound waves from the finite volume of the 

interaction region as described in [183]. Precisions comparable to equivalent CARS 

measurements (~ 2 %) were achieved for temperature measurement over a range of 

stoichiometries and pressures between 10 ï 40 bar. The high pressures were highly beneficial 

for LITGS measurements at flame temperatures of ~ 2000 K, helping to counteract the 

shortening of the LITGS signal by slowing the otherwise the rapid diffusion of the grating 

density perturbation at high 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 

timescale of the gratingôs decay and can be approximated by a single quenching rate, resulted in 

a slight reduction in the quality of the fit61. 

3.5. Selection of techniques  

 2D thermometry  

To summarise: Absorption spectroscopy is impractical for planar measurements. An IC engine 

is by no means a ócleanô environment hence Rayleigh scattering will not be considered. Raman 

scattering produces weak signals at laser pulse energies low enough to avoid window damage. 

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

                                                           
60 At 50 CAD BTDC under the motored conditions of [25] the pressure is typically around 2 bar. 
61 For further discussion of quenching rates and the improvement in fitting with a two-rate model, see 
chapter 4. 
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unnecessary complication and chemiluminescence does not provide a signal for pre-combustion 

gases. Nonlinear techniques applied to 2-dimensional measurements are complex to perform, do 

not necessarily provide higher accuracy 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 the fuel-air 

mixture before combustion as the independence of the 2-line excitation and 2-colour 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 thermometry technique of this work. The selection of TC-PLIF as the specific 

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

 In -situ calibration  

The reduction in complexity and reduced optical access required by the point-measurement 

applications of nonlinear optical diagnostics allows the high accuracies and precisions offered 

by nonlinear techniques to be preferable to their linear rivals. Additionally, the generation of a 

coherent signal beam by the nonlinear techniques makes it easy to spatially filter scattered light 

and other incoherent noise sources to provide an improved signal-to-noise ratio. 

LITGS thermometry inherently depends on a measurement of an oscillation frequency rather 

than an intensity. It is therefore less affected by the presence of intensity noise such as that 

caused by fluctuations in laser intensity, target species number density or window fouling, than 

techniques which rely on the intensity of a signal such as DFWM or CARS. By deriving 

temperature from the temporal 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 can provide greater precisions with reduced complexity compared to 

alternative nonlinear techniques. LITGS was selected for in-situ calibration of the TC-PLIF 

temperature distributions.  
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4. Point LITGS 
In this chapter the application of LITGS for in-cylinder thermometry of an optical engine will 

be discussed. The theory of LITGS thermometry is presented in 4.2, firstly with a qualitative 

description of the key processes and secondly with a summary of the derivation of the LITGS 

signal expression from [1] highlighting the assumptions required. A review of the literature is 

presented in 4.3 specific to the areas of discussion in this chapter, namely engine thermometry 

with LITGS, the influence of weak signals and analysis methods for oscillation frequency 

extraction. Potential measurements and sources of uncertainty are discussed in 4.4. The merits 

and issues of three methods for derivation of the oscillation frequency from a LITGS signal are 

discussed in 4.5. Section 4.6 describes the experimental methods and the results of preliminary 

investigations into the application of this LITGS system to the optical engine are reported in 4.7. 

4.1. Introduction  

LITGS was selected in chapter 3 as the measurement technique to provide in-situ calibration of 

the TC-PLIF images. The accuracy of the TC-PLIF 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 aspects of LITGS are evaluated in this chapter. 

LITGS has previously been shown to be capable of performing point-measurements in the 

optical engine used in this work with a spatial resolution of 1 x 1 x 10 mm and a temporal 

resolution of < 1 Õs, sufficient to ófreezeô the gas motion [4]. The focus of the discussion on 

LITGS analysis in 4.5 is to determine the performance and robustness of three oscillation 

frequency recovery methods when applied to signals with low signal-to-noise ratio, 

characteristic of engine measurements. The experimental section of this chapter, 4.7, will assess 

detector saturation and the ability of LITGS to resolve small in-cylinder temperature differences 

using the optimal analytical method selected in 4.5.  
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4.2. Theory of LITGS  

An overview of the LITGS technique has already been given in the literature review of chapter 

3. In section 4.2.1 the formation of a LITGS grating and the derivation of temperature from the 

LITGS signal will be qualitatively described. The theory of thermal gratings from [1] forms the 

basis of section 4.2.1 and the analysis methods used in this work and is summarised in section 

4.2.2. 

 Qualitative description of LITGS 
thermometry  

LITGS thermometry derives temperature from measurement of the sound speed in a gas. 

Absorption of laser pulses in the interaction region creates the ôLaser-Induced Gratingô and 

generates acoustic waves which modify the density perturbations in the spatial pattern of the 

grating over time. The evolution of the ôLaser-Induced Gratingô is monitored by Bragg-

scattering a probe beam off the grating and recording the 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 region and interfere to create a sinusoidal spatial 

variation in intensity [Figure 4-1]. These óbrightô and ódarkô fringes form the parallel planes of 

the grating at a spacing, ȿ, determined by the pump wavelength, ɚpump , and the crossing angle 

of the beams, ɗ, 

 
Ώ

‗

ςÓÉÎ 
—
ς

 (4-1) 

The wavelength of the pumps is chosen to match an electronic transition of the target molecules. 

The target species are therefore resonantly excited in the regions of high intensity. Collisions 

with other molecules occur, for conditions relevant to this work, on picosecond timescales [3] 

and quench this excitation, depositing the energy into the bulk gas over multiple collisions as 

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

to the formation of two density perturbations. 
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Firstly the (very small) rise in temperature reduces the local density in regions of high laser 

intensity. This ótemperature gratingô decays over time due to thermal diffusion reducing the 

contrast between the high and low density regions. Secondly, the rapid increase in pressure 

generates acoustic waves, which constructively interfere for propagation directions orthogonal 

to the grating planes. The resulting two counter-propagating waves sum to produce a standing 

wave. This óacoustic gratingô decays over time due to viscous damping of the acoustic waves. 

The total density modulation is a sum of these two components, where the magnitude of the 

thermal density grating is modulated in time by the oscillation of the acoustic contribution. This 

produces a óstrongô grating when both components are in phase and a óweakô grating when the 

two components are out of phase. 

The visibility of the combined grating can be probed by Bragg-scattering a third beam at an 

incident angle, ◖, given by equation (4-2): 

 ‗ ςΏÓÉÎ‰ (4-2) 

The intensity of the diffracted signal can then be used to measure the oscillations in grating 

visibility over time [Figure 4-1]. 

 

Figure 4-1    ŀύ tǳƳǇ ōŜŀƳǎ ŎǊƻǎǎƛƴƎ ŀǘ ŀƴ ŀƴƎƭŜ ƻŦ ʻ to produce an interference pattern. b) Thermal 

ŀƴŘ ŀŎƻǳǎǘƛŎ ƎǊŀǘƛƴƎǎ ŦƻǊƳ ǿƛǘƘ ǎǇŀŎƛƴƎ ōŜǘǿŜŜƴ ǇƭŀƴŜǎ ƻŦ ɽΦ Ŏύ tǊƻōŜ ōŜŀƳ ǎŎŀǘǘŜǊǎ ŦǊƻƳ ƎǊŀǘƛƴƎ 

generating a signal beam. a) to c) as drawn in [3]. 
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The frequency, Ὢ, of the acoustic standing waveôs oscillation and therefore that of the gratingôs 

visibility is given in terms of the sound speed, cs , by equation (4-3): 

 Ὢ
ὧ

Ώ
 (4-3) 

Therefore by measuring the frequency of the oscillations in diffracted signal intensity, the sound 

speed can be calculated providing the grating spacing, ȿ, is known. While ȿ may be determined 

geometrically from equation (4-1), in practice it may be derived with much higher accuracy 

from a measurement under known conditions of composition and temperature. Treating the gas 

as ideal, the isentropic sound speed, cs , is given by:  

 

ὧ
‎ὯὝ

ά
 (4-4) 

where óɔô is the ratio of specific heats at constant pressure to constant volume, ókBô is 

Boltzmannôs constant, óTô is temperature and ómô is the mean molecular mass of the gas. 

So given knowledge of the gas composition62, the temperature in the measurement region, T, 

can be derived from a measurement of the oscillation frequency, Ὢ, of a LITGS signal: 

 
Ὕ
άΏ

‎Ὧ
Ὢ (4-5) 

 Theory from Paul et al.  

The theory described in this section is the work of Paul et al. [1]. As 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 found in [1] to provide a significantly improved match to 

experimental results. A single collision will not be 100 % efficient at converting the electronic 

energy of the excited target molecule into heat. A fraction will instead be stored as ro-

vibrational excitation of the colliding óbulk gasô molecule. This energy will be released over 

                                                           
62 The effect of gas composition on sound speŜŘ ƛǎ ƎƛǾŜƴ ōȅ ǘƘŜ Ǌŀǘƛƻ ʴκƳΦ 



  Point LITGS 

 54 

time as the óbulk gasô molecule undergoes further collisions. The two-rate model combines a 

ófastô rate for the initial energy deposition and a óslowô rate for the subsequent loss of energy 

over multiple collisions. For clarity, only the single-rate quenching model will be summarised 

here and the reader is directed to [1] for further details.  

As described in section 4.2.1, the two pump pulses are crossed to form an interference pattern 

with a spacing, ȿ, between óbrightô planes given by equation (4-1), leading to a spatially-

varying perturbation in the gas density which is designated as the ógratingô. The dimension 

normal to these planes is labelled as óxô and the planes are assumed to be of infinite extent such 

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 spacing63 such that the duration 

of the LITGS signal is much shorter than the 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 density, ”, with time, t. This evolution is governed by a set of hydrodynamic equations, 

 ‬”

‬ὸ
Ͻɳ”ı π (4-6) 

 ‬”ı

‬ὸ
Ͻɳ”ıı ὖɳ π (4-7) 

 ‬”Ὡ

‬ὸ
Ͻɳ ”Ὡ ὖı    (4-8) 

derived from the fundamental principles of conservation of mass64 (4-6), conservation of 

momentum65 (4-7) and conservation of energy (4-8). In these equations óȊô is the 3D velocity 

vector, óPô is pressure, óūheatingô is a source term for the energy input to the gas and óetotô is the 

total specific energy, defined as: 

                                                           
63 A typical grating spacing is of the order of 10 µm, and even for focussed beams the spot size is likely to 
be of the order of 100 µm. 
64 Also known as the continuity equation and is set to zero as no mass is created or lost in this system. 
65 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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where óeô is the specific thermal energy. 

The heating source term, ūheating , in equation (4-8) describes the energy input to the gas by 

collisional quenching of the excited molecules. The population of the upper level of the excited 

transition per unit volume, N*, can be described by a rate equation: 
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where óEPô is the total laser energy flux per pulse, óBô is the Einstein B-coefficient, óNô is the 

density of absorbing molecules, ógô is the normalised temporal profile of the pump pulse, óŰLô is 

the duration of the pump pulse, ófô is the normalised spatial profile of the pump pulse, ódô is the 

diameter of the pump pulse, óAô is the Einstein A-coefficient, óQô is the collisional quenching 

rate and óDô is the molecular diffusivity for the excited molecule. 

Each collisional quenching event will transfer a fraction, Ů, of the moleculeôs electronic energy 

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

   ‐Ὤ’ὗὔᶻ (4-11) 

where óhô is Planckôs constant and óɜ0ô is the frequency of the excited transition. 

The hydrodynamic equations (4-6) to (4-8) contain several non-linear terms, such as ɳ Ͻʍı, 

making analytical solutions difficult. In order to solve these equations for density, it is 

convenient to linearize the equations. Linearization refers to the process of expanding 

parameters66 about an equilibrium point and discarding any terms which are higher order than 

linear in the perturbation, as illustrated in equation (4-12) for density, ”: 

 ”ὼȟὸ ” ῳ”ὼȟὸ (4-12) 

Combination of equations (4-6) through (4-12) results in the dimensionless linearized 

hydrodynamic equations, 

                                                           
66 Lƴ ǘƘƛǎ ŎŀǎŜ ŘŜƴǎƛǘȅ όˊύΣ ǾŜƭƻŎƛǘȅ όǹύ ŀƴŘ ǇǊŜǎǎǳǊŜ όtύΦ 
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where óReô is the Reynolds number and óPrô is the Prandtl number. Equations (4-13), (4-14) and 

(4-15), are presented using normalised variables of the form Ὢᴂὼȟὸ ῳὪὼȟὸ Ὢϳ . 

Correspondingly, the distance and time parameters have also been normalised to ‚ ὼΏϳ  and 

ὧὸΏϳ  67. Also required in the formulation of equations (4-13) to (4-15) is the linearized ideal 

gas law ὖ ” Ὕᴂ and the equation of state for the enthalpy of an ideal compressible medium 

Ὤ ὧὝ ὖὠ where óhô is enthalpy, ócvô is the specific heat at constant volume, óTô is 

temperature and óVô is volume. 

The collation of constants into the Reynolds number,  
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ʈ
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where óÕô is the dynamic viscosity and the Prandtl number, 

 ὖὶ
ὧʈ

ὑ
 (4-17) 

where óKô is the thermal conductivity and ócpô is the specific heat at constant pressure, is typical 

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 viscous forces dominate, 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 approximately constant at 0.7 68. The linearized 

hydrodynamic equations (4-13) to (4-15) only apply for the case where the fringe spacing, ȿ, is 

                                                           
67 Where c0 is the isentropic sound speed in the absence of the grating, taken to be Ғ cs. 
68 For example, the Prandtl number for air varies by only 2 % between 500 ς 1000 K and 1 ς 10 bar [238]. 
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much greater than the mean free path of the gas molecules. Correspondingly, the derivation of 

the impulse response function of the grating, W(ɕ), defined in equation (4-20), is valid for 

Reynolds numbers greater than three. 

The problem set out in equations (4-13) to (4-15) is both irrotational69 and has a separable 

source function70. It can therefore be reduced to a single wave equation which may be solved via 

a combination of Fourier transforms for ɝ (space) and Laplace transforms for ɕ (time). The 

solution for the density perturbation,  

 ”ᶿÃÏÓς“‚ὤ‒ (4-18) 

involves the convolution of the impulse response function of the grating, W(ɕ), the temporal 

profile of the laser pulse, G(ɕ), and the temporal profile of the quenching process, M(ɕ), 

 ὤ‒ᶿὡ ‒ Ὃz‒ ὓz ‒ (4-19) 

where W(ɕ) is defined with a constant phase shift, ◖, as: 

 ὡ ‒ ὥὩ ςὥὩ ÃÏÓὦ‒ ‰  (4-20) 

The constants s1, b1, and b2 defined during the derivation of equation (4-20) are given by: 
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The impulse response function of the grating óW(ɕ)ô justifies the qualitative description in 

section 4.2.1 of the density perturbation. The first term represents the stationary thermal 

component of the grating which decays with a time constant of ÓÃȾɤ. The second term 

represents the acoustic component, a standing wave formed by two counter-propagating 

acoustic waves which decays over time with a time constant of ÂÃȾɤ. For most relevant 

                                                           
69 The vorticity of an irrotational flow is zero, i.e. ɳ ı π 
70 The source function can be separated into a product of terms which are solely time- or space-
dependent:  ὔᶻ‒ȟ‚ ὥ‒ὦ‚  
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experimental conditions and gas compositions, b1 is only slightly smaller than s1 
71 [3]. The 

difference is dependent on ɔ and Pr, and so only has a very weak dependence on pressure and 

temperature. This results in the acoustic and thermal components of the density perturbation 

decaying at similar rates.  

 

Figure 4-2    9Ǿƻƭǳǘƛƻƴ ƻŦ ǘƘŜ [L¢D{ ŘŜƴǎƛǘȅ ǇŜǊǘǳǊōŀǘƛƻƴ ΨˊΩ ώŀǊōƛǘǊŀǊȅ ǳƴƛǘǎϐ ƻǾŜǊ ǘƛƳŜ ώequation 

(4-18)] considering the case of an instantaneous excitation pulse and quenching process such that 

╩ⱡᶿ╦ ⱡ. At an antinode of the spatial distribution ἫἷἻⱫⱩ , therefore ⱬᶿ╦ ⱡ. 

 

The scattering efficiency, ɖ, from a density grating of the form of equation (4-18) is defined as 

the ratio of signal and probe intensities, 

 Ὅ
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“ῳὲὨ

‗
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 (4-24) 

where ódô is the pump beam diameter, óȹnô is the change in refractive index and óȹŬô is the 

change in absorption coefficient [181].  

                                                           
71 E.g. ὦ πȢφχυί for dry air at standard temperature and pressure. As stated in [1]Υ άCƻǊ ŎƻƳƳƻƴ 
ƎŀǎŜǎ ŀǘ ƳƻŘŜǊŀǘŜ ǇǊŜǎǎǳǊŜǎ ǿŜ ŦƛƴŘ ǘƘŀǘ ǘƘƛǎ ŦŀŎǘƻǊ ǾŀǊƛŜǎ ŦǊƻƳ лΦст ǘƻ лΦуΦέ 
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In the limit of an optically thin medium72 ῳ‌ is negligible and ‬ὲ‬Ὕᴂϳ Ḻ‬ὲ‬”ᴂϳ  therefore the 

change in refractive index is dominated by the density perturbation. The evolution of the LITGS 

signal is therefore entirely determined by equation (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. 

 Fourier domain analysis  

Fitting in the time-domain 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 functions [1]. By transferring the analysis to the frequency domain via widely available 

and rapid FFT routines, convolutions can be computed more easily by multiplication73 which 

dramatically reduces the time taken to model a LITGS signal [2].  

 Long pulse probes  

The simplest way to implement LITGS is to use a Continuous-Wave (CW) probe, such that the 

diffracted intensity directly represents the reflectivity of the grating. Typical CW lasers have 

powers of the order of 1 mW to 1 W. Long-pulse dye lasers can deliver e.g. 0.1 MW for 2 µs, 

increasing the signal intensity by 5 orders of magnitude [185]. 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 need for a time-

resolved measurement of the probe pulse in order to determine the time-varying grating 

reflectivity.  

                                                           
72 The medium in all typical LITGS experiments may be considered optically thin, at least over the 
ŘƛǎǘŀƴŎŜ ƻŦ ǘƘŜ ƎǊŀǘƛƴƎ ǎǇŀŎƛƴƎ όɽύΦ 
73 The convolution theorem states that convolution in the time domain is equivalent to multiplication in 
the frequency domain.    ὊὫ Ὤz ὊὫϽὊὬ    where F{p} is the Fourier transform of p, * is 
ŎƻƴǾƻƭǳǘƛƻƴ ŀƴŘ ϊ ƛǎ ƳǳƭǘƛǇƭƛŎŀǘƛƻƴΦ 
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The application of a long-pulse probe laser has also been reported by Balla et al. [194], [190], in 

which a flashlamp-pumped alexandrite laser is operated in free-running mode. Angle tuning the 

intra-cavity BBO74 frequency doubling crystal allows the free-running pulse train to be 

smoothed into a single approximately flat pulse of up to 1 µs duration with an intensity of 3 kW. 

While this is weaker than the dye laser used in [185], 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 available 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 application [185]. 

 Optical engine thermometry  

Recent demonstrations of the LITGS system used in this work for IC engine thermometry were 

reported in [4] and [25]. The high precisions of < 1 % permitted the resolution of the small 

temperature variations of the order of 1 % associated with the evaporative cooling due to fuel 

injection of various alcohol-containing fuel blends. Due to the available optical access, crank 

angles less than 50 CAD either side of top-dead-centre were inaccessible for thermometry using 

this system in [4]. A modified óslotted pistonô of the same compression ratio prevented the 

rising piston blocking the LITGS beams and enabled the first LITGS thermometry across an 

entire compression and expansion stroke of a motored engine [25].  

 Weak signals  

In an ideal world, an optical diagnostic such as LITGS would produce strong signals with high 

signal-to-noise ratio throughout the desired range of experimental conditions. This is not always 

achievable, particularly in IC engine experiments where limitations on e.g. gas composition, 

pressure and optical access are determined by the engine under study, not compatibility with 

any one optical diagnostic. While LITGS demonstrates excellent performance at high pressures 

                                                           
74 Beta-phase Barium Borate 
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(> 1 bar), the low pressures and tracer number densities found early in the compression stroke 

can result in very weak signals with poor signal-to-noise ratios.  

Both the accuracy 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 challenging as 

displayed by the comparison of atmospheric versus high-pressure resonant LITGS results of 

Altenhofer et al. [207] where a poor measurement precision of ± 6 % was observed at 

atmospheric pressure along with a systematic shift in mean LITGS temperatures of + 6 % 

compared to 10 bar.  

Weak signals probe the limitations of commonly used analysis methods, which may not be 

apparent when applied to stronger signals and will be subject to discussion in section 4.5. 

 Analysis methods for thermometry  

In general, the most precise analysis method for thermometry is fitting to a theoretical model 

(e.g. Cummings et al. [183] or Paul et al. [1]), resulting in achievable precisions of order 0.1 % 

[185]. However, fitting routines are computationally expensive and a number of alternative 

approaches have been utilised for determination of the oscillation frequency and hence 

temperature. 

In the application of electrostrictive gratings by Stampanoni-Panariello et al. [202], the 

determination of the oscillation frequency of the signal was based on a peak-finding approach, 

as the separation in time between peaks gives the time period of the acoustic oscillations. This is 

straightforward in principle and quoted in [203] as typically achieving precisions of 0.5 % for 

strong, clear signals. However, such an approach becomes less robust for weaker signals with 

lower signal-to-noise ratios where uncertainty in determining the exact timing of the peak leads 

to much poorer precisions of 6 % [203].  
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An alternative approach is to use a Fast Fourier Transform (FFT) routine. This has been used 

successfully in [3], 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 Altenhofer et al. [210] is 

extremely coarse and will cause large uncertainties in temperature derivation. This may be 

compounded by the cropping of the signal to remove the pump pulse scatter which will 

introduce artefacts into the power spectrum if not treated carefully. Only 10 % precision in the 

temperature measurements was achieved at room-temperature. However, the raw signals at a 

high pressure of 9 bar were long enough to show > 10 oscillation peaks and had sufficient 

signal-to-noise ratio that a potential uncertainty of ~ 1 % could have been obtained if a more 

sophisticated FFT analysis had been used, such as that discussed in section 4.5.2.  

Pronyôs method for oscillation frequency determination was used by Hart et al. [194]. Prony 

analysis [211] 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 the fit [194], for 

sufficiently long signals the fit reproduced the majority of oscillation peaks accurately and the 

oscillation frequency could be determined. For LITA measurements between 300 ï 650 K this 

resulted in a standard deviation of only 0.5 % from the corresponding thermocouple readings of 

± 1 K precision75. 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, peak-finding, FFT analysis and Prony analysis 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 

sub-optimally applied to weak signals, leading to unnecessary increases in measurement 

                                                           
75 A more recent study using the experimental data of [194] ǊŜŎƻƳƳŜƴŘǎ ǘƘŜ Ψ!ǳǘƻ-Regressive spectrum 
ƳŜǘƘƻŘΩ ό!wύ as a method resulting in improved precision over Prony analysis [211]. 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 peak-finding, CC¢ ƻǊ tǊƻƴȅΩǎ ƳŜǘƘƻŘ [239], this work considers it preferential to instead 
fit to models based on the underlying physics of the signal [1], [183]. 
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uncertainty [210]. Methods for accurate determination of the acoustic oscillation frequency will 

be discussed in detail in section 4.5. 

4.4. Analysis of a LITGS signal  

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

interaction region. As discussed above in section 4.2.1, 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, the local 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 (fuel) number density, quencher (oxygen) number density) or, if these are known, the 

gas dynamic parameters may be found. 

 Pressure  

 

Figure 4-3    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 molecules which acts to 

equilibrate the initial density perturbation. Considering ideal gases, the diffusion coefficient is 

proportional to the mean free path76 and mean velocity77 of the molecules. The diffusion rate (D) 

therefore decreases with increasing pressure as Ὀᶿὖ  and increases with increasing 

temperature as ὈᶿὝϳ . Provided the temperature is known78, the time constant of the 

                                                           
76 aŜŀƴ ŦǊŜŜ ǇŀǘƘ ΨƭΩ ƛǎ ƛƴǾŜǊǎŜƭȅ ǇǊƻǇƻǊǘƛƻƴŀƭ ǘƻ ǘƘŜ Ǝŀǎ ŘŜƴǎƛǘȅ ΨƴΩΣ ǘƘŜǊŜŦƻǊŜ ὰθ ὲ ᶿὝὖϳ  

77 aŜŀƴ ǾŜƭƻŎƛǘȅ ŦƻǊ ŀƴ ƛŘŜŀƭ Ǝŀǎ ΨǾΩ ƛǎ ǊŜƭŀǘŜŘ ǘƻ ǘŜƳǇŜǊŀǘǳǊŜ ōȅ ὺᶿὝϳ  
78 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 effect on the duration of a LITGS signal [Figure 4-3]. 

 Tracer number density  

The number density of target molecules present in the interaction region will determine the 

amount of energy 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 

molecule number density. As a measurement of an intensity, this will be subject to increased 

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

The FARLIG technique developed in [3] (Fuel/Air Ratio by Laser-Induced thermal Gratings) 

extends the compositional measurement to also derive the local oxygen number density using 

the dependence of the quenching timescale Q1 on oxygen number density. The contrast of the 

acoustic oscillations is 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 oxygen number density in 

parallel with toluene number density. 

 Quenching timescales  

The timescales for the ófastô and óslowô quenching mechanisms, along with their branching 

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 oscillations. These three parameters may 

be inferred from the best-fit parameters of a modelled LITGS signal. This can potentially 

provide a method for measuring oxygen number density in cases such as toluene in air, where 

the quenching of the toluene molecules is dominated by molecular oxygen. 

 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 measurements. Equation (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 discussion.  

Grating spacing  

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

on the grating spacing, ȿ, 

 
Ὕᶿ
Ώ

Ὧ
 (4-25) 

The determination of the grating spacing from the geometrical alignment alone is prone to 

significant error. An investigation in [6] estimated a ± 9 % error in temperature assuming the 

beams could be manually aligned to within 0.3 mm of the targets on the alignment mask. This is 

unfortunately a best-case scenario given the standard procedure of optimising the alignment of 

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

In practice, this potentially 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 

derived 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 optimisation, however these 

will not affect the grating formed by the pump beams and thus ȿ. The accuracy of the derived 

value of ȿ is therefore limited by the knowledge of the parameters used for the calibration 

measurement and the accuracy of the frequency recovery technique.  

Gas composition  

For compositional uncertainties of LITGS thermometry, the reader is directed to [6], [4] and 

[212] in which there are 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 molecular mass, ά, and ratio of specific heats, ɔ. These values are typically assumed to be 

fixed during analysis, hence any change in composition will shift the derived temperature 

proportional to the relative change in ‎άϳ  from the assumed value, 
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‎

‎

ά
Ὕ  (4-26) 

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 [4] as the m/ɔ ratio for each is essentially the same79. Considering a blend of 70 % iso-octane 

with 30 % toluene as used in this work, ófuelô molecules have larger masses than molecules in 

air80, and a larger value of m/ɔ by a factor of 5. Uncertainty in the fuel number density therefore 

dominates the error in derived temperature.  

Measurements of the fuel number density for PFI and Early-GDI using QPLIF show a 

coefficient of variability of 23 % for typical injection conditions in the optical engine used for 

this work [4]. For the intended 1.97 % fuel concentration to create a stoichiometric mixture, the 

uncertainty in composition for fuel-rich deviation is therefore restricted to an upper bound of 

2.42 % fuel concentration. Fuel-lean deviation is not limited by injection mixing, but instead by 

fuel content in the pockets of EGR observed in chapter 6. The relevant lower bound therefore 

corresponds to the minimum number density required to produce a visible signal, typically 10 % 

of the intended stoichiometric mixture, hence a lower bound of 0.20 %.  

Considering the linear dependence of derived temperature on m/ɔ, in this work the estimated 

worst-case compositional errors in LITGS derived temperature are therefore ï 1.6 % + 5.9 %. 

Oscillation frequency recovery  

LITGS temperature measurements inherently depend on the acoustic oscillation frequency, 

                                                           
79 EGR (m = 28.7 gmol-1Σ ʴ Ґ мΦоуΣ Ƴκʴ Ґ нлΦу gmol-1). Air (m = 29.0 gmol-1Σ ʴ Ґ мΦпмΣ Ƴκʴ Ґ нлΦс gmol-1) 
[212]. 
80 Fuel (m = 107.6 gmol-1Σ ʴ Ґ мΦлфΣ Ƴκʴ Ґ ффΦн gmol-1). 
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 ὝᶿὪ  (4-27) 

Given the finite duration of 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 

translate into errors in derived temperature, amplified by the quadratic relationship between 

Ὢ  and T. A full investigation into the optimal method for frequency recovery and the 

associated systematic errors is discussed in section 4.5.  

Multiple temperatures  

A key assumption made in the use of point-LITGS for thermometry is that the environment 

being probed has a uniform temperature across the measurement region. The description of 

point-LITGS 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 their 1 mm FWHM 

results in an interaction region on the order of 1 mm x 1 mm x 10 mm in size81.  

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 signal comprised 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 investigated in [213], 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 Gülder burner. 

If the standard single-temperature LITGS analysis was applied, the analysis tended to 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 
ƛƳǇƻǊǘŀƴŎŜ όƻǊ ƴƻǘΗύ ƻŦ ǘƘŜ ŎƻƴǘǊƛōǳǘƛƻƴǎ ŦǊƻƳ ǘƘŜ ǾŜǊȅ ǘƛǇǎ ƻŦ ǘƘŜ ΨŘƛŀƳƻƴŘΩ ŎǊƻǎǎƛƴƎ ǊŜƎƛƻƴΦ Lƴ ǘƘŜǎŜ 
regions only the low-intensity wings of the beams overlap. Given 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 
than the tip-to-ǘƛǇ ŘƛƳŜƴǎƛƻƴ ƻŦ ǘƘŜ ΨŘƛŀƳƻƴŘΩ ƛƴǘŜǊǎŜŎǘƛƻƴ ǊŜƎƛƻƴΦ 
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temperatures. The signal generated by the hotter region has a shorter lifetime than that from the 

cooler region. The ócoolerô signal therefore has a larger contribution to the overall signal. 

Due to the additional complication of the analysis, in what is already a challenging environment 

for LITGS measurements, the multiple temperature analysis is not used in this work. The effect 

is instead considered as a potential contribution to uncertainty in the derived temperatures. One 

advantage of performing simultaneous LITGS and TC-PLIF is the ability to not only use LITGS 

as a calibration of TC-PLIF, but to use TC-PLIF 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 extracted from a LITGS signal in a number of ways, each with its own 

advantages. The 3 most appropriate are described below.  

 Peak separation  

Perhaps the simplest method to determining an oscillation frequency is to measure the time 

between peaks and take the inverse to recover a frequency. This method is very useful as a 

quick rule-of-thumb for comparison of óliveô signals, displayed on an oscilloscope during an 

experiment. Small temperature differences between signals of the order of 10 K can easily be 

identified by aligning the first peaks in time and observing the signals drifting out-of-phase for 

later oscillation peaks. 

For quantitative analysis, this method is strongly affected by the choice of peaks to compare, by 

the procedure used to determine the location 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, the time dependency 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 grating 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 is easiest for long signals, such as those generated in higher pressures and low 

temperatures (> 1 bar and around 300 K). Such signals provide many visible oscillation cycles 

which facilitates selection of later peaks. In many practical applications however, either 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 noisier peaks. 

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 of 20 ns, a shift of just 0.1 ns corresponds to a 1 % change 

in derived temperature.  

For very strong signals finding the location of a peakôs maximum is trivial. Weaker signals, 

such as those generated in the optical engine, have high frequency noise complicating the 

determination of the maximum. Smoothing procedures which replace each value with a 

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

slightly away from its ótrueô location towards any local peaks in noise. For very noisy signals, 
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the averaging window required to generate a smooth peak is on the same scale as the oscillation 

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

  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 Stevens [2]. These formed the basis of the investigations made by this 

work in section 4.5.2 into improving the FFT analysis of LITGS signals for application to in-

situ calibration of TC-PLIF 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 features [Figure 4-4]. The 

underlying decaying exponential will generate a Lorentzian contribution centred at ɜ = 0 and the 

acoustic oscillation will generate a second Lorentzian peak 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.  

 

Figure 4-4    Example single-shot 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 oscillation peak in the power spectrum is 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 define the exact timing of each peakôs maximum, hence 

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 very fast 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 a 100-shot dataset. 

Zero-Pad data vectors  

The Discrete 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 repeating unit 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 vector is extended with elements of value zero known as ózero 

paddingô. In this work, the length of the signal vector was padded to lengths of increasing 

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

 

Figure 4-5    Improvement in resolution of power spectrum by zero-padding the input signal vector. 

bΦ.Φ ōƻǘƘ ŦƛƎǳǊŜǎ ŀǊŜ ǇƭƻǘǘŜŘ ǳǎƛƴƎ ǘƘŜ ǎŀƳŜ Ǉƻƛƴǘ ƳŀǊƪŜǊǎΣ ǘƘŜ ŘŀǘŀǇƻƛƴǘǎ ƻŦ ǘƘŜ Ψ½ŜǊƻ-ǇŀŘŘŜŘΩ 

spectrum are simply so close together that the point markers appear as a solid line. 

Figure 4-5 displays the LITGS oscillation frequency peak of the power spectrum of Figure 4-4 

calculated with and without zero-padding the signal vector before calculating the FFT. The 

improvement in resolution by applying zero-padding is dramatic, with the number of datapoints 

defining the LITGS 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 the finite-length input 

signal forms the repeating unit of a signal with infinite 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 content in the FFT output.  

Step-changes 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 solution either, this simply 

corresponds to a órectangle windowô where every element is multiplied by 1 [Figure 4-6].  

 

Figure 4-6   wŜŎǘŀƴƎǳƭŀǊΣ ¢ǳƪŜȅ ŀƴŘ Iŀƴƴ ǿƛƴŘƻǿ ǇƻǿŜǊ ǎǇŜŎǘǊŀ ǿƛǘƘ ΨƳŀƛƴ-ƭƻōŜΩ ŀǘ ˄ Ґ л ŀƴŘ ǎƛŘŜ-

ƭƻōŜǎ ŦƻǊ ˄ ґ лΦ 

 

Different windows are optimised for different situations [Figure 4-6]. 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 artefacts82 versus light smoothing (Rectangular or Tukey) which preserves the ability to 

finely resolve small changes in frequency83. 

For non-transient signals, such as a mixture of sinusoids of different frequencies, a common and 

effective pre-processing step is to apply a Hann window, ύ ὲ, to the input vector,  
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for sample ónô of an input vector with length óNô [214]. This cos2 function is smoothly varying 

with a value of zero 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 however 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 peaks near the centre 

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, ύ ὲ, which consists of a rectangular window modified by tapering the edges to zero 

with a cosine curve and is defined for sample ónô of an input vector with length óNô as:  
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where the fraction of the window width composed of the cosine curve is (1 ï Ŭ) [214]. 

The purpose of the Tukey window is to retain as much of the un-distorted signal as possible 

while still dampening the input vector values to zero at the edges. Previous LITGS analysis used 

                                                           
82 I.e. the relative height of main-lobe to first side-lobe. 
83 I.e. a narrow main-lobe. 
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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 

preservation over the Hann window [Figure 4-7].  

 

Figure 4-7    Tukey vs Hann windows, as applied to a single-shot experimental LITGS signal84. 

 

There is a corresponding improvement in the power spectra derived using the Tukey window 

[Figure 4-8]. The power spectrum of the óHannô windowed signal is strongly affected by the 

periodic troughs of the Hann windowôs power spectrum [Figure 4-6]. In contrast, the óTukeyô 

case is dominated85 by the two Lorentzian peaks corresponding to the óthermalô and óacousticô 

contributions to the LITGS signal, as can be seen by comparing experimental to theoretical 

power spectra [Figure 4-8].  

The peak of the power spectrum close to 50 MHz is interpreted as the LITGS oscillation 

frequency. This peakôs location is affected by the Hann windowing, resulting in a shift in 

derived frequency and therefore temperature [Figure 4-9]. 

 

                                                           
84 The original signal was an experimental LITGS signal at 1 bar as in Figure 4-3. 
85 For frequencies below 100 aIȊΣ ŀōƻǾŜ ǿƘƛŎƘ ǘƘŜ ΨǿƛƴŘƻǿΩ ŀƴŘ ƴƻƛǎŜ ŎƻƴǘǊƛōǳǘƛƻƴǎ ŘƻƳƛƴŀǘŜΦ 
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Figure 4-8    ¢ǳƪŜȅ Ǿǎ Iŀƴƴ ǿƛƴŘƻǿǎΦ [ŜŦǘΥ Ψ¢ǳƪŜȅΩ ǇƻǿŜǊ ǎǇŜŎǘǊŀ ƻŦ ǘƘŜƻǊŜǘƛŎŀƭ [L¢D{ ǎƛƎƴŀƭ 

contributions from Figure 4-2. Right: power spectra of the experimental LITGS signal84 ǿƛǘƘ ΨIŀƴƴΩ ŀƴŘ 

Ψ¢ǳƪŜȅΩ ǿƛƴŘƻǿƛƴƎΦ 

 

 

Figure 4-9    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 in Figure 4-8 (Right). 

 

It is therefore crucial to select an appropriate value for Ŭ, one which balances noise suppression 

at each end of the signal vector (Ŭ Ÿ 0) with preservation of the shape of the LITGS signal 

(Ŭ Ÿ 1). The value of Ŭ used in this work (0.9) lies within the range of values for which the 

peak position of Figure 4-9 is insensitive to variation of Ŭ [Figure 4-10]. The peak position 

varies by only 0.02 % for variation in Ŭ between 0.91 and 0.84, leading to variation in the 

derived temperature of only 0.04 %. In contrast, a poor selection of Ŭ would lead to errors in 

derived temperature of up to 3.1 % for this experimental signal. 
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Figure 4-10    Derived oscillation frequency for the 1 bar LITGS signal of Figure 4-3 as a function of the 

¢ǳƪŜȅ ǿƛƴŘƻǿ ǇŀǊŀƳŜǘŜǊ ΨʰΩΣ ŘŜŦƛƴŜŘ ƛƴ Ŝǉǳŀǘƛƻƴ (4-29). 

 

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 large enough 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 contrast between peaks as in Figure 4-3 and Figure 

4-8.  

The FFT analysis runs into issues when the signals are both short (the time constant of the decay 

of the signal is comparable to the acoustic oscillation period) and noisy (noise fluctuations 

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

acoustic oscillation peak is insufficient to dominate ówindowô and ónoiseô structure in the power 

spectrum [Figure 4-11]. This hampers identification of the maximum of the acoustic 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 the noise structure in the power spectrum.  
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Figure 4-11    Power spectra from a pair of weak LITGS signals taken under nominally identical 

conditions. 

The LITGS signals in Figure 4-11 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 21 %. The full dataset has a standard deviation of the derived temperature of 

13 %. Given that the cyclic variability of the engine for motored operation is around 1 % and 

the LITGS technique is inherently capable of < 1 % precision for sufficient signal strength even 

at the just-below-atmospheric 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, where high pressures and stable tracer 

number densities can 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 measurements where 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 Williams [6], found that for conditions with both high 

temperature and low pressure the óstandardô FFT analysis shows a systematic error towards 

lower derived temperatures. The worst case error in derived temperature, ï 16 %, occurred for 

the extremal low pressure (1 bar), high temperature (650 K) modelled condition [6]. 
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Such a conclusion suggests that FFT analysis is inappropriate for use in the current work or 

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 pressure and high temperature. One potential 

adaptation, the ósubtractedô method written by the author, shows a reduced systematic shift at 

low temperature and high pressure with a maximum error of ï 3.5 % for 650 K at 1 bar. An 

alternative approach, the ófittedô FFT method [6], does not show the systematic error at low 

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

error of + 1.3 % for 650 K at 4 bar compared to an error of only ï 0.36 % for the ósubtractedô 

method. 

 

Figure 4-12    Accuracy of FFT temperature derivation by three methods for four reference 

temperatures (300 K, 417 K, 533 K and 650 K). The LITGS model [2] was used to generate signals for a 

ǊŀƴƎŜ ƻŦ ǇǊŜǎǎǳǊŜǎ ŦƻǊ ŀƴŀƭȅǎƛǎ ōȅ ǘƘŜ Ψ{ǘŀƴŘŀǊŘΩΣ ΨCƛǘǘŜŘΩ ŀƴŘ Ψ{ǳōǘǊŀŎǘŜŘΩ CC¢ ƳŜǘƘƻŘǎΦ ¢ƘŜ ΨCƛǘǘŜŘΩ 

FFT method is kindly provided by the authors of [6]. 

 

Figure 4-12 shows the temperatures derived by the three different FFT analysis methods 

(óstandardô, ósubtractedô and ófittedô) from a reference set of modelled data for 4 different 

temperatures (300 K, 417 K, 533 K and 650 K) over a range of pressures (1 ï 4 bar). An 

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

all combinations of pressure and temperature present in Figure 4-12. The systematic error for 
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the óstandardô FFT method is particularly apparent for the 650 K reference temperature, for 

which the óstandardô FFT method derives a temperature of 546 K at 1 bar.  

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

methods are discussed in the Appendix. 

 

Figure 4-13    FFT vs Fitted derived temperatures for motored compression stroke data. Errorbars 

correspond to the standard deviation of 20 measurements at each CAD timing. 

 

Experimental confirmation of this predicted difference in derived temperature is presented in 

Figure 4-13. For the low pressures early in the compression stroke óFFTô temperatures are 

approximately 10 K cooler than the temperatures derived from the same data by fitting to a 

theoretical model86. 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 enough that the 

FFT inaccuracy is minimal. 

Suitability for engine measurements  

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

[Figure 4-11]. Thus the standard FFT routine cannot cope as discussed above. 

                                                           
86 See section 4.5.3 ŦƻǊ ŀ ŘŜǎŎǊƛǇǘƛƻƴ ƻŦ ǘƘŜ ΨŦƛǘǘƛƴƎΩ ŀǇǇǊƻŀŎƘ ǘƻ [L¢D{ ǘŜƳǇŜǊŀǘǳǊŜ ŘŜǊƛǾŀǘƛƻƴΦ 
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Figure 4-14    Variation in strength of mean LITGS signals as pressure increases during the compression 

stroke. 

Strong signals generated towards the end of the compression stroke at higher pressures and 

tracer number densities are well suited to FFT analysis [Figure 4-14]. Weaker signals within the 

same 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 values [Figure 4-15].  

 

Figure 4-15    Single-shot 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 

appropriate as 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 response of the PMT.  

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 section 4.5.3.  
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 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 than the single FFT 

evaluation required for the FFT analysis routine.  

In theory, fitting to a theoretical model could also be used to derive more information about the 

fluid properties than solely temperature, such 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, is the potential for extracting 

temperature information from the weak and noisy signals characteristic of early CAD 

measurements during the compression stroke of the optical engine.  

The LITGS fitting routine used throughout this work is based on the theoretical model of [1], 

was adapted for application to fitting in the frequency domain by Stevens [2] and applied to 

measurements of fuel/air ratios by Williams [3]. For a detailed discussion of the fitting 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 (Ű), Reynolds number (Re), ófastô quenching timescale (Q1), 

óslowô quenching timescale (Q2) and branching ratio between ófastô and óslowô quenching 

mechanisms (split). óŰô is the inverse of the acoustic oscillation frequency and is therefore the 

main parameter of interest for thermometry as it can be used to derive temperature. The 

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

4.2.2 and adjustment of óReô provides the mechanism for the model to represent the effect of 

pressure on the signal. óQ1ô, óQ2ô and their branching ratio ósplitô control the energy deposition 
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to form the grating via the two-rate quenching model referred to in section 4.2.2, for further 

details the reader is directed to [1]. 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 minimal87. It is 

also important to ócentreô and óscaleô all fit parameters when passing to the optimisation 

function88. 

 

Figure 4-16    Example 1-ǇŀǊŀƳŜǘŜǊ όˍύ Ŧƛǘ ǘƻ [L¢D{ ǎƛƎƴŀƭǎ ŀǘ фл ŀƴŘ рл /!5 .¢5/ ǿƛǘƘ ǊŜǎƛŘǳŀƭǎΦ 

The simplest approach is to select appropriate values for all the parameters except the acoustic 

transit time, Ű, then allow the fitting routine to optimise Ű which can be readily converted into a 

derived temperature. Such a simple approach can only reproduce the shape of the recorded 

LITGS signal accurately for a narrow range of conditions where the other parameters89 can be 

considered constant. During a compression stroke, the pressure and density of the gas mixture 

increases. The Reynolds number, being dependent on density, and the fast quenching timescale, 

Q1, being pressure-dependent, are not constant and cannot be treated as such without affecting 

                                                           
87 For air, the Prandtl number at 0 °C is 0.715, while at 400 °C it is 0.68, a difference of only 4.9 % 
88 It is critical to centre and scale all fit parameters to a range of ς1 < x < 1 during fitting to ensure that 
lsqcurvefit.m (standard MATLAB function) varies parameters in appropriately sized increments. Without 
this scaling, lsqcurvefit.m would take the same sized step for all parameters. As there is a large 
difference in scale between parameters (Re is O(2) while Q1 is O(ς9)) this has a disastrous effect on 
converging to a suitable solution for all fit parameters. Only the fit parameter with the scale that 
matches the step size is optimised, the other parameters are either essentially unaffected by the 
increment or hit the upper or lower bounds within one iteration. 
89 Re, Q1, split, Q2. 
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the accuracy of the modelled signal. This results in large, systematic residuals for the fit at 50 

CAD BTDC as in Figure 4-16, where Re and Q1 were optimised for 90 CAD BTDC.  

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

(Ű, Re and Q1). This single 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 oscillations [Figure 4-17].  

 

Figure 4-17    Example 3-ǇŀǊŀƳŜǘŜǊ όˍΣ wŜ ŀƴŘ v1) fit to LITGS signals at 90 and 50 CAD BTDC with 

residuals. 

Inclusion of the slow quenching mechanism (Q2), along with the branching ratio between the 

two quenching pathways (split) brings the number of fit parameters up to 5. This is sufficient to 

give an excellent fit with little to no structure to the residuals [Figure 4-18]. 

One concern when using the full 5-parameter optimisation is the large number of fit parameters. 

When combined with the not fully independent nature of the parameters, this can offer multiple 

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

If this were to occur and affect the value of Ű, there would not be a unique solution for the 

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

the 5-parameter fitting routine is consistent with the 3-parameter derived temperature over a 

range of temperatures and pressures. In contrast, 1-parameter fitting results in a deviation 
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toward higher temperatures as pressure increases. This suggests that using the 5-parameter 

model is appropriate to use throughout the compression stroke. 

 

Figure 4-18    Example 5-ǇŀǊŀƳŜǘŜǊ όˍΣ wŜΣ v1, split and Q2) fit to LITGS signals at 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 straightforward 

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 derived temperature discussed above 

in section 4.5.2 are minimal due to the strong signals and higher pressures.  

As can be seen in Figure 4-19 this is indeed the case. Mean temperatures for the 50 and 60 CAD 

BTDC measurement timings match to within 0.5 % using identical calibration factors, hence the 

fitting routine is deriving the same, 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 and fluctuates wildly in its derived temperature, the fitted temperatures are consistent 

shot-to-shot with only a marginal decrease in precision compared to the stronger signals. 
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Figure 4-19    Fitted vs FFT-derived single-shot 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 results will be presented throughout due to the large dynamic range of signal 

strengths produced by the compression stroke measurements. 

 Suitability  for calibration of TC -PLIF 

To provide a suitable reference for in-situ calibration of TC-PLIF images, LITGS thermometry 

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

The inherent dependence of LITGS on a measurement of an oscillation frequency rather than an 

intensity offers some resilience against uncertainty caused by intensity noise. FFT analysis 

offers a robust and straightforward method for extracting a temperature measurement from 

LITGS signals of sufficient strength. Challenging practical environments such as an optical 

engine often produce weaker, noisy LITGS signals. In such 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 precisions of 0.1 ï 1 % depending 

on pressure [25]. The accuracy of the LITGS derived temperature is limited by knowledge of 
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gas composition (ɔ/m) and its local variation. However, LITGS thermometry has been shown to 

be robust against the in-cylinder fuel fluctuations present in a fired optical engine90 [25]. 

The high precisions achievable with LITGS and the understanding of the largest source of 

inaccuracy, the local gas composition, make it a suitable technique for in-situ calibration of the 

TC-PLIF images.  

Toluene, as required for the implementation of TC-PLIF discussed in chapter 5, is an 

appropriate target molecule for LITGS due to its large absorption coefficient at 266 nm and the 

effective 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 throughout this work 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 plenty of free space for development and placement 

of additional optics or detectors. 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.  

 Equipment  

A flashlamp pumped solid state Nd:YAG laser (Continuum Minilite II) provided the pump 

pulses for this work. The priority for selection of the pump laser was its compact nature. The 

Minilite provides 4 mJ per 5 ns pulse at 266 nm with a repetition rate variable over the range 

1 ï 15 Hz, sufficient to perform point-LITGS experiments within the engine.  

                                                           
90 Under suitably controlled conditions of plenum injection for PFI or early injection for GDI. 
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The probe laser for this work is a CW Diode-Pumped Solid State (DPSS) laser (CNI-MLL -III). 

This provides 300 mW at 671 nm and as with the Minilite the laser is robust, turn-key and 

compact. The space constraints and simplicity of operation outweigh the signal strength benefits 

of using a long-pulse probe laser such as [185]. 

Fast-response photodiodes are readily available and affordable. Typically a 300 mW probe 

would be sufficient to generate a detectable signal using a photodiode detector in this geometry 

and in a lab environment. However, in this experiment the optical losses associated with 

conducting the experiment in a running engine91, whether motored or fired, are sufficient to 

degrade the signal. Therefore a photomultiplier tube (PMT) was used to amplify the small 

photoelectron signal produced by the incident light intensity into a large electrical signal. 

Additionally, the large active area of the PMT when compared to a fast photodiode was 

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 directed onto the detector. 

The PMT is sensitive to both the red probe light and the scattered UV pump light. A high-

transmission, narrow bandpass filter for 671 nm was used to block scattered light which would 

otherwise be detected as a prompt small peak before the first LITGS peak. 

As will be discussed in chapter 6, varying the PMT gain alters the time response of the detector. 

It is therefore important to record all measurements within a dataset using a consistent gain 

value.  

 Optical Layout  

For accessible experiments on 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 to ensure all 

                                                           
91 E.g. passing through windows which experience fouling while the engine is running or scatter and 
absorption from gases and particles inside the cylinder. 
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beams could pass through the 16 mm clear aperture quartz windows in the cylinder wall [4]. 

The crossing lens (nominal focal length of 300 mm) and pump spacing (12 mm) were chosen to 

meet this requirement and to ensure the grating spacing (6.2 µm) resulted in an oscillation 

frequency (56 MHz) low enough to be accurately recorded by the 500 MHz bandwidth 

oscilloscope. The oscilloscope used for data acquisition in this work has a bandwidth of 

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

 

Figure 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 beam paths upstream of the crossing 

lens, Keplerian telescopes were formed with the crossing lens [Figure 4-20]. This results in 

collimated pump and probe beams being crossed at the interaction region. The beam widths 

were matched at a diameter of 1 mm to maximise the spatial overlap of the beams and therefore 

the magnitude of the scattered LITGS signal. The intersection of comparatively large92, 

collimated beams results in a stable 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 

Bragg-scattering angle [equation (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 1 mm diameter is large compared to e.g. focussed beam geometries of order 100 µm. 
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after the interaction region it is often advantageous to bring the probe beam out of the 

(horizontal in this case) plane which increases the separation between the beams at a given 

distance from the measurement point. The vertical separation of pump and probe reference 

marks on the masks of Figure 4-21 may therefore be freely chosen. 

The LITGS beams lie within a horizontal plane approximately 20 mm below the base of the 

pent-roof of the cylinder head. The beams cross at the centre of the barrel [Figure 4-20], after 

which the pump and probe beams are dumped and the LITGS signal is directed to the PMT 

approximately 5 m away. This long beam path serves to reduce the intensity of unwanted 

scattered light from the engine (falling as ρὶϳ ) while collecting the entirety of the coherent 

signal beam in an effort to improve the signal-to-noise 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. 

 Alignment procedure  

Accurate alignment of the LITGS beams is essential for high quality measurements, in 

particular matching the beam sizes and obtaining good spatial overlap at the measurement 

region optimises both the intensity and stability of the signal [215]. The alignment of the LITGS 

system proceeds as described in detail in [3], but 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 the engine cylinder93 parallel to each other and with the 

correct spacing determined in section 4.6.2 [Figure 4-21 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 pinhole at the crossing point, mounted on an 

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

                                                           
93 Actually, for initial alignment the cylinder barrel is removed as without the crossing lens in place the 
beams would not pass through the 16 mm clear aperture windows. 
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allows the location of the intersection point to be determined with considerable accuracy94 (c). 

The pinhole and the reference marks 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.  

 

Figure 4-21    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 signal using a test 

environment of toluene vapour. The alignment is then optimised using a óliveô LITGS signal 

and very small adjustments to the beam steering mirrors. 

 Target species selection  

As the target species for LITGS simply provides a means of introducing energy into the bulk 

gas to form the ógratingô, with an appropriate choice of pump laser wavelength it can be chosen 

                                                           
94 When correctly centred on the intersection point, translation of the pinhole transversely to the optical 
ŀȄƛǎ ǿƛƭƭ ŎŀǳǎŜ ōƻǘƘ ǘǊŀƴǎƳƛǘǘŜŘ ōŜŀƳǎ ǘƻ ΨŀǇǇŜŀǊΩ ŀƴŘ ΨŘƛǎŀǇǇŜŀǊΩ ŀǘ ǘƘŜ ǎŀƳŜ ǘƛƳŜΦ 
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to be the LIF tracer to simplify simultaneous measurements with LIF and LITGS. The LIF 

tracer in this work, toluene, is sufficiently well quenched in the fuel-air 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 completed prior 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 to in-situ calibration of 

TC-PLIF images of the in-cylinder temperature distribution. 

 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 attenuation before the 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 dynode stages of the PMT is too great and the effective gain is 

reduced for the strongest sections of an incident signal. A PMT is considered to be ósaturatedô 

when the relationship between the intensity of the incident light and the magnitude of the signal 

produced is no longer linear. 

Temperatures derived from saturated LITGS signals (peak detected voltage greater than 

100 mV) in Figure 4-22 are systematically colder than the equivalent unsaturated measurements 

with a worst-case discrepancy of ï1.1 % for a peak PMT signal voltage of 1 V. It is therefore 

important to remain in the linear regime of the PMT. 
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Figure 4-22    Temperatures 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 gain. The 100 mV linearity limit 

discussed in the text is marked by a red line. Errorbars 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 detector saturation during experiments, the linearity of the PMT response to a LITGS 

signal was investigated for a range of peak signal voltages produced by the PMT [Figure 4-23]. 

 

Figure 4-23    Ratio of peak detected signal voltage for an un-attenuated optical LITGS signal and an 

optical LITGS signal attenuated by 50 %, as a function of peak detected voltage for the un-attenuated 

optical signal. Variation of the peak detected voltage was achieved by changing the PMT gain. The 

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 limit discussed in the text, above which the signals are considered 

saturated, is marked by a red line at 100 mV. Errorbars correspond to the standard deviation of 100 

measurements for each dataset. 
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For each datapoint of Figure 4-23, two sets of LITGS signals were recorded by the PMT, one 

set with a neutral density filter of 50 % transmission and one set un-attenuated. Variation of the 

peak detected voltage for the un-attenuated optical signal between datapoints was achieved by 

changing the PMT gain. For 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. At 100 mV, 

saturation starts to become apparent as the peak detected voltage of the un-attenuated signal is 

less than double that of the signal with 50 % attenuation.  

It is apparent that the error bars of Figure 4-23 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 have no dependence 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 noise of the signal decreases as the gain is increased to 

higher values [216]. 

Clearly the best solution from a PMT linearity point of view is to use signals sufficiently weak 

to avoid saturation. However, as discussed in section 4.5.2, weak signals with low signal-to-

noise ratios present difficulties for the FFT analysis. A limit of 100 mV 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 

challenging, the penalty of a systematic error in derived temperature was considered an 

unacceptable price to pay for strong, clean signals. 

 Engine warm -up measurements  

The temperature sensitivity of the LITGS system was verified by recording LITGS 

measurements at 2 minute intervals during the warm-up phase of the engine. Under motored 

operation, frictional heating and heat transfer from the compression-heated gases to the cylinder 

walls acts to raise the temperature of the engine. This heat can then in turn be 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 is a subtle increase in the temperature of the in-cylinder 

gases. This offers an opportunity to demonstrate the ability of the LITGS system and analysis to 

resolve small in-cylinder temperature differences of only a few Kelvin.  

 

Figure 4-24    Mean LITGS temperature measurements for sequential datasets a) to d) during an 8 - 10 

minute period during the warm-up phase of the motored engine. The errorbars represent the 

standard error of the mean95 at each CAD timing for each dataset. Spline fits 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 increments of 10 CAD. The 

sequential runs a) to d) of Figure 4-24 are each separated in time by approximately 2 minutes 

and show an increase in the mean temperature at each CAD timing of around 3 K or 1 %. 

                                                           
95 I.e. each errorbar is „Ѝὔϳ  ǿƘŜǊŜ ˋ ƛǎ ǘƘŜ ǎǘŀƴŘŀǊŘ ŘŜǾƛŀǘƛƻƴ ŀƴŘ b ƛǎ ǘƘŜ ƴǳƳōŜǊ ƻŦ ƳŜŀǎǳǊŜƳŜƴǘǎ 
at the relevant CAD timing for each run, in this case N = 20. 
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 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 

passes. Figure 4-25 displays the temperatures recorded at 90 and 50 CAD BTDC relative to 

those recorded without heating. 

 

Figure 4-25    LITGS mean temperatures at 90 and 50 CAD BTDC over time. Errorbars correspond to the 

standard deviation of single-shot temperatures within each dataset. a) Initial unheated condition used 

as reference for the relative temperature scale. b) Heater switched on. c) Heater switched off.  

Figure 4-25 shows constant temperatures derived from the first 4 unheated datasets (a). After 

the plenum heater is switched on (b), a rapid initial temperature rise is observed, followed by a 

gradual increase over the following 6 ï 8 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 by several 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 temperature rise dependent on not only the initial temperature, T1, but also the 

initial and final pressures, P1 and P2, 
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Thus for the same increase in intake air temperature at (b), the 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. 

 Precision  

Based on measurements in a static engine with a known composition of toluene vapour in air, 

the inherent precision of measurement with this LITGS system is 0.2 % for the strongest signals 

with 5 ï 7 oscillation peaks visible. The actual precision of measurements in a running engine 

will likely be worse than this, particularly for signals early in the range of compression stroke 

timings investigated (90 CAD BTDC) where pressure and tracer number density are lower, 

leading to weak, noisy signals. The value of 0.2 % therefore represents a lower bound for the 

precision of the LITGS measurements in this work.  

Given that the cyclic variability in peak pressure of the motored engine is approximately 1 % 

and sets of LITGS measurements at each CAD timing produce standard deviations of 

approximately 1 %, it appears that cyclic variability 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 range 0.2 ï 1.0 %. 

4.8. Summary and conclusions  

In this chapter, the application of the portable LITGS system developed in [4] to the 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 potential approaches 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 characteristic of optical engine diagnostics. The ópeak separationô method 
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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 pressures 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 dramatic loss 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 model [1], [2], [3]. Preliminary testing of the LITGS system with the 

optical engine provided experimental data for validation of these conclusions.  

Additionally, saturation tests determined the linearity limit of the PMT detector used in this 

system and motored engine tests validated the LITGS systemôs capability to track changes in 

the in-cylinder temperature. 
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5. Two-Colour PLIF 
In this chapter the initial development of a Two-Colour Planar Laser-Induced Fluorescence 

(TC-PLIF) system is reported. A discussion of the principles of PLIF is presented in 5.2, 

covering the generation of fluorescence and its application to thermometry. Section 5.3 

discusses the motivation for selection of TC-PLIF in this work. Section 5.4 details the 

experimental methods and data analysis routines. The results of experiments to validate the 

system and determine its suitability for application to optical engine thermometry are presented 

in section 5.5. 

5.1. Introduction  

Molecular tracer PLIF was selected in chapter 3 as the measurement technique to provide 2-

dimensional maps of the in-cylinder temperature distributions inside the optical engine. This 

chapter discusses the development of a TC-PLIF system starting with an explanation of the 

principles of PLIF thermometry and the selection of TC-PLIF 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 methods and 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 experiments to validate the temperature sensitivity of the 

technique, the image correction process and the capability for time-resolved measurements are 

reported. The relevant literature for TC-PLIF 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 TC-PLIF for development in section 5.3 
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 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 emission (fluorescence) 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 spatially-resolved 2D measurement. 

The molecular states and processes involved in PLIF are detailed in [Figure 5-1], using toluene 

as an example of a tracer molecule. The description is based on the discussion in Koban [96] to 

which the reader is directed for further details. In what follows it is assumed that the laser 

intensity in PLIF experiments is small enough to make stimulated emission negligible [217].  

 

Figure 5-1    Processes involved in PLIF with toluene as a tracer, based on discussion in [96]. Solid black 

lines represent electronic states, where S0 is the ground singlet state, S1 is the first excited singlet 

state, T1 is the first excited triplet state. Dotted black lines represent excited vibrational states, while 

the closely spaced rotational state lines above each vibrational state line are not shown for simplicity 

of the diagram. R-VR is ro-vibrational relaxation within the same electronic state, IC is internal 

conversion between states with the same spin multiplicity, and ISC is inter-system crossing between 

states with different spin multiplicity. 

A photon from the incident pump beam can be absorbed by the tracer molecule from the ground 

state S0, electronically exciting the molecule to the excited state, S1. This excited electronic state 

has a nanosecond-scale lifetime [5] before decaying to the ground state via the spontaneous 

emission of a fluorescence photon. These fluorescence photons comprise the LIF signal. The 

efficiency of fluorescence emission after excitation with a pump photon is however far from 
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100 %. For conditions relevant to this work, collisions with other molecules occur on 

picosecond timescales [3] and can perturb the molecule to either relax into a lower energy ro-

vibrational state within S1, leading to fluorescence at longer wavelengths, or prevent radiative 

emission entirely e.g. by Internal Conversion [Figure 5-1]. Internal Conversion involves a 

transfer from S1 to a highly excited ro-vibrational state in S0, leading to non-radiative relaxation 

down the ro-vibrational manifold towards the lower energy, thermally populated levels. 

Quenching collisions can transfer energy to the colliding species in the form of kinetic energy or 

excitation, resulting in a transfer from S1 to S0 without radiative emission. In contrast, Inter-

System Crossing (ISC) does not prevent the emission of photons, however phosphorescence on 

the spin-forbidden transition from the T1 triplet state to the S0 singlet ground state has a ms-

scale lifetime compared to the ns-scale lifetime for fluorescence from the excited singlet state. 

ISC therefore effectively óquenchesô the fluorescence for the purposes of PLIF measurements 

[96]. 

The fluorescence quantum yield, FQY, for any given state ónô is a measure of the efficiency of 

fluorescent signal generation, defined as the ratio of fluorescent to total decay rates for the state,  

 
•

ὃ

Вὃ ὗ
 (5-1) 

where ὃ  is the rate of spontaneous emission from the excited state ónô to state óiô and ὗ  is the 

combined rate of all quenching processes, including internal conversion and inter-system 

crossing from the excited state ónô [100]. 

When referring to molecules, the FQY spectrum ó‰‗ô refers to the efficiency of fluorescence 

emission at any particular wavelength, which when integrated over all emission wavelengths 

describes the total FQY of the molecule ó‰ô. The FQY spectrum is therefore the fluorescence 

analogue to the absorption 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 monochromatic excitation may be 

written: 
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Application of the laser sheet results in óNô photons per m2 reaching the measurement region 

imaged by a particular camera pixel. Each tracer molecule has an effective cross-section to 

ócollideô with a photon resulting in absorption given by the absorption cross-section ó„ô. The 

number of tracer molecules in the measurement region is given by the tracer number density 

óὲ ô and the volume imaged onto a particular pixel óὠô. For every absorbed photon, the 

number of fluorescence photons emitted is given by the fluorescence quantum yield ó‰ô. Finally 

the efficiency of the collection optics96 óɖô determines the number of photons successfully 

reaching the camera pixel óSô, which can be expressed as: 
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(5-3) 

where óEô is laser fluence (Jm-2), óhô is Planckôs constant, óɜô is pump laser frequency,   is the 

solid angle subtended by the collection optics and –  is the transmission efficiency of the 

collection optics [107] [218]. 

The fluorescence signal produced by PLIF measurements therefore contains terms dependent on 

the laser parameters, tracer number density, absorption cross-section, fluorescence quantum 

yield (FQY) and collection optics.  

 Application to thermometry  

Thermometry with PLIF using molecular tracers utilizes the temperature-dependence of the 

absorption and/or emission spectra of the tracer. 

Unlike the sharp atomic transitions used in TLAF, the broad and temperature dependent 

absorption and emission spectra of a molecular tracer arise from the ro-vibrational structure 

                                                           
96 Including the solid angle subtended by the imaging lens, which will be significantly less than the full 
пˉΦ 
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within each electronic state, which permits many different transitions between S0 and S1 with a 

wide range of energies.  

The ro-vibrational levels above each electronic state are thermally populated, therefore at higher 

temperatures, higher ro-vibrational states of S1 may be reached by the absorption of a pump 

photon. The increase in the range of available states leads to a broadening of the absorption 

spectrum. Additionally, at higher temperatures the reduction in the energy gap between the 

highest populated S1 state and the lowest ro-vibrational state of S1 contributes to a redshift of the 

absorption spectrum to longer wavelengths97 [84], [85]. Emission spectra, whose spectral 

distribution is defined by that of the FQY, as a function of temperature have been less widely 

studied and may have less generally applicable trends. For example, tolueneôs emission 

spectrum red-shifts as temperature increases [5], however no studies of acetoneôs fluorescence 

spectrum as a function of temperature were found in the literature review of this work. 

A phenomenological model for tracer FQY, such as that developed for toluene by Koban et al. 

[99], may be used to predict the fluorescence intensity as a function of temperature, pressure 

and composition98. Such an approach is not necessary in this work as the use of an in-situ 

calibration technique removes the need to model the fluorescence 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 parameters in equation (5-3), including their temperature-, 

pressure- and spatial- dependence, the integrated intensity of fluorescence provides a 

measurement of temperature. However, the dependence of the total fluorescence intensity on so 

                                                           
97 As discussed in [81], the redshift of the absorption spectrum of organic molecules with temperature 
may be explained by the Sulzer-Wieland mechanism [240]. 
98 E.g. concentration of oxygen which strongly quenches excited toluene molecules. 
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many, often imprecise or unquantifiable, parameters makes it a challenging measurement choice 

for thermometry.  

Of particular concern for many engine applications is the requirement for either quantification 

of the local tracer number density across the object plane, or a restriction to measurement under 

homogeneous tracer conditions. The operating conditions of interest to this work involve non-

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, which dramatically increases the cost and complexity 

of the overall óthermometryô system, 1-colour PLIF is therefore not suitable. 

Two common alternative approaches of time-resolved PLIF thermometry are discussed below. 

Both take ratios of two PLIF measurements so that many of the terms in the PLIF signal 

expression, equation (5-3), 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 tracer number density across the measurement region, dramatically 

reducing the uncertainty of measurements in inhomogeneous tracer environments.  

2-line excitation  

Two-line excitation LIF relies on the temperature dependence of the tracerôs absorption 

spectrum [106]. By using sequential pulses of different wavelength from two lasers, two regions 

of the absorption spectrum can be probed. The ratio of the fluorescence signal intensities 

generated by the two pulses provides a measure of temperature at the excitation region, 

 Ὓ

Ὓ
ὅ
Ὅὼ„‗ȟὝ‰‗ȟὝ

Ὅὼ„‗ȟὝ‰‗ȟὝ
 (5-4) 

where Si is the fluorescence signal in photons per pixel, C is a constant, Ii is the pump laser 

intensity as a function of position (x), ů is the absorption cross-section as a function of 

excitation wavelength and temperature (ɚi,T) and ‰ is the FQY as a function of excitation 

wavelength and temperature (ɚi,T).  
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The two signals are separated in time by the delay between incident laser pulses and therefore 

the fraction of emitted signal intensity that reaches the detector is only limited by the collection 

optics. The collection of all the available fluorescence for two excitation pulses results in 2-line 

excitation having higher signal-to-noise ratio than 2-colour detection.  

The use of two laser pulses for tracer excitation does however result in the signal ratio of 

equation (5-4) retaining the dependence on laser intensity spatial profile for each pump sheet. 

This will either reduce the accuracy and precision of the temperature measurement, or 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 et al. [107] varied between 2.1 % ï 10 % over the engine 

cycle and under the majority of the motored engine conditions studied, the precision of the 

temperature measurement increased throughout the compression stroke towards top-dead-

centre. This trend can be attributed to a combination of two factors. Firstly, the magnitudes of 

the absorption cross-sections for 3-pentanone at the excitation wavelengths of 277 nm and 

308 nm diverge at a faster rate as temperature increases from 300 K to 650 K. This results in 

higher sensitivities and thus higher precisions for higher temperatures. Secondly, the 

compression of the gas mixture increases the number density of the tracer, resulting in larger 

signals and higher signal-to-noise ratios. 

2-colour detection  

Two-colour detection PLIF relies on the temperature dependence of the tracerôs emission 

spectrum. Filters are used to select two different wavelength-regions of the emitted fluorescence 

for detection with separate cameras. The ratio of the fluorescence intensities from the two 

spectral windows provides a measure of temperature at the excitation region, 

 Ὓ

Ὓ
ὅ
‰ῳ‗ȟὝ

‰ῳ‗ȟὝ
 (5-5) 
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where Si is the fluorescence signal in photons per pixel, C is a constant and ‰ is the FQY as a 

function of wavelengths within a spectral window and temperature (ȹɚi,T). 

The tracer can be excited using a single laser pulse, ensuring that the absorption cross-section 

and any fluctuations in pump intensity are identical for each signal. When taking the ratio of the 

two signals, these terms in equation (5-3) cancel, producing a measurement independent of not 

only tracer number density, but also laser intensity profile and absorption cross-section.  

For a given tracer, two-colour detection will typically produce weaker signals than two-line 

excitation due to the deliberate rejection of fluorescence with wavelengths outside the chosen 

spectral windows. This results in a poorer signal-to-noise ratio for TC-PLIF. 

5.3. In -situ calibrated 2 -Colour Detection  

The motivation for selecting TC-PLIF for development for application to engine thermometry is 

presented in this section. The merits of in-situ calibration are discussed and an investigation into 

potential molecular tracers confirms the suitability of TC-PLIF for this work. 

Independence of variations in tracer distribution is critical for thermometry in a fired optical 

engine, hence 1-colour PLIF was immediately discounted. Both TC-PLIF and 2-line excitation 

are valid choices for thermometry in IC engines [81], [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 same conditions of the measurement99. The potential precision 

gain from the higher signal-to-noise ratios is at least partly offset by the vulnerability to 

imprecision arising from these three sources. TC-PLIF simply requires a calibration curve 

relating signal ratio to temperature and is to a large extent immune to window fouling. 

                                                           
99 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 the cylinder. 
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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 ratio techniques.  

The challenging environment of a fired optical engine motivates the selection of the technique 

with the greatest resilience to deviation of in-cylinder conditions100 from the calibration regimes. 

Therefore, provided the signal intensities provide sufficient signal-to-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. 

 In -situ calibration  

For both ratio techniques discussed above, conversion of signal ratio to temperature requires the 

measurement of a calibration constant, óCô in equations (5-4) and (5-5). This is often calculated 

by making preliminary measurements in comparison with thermocouple data [115] or in the 

case of engine measurements calibration to the polytropic temperature assuming compression 

heating of the intake gases. As such it cannot account for any variations between the calibration 

tests and experimental environment.  

The accuracy with which the signal ratio is related to temperature, for both 2-line excitation and 

TC-PLIF, depends on knowledge of the FQY of the tracer as a function of temperature, 

pressure, excitation wavelength and mixture composition. Any inaccuracies in these 

relationships will directly influence the derived temperature. This reliance on theoretical or 

empirical models of FQY (and absorption cross-section in the case of 2-line excitation) can be 

removed by performing an empirical calibration of the 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 questions about the applicability of 

                                                           
100 E.g. temperature, pressure, composition, window fouling. 
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the calibration environment to the conditions inside the measurement environment. For 

predictable, well-controlled systems such as gas flows used to validate CFD models this may be 

a highly accurate method. For the more complex and partially 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 TC-PLIF signal ratio by an independent thermometry technique such as 

LITGS guarantees that the calibration conditions, being one and the same as the measurement 

conditions, are an accurate representation of the tracerôs local environment. As engine 

conditions are varied, the simultaneous independent temperature measurements can be used to 

update the calibration to ensure the accuracy of the TC-PLIF thermometry is maintained. 

Strictly, this is the case only for the local region in which the LITGS measurement is performed. 

For example, the composition may vary across the TC-PLIF measurement plane in such a way 

that it affects the spectral dependence of the fluorescence and thus biases the temperatures 

reported by TC-PLIF in a way that is not accounted for by this calibration. The assumption 

made in the calibration procedure is that the variation of TC-PLIF 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 TC-PLIF signal ratio with location (i.e. local 

measurements across the TC-PLIF image).  

This method of in-situ 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 solely affects the total intensity of fluorescence will be corrected for and also that 

the TC-PLIF data discussed in chapter 6 appears self-consistent, this in-situ calibration method 

represents an improvement over óofflineô calibration. 
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 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 temperature distributions in the 

compression stroke before combustion, therefore tracers generated during combustion such as 

radicals (OH, CH, C2) and atomic tracers liberated from compounds by the high temperatures of 

the flame such as metal salts (InCl Ą In) are not 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 been sufficiently well-studied to permit temperature 

measurements based on literature values for their absorption cross-sections and FQY [81]. 

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 over the relevant range of temperatures, pressures and mixture compositions. If no 

such tracers were available, it may be determined that 2-line excitation is the optimal 2D 

thermometry technique for these conditions, despite its increased experimental complexity. In 

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 

Molecular weight (g/mol) 114.2 92.1 58.1 

Boiling point (°C) 99.2 110.6 56.1 

Density at 25 °C (g/cm3) 0.69 0.87 0.79 
 Number of carbon atoms 8 7 3 

Table 5-1    Physical properties of potential TC-PLIF tracers and their comparison to iso-octane. 
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For successful TC-PLIF measurements in combustion engines, the fuel must be composed 

entirely of non-fluorescing species except for the TC-PLIF tracer.  

Gasoline is comprised of a wide variety of hydrocarbons each containing between 5 ï 12 carbon 

atoms [219]. Typically the largest fraction is comprised of straight or branched alkanes with a 

smaller fraction of cyclic alkanes and aromatic hydrocarbons. The evaporation of gasoline 

proceeds in a step-wise manner, with the lightest species evaporating first and the heavier 

species remaining longest in the liquid phase. Iso-octane (2,2,4-Trimethylpentane) was used as 

the base fuel for this work due to its appearance as a major component in standard forecourt 

gasoline and the fact that it is non-fluorescing. 

Acetone is a more volatile species than toluene, with boiling points of 56 °C and 111 °C 

respectively. When used as a tracer added to a reference fuel mixture, acetone tracks the 

evaporation of the lighter components of the fuel, toluene co-evaporates with the medium 

fraction, while a heavier tracer such as tri-methylbenzene (TMB) is required to follow the heavy 

fraction [76]. Toluene will co-evaporate well with the iso-octane base fuel. Acetone will have 

much poorer co-evaporation which could result in differences between the spatial distribution of 

the tracer and base fuel for GDI. 

Also, forecourt gasoline has a typical aromatic content of around 30 %. While missing both the 

lightest and heaviest components of standard gasoline, a blend by volume of 70 % iso-octane 

with 30 % toluene will serve as a better approximation to standard gasoline than an equivalent 

mixture of iso-octane 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 increasing temperature [84]. However, the effective 

increase of around 40 % between 300 ï 650 K holds only for excitation wavelengths greater 

than 270 nm. For 266 nm on the short-wavelength edge of the absorption feature, the increase in 
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magnitude is counteracted by the redshift making the increase far less significant, only of the 

order of 10 % from the value at 300 K of 4.3 x 10-20 cm2 [84].  

The absorption cross-section of toluene increases with temperature when excited at 266 nm, due 

to a strong peak in the absorption spectrum at around 268 nm at room temperature. As 

temperature increases from 300 ï 650 K, the broadening of the absorption spectrum leads to an 

increase in the absorption cross-section at 266 nm by almost a factor of 3 from 2 x 10-19 cm2 to 

5.5 x 10-19 cm2 [85].  

Fluorescence Quantum Yield (FQY)  

Acetone has a low FQY of 0.002 [220], which decreases with temperature by approximately 

40 % over the 300 ï 650 K range relevant to the compression stroke temperatures in this work 

[84]. Pressure has minimal effect on the FQY of acetone for typical compression stroke 

pressures of gasoline combustion engines [220]. 

Toluene has a very high FQY of 0.17 [81], characteristic of aromatic hydrocarbons101. The FQY 

of toluene also has an exponential dependence on temperature, decreasing by a factor of 40 over 

the 300 ï 650 K temperature range [85]. The pressure dependence of toluene is dominated by 

the effect of oxygen quenching, discussed below. 

Oxygen quenching  

Quenching by oxygen is a concern in many PLIF experiments as it reduces the fluorescence 

signal significantly [100]. Usually transitions between singlet and triplet states of a molecule are 

forbidden under the electric dipole selection rule of ȹS = 0. The ground state of oxygen is, 

unusually, a triplet state and can permit singlet-to-triplet transitions known as Inter-System 

Crossing (ISC) of a colliding molecule via a transition state with a very short lifetime. After 

ISC, the molecule no longer fluoresces and decays to the ground state via ro-vibrational 

                                                           
101 Benzene has an even higher FQY of 0.22 [81], but being carcinogenic has proved unpopular as a 
tracer for safety reasons. 
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relaxation followed by phosphorescence [Figure 5-1]. This reduces the FQY in proportion to the 

increase in the rate of ISC. 

For this transition state partial charge transfer must occur [81], [221]. This may only happen if 

there is a sufficient energy difference between the singlet and triplet states of the colliding 

molecule to supply the 0.98 eV to permit an excitation of the oxygen molecule into its singlet 

state [81]. Ketones, such as acetone, typically have singlet-triplet energy gaps much smaller 

than this resulting in negligible quenching [81]. Aromatic molecules on the other hand have 

comparatively large singlet-triplet energy gaps and hence oxygen is very effective at rapidly 

quenching the exited singlet state and preventing fluorescence [81]. For toluene vapour in air at 

1 atm (ὲ  = 5.25 x 1024 m-3), the presence of oxygen results in a fluorescence emission of 

1.5 % of its intensity in nitrogen and reducing to 0.75 % at 2 atm [99]. 

Oxygen-dependent redshift  

For 2-colour thermometry with 248 nm excitation of toluene, oxygen also redshifts the 

fluorescence, therefore deriving temperature from the emission spectrum requires knowledge of 

the oxygen number density distribution [99]. As there is no such redshift for excitation of 

toluene at 266 nm [99], temperature can be derived for any partial pressure of oxygen. 

Selection of toluene  

Parameter Toluene Acetone 

ů (x10-20 cm2) at 300 K 20 4.3 

ů (x10-20 cm2) at 650 K 55 6.0 

FQY at 300 K 0.170 0.002 

FQY at 650 K 0.004 0.001 

QO2, Oxygen quenching factor for air (1 bar) 0.0150 1 

QO2, Oxygen quenching factor for air (2 bar) 0.0075 1 

ů*FQY*QO2 (x10-23 cm2) at 300 K at 1 bar 51.0 8.6 

ů*FQY*QO2 (x10-23 cm2) at 650 K at 1 bar 3.3 7.2 

ů*FQY*QO2 (x10-23 cm2) at 300 K at 2 bar 25.5 

 

8.6 

ů*FQY*QO2 (x10-23 cm2) at 650 K at 2 bar 1.7 7.2 

Table 5-2    Fluorescence parameters at 300 K and 650 K 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 temperature environments due to the strong quenching effect of oxygen and 

decrease in FQY with temperature. 

The calculations in Table 5-2 show, however, that considering the total intensity of fluorescence 

over the range of temperatures relevant to this work it does in fact outperform óoxygen 

independentô acetone per molecule by a factor of 6 in air at room temperature and pressure. 

Although by 650 K and 2 bar acetone outperforms toluene 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 tracer number density is smallest. The action of the tracer number 

density doubling between 90 CAD BTDC and 50 CAD 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 density is accounted for.  

For fired operation, there is potential for oxygen-deficient pockets of hot EGR to be present 

within the cylinder. These would contain only small amounts of toluene, either unburned from 

crevices or mixed in from the fresh charge. The reduction in local tracer number density could 

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 

1000 K, temperatures. Despite this, over 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 fluorescence for excitation at 266 nm. TC-PLIF 

measurements in environments with spatially varying oxygen number densities may have 

corresponding variations in local signal-to-noise 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 this work can therefore be made based on the inherent advantages 

of the TC-PLIF (toluene) and 2-line excitation (acetone or toluene) methods, unrestricted by 

tracer limitations. Therefore, as stated above, TC-PLIF was selected for application to in-

cylinder thermometry in this work. 

 TC-PLIF with toluene  

As discussed previously, the TC-PLIF signal ratioôs temperature dependence is solely due to 

that of the FQY spectrum of the tracer [equation (5-5)]. For toluene, the peak fluorescence 

wavelength redshifts (increases) with increasing temperature, as shown in Figure 5-2 [5].  

 

Figure 5-2: Fluorescence quantum yield spectra for toluene at 296 K and 827 K after excitation with 

266 nm radiation. Examples of two spectral windows are marked by the blue and red shaded areas. 

Toluene data used with permission from Faust et al. [5]. 

For increasing temperature, the normalised intensity of fluorescence at 300 nm increases, while 

that at 270 nm decreases. The ratio of signals, ósignal ratioô, from the two example spectral 

windows marked in Figure 5-2 therefore provides a measure of temperature. 

While the fluorescence spectrum is entirely in the ultraviolet, for convenience the relevant 

literature and this work refer to the spectral windows according to their central wavelength as 

óredô (longer ɚ) and óblueô (shorter ɚ).  
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5.4. Method  

In this section the critical design stage of spectral window selection is discussed, along with a 

description of the TC-PLIF equipment. The preliminary testing environments are described for 

óproof of principleô tests for TC-PLIF in a controlled environment before application to the 

optical engine. An explanation of the data analysis routine for processing the raw fluorescence 

images and extracting a 2D temperature map is also presented. 

 LIF optics selection  

The choice of spectral separation optics has a significant effect on the variation in signal ratio 

per Kelvin and therefore temperature sensitivity. Luong et al [110] found that for different filter 

choices, a temperature increase of 400 K caused the signal ratios to increase by a factor of 

between 1.5 and 2.75. Optimisation of the spectral separation optics should allow improvements 

in single-shot precision over the 6 % quoted previously in [109], as can be seen in [111]. 

The normalised fluorescence spectra of toluene across a range of temperatures presented in [5] 

were kindly provided by the authors for use in this work102. In combination with the LIF signal 

equations from [107], the fluorescence signal ratios were modelled for a variety of 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 

signal-to-noise ratio for both cameras. 

The longer wavelength óredô region of tolueneôs fluorescence spectrum is much more 

temperature-dependent but also significantly weaker than the óblueô region, particularly for low 

temperatures near 300 K. In order to maximise the collected intensity in the óredô tail of the 

spectrum, a longpass filter was selected to define the óredô window. Rejection of visible light 

from combustion events or room lighting is performed by the short 500 ns gate width of the 

intensifier of the ICCD cameras. Given the comparatively low intensity of ambient light, these 

                                                           
102 Two examples of FQY spectra for 296 K and 827 K are displayed in Figure 5-2. 
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visible sources provide negligible contribution to the total intensity when integrated over only 

500 ns. 

The óblueô window must collect as much intensity from the óblueô wing of the spectrum as 

possible, while also blocking any scattered pump light at 266 nm and any light from the óredô 

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 signals were modelled over the 

expected temperature range for optical engine operation of 300 ï 800 K. As is to be expected, 

the highest temperature sensitivity would be achieved for a very large separation of the óredô 

and óblueô spectral windows, where the fractional changes in collected intensity at the extreme 

edges of the spectrum result in a large fractional change in signal ratio. The greatest signal 

intensity would be collected by a very small separation of the óredô and óblueô spectral windows. 

Both this cases would 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 account the commercial availability of suitable optics.  

The transmission spectra of the selected optics are shown in Figure 5-3, with details of the 

individual optics in Table 5-3. A dichroic beamsplitter with transition edge at 310 nm was also 

selected to minimise the amount of fluorescence rejected by the filters. 

Spectral window Filter type 
Centre/edge 

wavelength 
Product code 

óBlueô 
Bandpass, 20 nm 

FWHM 
280 nm BrightLine -FF01-280/10-25 

óRedô Longpass 305 nm BrightLine -FF01-300/LP-25 

Both 
Dichroic 

beamsplitter 
310 nm BrightLine-FF310-Di01-25x36 

Table 5-3    TC-PLIF spectral separation optics specifications. 
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Figure 5-3: Transmission spectra of the combined spectral separation optics compared to the 

normalised emission spectrum of toluene [5]Φ ¢ƘŜ ά.ƭǳŜέ ǿƛƴŘƻǿ ƛǎ ŘŜŦƛƴŜŘ ōȅ ǘƘŜ ǘǊŀƴǎƳƛǎǎƛƻƴ ƻŦ ǘƘŜ 

Bandpass filter at 280 nm and the reflectivity of the dichroic beamsplitterΦ ¢ƘŜ άwŜŘέ ǿƛƴŘƻǿ ƛǎ 

defined by the transmission of the Longpass filter at 305 nm and the transmission of the dichroic 

beamsplitter.  

 Equipment  

A flashlamp pumped solid state Nd:YAG laser (Continuum Surelite I-10) was used to provide 

the pump sheet for this work, with a maximum pulse energy of 30 mJ at 266 nm. Excitation of 

toluene at 266 nm avoids the oxygen-dependency of the emission spectrum observed for other 

excitation wavelengths [99]. 

LIF experiments typically produce very low signal intensities, in part due to the incoherent 

nature of fluorescence distributing the emission over all 4ˊ steradians of solid angle and are 

further reduced for TC-PLIF 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 section 5.4.3.  

The small signal 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 signals [Table 5-4]. 
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Manufacturer RS Princeton Instruments 

TC-PLIF spectral 

window 
óRedô óBlueô 

Model ICCD-576-G/RB ICCD-512-T 

Detector size (pixels) 576 x 384 512 x 512 

Pixel size 22.5 µm x 22.5 µm 19 µm x 19 µm 

Spatial resolution limit 

due to intensifier 
85 µm (~ 4 pixels) 85 µm (~ 4 pixels) 

Spectral response 200 ï 900 nm at 50 % drop-off 

Gate time response 5 ï 7 ns 

Gate on/off ratio 5 x 106 : 1 

Gain 1 ï 70 counts per photoelectron 

Response linearity < 1 % deviation from linearity for upper 95 % of dynamic range. Phosphor 

nonlinearity produces minor nonlinearity for lower 5 % of dynamic range. 

Table 5-4    ΨwŜŘΩ ŀƴŘ Ψ.ƭǳŜΩ L//5 ŎŀƳŜǊŀ ǎǇŜŎƛŦƛŎŀǘƛƻƴǎΦ 

Cooling a CCD dramatically reduces the noise caused by thermally generated electrons in the 

CCD, for the ICCD-576-G/RB when cooled from room temperature to approximately ï20 °C 

this can be as much as a factor of 6. The heat generated by the Peltier-effect thermoelectric 

cooler must be carried away by water circulated past the rear of the cooler, introduced via the 

supplied inlet/outlet ports at a flow rate of 1 ï 3 L/min. To avoid condensation forming and 

freezing on the CCD, dry nitrogen must be used to flush the camera housing at a flow rate of 

1 L/min, keeping the water vapour concentration within the camera to below 10 ppm. 

The intensifier stage sets the lower limit of spatial resolution achievable with the ICCD camera 

due to the 85 µm FWHM spot size at the CCD generated by a point-like 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 4 x 4 pixel level without any loss of spatial resolution. 

One advantage of the large gains available to ICCD (or Electron-Multiplying CCD) cameras is 

the ability to essentially ignore all forms of electronically generated noise from the CCDôs dark 

current or readout noise when running at very high gain levels [222]. This usually ensures that 

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 spirit of there being óno such thing as a free lunchô, the amplification process does however 

increase the noise on the signal as it cannot perfectly amplify without adding noise. The overall 
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noise of an image amplified in this way will be larger by a factor of between 1.3 and 2 

compared to the product of the incident shot noise and the gain [223]. 

Optics layout  

A lens tube and camera translation stage system has been designed and built to provide a 

compact and robust layout for the TC-PLIF optics and ICCDs [Figure 5-4]. A 105 mm f/4.5 

Coastal Optics lens is used to collect and image the fluorescence signal. A dichroic beamsplitter 

transmits óred windowô wavelengths and reflects óblue windowô wavelengths before each path 

experiences further spectral filtering by the filters detailed in Table 5-3. Relay lenses in each 

arm transfer images onto each ICCD. Axial translation stages allow each camera to be 

individually focussed. 

 

Figure 5-4    Experimental layout for TC-PLIF thermometry displaying the pump sheet, imaging lens, 

spectral filtering optics, relay lenses and ICCD cameras. Also shown is the Dualflow nozzle and 

extraction used to provide a stable temperature gradient in a toluene-seeded nitrogen flow. 

The inclusion of pairs of 50 mm focal length plano-convex relay lenses transfers the image 

formed by the UV lens with 1 : 1 magnification onto each ICCD sensor, creating space for the 
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inclusion of spectral separation optics. A pair of plano-convex lenses is close to the best form 

solution for minimising spherical aberration. Distortion, which changes sign for reversal of path 

through an optical element is zero by symmetry, while imaging at 1 : 1 magnification eliminates 

coma [224]. The spectral filtering of the fluorescence restricts the range of wavelengths 

transmitted through each relay arm, minimising 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 best-case 4 x 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 mm-1. The minimum dimension noise-reducing filter 

applied to the data in this work is a Gaussian filter103 with a standard deviation of 3 pixels. The 

FWHM of such a filter is 7 pixels, marginally larger than the best-case PSF of the camera, 

corresponding to an effective spatial resolution of 200 µm for the TC-PLIF system.  

Flow system design  

Development of the TC-PLIF system requires both uniform and non-uniform stable temperature 

distributions to be generated within a toluene-seeded environment. Sealed test cells, while ideal 

for uniform temperature measurements, suffer from convection effects which act to disturb the 

intended smooth temperature gradient when regions of the gas are differentially heated.  

The selected method for temperature gradient production was a pair of adjacent and parallel 

nitrogen flows seeded with toluene vapour. One flow could be heated by passing the flow 

through an in-line 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 FWHM of a Gaussian centred at x = 0  is given by: ὊὡὌὓ ςὼ ςЍςÌÎς„ , using: ρςϳ Ὡ ϳ    
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A pair of 4 mm copper pipes104 deliver toluene-seeded nitrogen to the entrance aperture of the 

nozzle [Figure 5-5]. The 8 mm x 4 mm slot which forms the exit aperture is split into óupperô 

and ólowerô sections by a 150 µm stainless steel sheet in a horizontal plane. A wire wool 

diffuser at the exit of each 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 each 4 mm in 

diameter, parallel and separated by only 150 µm. 

 

Figure 5-5    Elevation view cross-section of the Dual-flow nozzle. The hot and cold flows pass into the 

nozzle via diffusers and are kept separate by a 150 µm steel plate until the exit aperture. 

The geometrical arrangement of the pump sheet and flow system is depicted in Figure 5-4. The 

pump sheet is constrained to propagate within a horizontal plane, forming a vertical sheet 

propagating across the field of view of the TC-PLIF imaging system which is aligned 

perpendicular to the pump sheet.  

The simplest arrangement for TC-PLIF development in isolation would be to have the flow 

introduced vertically from below the pump sheet. This would negate any complicating effects 

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 the 1D-LITGS work of chapter 7. The flow system 

was arranged to enable both measurements to be performed simultaneously using the narrow 

crossing angle of the 1D-LITGS pump sheets to approximate a single pump sheet for TC-PLIF. 

The 1D-LITGS measurements were restricted to measuring 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 both the TC-PLIF system and the LITGS beams. This provided the desired vertical 

                                                           
104 4 mm outer diameter, 0.6 mm wall thickness, 2.8 mm 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 TC-PLIF collection lens.  

 LIF analysis  

Selection of  MATLAB  

MATLAB, a software package for matrix-based 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 manipulation. MATLAB 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 exchange105, 

which provides a forum to share community written functions.  

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 author of the relevant function is credited as a 

footnote in the relevant paragraph.  

Image processing overview  

The principle behind TC-PLIF is straightforward; record two images in different spectral 

windows and take their ratio to generate a relative temperature map. In practice a variety of 

processing steps must be performed before the ratio can be taken. The processing steps are 

detailed schematically in Figure 5-6 and explained 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 noise generated by the camera 

system, will affect the signal ratio and result in an 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 from the corresponding TC-PLIF images. Optical 

aberrations resulting from the sequence of imaging optics may cause minor distortions of the 

image or result in a non-uniform effective sensitivity across the camera sensor. These issues are 

dealt with via the distortion 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 axis. Mainly, 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 

geometry. Transforms are applied to the second image to bring it into alignment with the first, 

ensuring that each pixel co-ordinate corresponds to the same physical location in the object 

plane for both images. Once the images have been fully corrected the pixel-wise ratio of the pair 

can be taken, resulting in a signal ratio image equivalent to a map of relative temperatures. 

                  

Figure 5-6    Image processing steps for TC-PLIF. 
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Reference images 

In order to calculate the appropriate corrections and transforms to apply to the TC-PLIF raw 

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 applications it is trivial 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 correctly 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 out-of-focus TC-PLIF images. 

Providing a reference structure illuminated with UV light presents a greater practical challenge. 

a)   b)  

Figure 5-7    Reference images of UV-backlit steel grid from each camera, a) ICCD-576-Dκw. όΨǊŜŘΩ 

spectral window), b) ICCD-512-¢ όΨōƭǳŜΩ ǎǇŜŎǘǊŀƭ ǿƛƴŘƻǿύΦ ¢ƘŜ ǇŀƛǊ ƻŦ ΨƳƛǎǎƛƴƎΩ Ǉƻƛƴǘǎ ƛƴ ŜŀŎƘ ƛƳŀƎŜ 

act as points of reference to determine the correct relative orientation and position of the images. 

A 150 µm thick steel sheet was laser cut to provide a robust sheet with a grid of 0.5 mm x 

0.5 mm square holes separated by a centre-to-centre distance of 1 mm. This sheet was fixed 

inside the cylinder of the engine at the desired location of the TC-PLIF object plane. The UV 

pump sheet was re-aligned to provide 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 

wavelength 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 

[Figure 5-7].  
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Noise filtering  

TC-PLIF images are highly susceptible to noise due to the low signal intensities, as discussed in 

chapter 3, which necessitates the use of ICCD cameras. While shot noise, thermal noise and 

CCD read noise are present, the main contribution is Poisson noise from the Micro-Channel 

Plate used as the óintensifierô stage of the camera [107]. It is therefore beneficial to accept some 

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 noise-removal filter was applied to the images. Noise-free reference images with 

sharply resolved fine detail are beneficial for accurate determination of the 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 each square in 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 effective in this work is a 

nonlinear diffusion filter nldif.m106, sourced from the MATLAB file exchange [225]. 

The potential for the nonlinear diffusion filter to introduce systematic bias to the experimental 

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 process. Instead, the simpler and computationally much 

faster Gaussian filter was applied to the engine datasets107. Each pixel is replaced with a 

weighted sum of its neighbours, where the distribution of weights as a function of distance from 

                                                           
106 5Ω!ƭƳŜƛŘŀΣ CΦ όнллпύΦ bƻƴƭƛƴŜŀǊ ŘƛŦŦǳǎƛƻƴ ŦƛƭǘŜǊƛƴƎ toolbox. Retrieved version last updated 26 Mar 
2004. http://uk.mathworks.com/matlabcentral/fileexchange/3710-nonlinear-diffusion-toolbox  
107 A Gaussian filtering function is available in the standard MATLAB library. 

http://uk.mathworks.com/matlabcentral/fileexchange/3710-nonlinear-diffusion-toolbox
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the central pixel is a 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 Gaussian function 

depending on the desired balance of spatial resolution versus noise reduction. Heavy smoothing 

removes the majority of noise, highlighting the large scale underlying structure in an image. 

Light smoothing preserve the smaller scale structure of an image at the expense of granulation 

[Figure 5-8]. 

a) b)  

Figure 5-8    TC-PLIF image of an in-cylinder temperature distribution with a) heavy smoothing giving 

Ø 1 mm spatial resolution, b) light smoothing giving Ø 0.25 mm spatial resolution. 

 

Distortion corrections  

a)           b)  

Figure 5-9    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 barrel distortion 
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using the lensdistort.m108 function sourced from the MATLAB file exchange [226]. The image 

from one camera before and after pincushion correction is displayed in Figure 5-9, showing a 

clear improvement in the orthogonality of the lines of grid points for the corrected image. 

Flatfielding  

Images recorded by the TC-PLIF system suffer from a reduction in intensity radially away from 

the centre of the image, as in Figure 5-9 and Figure 5-7. This is an example of vignetting, where 

light rays originating from a point in the image plane away from the optical axis experience a 

reduced effective aperture of the lens system compared to on-axis light, 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 future images, referred to as a óflatfieldô correction [Figure 5-10]. 

a)   b)  

Figure 5-10    ŀύ ΨwŜŘΩ ŦƭŀǘŦƛŜƭŘ ǇǊƻŦƛƭŜ ŘŜǊƛǾŜŘ ŦǊƻƳ ƛƳŀƎŜ ƻŦ ǳƴƛŦƻǊƳ ƛƭƭǳƳƛƴŀǘƛƻƴΦ ōύ Ψ.ƭǳŜΩ ŦƭŀǘŦƛŜƭŘ 

profile derived from fluorescence image at uniform temperature and tracer number density by 

comparison with a). 

With all optical filters in place, the long wavelength óredô camera can still óseeô visible light, but 

the filters for the short wavelength óblueô camera highly attenuate light above 290 nm [Figure 

5-3]. This prevents flatfielding both cameras using visible light. The practical solution used was 

to flatfield the óredô camera with visible light, then record an image of fluorescence from a 

quartz cell of toluene vapour in air excited by a UV pump sheet with both cameras. The toluene 

                                                           
108 Vries, J. de. (2012). http://uk.mathworks.com/matlabcentral/fileexchange/37980-barrel-and-
pincushion-lens-distortion-correction. Retrieved version last updated 31 Aug 2012. 

http://uk.mathworks.com/matlabcentral/fileexchange/37980-barrel-and-pincushion-lens-distortion-correction
http://uk.mathworks.com/matlabcentral/fileexchange/37980-barrel-and-pincushion-lens-distortion-correction
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number density and the temperature of the gas mixture is considered to be uniform across the 

cell, leaving the 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 intensity should have the same 

profile for both images. Any deviation in normalised intensity profile between the óblueô image 

and the flatfield-corrected óredô image can then be interpreted as the required flatfield correction 

for the blue camera [Figure 5-10]. 

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 the co-ordinates 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 pixel-wise overlay of multiple images as in this 

work. The registration stage of the TC-PLIF image processing applies an affine transform to one 

of the camera images, which can include translating, rotating, scaling and shearing the original 

image until it aligns with the geometry of the second camera image.  

The reference images were registered using a control point method, where the standard 

MATLAB function fitgeotrans.m109 infers the affine transformation required to map a set of 

user-defined control points onto the control points of a reference image. This transform was 

applied for registration of future TC-PLIF 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.m110 sourced from the MATLAB file exchange [227]. This function was written 

to provide peak locations based on local maxima after smoothing with a filter, Gaussian in this 

                                                           
109 http://uk.mathworks.com/help/images/ref/fitgeotrans.html  
110 Natan, A. (2013). Fast 2D peak finder. http://uk.mathworks.com/matlabcentral/fileexchange/37388-
fast-2d-peak-finder. Retrieved version last updated 10 Oct 2013. 

http://uk.mathworks.com/help/images/ref/fitgeotrans.html
http://uk.mathworks.com/matlabcentral/fileexchange/37388-fast-2d-peak-finder
http://uk.mathworks.com/matlabcentral/fileexchange/37388-fast-2d-peak-finder
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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 peaks which all have nominally the same dimensions. 

5.5. Results, analysis and discussion  

In this section, initial verification of the TC-PLIF systemôs thermometry capability using the 

pair of toluene-seeded nitrogen flows described in section 5.4.2 is reported. Without 

simultaneous LITGS to provide a reference, calibration of the relationship between signal ratio 

and absolute temperature could not be performed. For the purposes of this work, the relative 

temperatures displayed in the signal ratio figures of this section are sufficient to demonstrate the 

capability of the TC-PLIF system.  

 Temperature sensitivity  

Initial verification of the temperature sensitivity of the signal ratios produced by the TC-PLIF 

system was performed using a pair of toluene-seeded nitrogen flows. The Dualflow setup 

described above in section 5.4.2 was used with the nozzle removed. The exposed adjacent 

copper pipes generate two flows which can be considered separate within a few mm of the 

nozzle111. The upper flow was heated to a range of temperatures using the in-line resistive gas 

heater, the lower flow was not heated directly. Taking the signal intensity at the centre of each 

flow as a quasi-point measurement, signal ratios for each flow were calculated. 

Two experimental runs were performed at each temperature to demonstrate the repeatability of 

the technique, giving consistent mean signal ratios within the precision of the measurement for 

each pair of runs [Figure 5-11 a)]. Runs 1 and 2 (unheated) display the same mean signal ratio 

for both flows, demonstrating the expected resilience of the TC-PLIF 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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a)  b)  c)  

Figure 5-11    Verification of TC-PLIF temperature sensitivity. a) TC-PLIF signal ratios. b) Thermocouple 

measurements. c) Correlation plot of TC-PLIF signal ratio vs thermocouple temperature. 

 

The variation of signal ratio shows good positive correlation with the flow temperatures 

measured by a thermocouple placed at the nozzle exit after each run [Figure 5-11 b) and c)]. The 

thermocouple data will contain systematic errors due to the invasive nature of attempting to 

measure the temperature of a 4 mm diameter flow with a 1.5 mm diameter physical probe. It 

was however a temperature reference sufficient for a proof-of-principle.  

Due to the high 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 

óunheatedô lower flow. Despite this effect, a sufficient temperature difference was maintained to 

successfully display the ability of the TC-PLIF system to resolve temperature differences of the 

order of 5 K between points in the same image112 and between sequential images. 

 

                                                           
112 Separated by more than the 200 µm spatial resolution of this TC-PLF system. 
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 Final image corrections  

Verification of the ability of the TC-PLIF system to record temperature differences across the 

entire image was performed with the full Dualflow setup, nozzle in place.  The TC-PLIF images 

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 45° plane in Figure 5-12 is thus both an axial and 

transverse displacement with respect to the flow. Temperature differences of approximately 0 K 

(b1), 20 K (b2), 30 K (b3) and 40 K (b4), as measured by a thermocouple, were achieved 

between the two flows.  

Mean signal ratio images with the upper flow heated are presented in Figure 5-12 and show the 

development of the temperature gradient at the boundary of the two flows. Also visible in the 

uncorrected images (a) is a strong non-uniform perturbation to the signal ratio map whose 

spatial distribution, if not magnitude, is independent of temperature.  

 

Figure 5-12    Mean TC-PLIF signal ratio images for a pair of adjacent, parallel flows with only the 

upper 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. Horizontal distance = 8 mm is closest to the nozzle. 

Considering that image (a1) represents two identically seeded, ambient temperature flows, the 

signal ratio image should be uniform. However, it is not. The persistence of this distribution 

throughout the heated datasets (a1 ï a4) suggests that the flatfield correction, calculated initially 

using visible light, is not performing correctly for these UV fluorescence measurements.  
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The ówarmô spot at approximately (x,y) = (7 mm , 6 mm) occurs at the location of a known 

region of damage in the óblueô camera. A reduction in the apparent signal intensity for the óblueô 

spectral window would indeed be interpreted by the TC-PLIF analysis as a region of 

comparatively higher temperature.  

A solution to imperfect flatfield correction would be to record TC-PLIF images under similar 

experimental conditions known to be uniform in temperature. The signal ratio distribution 

would provide a measure of the relative sensitivities of the óredô and óblueô cameras for each 

pixel. This could be applied to the main TC-PLIF datasets as a residual flatfield correction. 

Image (a1) of Figure 5-12 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 distribution but not the mean signal ratio of the other images. The 

remaining images [Figure 5-12 (a2 ï a4)] were then divided by this normalised reference, to 

give the fully-corrected images [Figure 5-12 (b2 ï 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 remaining images, as the systematic artefacts 

have been removed. 

This improvement permits the observation of subtle features that were obscured in the non-

corrected images. The steep temperature gradient observed at x = 8 mm of image (b4), closest to 

the nozzle aperture, becomes gentler as distance from the nozzle increases towards x = 0 mm. 

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 are displayed in Figure 5-13 for the case where the lower (not upper) 

flow is heated. The buoyancy effect of the hotter gas is immediately apparent. As distance from 

the nozzle increases, the lower flow rises to fill a larger fraction of the imaged plane. 
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Figure 5-13    Mean TC-PLIF 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 al [103] identified a systematic error arising from the common use of a 

dichroic beamsplitter in TC-PLIF 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 spectral transmission of dichroic filters depends on the incident angle of the light. 

This effect is well known, indeed there are many commercially available ótuneableô dichroic 

filters which make use of exactly this property. Unfortunately for TC-PLIF applications, 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 axis [Figure 5-4] 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 TC-PLIF analysis treats the spectral transmission of the beamsplitter as spatially uniform, 

this difference in transmission is interpreted as a temperature shift. 

This can be corrected by division of each image by a ócorrection imageô with a linear horizontal 

gradient [103]. As the symptom is a systematic non-uniformity 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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 Single shot measuremen ts 

The measurements in sections 5.5.1 and 5.5.2 demonstrate the capability of the TC-PLIF system 

for performing time-averaged measurements. In chapter 6, investigations into the in-cylinder 

temperature distribution of the engine will require single-shot capability. Verification of time-

resolved measurements was performed in the same 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 cross-section of the flow which 

intersected the imaged plane varying in both location and shape from shot to shot. 

a)  

b)  

Figure 5-14    Time-resolved signal ratio images (right) masked below 10 % of the maximum signal 

intensity and histograms of pixel-wise signal ratios (left) of thermal gradients in an unstable flow. a) 

unheated, b) upper flow heated. 

The TC-PLIF system proved to be capable of time-resolved measurements of two zones of 

temperature with a steep thermal gradient in between. As a guide to the eye, regions of the 

image with low signal intensity and thus low signal-to-noise ratio were masked in Figure 5-14. 
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Histograms of the signal ratio for each single-shot image show the transition to a bimodal 

temperature distribution with heating of the upper flow. 

5.6. Summary and conclusions  

In this chapter the development of the TC-PLIF thermometry system in a controlled 

environment was reported. TC-PLIF 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 register the raw 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 seeded with toluene. The temperature sensitivity, 

repeatability, image quality, spatial resolution and capability for time-resolved measurements of 

this TC-PLIF system was demonstrated. Following this successful óproof-of-principleô testing, 

the TC-PLIF system was applied to optical engine thermometry with in-situ calibration by 

LITGS in chapter 6. 
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6. Simultaneous LITGS and TC-PLIF 
This chapter reports and discusses the development of TC-PLIF for 2-dimensional in-cylinder 

thermometry with simultaneous LITGS for in-situ calibration. The optical layout is detailed in 

section 6.2, after which the bulk of this chapter covers the results of the application of the 

combined technique to the optical engine in section 6.3. 

6.1. Introduction  

The motivation for using LITGS measurements to provide in-situ calibration for TC-PLIF 

images has already been discussed in chapters 4 and 5. In summary, TC-PLIF provided single-

shot 2-dimensional maps of relative in-cylinder temperatures that were minimally affected by 

spatial fluctuations in laser intensity, tracer number density or local gas composition113. In order 

to place these temperature maps on an absolute scale, LITGS is used to provide simultaneous 

in-situ calibration with high accuracy and precision114 at a single point within the TC-PLIF 

images.  

Section 6.2 describes the optical layout for applying TC-PLIF and LITGS to the optical engine. 

Preliminary testing of the combined LITGS and TC-PLIF system under motored and fired 

conditions is reported in sections 6.3.1 and 6.3.2.  

Investigations into charge cooling in section 6.3.3 revealed 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 temperature115. The bias can be removed for future 

applications by modification of the detection method, a process confirmed by additional 

measurements within section 6.3.3.  

                                                           
113 Specifically oxygen concentration. 
114 Typically in-cylinder LITGS measurements produce accuracies of order 1 % and precisions of < 1 %. 
115 As opposed to absolute measurements of temperature. 
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Measurements of engine warm-up and temperature inhomogeneities during fired operation are 

reported in sections 6.3.4 and 6.3.5. The effects of varying the toluene content of the iso-

octane/toluene 2-component fuel are discussed in section 6.3.6. Investigations into unphysical 

artefacts in the TC-PLIF temperature maps are presented in section 6.3.7, along with a 

discussion on the interpretation of the apparent óhotspotsô observed during fired operation. 

Finally, the conclusions of this chapter are summarised in section 6.4. 

6.2. Optical layout  

The TC-PLIF and LITGS systems discussed in chapters 4 and 5 were applied to in-cylinder 

thermometry of the optical spark-ignition combustion engine detailed in chapter 2. 

a) b)  

Figure 6-1    a) Layout of TC-PLIF pump sheet optics showing production of the 266 nm (fourth 

harmonic) for toluene excitation, rejection of 1064 nm and 532 nm radiation, sheet formation and 

application of 45° mirror within Bowditch piston to introduce pump sheet vertically through piston 

crown window. b) Geometry of TC-PLIF sheet within cylinder, approximately to scale. Pump sheet 

intersects LITGS measurement point. TC-PLIF imaged region represented by the central square 

highlighted in purple. 

The 532 nm second harmonic output of the Surelite pump laser was separated from the residual 

1064 nm fundamental radiation before being doubled to the 266 nm required for oxygen-

independent toluene TC-PLIF 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 

20 mm. A cylindrical lens of focal length + 1 m focused the pulses in the horizontal direction to 

form a sheet of thickness 1 mm at the interaction region. A 45° mirror within the Bowditch 

piston was used to introduce the laser sheet into the cylinder vertically through the piston crown 

window [Figure 6-1 b)]. The laser sheet therefore illuminates a plane in the centre of the barrel 

defined by the vertical axis of the cylinder and 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 through the 16 mm window at 

the top of the cylinder with intake valves on the left and exhaust valves on the right [Figure 

6-2]. 

 

Figure 6-2    Layout of point-LITGS system [chapter 4] and TC-PLIF system [chapter 5] with respect to 

the optical engine cylinder cross-section. Approximately to scale. 

The layout of the LITGS system with respect to the engine has already been described in 

chapter 4. The LITGS optical axis is aligned through the 16 mm windows at the top of the 
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cylinder and intersects the central axis of the cylinder [Figure 6-2]. LITGS measurements were 

therefore performed at a location within the TC-PLIF pump sheet and with the ólongerô axis of 

the LITGS interaction volume lying within the sheet116. The intersection of the LITGS pump 

beams with the TC-PLIF measurement plane is imaged in Figure 6-3, which displays the 

location, dimensions and intensity distribution of the intersection region. 

a)  b)  

Figure 6-3    Images of the intersection of the LITGS beams with the TC-PLIF measurement plane. These 

images were taken both unobstructed (a) and with the TC-PLIF reference grid (b). 

6.3. Results, analysis and discussion  

The investigations of the application of TC-PLIF and LITGS to the optical engine are grouped 

into those looking at preliminary motored (6.3.1) and fired (6.3.2) tests, charge cooling and 

systematic biases introduced by the PMT gain (6.3.3), engine warm-up (6.3.4), temperature 

inhomogeneities (6.3.5), fuel composition (6.3.6) and critical analysis of the technique (6.3.7).  

 Preliminary results  

70/30 iso -octane/toluene  

A 70/30 iso-octane/toluene fuel blend was used as the óstandardô fuel composition throughout 

development of the technique as it represents the aromatic content of forecourt gasoline. 

Gasoline has, of course, many different components. The selection of a 2-component blend was 

primarily decided by the TC-PLIF limitation of requiring only one fluorescing component as 

                                                           
116 This geometry is determined by the available optical access to the cylinder, however it also provides 
an opportunity to use TC-PLIF 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 accurate representation of a órealô fuel. 30 % toluene by volume provides 

sufficient tracer number density during the compression stroke for both techniques to operate 

effectively. Iso-octane was chosen for the base fuel as it is non-fluorescing and is a major 

component in forecourt gasoline.  

Correlation of TC -PLIF and LITGS motored 

The initial verification of the combined TC-PLIF and LITGS technique 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 engine117. A 70/30 iso-octane/toluene fuel blend was 

introduced via Port-Fuel-Injection (PFI) to form a stoichiometric mixture with the intake air, 

these conditions being nominally the simplest environment of interest in the running engine.  

Reference signal ratio values from the TC-PLIF data were obtaining by spatially averaging the 

TC-PLIF data across the LITGS measurement 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 measurements. The relationship between signal ratio and temperature 

determined by this calibration was applied to the individual images in the TC-PLIF dataset. 

Importantly, the intermediate CAD datasets were not individually corrected to match the 

temperature of the 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 ósignal ratioô. 

Figure 6-4 shows the result of comparing the temperatures reported by the two techniques. The 

TC-PLIF data shows excellent agreement with LITGS for the intermediate, non-directly 

corrected sets.  

                                                           
117 1200 rpm, airflow 1.2 Ls-1, intake air heated to 40 °C. 
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The distinct step-changes in signal ratio and hence temperature observed between TC-PLIF 

datasets taken at different CAD are well resolved by TC-PLIF system. This supports the 

assertion that the temperature sensitivity of the TC-PLIF technique is sufficient to provide a 

useful diagnostic relevant to a running engine. These datasets supply further evidence against 

the concept that the TC-PLIF images are insensitive to the changing temperature and are simply 

being ócorrectedô by calibration with LITGS measurements. 

 

Figure 6-4    Initial correlation check of TC-PLIF and LITGS in motored engine. Sequential sets of 20 

single-shot temperatures at each of 5 CAD timings. 

Shot-by-shot correlation is not observed as the sensitivity of the TC-PLIF technique is 

insufficient to follow the minor fluctuations in local in-cylinder temperature between cycles for 

motored operation. TC-PLIF appears to show comparable variability compared to LITGS. This 

is most likely an effect of the spatial averaging of TC-PLIF across the LITGS volume which 

reduces the fluctuations due to noise within the ICCD images and will also suppress any small 

scale variation in temperature from the mean.  

The LITGS measurement, while representing a measurement of the same physical region, does 

not spatially average the result in the straightforward way of averaging an area of TC-PLIF 

pixels. Signal contributions from each region of the LITGS interaction volume sum to 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 fluctuations in temperature. 

If the measurement precision of LITGS was the dominant contribution to the observed 

fluctuations in Figure 6-4, the variability of the LITGS-derived temperatures would decrease for 

later crank angles due to the improvement in LITGS precision with increasing pressure. As is 

apparent from Figure 6-4, this is not the case. The expected fluctuations in temperature of 0.6 % 

based on the variability of the in-cylinder pressure trace are of similar magnitude to the 

fluctuations in the temperatures derived from the LITGS data of 0.7 %. In combination, these 

observations suggest that in-cylinder temperature fluctuations are likely to provide a non-

negligible contribution to the observed variability of the LITGS results of Figure 6-4. 

Calibrated TC-PLIF motored  

 

Figure 6-5    Calibrated motored TC-PLIF at a range of CAD timings during the compression stroke. 

Upon examination of the single-shot TC-PLIF data, homogeneous temperature distributions are 

recorded for motored operation with PFI [Figure 6-5]. Direct injection images show an 

occasional artefact of intense fluorescence which may be from droplets [Figure 6-6 b)] or 

particularly strong spatial variation in fuel number density [Figure 6-31]. Despite the raw 

images showing greater variation in intensity, the temperature distributions derived from the 

motored GDI data are also homogeneous [Figure 6-6 a)]. 
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a)                 b)  

Figure 6-6    TC-PLIF signal ratio (analogous to temperature) maps for GDI operation. a) Homogeneous 

distribution. b) Droplet fluorescence artefact. 

 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, further experiments 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  

 

Figure 6-7    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 temperature for all 5 CAD timings between 

60 ï 100 K. The standard deviation of the data sets at each CAD increased from ~ 1 % to 

around 2 % 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 combustion was occurring 

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 TC-PLIF data shows the appearance of temperature 

inhomogeneity, in particular for later Crank Angles [Figure 6-8]. These óhotspotsô appear for 

both PFI and GDI operation and coincide with the increase in variability observed within the 

fired LITGS data of Figure 6-7 to a standard deviation of 3 % for the 50 CAD BTDC dataset.  

 

Figure 6-8    Calibrated fired TC-PLIF at a range of CAD timings during the compression stroke. 

The appearance of temperature inhomogeneity combined with the higher temperatures and 

increased cyclic variability of fired operation provide large enough temperature differences to 

be able to further validate the combined system by observing the shot-by-shot correlation of the 

temperatures reported by the two techniques. 

Fired shot -by-shot correlation  

By using the simultaneous LITGS measurements to generate an averaged calibration curve for 

the TC-PLIF data, then allowing the individual TC-PLIF images to vary independently, we can 

see shot-by-shot correlation of the temperatures reported by the two techniques [Figure 6-9]. 

This is particularly noticeable for datasets at 60 and 50 CAD BTDC where the number density 

of toluene molecules is highest, leading to the strongest signals for both 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.  

 

Figure 6-9    Shot-by-shot correlation of LITGS and TC-PLIF temperatures at 50 CAD BTDC for fired 

operation. TC-PLIF errorbars correspond to the standard deviation of TC-PLIF temperatures across a 

reference single-shot image for a homogeneous (motored) temperature distribution. LITGS errorbars 

correspond to the standard deviation of the 16 single-shot temperatures of this dataset. 

Corresponding TC-PLIF images are presented in Figure 6-11. 

This strong correlation confirms that both techniques are independently resolving the cyclic 

variability of the in-cylinder temperature. One question that remains to be answered however, is 

whether the TC-PLIF technique is generating a map of local temperature distributions which 

can be reliably interpreted as having different temperatures at specific locations within the 

image. Alternatively, is the TC-PLIF data simply tracking the mean bulk temperature as though 

performing a point (albeit a very large point!) measurement, with variations across any one 

image being unrelated to temperature?  

In order to answer this question, each TC-PLIF image in a fired dataset from 50 CAD BTDC 

was split into a grid of super-pixels, with each super-pixel representing the mean TC-PLIF 

temperature across a 50 x 50 pixel area (approximately 1 mm x 1 mm) within the TC-PLIF 

image. For each image, a correlation map was then generated showing the mean absolute value 

in Kelvin of the difference between the local TC-PLIF temperature at each super-pixel and the 

corresponding simultaneous LITGS temperature. Figure 6-10 displays the mean of 100 such 

correlation maps. 
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Figure 6-10    Spatial correlation of LITGS temperature versus local TC-PLIF temperatures, averaged 

over 100 shots. 

There is a distinct structure to the correlation map of Figure 6-10, with the smallest difference 

between the TC-PLIF and LITGS temperatures towards the centre-right of the map. The 

correlation worsens with distance from this region, with the largest differences in reported 

temperatures being observed in the lower-left region of the map. From direct measurements 

during alignment, the LITGS volume is known to be centred over the super-pixel at row 4, 

column 6. Unsurprisingly, this means the best correlation occurs when comparing the LITGS 

temperature to the TC-PLIF temperature spatially averaged across the LITGS interaction region, 

rather than elsewhere in the image. 

This map supports the argument the TC-PLIF technique is performing as designed to generate 

2D maps showing the variation in local temperature. Also, the correlation shows that both 

techniques are independently resolving the cyclic variability of local in-cylinder temperatures 

under fired operation. 

Discrepancies between TC -PLIF and LITGS temperatures  

Overall, the TC-PLIF and LITGS derived temperatures display excellent correlation in Figure 

6-9, in particular shot 14 for which TC-PLIF reports a strong óhotspotô and LITGS also reports a 

high temperature. Despite this, shots 11-13 display LITGS temperatures cooler than the 

corresponding TC-PLIF data, with shot 12 showing the largest deviation.  

A potential explanation for the LITGS technique reporting cooler temperatures than TC-PLIF 

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 than the mean as discussed in chapter 4. This however is not the case for 

shots 11-13 as inspection of the relevant TC-PLIF images [Figure 6-11] shows no evidence of 

multiple distinct temperature zones across the LITGS measurement region.  

 

Figure 6-11    TC-PLIF images corresponding to the TC-PLIF temperatures reported in Figure 6-9. 

This demonstrates the utility of performing temperature measurements with two techniques 

simultaneously. Not only can LITGS be used as an in-situ calibration of TC-PLIF 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 TC-PLIF for shots 11-13 is unknown. 

 Charge cooling 

This section discusses a major difference between GDI and PFI operation, the phenomenon of 

ócharge coolingô, along with the discovery and mitigation of a systematic bias affecting the 

temperatures derived from the LITGS measurements. 
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óCharge coolingô refers to the evaporative cooling effect of injecting liquid fuel directly into the 

cylinder, leading to a reduction in overall temperature of the order of 30 K [4]. At the low load 

conditions of this work charge cooling is a more subtle effect, typically resulting in a 

temperature difference between GDI and PFI of the order of 5 K. 

In section 6.3.6 below, the effect of varying the fraction of toluene in the 2-component iso-

octane/toluene fuel blend is investigated. Suffice to say, one consequence of increasing the 

toluene fraction is to increase the signal intensities for both the TC-PLIF and LITGS techniques 

due to the increased tracer number density. Although 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 fuel118 which magnifies the charge cooling effect. Mainly however, it is due to the higher 

signal-to-noise ratio and hence lower variation of the results of both techniques. This allows the 

findings to be presented and explained with clarity and without any ambiguity in interpretation 

caused by noisy data. 

A major parameter of interest is injection strategy. Previous work with point-LITGS had 

demonstrated the ability of LITGS to resolve the effect of charge cooling with direct injection 

compared to port injection [25].  

Measurement of charge cooling with the combined TC-PLIF 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 differences in the absolute temperature distributions 

between engine conditions.  

LITGS 

Measurement of the in-cylinder temperatures with LITGS for PFI and GDI under motored 

operation provides an initial test environment to isolate the potential charge cooling effect.  

                                                           
118 ¢ƻƭǳŜƴŜΩǎ ƭŀǘŜƴǘ ƘŜŀǘ όоуΦлс KJmol-1) [241] is slightly greater than iso-ƻŎǘŀƴŜΩǎ όорΦн KJ/mol-1) [242]. 
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A)  

B)  

Figure 6-12    A) Motored LITGS temperatures at 90 CAD BTDC with reference to the mean 

temperature of datasets a) and b). B) Motored LITGS temperatures between 90 and 50 CAD BTDC with 

reference to the mean temperature at 90 CAD BTDC for datasets a) and b). For the datasets of both A) 

and B), 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. 
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As shown in Figure 6-12 A), the two GDI datasets at 90 CAD BTDC both display lower mean 

temperatures than the two PFI datasets. This trend continues throughout the compression stroke 

[Figure 6-12 B)], with mean GDI temperatures consistently 5 ï 8 K cooler than those of PFI. 

These measurements appear 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 approximately 20 K between the derived temperatures of the 90 

CAD BTDC PFI motored dataset and the first datapoint of the 90 ï 50 CAD BTDC PFI 

motored dataset [Figure 6-13]. These two datapoints should match 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 approximately 20 K between the two 

measurements of GDI at 90 CAD BTDC. 

 

Figure 6-13    Mismatch in derived temperatures for LITGS at 90 CAD BTDC for the motored datasets of 

Figure 6-12 A) and B). 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 at 90 CAD BTDC 

have been offset by ± 0.5 CAD for clarity. 
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An investigation into the source 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 signal-to-noise 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 tracer number density, pressure and 

temperature. This results in a large dynamic range of LITGS signal intensity 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 100 mV limit for the PMTôs response to be linear as determined in chapter 

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 a 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 signal-to-noise ratio, of these 

much weaker signals. Again, the 100 mV 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 unchanged. Engine 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 re-optimised to a new value. 

Had varying the PMT gain simply altered 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 time-response 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 the apparent 

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 LITGS signal 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 of the acoustic oscillations, approximately 20 ns, it is on a comparable 

timescale to the fast quenching rate affecting the grating dynamics and is sufficient to cause a 

mismatch of the experimental LITGS signal and the modelled LITGS signal generated by the 

nominally ócorrectô values of the quenching rates, Reynolds number and acoustic transit time. 

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 provided 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 formation of 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 

the remaining fit parameters from their nominally ócorrectô values. Unfortunately for a 

thermometry diagnostic technique, one of the fit parameters biased in this way is the acoustic 

transit time, from which temperature is derived. Therefore the gain-dependent change 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 cannot be interpreted as a self-

consistent set of absolute temperature values. Any time 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 temperatures 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.  

Figure 6-12 a) and b) can therefore each be analysed in isolation as the datasets within each 

figure have the same PMT gain. Figure 6-13 in contrast is displaying data collected using two 

different PMT gain settings, leading to the 20 K 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 calibration for TC-PLIF measurements. This 

issue can still be mitigated, in part, for existing datasets by calibrating one of the LITGS 

datapoints for each ónewô value of PMT gain to a LITGS datapoint taken using the óoriginalô 

value of PMT gain. This requires the assumption that TC-PLIF datasets which show identical 

signal ratios can be used to identify datasets of different PMT gain which have the same 

physical temperature. The corresponding ónewô LITGS datapoint can then be corrected to the 

same temperature as the óoriginalô LITGS datapoint. The remaining datapoints in the datasets of 

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 temperature measurements restored, the TC-PLIF 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 conditions 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 the 100 mV linearity limit, 

necessitating some alternative form of control over the signal intensity given 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 issue of attenuation.  

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 discrete range of options for any 

given run. Solutions with greater potential for fine-tuning the optimisation of the signal include 

the use of a variable optical density filter or the introduction of an iris in front of the PMT. The 

smoothly varying aperture size offered by the iris would allow for attenuation from 0 % to 

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 gain to replace 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 linear-response of the PMT.  

Figure 6-14 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). This is in contrast to the derived temperatures from datasets with 

different values for PMT gain [Figure 6-13].  
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Figure 6-14    Optical attenuation of LITGS signal at fixed high PMT gain produces 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 represent the standard error of the mean. The datapoints of b) and c) 

are offset from a) by ± 2 CAD for clarity. 

 

Figure 6-15    Charge cooling between a) PFI and b) GDI operation with new optical attenuation 

method of LITGS signal control. Errorbars in this figure represent the standard error of the mean. 
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Figure 6-15 supplies further confirmation regarding the ability of the LITGS system to resolve 

the charge cooling effect. The temperature decrease for GDI operation is still visible with new 

optical attenuation method of signal control119.  

Using this new method of signal collection, the LITGS technique can be reliably applied to a 

wide variety of signal intensities, and therefore engine conditions, without the systematic bias 

introduced by varying the PMT gain.  

TC-PLIF comparison to LITGS 

 

Figure 6-16    Uncalibrated TC-PLIF signal ratios taken simultaneously with the LITGS measurements of 

Figure 6-13. 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 offset by ς 2 CAD 

from 90 CAD BTDC for clarity. 

For comparison with LITGS data, uncalibrated TC-PLIF signal ratios for motored operation at 

90 CAD BTDC, taken simultaneously with the LITGS datasets of Figure 6-13, were averaged 

over the LITGS region and presented in Figure 6-16. The TC-PLIF signal ratios, being 

                                                           
119 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 the air-fuel mixture. An overly-rich 
mixture for the GDI case b) would be consistent with the larger 15 K charge cooling effect in comparison 
to the 5 K cooling observed in Figure 6-12.  



  Simultaneous LITGS and TC-PLIF 

 156 

analogous to temperature, show the same trend as the corresponding LITGS data, that GDI 

operation results in cooler in-cylinder temperatures throughout the compression stroke. Further 

confirmation that the mismatch of derived LITGS temperatures at 90 CAD BTDC is a 

systematic bias, not a physical temperature shift between runs, is given by the excellent match 

of  the TC-PLIF signal ratio values at 90 CAD BTDC for both PFI (óaô and óbô) and GDI (ócô 

and ódô). 

Fired operation  

Having confirmed the observation of charge cooling for the homogeneous temperature 

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 effect remains clear in the LITGS data of Figure 6-17 A). 

While LITGS is able to resolve the charge cooling effect throughout the compression stroke 

from 90 to 50 CAD BTDC [Figure 6-17 B)], TC-PLIF is no longer able to consistently resolve 

the difference in temperatures120 (without individual calibration of each dataset by the 

corresponding LITGS measurements ) owing to the reduced signal-to-noise ratios compared to 

motored operation [Figure 6-17 C)]. 

                                                           
120 Although runs a) and c) of Figure 6-17 C) do show a difference in mean temperatures at 60 and 50 
BTDC. 
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A)  

B) C)  

Figure 6-17    Fired LITGS temperatures at 50 CAD BTDC (A) and between 90 and 50 CAD BTDC (B). TC-

PLIF temperatures between 90 and 50 CAD BTDC (C) using the same calibration for all 4 datasets to 

illustrate the capabilities of TC-PLIF without 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 the re-calibration technique 

of section 6.3.3. See Figure 6-12 for comparison to motored operation. 


















































































































































































