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Abstract

In order to develop leaner burning internal combustion engines a thorough knowledge of the in-cylinder 

processes are required. For the stratified charge engine an understanding of the interaction of the two 

incoming gas flows streams is necessary. This work reviewed the optical techniques currently available 

for engine flow diagnostics before concluding that a new optical technique was required. This thesis 

presents the development and evaluation of a novel optical technique known as Phosphorescent Particle 

Tracking (PPT). The new technique was based upon the visualisation of small luminescent tracer particles 

contained within each flow stream. The tracer materials, which were yttrium vanadium oxide particles 

doped with rare earth elements, emitted light at different wavelengths and therefore it was possible to 

identify each flow stream simultaneously. The major difference when compared to other optical methods 

was that the phosphorescent emissions from the tracer particles were captured after the excitation source 

had extinguished.

The development of the PPT technique included the selection of the appropriate seeding material, the air 

flow seeding method and the required instrumentation in order to excite and record the luminescent 

emissions. The evaluation was carried out using a steady flow rig fitted with a conventional four valve 

pent roof cylinder head. Initial tests progressed with the imaging of single flow streams. Three image 

capture strategies were devised, these being the instantaneous, phosphorescent particle tracking (PPT) and 

image smear techniques. Each strategy had the potential to reveal various attributes of the in-cylinder 

flow. The image capture strategies were then extended to allow the successful imaging of a pair of gas 

flow streams. The dual imaging technique allowed the different flow structures to be identified during 

tests utilising various valve lifts.

The work completed during this study has established Phosphorescent Particle Tracking as a viable 

technique for single and dual flow analysis.
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Nomenclature

ADC Analogue to Digital Convertor

Ar Argon

ArF Argon Fluoride

BDC Bottom Dead Centre

BMEP Brake Mean Effective Pressure N m'2

C Circle of Confusion Size mm

CAD Crank Angle Degrees

CCD Charge Coupled Device

CD Drag Coefficient

D Particle Diameter m

Ca/SrS:Bi Calcium/Strontium Sulphide:Bismuth

Co Cobalt

CW Continuous Wave

Dy Dysprosium

EBI Equivalent Background Illumination Lx

EGR Exhaust Gas Recirculation

Eu Europium

f  Lens Focal Length mm

HeCd Helium Cadmium

IMEP Indicated Mean Effective Pressure N m'2

ICCD Intensified Charge Coupled Device

Kn Knudsen Number

KrF Krypton Fluoride

LH Left Hand

LHS Left Hand Side

Lp Line Pairs mm-1

MCP MicroChannel Plate

Mp Particle Mass Kg

MPP Multi-Pin Phase Mode

N Relative Aperture

N2 Nitrogen

n Particle Number m"1

Nd:Yag Neodymium Yttrium Aluminium Garnet

PC Personal Computer

PFI Port Fuel Injected

PSF Point Spread Function
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Re Reynolds Number

RH Right Hand

RHS Right Hand Side

SI Spark Ignition

SrA103 Strontium Aluminate

STD Standard Deviation

t Time s

Tc Optical Filter Transmission Coefficient

T Depth of Field mm

TDC Top Dead Centre

TIFF/TIF Tagged Image File Format

TOC Target Optical Contrast

XeCl Xenon Chloride

u Flow Stream Velocity m s'1

u Object Conjugate Distance mm

Up Particle Velocity m s'1

UV Ultraviolet

ZnS:Cu Zinc Sulphide:Copper

Zn2Si04 Zinc Silicon Oxide: Manganese

Symbols

X Wavelength m

[x Flow Stream Dynamic Viscosity kg m '1 s '1

p Flow Stream Density kg m'3

pp Particle Density kg m‘3

xv Particle Relaxation Time s

© Angular Frequency rad s'1

£ Particle Acceleration m s'2

Any other nomenclature will be provided within the relevant chapter.
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Chapter One: Introduction and Literature Survey

Section One Introduction
1.0.1 Overview

Engine development is expensive and time consuming. The development of advanced diagnostic and 

predictive tools and techniques can save time and money. Strict emissions legislation has meant that the 

cylinder of the engine can no longer be treated as a ‘black box’. The use of computational fluid dynamics 

(CFD) is proving popular as a tool with which to calculate the in-cylinder flow parameters in order to 

optimise mixture preparation, combustion and exhaust processes. Over the last 10-15 years many laser 

based diagnostic techniques have evolved to gain a further understanding of the events that take place 

within the cylinder of an IC engine. The results of these laser diagnostic analyses have been used to 

validate CFD models. In the future it is conceivable that CFD will play a more significant role within 

engine design thereby reducing the number of prototypes built, tested and modified before finally 

commissioning a new engine. However, these predictive techniques are of no use without experimental 

validation.

Laser based diagnostic methods have evolved rapidly due to advances in laser technology, digital cameras 

and personal computers. However, many of the techniques are complicated to set-up and require 

specialist operation and expertise to understand the results. In addition, they can produce vast amounts of 

data which may be in the wrong format or may require significant analysis, making them suitable for 

research rather than development. Much of the research in this field has been carried out within academic 

institutions or specialised laboratories. The purpose of this study was to develop a technique that could 

visualise the mixing of two gas flow streams within the cylinder of an IC engine. One flow stream 

represents the air/fuel mixture whilst the other could be either air or recirculated exhaust gas. The 

constraints were that the instrumentation should be simple to set-up and use, be robust and produce 

comprehensible results.

The visualisation of mixing flow streams within the cylinder of an engine is a non-trivial task. There are 

many operational and temporal parameters that have to be considered. This first chapter has been divided 

into four main sections as follows:-

1. Introduction

2. Existing optical techniques

3. The internal combustion engine

4. The requirement for a new optical technique

The first section commences with an overview of the project and an outline of the thesis. The second 

section reviews the various laser diagnostic techniques that have been used within the IC engine field to
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provide data such as velocity profiles, temperature and mixture concentration. However, before 

employing any laser diagnostic technique, some prior knowledge of the in-cylinder parameters would be 

valuable. Therefore, section three discusses the internal combustion engine and covers in-cylinder motion, 

why knowledge of the flow is needed, before concluding with various engine-operating strategies that 

have been developed to reduce fuel consumption and C 02 emissions. The choice of operating strategy 

will affect the in-cylinder parameters and so has been included within this first chapter. The final section 

of this chapter provides a summary and discusses why a new optical technique is required.

1.0.2 Outline of this Thesis

The thesis continues in Chapter 2 with a discussion of flow seeding and will investigate the various 

constraints in selecting an appropriate seeding material for use within IC engine testing. Areas such as the 

physical requirements, the flow tracing fidelity, various seeding mechanisms and the characteristics of IC 

engine flows are discussed. Chapter 3 considers the luminescent property requirements of the seeding 

material and the identification of potential materials, before concluding with the tests carried out to 

establish their suitability. The selection of an appropriate light source and camera system, and the design 

of the steady flow test rig and experimental set-up is discussed within Chapter 4. Chapter 5 provides the 

results of the single flow imaging within the steady flow test rig and discusses the various image capture 

strategies, namely instantaneous capture, phosphorescent particle tracking (PPT) and the smeared image 

methods and investigates some 3D reconstruction. Chapter 6 discusses simultaneous dual flow imaging 

and will reveal how the images are captured and subsequently processed. The final chapter (7) will 

summarise and provide the conclusions to this work as well as suggestions for future work.
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Section Two Existing Optical Techniques

1.1 Optical Access
Optical diagnostic techniques are favoured for investigating fluid flows within engines since they are 

considered non-intrusive. However, providing optical access to an area of interest within an IC engine is 

non trivial, and usually involves major modifications to the engine. Visualising flow or combustion 

parameters within a production engine under normal operation can be achieved using endoscopic or fibre 

optic techniques (Rokita [1993]) but the data that can be obtained is limited. Fibre optics have been 

integrated successfully within spark plugs and cylinder head gaskets (Witze [1988], Meyer [1993] and 

Philipp [1995]). However, their limited field of view restricts the amount and type of recorded 

information and they have mainly been used to capture combustion. More recent work has attempted to 

use LDA and IR absorption techniques through a spark plug window. (Faure [1998] and Hall [1998]). In 

these cases, the limited size of the optical access through a spark plug restricted the positioning of the 

laser beams to relatively small areas.

To gain detailed information about the in-cylinder flows, large optical windows are required. This is 

usually achieved by using a modified single cylinder engine, fitted with the production cylinder head of 

interest. A commonly adopted method is the Bowditch design (Bowditch [1961]). Here the piston and 

engine block are extended and windows are fitted within the piston crown and cylinder walls. 

Alternatively, laser based measurements can be performed within a steady or pulsating flow rig using a 

vacuum pump or blower to generate air flow movement. A schematic of an optically accessed engine and 

steady flow rig is shown in Figure 1.1. Light can be introduced into the cylinder by either a 45° mirror 

situated below the piston crown or rig floor window, or via the cylinder side window. Observation of the 

in-cylinder flow can be via the same window by which the illumination entered, or more often by a 

second window.

1.2 Light Scattering/Absorption Techniques
Mie scattering of light is an elastic process which occurs when the illuminated particles are much larger 

than the incident light wavelength. Mie scattering has commonly been used within IC engines where there 

are three possible applications. The first is the visualisation of fuel sprays, the second the visualisation 

/measurement of fuel droplets within engine flow streams and the third is the visualisation of tracer 

particles within the air flows in order to determine the air flow structures. A brief overview of each will 

now be presented. A schematic of an arrangement for capturing scattered light is shown in figure 1.2 and 

shows a light source, which could be a laser with its beam shaped into a narrow light sheet. The light 

sheet traverses the tube containing the seeded flow. The particles within the flow scatter the light which in 

turn is recorded by a camera. Within this schematic the camera is perpendicular to the light sheet but it 

could be situated at any optimum scattering angle.
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Optics

Light
Source Camera

Figure 1.2 Schematic of Mie scattering capture

1.2.1 Flow and Spray Visualisation

Mie scattered light is often captured on photographic film as a single image or a series of still images. The 

technique has been used to observe the mixture preparation process, including the injected spray 

formation within Diesel or gasoline direct injection (GDI) engines and fuel droplet movement within the 

cylinder of a port fuel injected engine. The main limitation of using in-cylinder photography is that fuel 

vapour can not be visualised. Before using in-cylinder photography to capture Mie scattering three issues 

have to be addressed, these are:-

• The highly temporal and cyclic variable nature of the in-cylinder parameters.

• The difficulty in providing adequate optical access.

• The difficulty in providing adequate illumination.

The temporal nature of the in-cylinder parameters may dictate the image capture strategy, hence, single 

exposures or ensemble averaging may be required. The difficulty of providing adequate optical access has 

already been discussed. The cylinder may be illuminated in various ways but the problems associated 

with insufficient repetition rates, stray light reflections and beam steering have to be considered. The 

advantage in using film photography is that high-resolution images can be obtained. The disadvantage is 

the required post processing which is time consuming. Moreover, there is additional difficulty when 

setting up the experiment since a film has to be exposed and processed before any mistakes in the setup 

can be identified.

Conventional cameras are now being replaced by the use of CCD cameras, these allow real time 

visualisation to take place but they usually can only provide a much lower resolution. However, electronic 

imaging capabilities are progressing rapidly, with higher resolution and faster cameras becoming more 

affordable. In-cylinder illumination can be achieved using spark flash units with pulse widths down to 

500 ns or lasers with pulse widths of 4-40 ns. The flash duration of a conventional flash unit is too long to 

be able to freeze any in-cylinder motion.
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Salters et al [1996] developed a twin CCD camera imaging system for imaging in-cylinder spray 

formations. The use of two cameras allowed two images to be captured in quick succession with a 

minimum interval of 7 ps between each image. Fry [1994] used a high-speed cin6 camera to visualise the 

fuel flows within a port fuel injected (PFI) engine’s cylinder with a copper-vapour laser providing global 

illumination. The 30 m film length could store 5-6 consecutive cycles o f data which could prove useful 

when analysing cyclic variations. However, the disadvantage of this technique was the time it took to 

process and subsequently digitise the film prior to using image processing techniques to analyse the 

results.

It can be seen that when selecting a recording medium to capture Mie scattered light there is a tradeoff 

between the resolution, ease of use and ease of subsequent processing. The use of digital imaging devices 

however does have a further limitation caused by the time it takes to capture and store an image. This 

usually means that an in-cylinder image is captured once per cycle rather than being a series of images 

being captured during one cycle. One possible drawback of Mie scattering is that it can not distinguish 

areas where diffusion is taking place, since the seeding particles can not diffuse. This has however been 

used as an advantage in order to distinguish boundaries. Chen et al [1986] and Baritauld et al [1986] 

added TiCL* to their fuel. TiCL» reacts with moisture within the intake air to produce submicron Ti02 

spheres. The advantage is that there is a significant reduction in the scattering efficiency of T i02 when it 

traverses the flame front. This provides a good contrast between the burnt and unbumt gases within the 

cylinder and can be used to monitor the flame front progression.

1.2.2 Fuel Droplet Sizing

The intensity of Mie scattered light from a fuel droplet within a spray is a function of the droplet 

diameter, its refractive index and the scattering angle. Therefore, the intensity of the signal is specific to 

the droplet diameter if all other parameters are kept constant. Kadota et al [1990] used this technique to 

measure the drop sizes within the cylinder of a motored spark ignition (SI) engine. A HeNe laser emitting 

light at 632.8 nm was focused into the bore centre, 10 mm below the cylinder head. The scattered light 

was collected by a photomultiplier positioned normal to the incident beam and angled 10° below the 

horizontal plane. The probe volume size was 8 x lx 1.5 mm and was chosen so that no more than two 

droplets appeared within the probe volume at any time. The photomultiplier provided an electrical signal 

which was measured by an oscilloscope. The pulse height was proportional to the droplet diameter.

The equipment was calibrated on a test rig utilising an ultrasonic atomiser and showed a linear 

relationship between the droplet diameter and the measured light intensity. Subsequent engine tests used 

three fuels namely, gasoline, n-octane and n-heptane, using closed valve injection and investigated the 

dependency of various operating strategies upon the fuel droplet sizes.

1.2.3 Fuel Concentration Measurement

Kosaka and Kamimoto [1993] attempted to quantify Mie scattered images in order to measure the fuel 

vapour concentrations within a spray inside a heated bomb. Silicone oil was dissolved into the fuel and 

illuminated by a Nd:YAG laser sheet. On vaporising, small non-volatile silicone oil droplets were left
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behind suspended within a vapour-gas mixture. An average fuel droplet diameter of 20 pm was assumed 

with the resulting oil droplet diameter being 4.2 pm. The size of the oil droplet could be varied by varying 

the concentration of silicone oil contained within the fuel. Kosaka postulated that the scattered light 

intensity from the silicone oil droplets could be related to the fuel vapour concentration providing the 

following assumptions are valid.

• The dissolution of the oil into the base fuel did not effect the break up and atomisation o f the spray.

• In the visualisation region, the base fuel evaporated completely.

• The silicone oil followed the flow faithfully.

• The spatial distribution of the local mean size oil droplets was uniform within the visualisation 

region.

• Multiple scattering from the oil droplets was negligible.

The cross sectional distribution of the fuel vapour was estimated from the scattering image o f the silicone 

oil droplets using Mie scattering theory.

1.2.4 Rayleigh Scattering

Rayleigh scattering occurs when an incident light wavelength is much larger them the size of the particles 

being illuminated. The scattered light is at the same frequency as the incident beam and is the result o f an 

elastic interaction between the laser light and the particles. Therefore, irradiation o f gaseous molecules by 

laser light causes Rayleigh scattering. The Rayleigh scattered light is not species specific but can be used 

to measure the total number density of particles in the flow. From a practical viewpoint, the Rayleigh 

scattered signal is small when compared to the Mie scattering, so for successful Rayleigh measurements 

the medium under interest must be free of particulates. The Rayleigh scattered signal is dependent upon 

the incident laser intensity, the total number density and the composition o f the medium under interest. 

For engine work it is usual to restrict the flow to air and one other gas from which the scattered light can 

be related directly to the temperature, density or species concentration within the probe volume.

Kadota [1987] used the technique to provide the local mixture strengths within the cylinder of a steady 

flow test rig. This was achieved by the timed injection of fuel into a steady flow passing through the test 

chamber. To avoid problems associated with Mie scattering, Freon-12 (R12) was used to simulate the fuel 

since it had a low boiling temperature and possessed a large scattering cross section. A 2W CW argon-ion 

laser was used, the beam of which traversed the test chamber. The scattered light was collected at 90° to 

the laser beam by a photomultiplier. The signal from the photomultiplier was then amplified and filtered 

before being fed to a PC where any background noise could be removed. The test chamber was fitted to a 

three dimensional traverse to allow measurements to take place throughout its volume. The measurements 

were carried out at over 100 test points within two planes to provide contour maps showing the time 

averaged vapour mole fraction within the cylinder. Investigation of the effects o f Mie scattering also took 

place with the intermittent open valve injection o f Freon-113 (R113) into the cylinder. The result was the 

appearance of sharp pulses upon the measurement signals which dominated the Rayleigh scattered signal.
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Further work by Kadota et al [1990(a)] applied the technique to a motored SI engine. The air was filtered 

and dried before entering the combustion chamber. Three fuels were investigated, these being regular 

gasoline, n-Pentane and n-Hexane which were injected intermittently into the intake port. The argon-ion 

laser was focused on the optical centre of the combustion chamber and therefore only provided a 

measurement of the mixture concentration within a small volume within the combustion chamber. Time 

resolved vapour mole fractions were produced, with the time histories of each of the fuels being similar.

Arcoumanis [1989] used Rayleigh scattering to characterise diesel sprays by simulating them using a 

transient gaseous jet. A motored engine fitted with an acrylic cylinder was used. R12 was injected 

through a nozzle inserted in the axisymmetric inlet valve near TDC and its mixing with quiescent and 

swirling air was examined. However, it was found that under compression the scattered light intensity 

changed. Therefore a calibration of various Freon/air mixtures at various pressures was carried out. It was 

shown that the signal intensity varied linearly with pressure.

In recent years the application of Rayleigh scattering has been extended into a planar measurement. This 

is achieved by using high powered Nd:YAG lasers with their beams formed into thin light sheets. Zhao et 

al [1994] used the 2D technique to provide quantitative fuel distributions within a SI engine, whilst Espey 

et al [1994] used it within a diesel engine. Both discuss the problems of spurious Mie scattering and Zhao 

et al chose to use gaseous propane as the fuel in order to eliminate this problem. However, Espey et al 

only took measurements during the latter part of the cycle where it was known that only vapour phase 

fuel existed. Although Rayleigh scattering has successfully been used to determine the fuel concentration 

within engines, its susceptibility to Mie scattering does restrict which fuels may be used or the engine 

configuration/operation in order to provide useful results.

1.2.5 Spontaneous Raman Scattering

Raman scattering is much weaker than Rayleigh scattering and is the result of an inelastic interaction 

between the laser light and the particles, which results in energy being absorbed. This energy absorption 

alters the molecular vibrational or rotational energy states and therefore Raman scattered light is 

frequency shifted with respect to the incident laser light. The wavelength shift is species dependent and 

can be used for species identification. In order not to confuse Raman scattering with fluorescence, one 

must ensure that the incident light wavelength does not correspond to the absorption band/line 

wavelengths of the scattering medium. Eckbreth [1996] quotes a number of advantages in using laser 

Raman techniques for combustion diagnostics. In principle, only a single laser is required to monitor all 

the species of interest. Visible and UV sources are favoured since the scattered signal strength is 

proportional to the fourth power of the scattered frequency. It is also possible to detect several species 

simultaneously, and perhaps more importantly the scattered signal intensity is independent of the 

surrounding gas compositions. The scattered signal is also unaffected by collisional quenching. The 

overall sensitivity of the recording equipment dictates which species can actually be identified and 

monitored. Moreover, since the scattered signals have much lower intensity than Rayleigh scattered 

signals, this often limits the applicability of the technique.
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Johnston et al [1979(a), 1979(b)] used Raman scattering on a direct injection stratified charge (DISC) 

engine to obtain point measurements of the mean gas-phase air/fuel ratio. Flow visualisation of the 

injection mixing process for both liquid and gas fuel injection was carried out and used to interpret the 

point Raman measurements. Propane was used as the fuel and it was acknowledged that although propane 

exhibited a large molecular weight when compared to air, the injection dynamics into a swirling flow 

would not be identical to those of gasoline. The engine was motored at 456 RPM and a shaft encoder was 

used to provide a 1° crank angle resolution. The incident light was provided by an argon-ion laser at 488 

nm, the scattered light was collected via a window at the top of the cylinder. The data was collected at a 

1° resolution, where over 100 successive cycles was used to provide an ensemble average for each data 

point. The overall results showed large spatial variations in the air/fuel ratio across the cylinder bore 

during and after fuel injection. At near TDC mixing was almost complete but the distribution across the 

cylinder exhibited significant areas of low fuel concentrations.

Pischinger et al [1986] used spontaneous Raman scattering to measure air/fuel ratios in order to 

understand the local/transient mixture conditions of a Diesel injector. For these tests a specially 

constructed heated observation chamber was used, with the injected fuel being either Diesel, methanol or 

n-heptane. Local air/fuel ratios within a 0.3 x 1 x 1 mm probe volume situated at various locations in a 

range of 0-15 mm from the spray axis were measured. An excimer laser at a wavelength of 308 nm 

provided the probe beam with 100 mJ of energy per pulse. The scattered light was collected at 90° to the 

incident beam and focused into the entrance slit of a polychromator. The recorded spectra showed an 

increasing background level, which was attributed to the poor stray light rejection of the polychromator, 

and the presence of laser induced fluorescence from the hydrocarbons. For evaluation, the spectrum 

required smoothing and background correction before the photon numbers could be extracted to obtain 

the local air/fuel ratios. The results showed that a stoichiometric air/fuel ratio occurred approximately 

5mm from the spray axis and it was postulated that ignition must occur between 3-7 mm from the spray 

axis.

A renewed interest is being shown in Raman spectroscopy, Miles and Dilligan [1996] have developed a 

broadband technique which can distinguish the mole fractions of H20 , C 02, 0 2 and propane within the 

cylinder as a function of crank angle. The technique was also used to monitor the residual gas mole 

fractions and to observe mixing with fresh incoming charge. Again the measurements were ensemble 

averaged but further development work is continuing to allow time resolved, single shot measurements.

1.2.6 Visible and Infra-Red Extinction Techniques

Hydrocarbon fuels readily absorb infra-red (IR) light as the result of C-H bond stretching, and this 

property can be utilised to provide local fuel vapour concentrations. Chraplyvy [1981] and Tishkoff et al 

[1982] proposed techniques to measure vapour concentrations within sprays and aerosols. The success of 

the project relied upon two measurements being made. The first was measurement of the extinction of IR 

light, and the second was measurement of the scattering of visible light in order to characterise the 

presence of liquid droplets. A schematic of the experimental set-up is shown in figure 1.3
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Figure 1.3 Schematic of IR extinction and visible light 
scattering experimental setup

To apply the technique two HeNe lasers were used, one at 0.6328 pm the other at 3.39 pm. The beams 

were aligned to provide a single probe beam. The light entered and exited the test cylinder via a pair of 

quartz windows. Once the probe beam had left the cylinder it was split and filtered before being passed 

onto the relevant detector. The detectors were relatively simple, a photodiode for the visible light and a 

photo-resistor for the infra-red light. The photodiode was used to measure the droplet optical thickness 

whilst the photo-resistor was used to measure the combined vapour and droplet optical thickness. The 

droplet attenuation of the IR beam could be factored out of the total attenuation. The remaining 

attenuation was therefore due to the vapour absorption, from which the vapour concentrations could be 

calculated assuming a uniformly distributed vapour. For experimental conditions with vapour 

concentration gradients some sort of deconvolution technique would be required to convert a line o f sight 

attenuation measurement to local vapour concentrations. To produce quantitative results a detailed 

knowledge of the drop size distribution was required, this was obtained during a separate test using a 

Malvern particle sizer.

Winklhofer and Plimon [1991] and Winklhofer et al [1992] used the technique to monitor the transient 

fuel vapour concentration within the cylinder of a PFI engine. However only qualitative results were 

presented since only the relative extinction measurements were used. No attempt was made to separate 

the absorption and scattering signals. However, the effect of variation in injection timing was apparent 

with the predominance of a well mixed fuel vapour entering the cylinder with closed valve injection, and 

local fuel enrichment with open valve injection.

Billings and Drallmeier [1994] carried out a detailed assessment of the IR extinction technique. A fuel 

spray was simulated using styrene beads within methane. The flow was confined within a test section, 

which allowed certain properties such as the vapour concentration and particle optical thickness to be 

controlled directly. The vapour concentration was uniform since there was no evaporation and the particle 

size distribution was determined prior to testing.
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Further work proved that if the particle size was large when compared to the incident light wavelength,

the original theory could be simplified so that knowledge of the condensed phase refractive index and/or 

particle size distribution was not required. To make this assumption the particle size had to be in excess of 

20 pm (area mean diameter (D2o)), thus ensuring that the particle optical thickness for both the visible and 

IR probe beams were identical. Therefore, the vapour concentration could be estimated using the two 

extinction measurements alone. The recorded measurements provided accuracy to within 10% of the 

known vapour concentration within the rig. Known errors were attributed to the fact that the 

measurements were not collinear, invoking particle loading variation between measurements. Dense 

particle numbers also attenuated the probe beam intensities significantly. Drallmeier [1994] went on to 

use the technique to measure vapour concentrations in a pulsed isooctane fuel spray and calculated 

quantitative vapour mole fractions. Phase Doppler anemometry measurements were also used to provide a 

time resolved liquid phase and droplet size. The use of both techniques therefore allowed the temporal 

and spatial differences between the liquid and vapour phase transport to be identified.

The infrared and visible light extinction technique can provide detailed information on mixture 

preparation but it relies upon a number of assumptions. The first is that the droplet sizes are much larger 

than the incident light wavelength so that the visible and IR extinction coefficients are equal. If this 

assumption can not be used a detailed knowledge of the drop size distribution and liquid refractive index 

is required. This usually involves carrying out separate tests. The second assumption is that the optical 

path length is optically thin. This permits only moderately dense sprays to be measured since dense sprays 

would attenuate the probe beams. Drallmeier and Peters [1990] also show that the extinction coefficient 

of isooctane increases with increasing temperature. An additional limitation of the technique is that it is a 

line of sight measurement thus requiring many measurements to build up a complete in-cylinder picture.

1.2.7 Laser Doppler Anemometry

The concept of using Doppler shifted laser light to determine velocities originated during the mid-Sixties. 

Since then many variations of the original concept have evolved, these may be broadly described as laser 

Doppler anemometry or velocimetry (LDA,LDV). Many papers and texts have been published about the 

various techniques, two of particular interest are Durst et al [1981] and Drain [1980]. However, one of the 

most robust systems developed is the application of the differential Doppler technique. In this technique 

two laser beams are positioned to cross at the focal point of a lens. The crossing of the two beams causes 

interference and sets up a fringe pattern which is parallel to the lens axis. Particles contained within the 

flow under interest crossing the probe volume (fringe pattern) scatter light, which is recorded by a 

photodetector. Since the light scattered from the laser beams reaches the detector simultaneously, a beat is 

obtained with a frequency equal to the difference in Doppler shifts corresponding to the two angles of 

scattering. The corresponding beat frequency is given by Drain:-

/ Equation 1.1

Where Up is the particle velocity, normal to the fringes, passing through the probe volume, a  the angle
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between the two laser beams and A, the wavelength of the laser light. It can be seen from equation 1.1 that 

the Doppler frequency is proportional to the particle velocity. The intensity o f the scattered signal is also 

direction independent allowing wider apertures to be used and an increased signal to noise ratio. 

However, although measurements in the backward direction are easier to set-up (only one optical access 

required) the signal strength is likely to be of the order of 500 to 1000 times less than in the forward 

scatter direction (Durst et al [1981]).

The main problem with the system as it stands is the directional ambiguity of the velocity component. 

The system relies upon the beat frequency, which is the difference in the Doppler shift of each of the 

probe beams. A change in sign of the velocity component produces no difference in the beat frequency. 

One way of curing the problem is the use of frequency shifting, here one or both beams are frequency 

shifted. This produces a moving system of fringes, a particle stationary within the probe volume will 

scatter light at the shift frequency. However, movement of the particle in the same direction as the fringes 

lowers the signal frequency, and in the opposite direction raises it. If the shift frequency is selected to 

exceed the expected Doppler frequency corresponding to the maximum velocity measurement, then any 

subsequent velocity measurements will always be positive and the flow direction always resolved. The 

frequency shift can be achieved using a rotating diffraction grating or an acousto-optic cell (Bragg cell). 

Signal processing presents another set of problems since the signal is discontinuous, varying not only in 

DC offset and amplitude but also frequency. Many techniques have been developed for this task including 

high pass filtering to remove the DC offset and pulse counting to resolve the frequency. Pulse counting 

relies upon a high speed clock measuring the time for a certain number of pulses within a single burst. A 

schematic of an LDA experimental set-up in the forward scatter mode is shown in figure 1.4
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Figure 1.4 Schematic of LDA experimental set-up in forward scatter mode
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The use of LDA techniques in firing SI engines was attempted during the late Seventies. Work was 

published by Rask [1979] and Asanuma and Obokata [1979]. The LDA measurements were carried out 

within a cylinder in order to characterise squish flow for a side valve SI engine and torch flow from a 

prechamber stratified charge SI engine. A review of the early LDA experiments applied to IC engines can 

be found in Johnston et al [1979(b)] and Dyer [1985]. The LDA technique is now well established and in 

common use within water analogue rigs, steady flow rigs and running engines. The required 

instrumentation can readily be purchased ‘off the shelf.

Phase Doppler Anemometry is a variation on the LDA technique where three detectors are used and 

located at different angles to the measurement volume. Each detector records the same scattered 

modulated light intensity but at slightly different times. These time delays can be used to represent the 

phase shift of the light where the phase shift is proportional to the particle diameter. Therefore, since PDA 

is a variation of LDA it can provide the particle size, direction and velocity information. The main 

drawback of the LDA/PDA technique is that it is a point measurement. The resolving of the spatial 

variation of the flows requires multiple measurements within the cylinder to build a complete 3D picture. 

Analysis of the LDA data can yield the mean velocity, root mean square fluctuation and turbulence 

characteristics (Obokata et al [1987] and Fraser et al [1986]).

1.2.8 Particle Tracking Velocimetry / Particle Image Velocimetry

Particle tracking velocimetry (PTV) and particle image velocimetry (PIV) are both optical techniques 

used to extract a two (or three) dimensional velocity profile of a flow. The principle of operation is 

similar for both techniques. Small tracer particles within the flow stream are stroboscoptically 

illuminated. A correlation algorithm is then applied to the images to identify particle pairs. If the 

separation time between the light flashes is known, the particle displacement can be measured and the 

particle velocity obtained. This technique therefore requires a double pulsed laser or a camera with an 

exceptionally high framing rate. The significant advantage of this technique when compared to 

conventional laser Doppler anemometry is that a plane is resolved during each test rather than just a point. 

With modem computing power, real time velocity maps can be provided. A schematic of the PTV/PIV 

technique is shown in figure 1.5 and shows two images captured in succession, a cross correlation routine 

is used to identify the particle pairs in order to provide the velocity vector map.

The main difference between PTV and PIV is that PTV tracks individual particles. The main drawback 

with PTV techniques is the large amount of computational time required to resolve the particle velocities. 

To reduce this time it is therefore desirable to seed the flow streams with a relatively low spatial density 

of particles. Particle image velocimetry (PIV) evolved from PTV techniques, but with PIV the 

identification of individual particles is not necessary. Small areas of seed are interrogated using Fourier 

techniques to yield a velocity vector. Therefore, a higher density of seeding may take place.
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Figure 1.5 Schematic of PTV/PIV

Kent and Eaton [1982] proposed a technique which utilises the particle tracking velocimetry (PTV) 

technique. A water analogue rig with a reciprocating piston was used. Due to the incompressibility of 

water, the rig had some operational limitations in the visualisation of some of the flow processes. The 

visualisation of the flows was restricted to the exhaust stroke, the valve overlap period and the induction 

stroke. The similarity between the water and air flows was based upon equalising Reynolds numbers. Due 

to the fact that the kinematic viscosity of air is -15 times greater than that of water, a suitable Reynolds 

number could be obtained in the water analogue rig with piston speeds and flow velocities that were 1/15 

of those for air at STP. With these slower flow velocities photographic studies could be carried out with a 

conventional slow frame rate camera or video. The tracer particles within the water were 2 mm diameter 

helium bubbles. These were photographed against a dark background since the bubbles highlighted the 

incident illumination. The illumination was provided by two quartz lamps and a pair of high-speed cind 

cameras were used to provide a stereo view. The bubble motion was recorded and a frame to frame 

analysis was used to provide quantitative data of the 3D velocity fields generated during the induction 

stroke.

Marko et al [1985,1986] used a video recording system for flow visualisation and velocity measurements 

within a reciprocating flow test rig. Microballoons were used as the tracer material within air. An 

acousto-optic modulator was used to modulate an argon ion laser beam so that the resultant particle tracks 

appeared as a series o f dots and dashes. The coding was used to overcome any 180° directional 

ambiguity. Subsequent image processing measured the track lengths and produced the velocity profiles. 

However, with limited computing power, it took several hours to record the data for a complete survey of 

the entire flow field. Subsequent image processing of thousands of frames took considerably longer. Due 

to the limitations of resolution, only qualitative images of the full cylinder flows were possible. For 

quantitative data, small regions were interrogated (approx 2 cm square) after identification of interesting 

areas from the larger qualitative images.

PIV is now a well established technique and is regularly used to visualise turbulent flows within the 

cylinder of IC engines. Reeves et al [1996] used PIV to visualise the formation and breakdown of tumble 

within a motored SI engine. The flow was illuminated by a double pulse Nd:YAG laser and the particle
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positions were recorded using a medium format photographic camera situated normal to the vertical light 

sheet. Interrogation o f the images was performed by dividing the photographic images into a regular grid 

of small squares which were subsequently recorded by a CCD camera fitted with a microscope objective. 

An autocorrelation routine was then applied to the double exposed images. Unfortunately, the 

autocorrelation routine led to a 180° directional ambiguity of the displaced particle. This ambiguity can 

cause problems in complex flows where no prior knowledge or structured flow motion can be determined. 

The problem of directional ambiguity can be overcome by three different methods: image shifting, image 

separation and image labelling. Image shifting is the displacement of the image a known uniform distance 

between the two light pulses. The displacement is chosen to be sufficiently large so that all fluid 

velocities will produce an effective positive displacement. This artificial shift is then subtracted from the 

results to provide the actual velocities. This shift can be obtained by placing a rotating mirror in front of 

the camera or simply by shifting pixels in a digital system. Image separation is the capture of each laser 

pulse within different frames on either analogue film or a CCD camera. Image labelling is a method that 

is used to identify which particles within the captured image were illuminated by different laser pulses 

(either the first or second). Nino et al [1993] used a technique where different colour laser sheets were 

used to illuminate the tracer particles so that each frame could be easily identified from a double exposed 

image. Two Nd:YAG lasers were used, the first was operated at the 2nd harmonic to produce green light 

(532 nm), the second laser was used to pump a dye laser in order to produce red light (650 nm). A 

standard 35 mm camera was used to record the images using colour film. The images were scanned and 

separated to produce a red and a green image. The objective of the previous three methods was to produce 

separate images of each laser pulse so that a cross correlation algorithm can be used. The use of cross 

correlation reduces the number of spurious correlation peaks and provides a significant increase in the 

proportion of valid signal peaks.

Jakobsen et al [1996] proposed an interesting adaptation of the PIV technique to analyse simultaneously 

two phase flows. One phase was seeded with solid glass spheres with a size distribution of 50-200 pm. 

The other phase was air; which was seeded with 1-2 pm com oil droplets. From a given PIV image, 

which contained the simultaneous acquisition of each phase, the air seeding and glass spheres were 

identified by size analysis. After the glass spheres were identified they were removed and copied into a 

blank image. Therefore, the original image now contained only the air seeding and the copied image 

contained only the glass spheres. Conventional PIV/PTV techniques were applied to the images to 

produce the required velocity maps. This two-phase PIV technique it would not be applicable to flows 

within an IC engine, as seeding particles that have very different size distributions would not follow the 

flow to the same degree.

Dantec ([1998(a), 1998(b)]) have also developed a technique to visualise two phase flows using 

simultaneous PIV and laser induced fluorescence (LIF) imaging. Here it was possible to study 

simultaneously both phases of a water-bubble flow. A pair of cameras were used, one to capture light 

emitted from small fluorescent tracer particles within the water, whilst the other captured Mie scattered 

light from the bubbles. The computer software then provided individual velocity profiles of each of the 

phases.
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1.3 Laser Induced Fluorescence
The laser induced fluorescence (LIF) technique can be divided into three strategies. The first is where 

specific species o f interest are probed and excited into producing fluorescence, the second is where a 

fluorescing tracer is added to the fluid of interest and the last is the use of exciplex forming dopants.

1.3.1 Laser Induced Fluorescence from a species of interest

If a molecule absorbs sufficient energy it will be raised to a higher electronic state, on returning to its 

lower state it may emit light. The principle of laser induced fluorescence (LIF) is as follows. A laser light 

is tuned to a wavelength which corresponds to a known absorption band of the species of interest within a 

sample. The species of interest will then absorb the light energy and hopefully fluoresce. This 

fluorescence can be recorded and used to identify the distribution of the species within the sample. The 

ultimate goal is to be able to relate the luminescent intensity with the species concentration. Although the 

concept seems simple, it is hindered by the fundamental problem of quenching. Although certain 

molecules may be excited to a higher electronic state, there are many other radiation-less modes of energy 

exchange. Unless these quenching effects are fully understood by some sort of calibration it is impossible 

to obtain quantitative results.

Crosely and Smith [1983] show that LIF is especially suitable for sensitive detection of a number of 

reactive intermediates in chemical networks, particularly combustion intermediates within flames. As 

many as thirty of these intermediates which posses an electronic transition at wavelengths accessible with 

available lasers have been detected in gas flows or flames. The technique is extremely sensitive with the 

detection of OH radicals within a 1 mm3 volume at sub-part-per-billion concentrations, producing some 

100 photons on a single laser pulse. Even if two species absorb at the same wavelength, they can often be 

distinguished by selecting different fluorescent wavelengths at which one or the other emits. Felton et al 

[1988] employed LIF techniques to measure OH radicals in the combustion flame of a propane fuelled IC 

engine. Tanaka & Tabata [1994] have also imaged OH radicals when using gasoline as the fuel within a 

spark ignition engine.

Work is now progressing in visualising fuel vapour concentrations. Diesel and gasoline fuels will readily 

fluoresce when excited by UV light, the problem is distinguishing which component of that fuel is 

actually fluorescing. In addition, the distribution of one component of a multi-component fuel does not 

constitute the actual distribution of all components. Winklehofer et al [1992, 1993 & 1995] have 

visualised the distribution of isooctane within the cylinder of an engine using an excimer laser at 248 nm 

excitation wavelength. The resulting fluorescence was captured using an intensified CCD camera and the 

difference in mixture preparation between open and closed valve injection was investigated. However 

later studies showed that it is not possible to excite pure isooctane and it was in fact impurities contained 

within the fuel that caused the fluorescent emission. (Reboux et al [1994] and BerckmUller [1996]). It has 

also been found that the luminescent emission from a liquid phase fuel is much brighter than that from 

fuel in its vapour form (Felton et al [1995]). This has been exploited in order to visualise liquid fuel films 

within the inlet manifold, inlet port and within the cylinder of an IC engine (Felton et al [1995], 

Hentschel et al [1997] and Witze & Green [1997]).
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In order to calibrate LIF images fully, a full understanding of the collisional quenching processes are 

required. Andresen et al [1988,1990] show that at higher pressures the quenching dominates over the 

emission processes and suggest an alternative approach using laser induced predissociative fluorescence 

(LIPF). With this method, quenching can be avoided by exciting the molecule to a fast predissociating 

state from which the fluorescence is emitted only during the predissociation lifetime. For sufficiently 

short predissociation lifetimes there will be no collisions and hence no quenching even at higher 

pressures. Andresen et al [1990] use a KrF laser with a tunable range between 248.0 -  248.9 nm to 

identify three molecules namely, OH, 0 2 and H20 .

It must be noted however that although the fluorescent intensity is sufficient for imaging, the fluorescence 

yield for LIPF is less than that for LIF,. However, LIPF does allow three important combustion species 

OH, 0 2 and H20  to be analysed. Since LIF can be used to analyse CO, NO and HC’s a combination of 

the two techniques allows important species from the beginning (0 2 & HC’s), intermediate period (OH) 

and end (NO, CO & H20 )  of the combustion process to be observed.

1.3.2 Laser Induced Fluorescence from Tracers

Since pure single component fuels do not fluoresce it may be desirable to add a tracer which readily 

fluoresces and could be used to represent the host fuel. The main application o f LIF applied to IC engines 

is to provide a spatial distribution of the fuel vapour concentration. The luminescent emission from liquid 

fuel is not desirable since it dominates over the vapour images. For a tracer to be effective when used to 

visualise fuel mixtures it must posses certain properties.

• The tracer must posses an absorption band with a satisfactory quantum yield that corresponds to an 

available light source.

• The tracer must exhibit a minimal level of quenching in the presence of oxygen.

• The luminescent emission must be red shifted (at a lower frequency) with respect to the excitation 

wavelength to avoid potential problems associated with scattered light and spurious reflections.

• The fuel tracer mixture must be optically thin i.e. relatively little absorption of the incident laser 

energy.

• The tracer should not affect the characteristics of the fuel and therefore should exhibit a good 

solubility within the fuel and possess a similar boiling point in order to co-evaporate with the fuel.

Various ketones, aldehydes and aromatics have been considered as a suitable tracer material for use with 

isooctane (Lawrenz [1992], Berckmtiller [1994] and Fujikawa [1997]). Excitation wavelengths usually 

reside within the UV region of the spectrum and can be generated by either excimer or Nd:YAG (3rd & 4th 

Harmonic )lasers with wavelengths of 248, 355 and 266 nm respectively. Quantitative fuel concentration 

measurements have been attempted by analysing LIF image intensity. However, the luminescent intensity 

is not only affected by the fuel concentration but also by temperature and pressure. Therefore, careful 

calibrations are required in order to compensate for these effects. Quantitative results from a running 

engine can only be presented once the calibration factors have been applied since the temperature and 

pressure effects vary with engine crank angle.
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Lawrenz et al [1992] evaluated various carbonyl compounds using a pressurised bomb with a pressure 

range of 0-500 kPa. It was found that the fluorescence yield of the keytones increased almost linearly 

with vapour pressure and was virtually independent of air pressure, which indicated a weak quenching 

influence of oxygen. Ethylmethylketone (EMK) was selected as an ideal tracer material since it had a 

boiling temperature and vapour pressure similar to gasoline. An excimer laser at 308 nm provided the 

excitation. Instead of mixing the tracer with a fuel, the EMK was used to fuel a motored single cylinder 

engine operating at 1000 RPM. The calibration factors provided by the pressurised bomb experiments 

were used to quantify the captured in-cylinder images.

Berckmtlller [1996] chose to use 3-pentanone as the fuel marker since its boiling point of 101.7 °C was 

close to that of isooctane (99.2 °C). In addition, Berckmtiller went on to postulate that since 3-pentanone 

exhibited a boiling point close to the middle of the boiling range of a typical pump grade gasoline it was 

likely to provide a realistic picture of gasoline fuel distribution. This was rather optimistic since 

commercial grade gasoline could contain up to 280 components with boiling points ranging from 20°C to 

220°C. The lighter fractions may indeed readily vaporise and would follow the engine flow streams, 

whereas the heavier fractions could end up as wall films within the inlet port, around the valve seats and 

upon the cylinder walls.

Baritauld et al [1992] and Deschamps et al [1993] opted to use biacetyl as a tracer since it exhibited a 

linear fluorescent intensity with respect to concentration and a small temperature dependence within the 

275-425 °C range. The excitation was provided by an Nd:YAG Laser at 355 nm which caused a 

broadband luminescent emission at 460-500 nm. However, no analysis of the pressure dependency of the 

fluorescent intensity was presented.

Reboux et al [1994] quoted that the materials previously discussed were not suitable for use outside the 

induction stroke. This was due to excessive pressures which were not compatible with quantitative 

measurements using classical laser induced fluorescence, as they are especially sensitive to quenching. 

Reboux et al opted to use toluene mixed with isooctane, excited at 248 with an emission at 275 nm. They 

went on to show that at pressures exceeding 2 bar (compression stroke) quantitative air/fuel ratios within 

a firing engine can be provided since a temperature variation of around 100 °C produced a linear decrease 

in luminescent intensity. However, at pressures below 2 bar or in media with large temperature gradients 

(induction and power strokes respectively) the technique could only provide qualitative information.

1.3.3 Exciplex Fluorescence Imaging

Spectrally separated fluorescent emission could be produced by the liquid and vapour phases of a fuel. 

This could be achieved by the addition of organic molecules dissolved within the fuel which co-evaporate 

at a similar rate. When excited by an incident laser light, the organic molecules will fluoresce at different 

wavelengths, which is dependent upon fuel phase. The tetramethyl-p-phenylene diamine (TMPD) 

exciplex system (first developed by Melton [1983]) was used to visualise the evaporation of a diesel spray 

using a fuel consisting of 90% decane, 9% naphthalene and 1% TMPD by weight. The principle of
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operation was to react a fluorescent excited state M* with a molecule Q to form a second fluorescent 

emitting species (M-Q)* which was bound within an upper excited state. This excited state complex or 

‘exciplex’ luminescent emission was red shifted from the original monomer M*. The reaction o f M*-» 

(M-Q)* was fully reversible and the concentration of the species Q could be adjusted so that the (M-Q)* 

species was the dominant emitter in the liquid phase and emitted light at 490 nm (green). The monomer 

M* however emitted light at 380 nm (violet). Observation o f the markers through the appropriate filters 

allowed the amount o f fuel present either in a liquid or vapour phase to be estimated. A schematic of the 

photophysical processes of the napthalene/TMPD excimer system is shown in figure 1.6 where M is the 

napthaline and Q is TMPD. Only two emissions are of interest, those at 490 nm and 380 nm. The 

emission at 340 is due to residual napthaline fluorescence and is usually negligible.

N * +  TM PD

N + TM PD*

(N  + TM PD )’
340 nm

„ 380 nm
'apour Phase)

490 nm
(Liquid Phase)

TM PD

Figure 1.6 Napthaline/TMPD exciplex photophysical processes

The proposed advantage of this system was that the light emitted was directly proportional to the mass 

fuel concentration within the area under test. With light scattering techniques such as Rayleigh or Raman 

the amount of light scattered is dependant upon the cross section of the fuel droplets, which has no direct 

correlation to mass concentration. Further research and development of the exciplex technique was 

carried out by Murray et al [1985], Bardsley et al [1988, 1989], Yip et al [1988], Diwaker et al [1992] 

and Felton et al [1993].

The main disadvantage o f this system was that the fluorescent emissions were heavily quenched in the 

presence of oxygen. Bardsley et al [1989] noted a reduction of the luminescent intensity by a factor of 

fifty when the tests were carried out using air instead of nitrogen. The requirement to omit oxygen limited 

the engine to being motored rather than firing. Also their fuel spray images displayed a significant 

asymmetry. It was found that dense fuel sprays in fact scatter the light, which broadened the light sheet 

and reduced its intensity. This problem was not experienced by Diwaker et al [1992], but their engine was 

fitted with air assisted injectors which presumably produced a more finely atomised spray.

Later work also found that the fuel mass concentrations were grossly overestimated due the failure of 

some of the earlier assumptions. The major discrepancy occurred due to the temperature dependence of 

the exciplex, which caused a decrease in the luminescent emission of up to 30%. Therefore careful 

calibration was required in order to provide quantitative results. Felton et al [1993] have published their 

calibration techniques; however no accurate calibration of the liquid images could be achieved. This was 

attributed to the fact that the light sheet intensity was subject to considerable spatial variation, which in
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turn produced different levels of luminescent emissions, especially where the droplet diameter was 

smaller than the light sheet thickness. This anomaly should be noted as it is relevant not only to the 

exciplex technique but also to any laser diagnostic technique where quantitative results are required. Ten 

sets of vapour images were averaged for each crank angle before the calibration constants were applied, 

taking the temperature dependence into consideration.

Therefore, exciplex provides semi-quantitative results with the potential for providing true values (using a 

suitable calibration) when the spectroscopic processes are fully understood. Whilst the TMPD system is 

appropriate for visualising diesel fuel, it is not applicable for use with gasoline due to the much lower 

boiling points of gasoline constituents. Kim et al [1996] have developed an exciplex system for 

diagnostics within gasoline engines. In this study an exciplex consisting of 7% 1,4,6- 

trimethylnaphthalene (TMN) and 5% N,N-dimethylaniline dissolved in 88% isooctane by weight 

provided the optimum fluorescent intensities. The vapour exhibited a normal monomer fluorescence at 

355 nm (UV) whereas the exciplex within the liquid phase produced an emission at 405 nm (violet). The 

excitation was provided by a XeCl laser at 308 nm.

The quenching effects identified were actually caused by the reaction of the monomer (DMA) with the 

exciplex forming species (TMN), here the excited state complex was said to be dynamically quenched. It 

was found that the fluorescence of the monomer was effectively attenuated with increasing concentration 

of its exciplex forming partner. The exciplex formation was observed at elevated temperatures (145 °C). 

However, a potential problem was that with the boiling point of the monomer being approximately double 

that of isooctane there could be a considerable underestimation of the vapour phase fuel concentration. 

Calibration of the technique to yield fuel concentrations was not accomplished in the work described.

LIF seems simple to implement but is subject to with many problems, the main ones being the 

temperature and pressure dependencies of the tracer material. In a firing engine the pressure and 

temperature varied, not only spatially, but also temporally with crank angle. Therefore, the application of 

calibration factors relies upon an accurate knowledge of the in-cylinder processes. The in-cylinder 

pressure can be accurately measured and is usually assumed uniform throughout the cylinder volume. 

Measurement of the temperature is much more difficult to achieve as it varies spatially. Laser based 

temperature measurement techniques such as Coherent Anti-Stokes Raman Spectroscopy (CARS) can 

provide an accurate temperature measurement, but only at a single point, so many measurements are 

required to build an accurate temperature distribution. With the exception of exciplex fluorescence the use 

of a fluorescent tracer material does not allow phase discrimination, however, the presence of liquid fuel 

could be assessed by simultaneous Mie scattering imaging.

1.4 Non Linear Optical Techniques
Non-linear optical techniques have also evolved. These are coherent antiStokes Raman spectroscopy and 

degenerate four wave mixing. The main difference with these techniques compared to others is that the 

intensity of the signal beam (the one being recorded) is not linearly dependent upon the incident laser 

intensity. They both also produce coherent (laser like) signals.
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1.4.1 Coherent AntiStokes Raman Spectroscopy

With the low signal intensities produced by spontaneous Raman scattering and the presence of a highly 

luminous background and particle laden flames it becomes difficult to extract the required Raman signals. 

Coherent antiStokes Raman spectroscopy (CARS) was developed to overcome these problems. The 

detectivity is similar to spontaneous Raman scattering and the technique is most suited to major species 

concentration measurements and thermometry. A schematic of the CARS technique and the energy 

transitions are shown in figure 1.7

CARS Signal
Cylinder

Probe
Beam
Pump
Beam

I Detector

Beam
Trap

\1/

Figure 1.7 Schematic of the CARS technique and the energy transitions

Two lasers of different frequencies o ) i  and g >2 are mixed and phase matched within the cylinder volume to 

generate a coherent CARS signal, a>3. coj is termed the pump laser and co2 the Stokes, since it is ‘red 

shifted’ in frequency compared to ooj. This is caused by the vibrational/rotational Raman shift of the 

molecule being probed. The CARS beam is ‘blue shifted’ with respect to the probe beam and is termed 

antiStokes. Adjustment of the frequency difference, between the pump and Stokes beams, to a particular 

Raman resonance allows particular species to be identified. The CARS signal is also density and 

temperature dependent. At atmospheric conditions, CARS signals are generally orders of magnitude more 

intense than signals from spontaneous Raman scattering (Eckbreth [1996]). This is due to the coherent 

beam generated (co3) which can be focused efficiently upon a detector in comparison to capturing a 

scattered signal. Focusing via a pinhole therefore reduces the background luminosity and other optical 

interferences. For transient high-pressure engine combustion studies, it is preferable to use a broadband 

dye laser for the Stokes beam. This can generate an entire CARS spectrum by probing all the Raman 

resonances within a given bandwidth simultaneously. Broadband detection using a spectrometer can yield 

the appropriate measurements and all of the measurements take place within a single laser pulse. The 

theory of CARS is discussed in detail within Eckbreth [1996].
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The CARS Technique has been applied to provide temperature and species concentration measurements 

in IC engines. In-cylinder measurement of the temperature of unbumt gas in an SI engine with an 

accuracy better than 10% have been reported (Lucht et al [1987]). Williams et al [1988] measured the air 

temperature within the cylinder of a firing engine using N2 for identification. However, it was postulated 

that the CARS technique could be used to measure the amounts of combustion residuals left within the 

cylinder bore (internal EGR). For this the H2, H20 , C 02, and hydrocarbon species were detected. This 

was achieved by measuring the intensity of the CARS signal. However, since the CARS technique was 

non-linear it was not possible to quantify the levels of each species detected, only the relative 

concentrations. Measurement of the air/fuel ratio within the cylinder was attempted. This required the 

addition of a second dye laser, one to probe for N2 (air) the other for the fuel (propane, isooctane or 

gasoline). It was shown that the fuel spectra broadened considerably at elevated temperatures and 

pressures and therefore no absolute concentrations could be presented. However, the technique was 

suitable for temperature measurement.

1.4.2 Degenerate Four Wave Mixing

In recent years, a new combustion diagnostic technique has been developed to monitor trace molecules 

within gas phases. Degenerate four wave mixing (DFWM) can be envisaged as bridging the gap between 

CARS and LIF techniques. Like CARS, DFWM is a non-linear technique that uses three input beams of 

identical frequency to generate a fourth coherent signal. As in LIF an electronic resonance is used which 

significantly enhances the sensitivity of DFWM over CARS (Mann et al [1992]). Its principle of 

operation is as follows. Two pump beams, counter propagating are focused to intercept each other in the 

middle o f a test chamber (cylinder). A third beam named the probe with an identical frequency to the 

pump beams is positioned to intercept the focal point of the pump beams at some angle. As with LDA, 

interaction of the probe beam with the pump beam forms an optical interference pattern. This results in a 

set of fringes where the light intensity undergoes a sinusoidal spatial variation within the beam overlap 

region. At resonance, this causes a refractive index grating to be formed, which scatters the other pump 

beam counter propagating to the probe beam (Eckbreth [1996]). Recording this signal whilst scanning the 

laser wavelength generates a spectrum which can be used to detect species such as OH, NOx or C2.where 

the intensity of the signal beam can be used to infer concentration. To aid the process, Ewart [1995] 

developed a ‘modeless’ laser that exhibited a wide continuous spectrum so that many molecular 

transitions could be monitored within a single laser pulse. One o f the significant benefits over 

conventional DFWM was that 2D imaging was possible. Each of the laser beams was formed into thin 

light sheets and the placement of a beam splitter within the probe beam allowed the signal beam be 

stripped away and imaged by a CCD camera. The imaging of OH and NO molecules in combusting and 

non-combusting flows have been achieved (Ewart [1995]).

The monitoring of species with resonant transitions coincident with available wavelengths produces 

reasonable signal intensities. However, when observing species with low transitional probability or whose 

transition wavelengths are such that they can only be produced at low intensities by available laser 

systems (i.e. far UV) significantly weaker signals are produced. Ljungberg and Axner [1995] therefore 

proposed a system that utilises a two-step process to increase the signal intensity. This was achieved by
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moving the DFWM process to another transition with a higher transition probability or to one that could 

be excited by a higher intensity laser thereby increasing the DFWM signal strength. Results showed that 

the 2 step-DFWM process produced signals significantly higher than the original one step process.

1.5 Other Optical Techniques
1.5.1 Schlieren Techniques

Schlieren techniques have been used to observe changes in density and pressure within flows for many 

years. The system shown schematically in figure 1.8, consists of two mirrors/ lenses, a knife edge and a 

point light source (a slit can also be used). To set up, the light source is focused onto the first lens to form 

a parallel light beam which traverses the test chamber. The knife edge is placed at the focus of the second 

lens and is adjusted to obstruct partially the focus of the undisturbed light, this provides a uniform 

intensity of image illumination. A camera is set up on the other side of the knife edge to record the 

images. Any density variations within the test chamber cause a change in the refractive index, which will 

alter the direction of the parallel light. This light will either hit or miss the knife edge producing both 

constructive and destructive interference which can be observed as light and dark regions respectively 

upon the image. Therefore, the Schlieren system detects density gradients in a direction normal to the 

plane of the knife edge.

Light
Source

Knife
Edge

Figure 1.8 Schematic of Schlieren setup

Namazian et al [1980] used Schlieren to visualise flows and flame propagation within the cylinder of a 

spark ignition engine. To aid optical alignment a square section piston was used. The images were 

captured using either still photography or high speed cind film. The engine was fuelled with propane and 

run at 1380 RPM. Ereaut [1988] used Schlieren to visualise the propagation of a flame front within a 

production engine. Optical access was provided by two 6mm diameter flat windows fitted into the walls 

of the cylinder head. Two laser beams, spaced 2.9 mm apart passed through the cylinder and focused 

upon two photodetectors. The system was used to measure the time elapsed between the spark and the 

deflection of each laser beam in turn and yielded the flame propagation speed and cyclic variation.

Schlieren is able to provide reasonably high resolution images but the resulting image is an integration 

along the depth of the cylinder bore. If spatial information is required, a deconvolution technique needs to 

be employed. Paulsen and Valland [1996] attempted to quantify Schlieren images from a constant volume 

injection rig to yield local average gas concentration of transient gas jets. To provide spatial information
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the bore was divided into concentric rings of local refractive index. It was shown that for a gas mixture 

the refractive index is proportional to the molecular concentration (or partial pressure). If the deflection 

angle is small the refractive index at different radial locations can be calculated, and from this the local 

gas phase fuel concentration can be made.

Schlieren photography is a well established imaging technique which has been applied to IC engine 

research but is limited in its application. Its critical optical alignment requires either flat windows to be 

used or sophisticated correction to take place. Deconvolution techniques require an assumption of axial 

symmetry in the phenomena under observation. Also the presence of liquid droplets would diffract the 

light making it impossible to distinguish between refracted and diffracted light.

1.5.2 Thermal Imaging

Observations of infra-red emissions within the cylinder of an engine using a thermal imaging camera can 

provide information on the temperature gradients within the combustion chamber. With careful 

calibration it may be possible to determine the internal temperatures.

Hands et al [1990] developed a method to observe the surface temperatures within the combustion 

chamber. A comparison of internal surface temperatures was carried out for an engine running under 

normal operation and in an engine experiencing combustion knock. The first sets of tests monitored the 

piston crown temperature. A single cylinder engine with a maximum speed of 5000 RPM was used and 

skip-fired on alternate cycles. The in-cylinder view was provided by a ‘D ’ shaped window fitted into the 

cylinder head. A rotating shutter assembly was fixed in front of the thermal imaging camera so as to block 

emissions from the flame and hot gases. Only part of the induction stroke (30° around TDCExhaust) was 

imaged, because in this regime the gaseous emissions were expected to be low. The in-cylinder images 

only occupied half of the camera view, whilst the other half imaged a pair of temperature controlled 

soldering irons via a surface mirror. Hands et al postulated that when the image intensity from the engine 

matched the calibrated reference, the surface temperatures could be estimated. This estimation relied upon 

a few assumptions. These were that the contribution due to the hot gases and the window was negligible 

and that the camera provided a spatially uniform response to incident radiation. Also for calibration it was 

assumed that the emissivity of the piston surface and the soldering iron were equal.

The results showed that the piston crown temperature was of the order of 400°C, rising by an additional 

50°C during knock. Additional work within a conventional optically accessed engine observed the 

cylinder head via the quartz piston crown. Visualisation of the progressing flame front for small periods 

(0.4 ms) was also achieved because the IR emissions behind the flame front are far more intense than the 

unbumt gas in front of it.
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Section 3 The Internal Combustion Engine

1.6 In-Cylinder Motion
The induction of air or air/fuel mixtures into the cylinder of an engine is one of the primary processes that 

influences the combustion process in an engine. It is arguably the most important stroke in the engine 

cycle since the induction process influences the rate of mixture movement, rate of combustion, output 

power, heat transfer characteristics, emissions, fuel consumption and efficiency of the engine. In-cylinder 

fluid motion can be an orderly, random or a combination of both. One of the important measures of the 

fluid motion is the level o f turbulence. Turbulence can be thought of as a random motion that occurs in 

three dimensions, superimposed upon the mean flow. It is generally accepted that the bulk motion o f the 

fluid and the level o f turbulence in the cylinder at given times in the engine cycle have an important role 

in the mixing and distribution o f the air and fuel and the subsequent ignition and propagation of the 

combustion process. Understanding and measuring the fluid flow and mixing within the cylinder is 

therefore fundamental to successful engine development. Turbulence is naturally generated within the 

fluid during its passage through the intake system and inlet valves into the cylinder. It can be enhanced by 

control of the , squish, axial swirl or tumble motion of air. A schematic of the three air motion strategies 

is shown in figure 1.9

a) Squish b) A xial Swirl c) Tumble

Figure 1.9 Schematic of air motion within the cylinder of an IC engine

1.6.1 Squish

Squish is one method for enhancing the turbulence within the cylinder, and can also provide direction to 

the flow. It is the term given to the squeezing and ejection of fluid from between the top of the piston and 

an area of the cylinder head as the piston reaches TDC. A particular example of squish is on a direct 

injection diesel engine with a flat cylinder head surface and a bowl in the piston. As the piston reaches 

TDC the gas in the cylinder is squeezed out from between the piston and cylinder head, into the bowl. 

This increases the turbulence of the fluid in the bowl during the early stages of combustion. The 

technique may also be employed in SI engines.
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1.6.2 Axial Swirl

Axial swirl is defined as the orderly rotation of charge about the cylinder axis. It is created by introducing 

the intake flow into the cylinder with some initial angular momentum. It was initially associated with high 

speed Diesel or direct injection engines in order to promote rapid mixing o f the fuel and air and an 

improved combustion speed (Kersey [1944]). Swirl is used within two-strokes to improve scavenging 

since some of the swirl motion survives the compression and combustion stages

Axial swirl can be generated by two methods, one is to introduce the incoming charge tangentially to the 

cylinder and the other is to generate the swirl prior to entering the cylinder. With the former the incoming 

charge will collide with the cylinder wall and thus be projected around and downwards within the 

cylinder in a swirling motion. This can be achieved by the use of a directed port which aims the incoming 

flow or a deflector wall type port that uses its inner side to force the charge though the outer periphery of 

the inlet valve. To generate swirl prior to the charge entering the cylinder, helical ports can be used to 

direct the flow around the valve axis. Helical ports are much less restrictive to the incoming flow and 

hence exhibit a higher discharge coefficient. For research purposes axial swirl can be generated by either 

shrouding or masking of the inlet valve periphery (Khalighi [1990]).

1.6.3 Barrel Swirl (Tumble)

Tumble or barrel swirl is usually generated within engines fitted with two inlet valves per cylinder. Here 

the charge motion rotates about an axis perpendicular to the cylinder axis. It is used to promote the rapid 

and complete combustion of highly diluted mixtures in, for example, stratified charge engines or engines 

with a high proportion of recirculated exhaust gas (EGR). The intensity of the tumble is governed by the 

design of the inlet port geometry. It is usually enhanced by allowing the flow emanating from the intake 

port floor to pass over the top of the inlet valves into the cylinder. The flow then traverses the cylinder 

until its hits the opposite side cylinder wall, where it will be deflected downwards and drawn down by the 

piston descending. As the piston moves up within the cylinder, the flow is spun up (through conservation 

of angular momentum) which enhances the swirl. As the piston approaches TDC the vortex is 

considerably distorted and finally breaks down into turbulence. Benjamin [1992] quoted that if the energy 

within the vortex could be harnessed to produce turbulence at the correct time within the cycle then it 

could be exploited to provide an enhanced flame propagation and stable combustion. He stated that the 

flow behaviour evidently depends upon the vortex strength, engine geometry and chamber shape.

Omori [1991] and Kiyota et al [1992] evaluated the differences in tumble intensity between different port 

configurations. The first was a conventional port and the second was a straight port with a triangular cross 

section known as a tumble port. With the conventional port the downward airflow under the intake valves 

and the upward flow under the exhaust valves during the first half of the intake stroke caused a reduction 

in rotational velocity, hence weakening the overall tumble intensity. With the tumble port the flow under 

the inlet valves was suppressed so that the downward flow on the exhaust valve side of the cylinder met 

no opposition and increased the rotational velocity. The tests were performed using a motored engine 

operated at 1000 RPM with a wide open throttle (WOT). With the tumble port, a vortex structure was 

clearly visible on commencement of the compression stroke and was maintained during the early and mid
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stages of the compression stroke. Near TDC, the tumbling vortex was converted into many small eddies. 

The paper concluded that the tumble port produced the stronger tumble vortices and hence stronger 

turbulence which in turn provided an improved mixture preparation.

Church and Farrell [1998] investigated the effects of the intake port geometry on large scale in-cylinder 

flows using PTV. Three port designs were tested with different intake runner approach angles of 5°, 10° 

and 20° respectively. The flows were visualised at three different parts of the cycle namely, BDC of 

induction, 90° before TDC (compression) and TDC. It was shown that shallower approach angles 

generated a better organised flow structure with an increased tumble ratio.

Fry [1994] assessed the benefits of fixing an adjustable ‘ski ramp’ within the intake port to direct the air 

flow towards the top of the inlet valves for engines running at low load. At high loads the ramp would be 

lowered to prevent deterioration of the volumetric efficiency. The effect of the ramp was particularly 

strong within the 1500-2000 RPM range. However it was discovered that the disadvantages of the ramp 

outweighed the advantages due to the build up of fuel downstream and on the underside of the ramp. This 

was caused by the fuel entrained within the reverse air flow impacting upon the port floor. Modifications 

were carried out to eradicate the fuel hang-up problem and subsequently it was concluded that the revised 

ski jump was likely to be an equally good or better tumble generator than a conventional port. However, 

its effect upon the in-cylinder air fuel mixture preparation and subsequent ignition remained uncertain.

Arcoumanis et al [1993] also evaluated the benefits of shaping the port to enhance tumble by partially 

blocking the lower section in order to promote the flow over the top of the inlet valves. The tests were 

carried out on a steady flow rig and their validity confirmed by results from a motored engine. The results 

showed that the strength o f the induction generated tumbling vortex was double that from a conventional 

cylinder head of the same design. However, the disadvantage was a 20% reduction in the discharge 

coefficient which considerably reduced the volumetric efficiency of the engine. The motored engine tests 

showed that the tumbling vortex ratio increased dramatically during the later half of the induction stroke 

before collapsing into turbulence as the piston approached TDC.

Previous modifications were used to try to increase the amount of tumble during light loads or idle. At 

these operating conditions the air flow was low and due to the large valve areas and lack of momentum, 

there was a tendency for the tumble to either not be established or to collapse early. This could lead to 

poor mixture preparation, poor combustion or misfire. It is apparent that there is a conflict of interest 

when designing cylinder heads depending on whether an improvement of the tumble ratio or the engine’s 

volumetric efficiency is required. One important point is that turbulence is required to speed up the 

combustion process. In addition, the disadvantages of having either swirl or tumble alone, such as 

reduced volumetric efficiency or tumble collapse at low loads, warrant the ability to exercise some 

control on both air motions. By doing this the advantages of each air motion for the required engine 

operation can be exploited.
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1.7 Generation of In-Cylinder Motion
This section will discuss methods used to generate either swirl or tumble so as to achieve benefit for 

specific engine operation. Firstly, it is necessary to clarify the benefits of using multivalve engines. 

Within this thesis the term multivalve is used for engines fitted with more than two valves per cylinder.

1.7.1 Multivalve Engines

There are many variations in the design of the combustion chamber for SI engines. Different engines vary 

in cylinder head and piston crown shape, the location and number of spark plugs and the size and number 

of valves fitted per cylinder. The current trend is to employ compact fast burning combustion chamber 

designs since they enable combustion to complete over a shorter crank angle interval, with less cyclic 

variation and improved emission levels. Efficiency is also aided by lower heat loss from either radiation 

or convection. By employing a faster bum rate, leaner mixtures or higher amounts of EGR can be utilised 

which can provide greater control of exhaust emissions at part load as well as improving fuel 

consumption figures. Heywood [1988] states that the main requirements of a good combustion system 

design are:-

• A fast combustion chamber.

• A low cyclic variability.

• A high volumetric efficiency.

• Minimal heat loss to chamber walls.

Many features can be employed to produce fast bum engines, these include a more compact combustion 

chamber, moving the spark plug to a more central location or using more than one spark plug and the use 

of in-cylinder motion to produce turbulence. High volumetric efficiency can be achieved by careful 

design of the inlet ports and/or by using larger/more valves per cylinder. A decade ago, the use of 

multivalve engines was restricted to high performance vehicles. It is widely known that these engines 

exhibit a fast combustion speed and low emissions when compared to their two valve counterparts. Much 

work has been carried out on the development of combustion systems and engine structures in order to 

meet the increasing stringency of future emissions legislation (Mikulic et al [1990], Endres et al [1990], 

Fraidl et al [source unknown] and Hu et al [1992]). Therefore four valve engines are now a necessity and 

are commonplace within the domestic car market.

The use o f a four valve pent roof chamber achieves most of the previous combustion chamber criterion. It 

exhibits a good surface to volume ratio with a large inlet and exhaust valve area, which minimises 

pumping losses incurred during the gas exchange process and ensures high volumetric efficiency. Endres 

et al [1990] compared twenty two, different two valve engines with ten four valve engines. For the 

designs studied, the four valve engines exhibited a 15% higher volumetric efficiency at a given speed. 

The power output of an engine is dependent upon its volumetric efficiency, thermal efficiency, engine 

speed and air/fuel ratio.
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From the previous statement it follows that a four valve engine will produce a higher brake mean 

effective pressure (BMEP). Endres found that at low speeds the two and four valve engines exhibited 

similar BMEP’s. However at WOT the four valve engines exhibited an average of 25% higher BMEP 

than the two valve engines.

It can be concluded that the four valve engine producing tumble at high speeds gives the best results but, 

as stated previously, at low loads the tumble motion is rarely present which leads to poor mixture 

preparation, poor combustion, high emissions and poor efficiency. Therefore, the introduction of axial 

swirl may be favourable at low loads. The next section will discuss how a four valve engine with two 

inlet valves can be operated using a single inlet valve to achieve the best all round performance from a 

multivalve engine.

1.7.2 Valve Deactivation

Stone et al [1993] assessed the benefits of using valve disablement on one of the inlet valves to produce 

axial swirl at low loads. Steady flow rig tests were compared to motored engine tests where both the axial 

and barrel swirl were measured. However, it was necessary to set the deactivated valve to 1 mm lift in 

order to reduce occurrence of fuel puddling within the deactivated port. The tests revealed that the valve 

deactivation produced an increase in both the tumble and axial swirl coefficients. The overall effect was 

to produce a single vortex rotating about an inclined axis. The low load engine tests showed a 23% 

reduction of both the 0-10% and 10-90% bum duration. The faster and more stable combustion led to a 

5.6% reduction in brake specific fuel consumption (BSFC). More importantly, the variations of IMEP 

were reduced by up to 3%, leading to smoother running.

Valve disablement is now being used within production vehicles. An example is the Honda VTEC 

(variable timing event and valve disablement) engine. Horie et al [1992] provide a good explanation of its 

operation, it mainly consists of three specific features:-

• The use of two straight inlet ports at high speeds to maintain a high volumetric efficiency.

• The use of single valve deactivation at low speeds to generate axial swirl.

• The production o f an axially stratified charge by the control of the fuel injection timing during the

intake stroke.

The VTEC-E mechanism consists of a camshaft with two profiles, one known as the primary, is used for 

the intake valve operation whilst the other known as the secondary and is used whilst one inlet valve is 

deactivated. The camshaft operates upon a dual rocker assembly, at low loads, each rocker is operated 

independently with the primary cam opening a single inlet valve fully. The secondary cam is used to open 

the deactivated valve by 0.65 mm to prevent any fuel build up within the deactivated port. It was reported 

that the 0.65 mm lift exhibits little effect in the reduction o f the swirl ratio. At high engine speeds a 

hydraulically activated pin links the rockers. Tests upon the engine at part load operation yielded that the 

straight port design stabilised combustion at an air/fuel ratio of 22:1, improved BSFC by 12% and was 

effective in reducing NOx emissions.
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1.7.3 Port Deactivation

An alternative method for the generation o f axial swirl within four valve engines operating at low loads is 

port deactivation. Port deactivation is perhaps easier to implement than valve deactivation and should 

provide similar results. Automotive manufacturers have evaluated various strategies for port deactivation, 

some of which are shown in figure 1.10.

Figure 1.10 Various port deactivation strategies

To achieve optimum part load operation using port deactivation various port designs have been used. The 

conventional arrangement is usually a common inlet port with a fuel injector mounted upstream of the 

bifurcation, the air and fuel then divide to enter the cylinder via each inlet valve (figure 1.10 (a)). Figure 

1.10 (b) shows another common design similar to the figure 1.10 (a) but has a throttle fitted within one 

port. This generates uneven flows between the ports to provide stable operation at low loads. Kiyota et al 

[1992] and Kuwahara et al [1994] however completely divided the inlet port into two and situated a fuel 

injector into one side and a throttle within the other (figure 1.10 (c)>. At full loads the port throttle was 

opened fully thus promoting the maximum amount of tumble. Since the fuel only entered via one valve, 

the charge was stratified. At low speeds the throttle was fully shut in order to promote axial swirl which 

allowed lean mixtures of the order of 30:1 to be burnt reliably.

An alternative strategy described by Matsushita et al [1985] from the Toyota 2nd generation multivalve 

lean bum engine, had the fiiel injector situated further downstream with a throttle situated in front of one 

port (figure 1.10 (d)). The principle was to allow the maximum amount of time for the air and fuel to mix 

in order that the charge becomes homogeneous. However, fuel was seen to impinge upon the back of the 

throttle. This was stripped off as large droplets and drawn into the other port which hindered the mixture 

preparation. The lean limit of engine operation was found to vary considerably from engine to engine, 

which was attributed to manufacturing variation, deterioration and climatic changes. The system was 

superseded by the 3rd generation system as described by Inoue et al [1993]. Here the fuel injector was 

situated just downstream of the port bifurcation and a port throttle situated within the divided intake 

manifold similar to figure 1.10 (b)
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Another alternative is to once again completely divide the intake ports, one port which is straight is fitted 

with a throttle, the other is shaped in order to present the flow tangentially to the cylinder which is fitted 

with the fuel injector (figure 1.10 e). At low loads the port throttle is shut, the tangential port establishes a 

strong axial swirl. A full load the port throttle is fully open to achieve a high volumetric efficiency 

however, due to the tangential port there would be some loss in volumetric efficiency when compared to 

an engine fitted with two straight ports. However, the advantages potentially outweigh the reduced 

volumetric efficiency.

One system that utilises a port throttle strategy similar to figure 1.10 (e) is the AVL controlled bum rate 

(CBR) combustion system as described by Mikulic et al [1990]. In this system the fuel injector still 

injects into both ports simultaneously. In order to achieve different rates of charge stratification under part 

load operation, different charge motion intensities are required. From previous discussions the port 

arrangement to achieve the highest flow coefficient would consist of straight ports but these would exhibit 

the lowest axial swirl ratio. To achieve the best axial swirl ratio it would be beneficial to have a tangential 

port only, but this would exhibit the lowest engine breathing capability. The AVL system tries to 

incorporate the benefits of each with two modes of operation, which were.

1. Straight port + Tangential port, Swirl Control Valve open

2. Straight port + Tangential port, Swirl Control Valve closed.

The first mode of operation was used for high speeds and produced a low axial swirl ratio with tumble

rotating around an inclined axis. The second was used for low load operation to promote axial swirl and

fast combustion similar to that of a two valve engine. The AVL CBR system utilised the charge 

stratification to shorten the ignition delay and stabilise combustion with a decreased overall combustion 

time for both stoichiometric and diluted charges. The conclusions were that the CBR system provided a 

controlled bum rate at part load with port throttling, with provision of high part load EGR tolerance, low 

cyclic variability and an optimised fuel consumption/emissions trade off (without affecting the WOT 

characteristics severely).

This section demonstrates that much interest has been shown into promoting large scale flow structures 

within the cylinder in order to convert energy from the ordered charge motion into smaller scale 

turbulence prior to and during combustion. It is widely accepted that this small scale turbulence increases 

the flame propagation rate which is highly desirable under lean mixture operating conditions. This 

extends the flame surface area which goes on to reduce ignition delay (0-10% burnt) and bum duration 

(10-90% burnt). It has been shown that a well defined swirl or tumble motion is more stable than other 

types of large scale in-cylinder flows and breaks up later in the cycle to produce higher turbulence for 

combustion. Kyriakides et al [1989] show that there is a good correlation between tumble intensity, 

ignition delay and bum duration.
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However, burning lean mixtures promotes cyclic variability. Belmont et al [1994] identified a potential 

problem in that the control o f the tumble collapse can affect performance significantly. Their model 

predicts that the time fluctuation of the tumble collapse may well be of the order of one millisecond and 

the resulting flame velocity variations can produce many per cent variation of the indicated mean 

effective pressure (IMEP). However, alternative engine tests have shown favourable results with the 

variation of IMEP being acceptable at less than 5% for lean mixtures (Bandel et al [1989], de Boer et al 

[1990] and Deschamps et al [1993]).

1.8 CO2 Reduction Measures
Previous emission control strategies concentrated upon the three main exhaust pollutants: unbumt HC’s, 

CO, and NOx. A two part approach to the reduction of these emissions was applied, the first being the 

treatment of the exhaust gases and the other was the reduction of engine out emissions. The emission 

reduction measures currently employed are extremely efficient. A particular area of interest at present is 

the improvement o f fuel economy and the associated reduction in C 0 2 emissions. It is now known that 

C 02 is a greenhouse gas, which contributes to global warming. The only way to reduce the levels of C 02 

produced is either to use alternative fuels or to reduce the fuel consumption o f conventional IC engines. 

There are various problems associated with the use of alternative fuels such as cost and availability of 

technology. These ensure that a relatively long lifetime remains for the IC engine. This section is 

concerned with the reduction o f C 02 by different engine operational strategies and developments.

1.8.1 Fuel Economy Improvement Techniques

Reducing the fuel consumption of a vehicle is one of the least disruptive ways of lowering, not only 

emissions of C 02’ but all other conventional pollutants discharged into the atmosphere. Research into fuel 

efficient vehicles underwent a boom during the oil crisis in the Seventies, when ownership of highly 

efficient vehicles became attractive. During the relatively prosperous Eighties, oil prices were low and the 

demand for larger more powerful vehicles increased. This trend is now being reversed again with the 

enforcement of tighter emission legislation and the prospect of C 02 regulation.

Many manufacturers currently market at least one car which consumes considerably less fuel per mile 

than the rest of their range. These fuel-efficient vehicles usually employ complex technology. Whilst 

reductions in vehicle weight, drag and rolling resistance have an important part to play in reducing C 02 

emissions, it is important that development of fuel-efficient IC engines continues. This, in turn, 

necessitates the availability o f advanced analysis tools.

1.8.2 Conventional SI Engine Operation

To date, conventional SI engines have to operate with stoichiometric mixtures due to the operational 

requirements of the three way catalysts currently employed for emission control. The engine is operated 

within a small air/fuel ratio range centred at 14.7:1, cycling from rich to lean at approximately 0.5 -  1 Hz 

to ensure that the majority of exhaust pollutants can be significantly reduced. Being slightly rich ensures 

an efficient NOx reduction whilst being slightly lean ensures the oxidation of HC’s and CO. The use of 

electronic fuel injection systems allows the mixture to be varied in accordance with an oxygen sensor
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fitted within the exhaust. Large reductions in fuel consumption are difficult to achieve due to the 

requirement for maintaining stoichiometric mixtures. An additional drawback is the high level of 

emissions during cold start conditions while the catalyst is warming up to its light off temperature. 

Therefore, alternative engine strategies have to be re-examined.

1.8.3 Lean Burn Engines

A lean bum engine is any engine that can efficiently bum air/fuel ratios in excess of 17.5:1. During the 

early Eighties when Europe was trying to decide on its emissions legislation, the UK considered that the 

lean bum technology was elegant and cost effective. Its lifetime potential for maintaining good emissions 

control was assured and its potential for excellent fuel economy was significant in limiting the emissions 

of CO2 when compared to the use of three way catalysts (Dunne and Greening [1993]). America had been 

using three way catalysts for some time and there is no question that when working properly they were 

extremely effective. However, they have suffered a number of operational problems and were costly to 

replace. During 1985 the council of ministers in Luxembourg decided to follow the large car standard (i.e. 

greater than 2 litres) which effectively put the EC on course for catalyst control.

The inherent problem of the early lean bum engines was that they operated with a homogeneous charge, 

which limited operation to air/fuel ratios of around 17-18:1. Operation at these air/fuel ratios was also 

responsible for the particularly high levels of NOx produced. Early engines exhibited an increased bum 

duration, increased HC’s and CO emissions and cyclic variability. Due to the excess air operation the use 

of a three way catalyst was not possible, therefore making it more difficult to reduce NOx levels to a 

satisfactory level. For these reasons lean bum technology was not readily adopted by automotive 

manufacturers (Horie et al [1992]).

However, as previously discussed, the use of increased in-cylinder motion extends the lean bum operation 

of IC engines (Horie et al [1992], Kiyota et al [1992], Inoue et al [1993] and Stokes et al [1994]). Current 

production lean bum engines operate with air/fuel ratios of 22:1 (Honda VTEC-E Horie et al [1992]) to 

25 (Toyota 3rd generation Inoue [1993]).

1.8.4 Stratified Charge Engines

The concept of the stratified charge engine is not new, and was discussed as early as 1920 by Ricardo. 

The basic theory is to extend mixture formation further into the lean regime. This is achieved by having a 

near stoichiometric mixture near the spark plug to initiate combustion and a leaner non-combustible 

mixture in the rest of the cylinder volume. The stratification can occur either axially, where the fuel is 

injected into the centre of the cylinder with air surrounding it or the charge can be stratified spatially 

within the cylinder bore. This type of stratification can occur either from top to bottom of the cylinder or 

from left to right. A schematic of the different types of stratification is shown in figure 1.11. It is hoped 

that eventually this type of engine could be operated unthrottled to reduce the pumping losses and 

increase efficiency, but this is not easy to achieve in practice.
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Figure 1.11 Different stratification strategies

In a spark ignition engine which has hom ogeneous mixtures, changes in load are dealt with by reducing 

the air and fuel flow. This was easy to achieve in a carburetted engine, these are now largely redundant 

having mostly been replaced by fuel injection. The control o f  fuel injection requires a com plex control 

strategy with an em bedded engine map to take into consideration the multitude o f  engine operating 

scenarios. In a com pression ignition engine the air flow remains at maximum for all load conditions since 

they exhibit heterogeneous mixture formation. Here pumping losses are at a minimum and the flame 

tem perature depends primarily upon the engine load. This provides higher part load efficiencies. The 

disadvantage o f com pression ignition engines is that they are perceived to be noisy and have smoky 

exhausts. From an operational point o f  view the diesel engine possesses less power than a gasoline engine 

o f  the same size or displacem ent volume. Stratified charge engines are an attempt to introduce some o f 

the advantages o f  the com pression ignition engine into spark ignition engines thereby producing lower 

emissions and an improved efficiency over conventional SI engines.

The biggest problem associated with stratified charge is the trend o f  increasing HC emissions with 

decreasing load and the associated cyclic variations. Balles et al [1984] attribute the high HC levels 

within the exhaust gases at light loads primarily to the unbum t fuel when a partial bum  or misfire occurs. 

Early stratified charge engines consisted o f  an auxiliary cham ber situated adjacent to the main 

combustion cham ber and joined by a small throat. The fuel was injected directly into this cham ber where 

the spark plug was situated. Combustion was initiated within the auxiliary chamber, which then spread 

into the main com bustion cham ber via the throat. This type o f  arrangem ent was known as a jet-ignition or 

torch ignition system.

A sim ilar system known as the Broderson method o f charge stratification was analysed by Conta et al 

[source unknown]. At light loads injection took place during the early part o f the com pression stroke 

whilst at higher loads the injection tim ing straddled BDC. A stoichiom etric mixture was adjacent to the 

spark plug at all loads whilst the mixture within the main cham ber varied from near stoichiom etric at full 

load to very lean at part loads. However, charge stratification is now obtainable with standard com bustion 

chamber arrangements by either using direct or multi-point fuel injection systems. In addition, the tim ing 

o f the injection can be late into the induction stroke thus ensuring a rich mixture is adjacent to the spark 

plug prior to ignition. Therefore, it can clearly be seen that the injection characteristics significantly affect 

the engine’s perform ance and emissions.
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The important concept to grasp with stratified charge engines is that the rich fuel ‘pocket’ must be 

conveyed around the cylinder so that it is adjacent to the spark plug at ignition for all engine conditions. 

This is not an easy task. For optimum stratification it is necessary for the intake port to generate a high 

axial or barrel swirl. Injection timing is an important factor if stable combustion is required. Even though 

sufficient swirl may be generated, incorrect injection timing may result in the fuel being distributed too 

thinly for combustion or the rich pocket not being adjacent to the spark plug prior to ignition. Further 

difficulty is introduced by the fact that the timing will have to be altered for different engine load 

conditions. It is assumed that fuel injected into the inlet ports when the inlet valves are shut stays at the 

port entrance, where it evaporates. Ohm et al showed that within an axially stratified charge engine with 

closed valve injection that most of the fuel entered the cylinder at the early stage o f valve opening before 

a strong in-cylinder flow could be established. It was therefore thought that the fuel was located in front 

of the intake air and cannot be moved with a strong swirling motion. However, fuel injected during the 

intake stroke did move as a small rich packet with a strong swirling action but had little chance of mixing 

with the air in front or behind. This poor mixing therefore maintained the fuel stratification.

Since there is little diffusion mixing, the swirling action maintained the size of the fuel packet but the 

injection timing determined its position. During optimum engine conditions this fuel band was kept 

narrow, and therefore richer and adjacent to the spark plug during the initiation of combustion. Varying 

the fuel flow rate produced interesting results. By increasing the fuel flow rate, the injection duration was 

shorter if the same amount o f fuel was to be supplied. This produced a thinner fuel band and thus a richer 

mixture around the vicinity of the spark plug. Ohm et al [1993] concluded that applying this strategy 

allowed leaner mixtures to be burnt successfully. However, excessive fuel flow rates lead to poor 

combustion and high emissions due to poor atomisation and wall wetting.

To date only an intermittent interest has been shown in stratified charge engines, but they could have an 

important role in future vehicle engine designs. Their ability to bum leaner mixtures successfully could 

produce lower fuel consumption and emission figures. This is required in order to meet further emissions 

legislation and to reduce C 0 2 output. Two methods of stratification are being explored, the first of which 

uses air to bulk out the cylinder volume. However, these suffer from high NOx output and therefore 

require a lean NOx catalyst, which to date does not exist. The other concept is to stratify with EGR where 

a conventional three way catalyst can be used but these have a limited life due to future emissions 

legislation.

1.8.5 Direct Injection Gasoline Engines

The gasoline direct injection engine (GDI) is the likely successor to the port fuel injected (PFI) stratified 

charge engine. The concept of GDI is not new but technological advances in fuel injection systems, 

variable swirl and tumble control, and laser diagnostics have enabled the concept to be re-evaluated. The 

goals for GDI technology as well as for all future engine designs are to reduce fuel consumption and 

exhaust emissions. Lake et al [1996] discussed two possible operating strategies for the GDI engine, these 

were:-

48



1. Early injection with a stoichiometric AFR, i.e. Homogeneous charge.

2. Late injection i.e. Stratified charge.

Early injection with a homogeneous charge provides a number of benefits. Since the fuel is introduced 

directly into the cylinder, port wall films cannot be developed and as such less fuel is required. The 

transient response is therefore improved and the levels of unbumt hydrocarbons are reduced (UBHC). 

GDI also has the ability to provide near stoichiometric conditions within the cylinder during cold starts. 

Anderson et al [1996] reported that their GDI engine fired on the second cycle with a stoichiometric 

mixture after which the engine showed a moderate variation in IMEP. Conversely, the PFI engine failed 

to start until cycle 7, after which subsequent misfires and poor combustion occurred. The non combusting 

first cycle of the GDI engine provided a high initial UBHC level which dropped markedly in the 

successive cycles before achieving a near steady level by cycle 5. The PFI engine showed a gradual 

increase in the UBHC until the first fire in cycle 7. The UBHC trace then fluctuated due to the misfires 

and poor combustion and did not settle until after cycle 35.

Zhao & Harrington [1997] quote a number of additional benefits of a GDI over a PFI engine these being:-

• Improved fuel consumption (up to 30%)

• Higher compression ratios attainable (due to charge cooling)

• Lower octane requirement (due to charge cooling)

• Fuel cut off during deceleration

• Less fuel enrichment during acceleration

• Precision air/fuel ratio control.

The disadvantages of the early injection strategy is that homogeneous mixture preparation is used 

therefore a throttle is still required for load control. Hence, the full fuel economy potential associated with 

the elimination of throttling will not be realised.

The use of late injection will stratify the charge within the cylinder producing improved fuel consumption 

for part load operation. However, there will be much less time for the mixture preparation process 

compared to a PFI engine. This can lead to increased UBHC and the possibility of particulates forming. 

Ideally future late injection GDI engines will be unthrottled and will use fuel enrichment for load control. 

However at present, the fixed location of the ignition source makes it difficult to operate in the unthrottled 

mode for other than full load (Zhao & Harrington [1997]). The current concern with stratified operation is 

high NOx production. This is attributed to local stoichiometric combustion with an associated high heat 

release compared to the slower homogeneous combustion of PFI engines.

Since the stratified charge GDI engine can potentially operate with extremely lean mixtures, a 

conventional 3-way catalyst cannot be used to reduce the NOx levels. Instead alternative NOx reduction 

methods are required. Conventional PFI engines use recirculated exhaust gas (EGR) to reduce engine out 

NOx emissions, where 15% EGR can produce a 50% reduction in NOx. Further increase in the amount of
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EGR is not possible since the mixture will exceed its lean combustion limit and could induce misfire. 

Kume et al [1996] have shown that the stratified charge GDI can accept higher levels o f EGR without any 

adverse reaction, which in turn produced large Nox reductions. However, the absolute engine out NOx 

levels for the stratified GDI engine can still exceed those o f a conventional lean bum PFI engine. 

Therefore future development of the GDI engine could be dependent upon the production of an efficient 

lean NOx catalyst.

Even though the late injection strategy could yield possible further fuel consumption improvement for 

part load operation, the engine has to revert to early injection for full load operation in order to vaporise 

the required amount o f fuel. Therefore a complex engine management system would be required, 

particularly if  a smooth transition from one strategy to the other was required. At present, the success of 

the GDI engine may be overshadowed by the high cost of the associated engine management system and 

specialised fuel injection components. This would seem an expensive option if similar fuel consumption 

and emissions reduction figures are produced by PFI engines. However, future emissions legislation may 

eventually reduce the lifetime and applicability o f the PFI engine.

To date Mitsubishi (Iwamoto et al [1997]) are probably the best known manufacturer to employ GDI 

technology within production vehicles. The engine uses a reverse tumble, which is enhanced by a 

specially shaped piston crown. During part load operation extremely lean mixtures o f 40:1 are burnt 

efficiently with 30% EGR for engine out Nox reduction. Further NOx reduction is achieved using a de- 

Nox catalyst. This is a selective reduction type with three way catalytic functions.

Early GDI engines will operate with an early injection strategy and a limited stratified charge operation. 

These will use conventional 3-way catalysts and EGR for NOx reduction. These engines will exhibit the 

same fuel consumption figures as current PFI engines but will exhibit significantly better cold start 

UBHC levels and improved transient response. Providing a lean NOx catalyst (or some other equally 

efficient device) emerged, the ultra-lean stratified charge GDI will become a viable option and will 

exhibit similar power to the homogeneous GDI engine but with significant reductions in fuel 

consumption.

A radically different approach to DI is the direct mixture injection (DMI) which was developed by Fraidl 

et al [1996], The system incorporated the benefits of air-assisted injection and prevaporised fuel without 

the use of an external air supply. The mixture entered the cylinder via a small chamber adjacent to the 

cylinder during the induction and early compression stroke until the pressure in the injector mixing 

chamber equaled that of the cylinder. As the piston rose, some of the new charge was displaced back into 

the injector mixing chamber and was pressurised. Prior to ignition, the injection mixing chamber was 

isolated from the main cylinder by a valve, fuel was injected into the isolated pressurised chamber where 

it vaporised ready to be injected within the next cycle. The system exhibited excellent mixture preparation 

capabilities as well as charge stratification, which utilised late injection at part loads and early injection at 

full loads. However, it did not exhibit the benefits of charge cooling associated with GDI engines.
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Section 4 The Requirement for a New Optical Technique

1.9 Literature Survey Summary
This first chapter serves to address two issues, the first of which was to gain a thorough understanding of 

optical diagnostic techniques used within the IC engine research field. The second was to understand the 

in-cylinder processes that could affect what would be seen within the cylinder. This was required in order 

to select and apply a laser diagnostic technique that would produce the most useful images. Clearly there 

are many laser diagnostic techniques available but it seems that each technique has its own attributes and 

compromises. Each technique has been developed for a particular application and usually only provides 

one type o f information, which may or may not be reliant upon other accurate measurements such as 

temperature and pressure for calibration. One important feature that should be understood is that the in

cylinder flows are extremely 3-dimensional, despite perceived ideal flow structures (i.e. the axial swirl or 

tumble scenarios). It therefore becomes increasingly difficult to visualise these flows for two main 

reasons. The first is restricted optical access. Often the windows are small so that only a small area can be 

imaged, which in turn provides limited information. Careful consideration of which view could 

potentially provide the best results is required, for example, visualising pure axial swirl from a cylinder 

side window may not be as productive as viewing it through the piston crown. Therefore some experience 

is required to be able to exploit each laser diagnostic technique to its full potential.

The ability to view in-cylinder processes has been important for engine development and continues to be 

true. However, manufacturers also want to be able to quantify experimental data in order to corroborate 

data provided from computer generated flow models. The ability to understand fully and quantify a 

complete engine cycle would require great effort and a variety of measurement techniques. Due to limited 

access these tests could not run concurrently and therefore extended engine testing would result. Many 

diagnostic techniques concentrate upon a particular time period within an engines cycle. To complicate 

matters further, an engine exhibits a highly temporal nature with an additional cyclic variability. This may 

require thousands o f data points to be collected, processed and analysed before any useful results can be 

presented. It was apparent that even though there were many laser based diagnostics techniques available, 

there remained a need for a new technique to permit rapid visualisation of in-cylinder flows in order to 

assist engine development. A technique which could provide information on the turbulent mixing of two 

gas flow streams would be particularly useful. The research contained in this thesis was aimed at 

satisfying these requirements.

1.10 The Way Ahead
Before deciding upon a solution it is important to understand the boundaries of the current research. The 

intention is to be able to visualise and distinguish between two flow streams within the cylinder of an IC 

engine. The results should provide information on the degree of mixing or stratification of the flow 

streams simultaneously. The constraints are that the assembled instrumentation should be easy to use, cost 

effective and must produce results within a reasonable time.
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The important point is that any technique proposed will be used for qualitative visualisation to aid engine 

development. As discussed within this chapter there are many other laser based techniques available that 

can provide quantitative data and it is not the intention to replicate them.

Therefore to visualise both flow streams there has to be some way of identifying each individual flow 

stream. Mie scattering is a well established method for visualising single flows. However, Mie scattering 

can suffer from spurious scattering and stray light reflection problems since the scattered signals are the 

same wavelength as the incident light. This makes identification of the scattered signal from the 

background illumination difficult. Therefore to maintain simplicity it was decided, if possible, to identify 

each flow stream by the use of colour. Therefore some kind of luminescent emission is required. The 

principle is that each flow stream could be seeded with different luminescent particles such that under 

excitation the particles emit light at a different wavelengths. The wavelengths should also be different to 

that of the incident irradiation. The main advantage in doing this would be the ability to distinguish 

signals against a null background, rather than from an active background and from each other.

The proposed technique is shown in figure 1.12. This shows a schematic of a stratified charge engine with 

the air/fuel mixture entering via one inlet valve and either air or recirculated exhaust gas entering via the 

other. Here one flow stream is seeded with luminescent particles ‘A ’ which emit light at A,], whilst the 

other flow is seeded with particles ‘B’ which emit light at A2. As long as Aexcite * Aj * A2 is satisfied then 

the use of optical filters can then isolate each flow stream for identification purposes and therefore the 

extent of any mixing can be visualised.

Recirculated Exhaust 
Gas or Air

Air/Fuel Mixture

Flow containing 
Tracer Particles *B’ 
aU  7

Flow containing 
Tracer Particles ’A' 
at A,

Piston

Figure 1.12 Schematic of proposed flow tracing technique
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The research was therefore divided into three main areas, these being:-

• The identification of a pair of suitable luminescent tracer particles.

• The assembly o f appropriate instrumentation to be able to excite and record the luminescent

emissions and therefore trace the flow streams.

• The development and testing of the technique(s) so as to assess its applicability within IC engine 

research.

This thesis discusses the development of a new optical technique known as Phosphorescent Particle 

Tracking (PPT). The seeding, seed generation and the required luminescent properties will be discussed 

and various image capture strategies demonstrated. The image processing techniques used to obtain 

useful images will be explained prior to forming conclusions on the suitability o f the technique.
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Chapter Two: Flow Seeding

Many laser diagnostic techniques require a tracer material to be introduced into the flow stream to be 

visualised. The movement o f this material is recorded and used to represent the fluid flow motion. This 

chapter will discuss the requirements for selecting the appropriate seeding material, the flow tracing 

fidelity of the seed and methods for introducing the seed into the flow stream. Sections providing details 

of engine flow streams and engine testing have also been included.

2.0 Seed Selection Criteria
Many flow streams already carry a significant number of natural impurities (particles) which can 

sometimes be used to trace the fluid motion. However, it is not unusual to add a controlled substance for 

seeding, in order to produce reliable experimental signals. Moreover, for this to be successful, a high level 

o f confidence has to be placed in the ability of the seeding particles to follow the flow faithfully and in 

the ability o f the instrumentation to record the required data. Many of the requirements for particle seed 

selection are covered in standard laser Doppler anemometry (LDA) texts, (Drain [1980] and Durst, 

Melling & Whitelaw [1981]), a summary of which follows. They suggest that the seeding particles must:-

•  Exhibit an ability to follow the flow.

•  Be clean and chemically inactive.

•  Be relatively cheap

•  Ideally are non-toxic, non-abrasive and non-corrosive.

•  Be easy to introduce into the flow stream.

•  Be stable, i.e. they must not evaporate too quickly.

•  Be compatible with the physical properties of the flow 

and the environment that they are going to be used.

It is not always possible to meet all of the above criteria, but meeting as many as possible will ensure 

reliable signals.

2.01 Factors that affect the flow behaviour of the seeding particles

The ability of the seeding particles to follow a flow stream faithfully is affected by many factors, the 

important ones being the particle size, shape and density as well as their concentration in the fluid under 

observation. Since the particle size and shape affect its drag characteristics, a knowledge of the particle 

shape is preferable. However, this information is not always available, since measurement of the shape of 

small particles is difficult. In addition, liquid droplets can distort, shatter and coalesce and solid particles 

can coagulate. The change in size of the seeding particles not only affects their flow characteristics but 

also the amount of light scattered or emitted from them. The upper size limit is limited by the particle’s
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inertia, this would affect not only their ability to move but also to change direction, especially if seeding 

turbulent flows. The lower size limit is usually dictated by the resolution o f the detection instrumentation. 

Later within this chapter, it will be shown that smaller particles follow flows more accurately, but if they 

are too small the instrumentation may not be able to detect them or distinguish between them. A decrease 

in the particle size to below 0.1 pm will cause an increase in particle Brownian motion (Reist [1984]).

The seeding concentration is limited by several factors. The minimum concentration to provide 

representation of the fluid flow is fixed by the maximum allowable signal dropout, that is to say, are there 

enough particles to trace the flow reliably? Reducing the number of seeding particles will directly reduce 

the amount o f light scattered or emitted. The maximum concentration is set by the allowable limits of 

light attenuation, flow perturbation or the accelerated coagulation and deposition of seed material.

2.0.2 Mechanics of flow seeding

The mechanics o f flow seeding is well documented, and for most cases the seeding particles are assumed 

to be spherical. Since the intention here is to seed air flow streams only gas-particle interactions will be 

discussed. One factor that is used to determine the success of the flow seeding is the particle’s flow 

tracing fidelity (its ability to faithfully follow the flow). This can be judged by the ratio of particle 

velocity to the gas velocity. Ideally a seeding particle will follow a flow stream with 100% fidelity but 

this is not possible due to the slip caused by the force exerted upon the particle by the gas flow stream. 

Therefore, the particle velocity will differ from that of the gas velocity. This force, known as the viscous 

drag is usually determined experimentally and expressed in terms o f a dimensionless drag coefficient. 

Rudinger [1980] considered a spherical particle within a non-steady flow and showed that Newton’s law 

of motion (neglecting gravity) becomes:-

1 d u D 1 / \ i  | 1 2
- K P p —£ -  = - C Dp \u -u pJ\u-up\.-7rD Equation 2.1

Where D is the particle diameter, pp the particle density, p the gas phase density, CD the drag coefficient,

u the gas velocity and up the particle velocity.

The drag coefficient is a function o f the particle Reynolds number which is given as:-

pD \u -up \
Re =      Equation 2.2

M

Where p is the gas dynamic viscosity. For low Reynolds numbers i.e. Re < 1 the drag was found 

analytically by Stokes as:

Stokes D rag-3nD p{u-up ) Equation 2.3
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Which yields the drag coefficient as:-

CD = —  Equation 2.4
Re

For higher particle Reynolds numbers experimental data must be used to obtain the drag coefficient. The 

relationship between the drag coefficient and Reynolds number is known as the standard drag coefficient 

and graphs showing this relationship can be found in standard fluid mechanics texts (Massey [1989]) as 

shown in figure 2.1.

Circular disc
Ellipsoid 1:0.75

C0 -  24/A?*

Sphere

Ellipsoid 1:1.8

Effect of surface roughness 
or main-stream turbulence

Figure 2.1 Drag coefficient of smooth, axially symmetric bodies (Massey [1989])

The plot of the standard drag coefficient is complicated and therefore it is convenient to write the drag 

coefficient as follows:-

24 / \
CD = ------ -/(R e) Equation 2.5

^Re

Many approximations of the value of f(Re) are made, Perry’s Chemical Handbook [1973] quotes values 

for three particular ranges as shown in table 2.1.

Range CD Approximation

0.1 < Re < 1000
CD = ^ (l+ 0 .1 4 R e°-7)

Ke

1000 , Re , 200 000 CD = 0.44

Re> 106
Q , -  0 .1 9 -P 5X104 ]I Re J

Table 2.1 Drag coefficient approximation for spherical particles (Perry [1973])
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If the function for the particle Reynolds number and the drag coefficient are substituted into equation 2.1 

the particle acceleration is given by:-

du (k-m )/(R e)
=     Equation 2.6

dt

Where:-

D2p
t v = ------— Equation 2.7

18//

tv is known as the velocity relaxation time and provides a good indication o f when the particle velocity 

approaches the gas velocity. For a constant gas velocity and operation within the Stokes drag regime i.e. 

when the slip between the air velocity and particle velocity is small, it is valid to assume Stokes drag and 

equation 2.6 can be solved to yield:-

5Xp Equation 2.8

Where Up(0) is the particle velocity at t=0. If the gas phase velocity is not constant or Stokes drag does not 

apply, equation 2.6 becomes increasingly more difficulty to solve. The solution for Stokes drag (equation 

2.8) implies that the slip velocity is constant or changes so slowly that the flow can be considered as 

quasi-steady, but flows within engines are not steady, so additional forces have to be considered. Let £ be 

the acceleration of the flow stream and once again considering stokes drag, Newton’s equation o f motion 

becomes:-

— 7rD3p 0—— = 3 tcD u ( u- ud) n l f i —— + — f— itl?  pE\ + — D2 J tt p  u  f JL— dt' + Ext Force
6 Hp dt ^  p ’ 6 *  2 l6  J  2 J j n 7

to >

Equation 2.9

Where p, t, & x represent the gas pressure, time and position co-ordinates respectively, t' is the integration 

variable and to is the time of the start of motion. Closer inspection of equation 2.9 shows that the RHS 

consists o f five terms. The first corresponds to the Stokes drag, the second expresses the influence of the 

pressure gradient within the flow acting upon each volume element. The third term represents the fluid 

resistance to the accelerating seeding particle.

The fourth term is known as the Basset history approximation where during accelerated motion the flow 

around the particle differs from that occurring during steady motion. Basset postulated that the force 

associated with the continual adjustment of flow patterns leads to a force that depends upon the history of 

motion.
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The last term F represents any additional forces that may be exerted upon the particle, these include 

gravity and electrostatic force. Durst, Melling & Whitelaw [1981] consider these negligible within a 

turbulent flow, since the residence times of the particles are small due to the dynamic forces of the flow. 

The electrostatic force depends upon the size of the particle, its substance and method of generation, but 

is usually small when compared to the weight of the particle. However, it should be noted that 

electrostatic forces could affect the rate of particle coagulation.

Rudinger [1980] goes on to show ways to reduce equation 2.9. For typical gas-particle flows, the ratio of 

particle density to gas density is of the order of 103 upwards so that the third term of equation 2.9 is small 

when compared to the LHS o f the equation and can be ignored. Similarly, the gas density appears in the 

second term as:-

dp Du _  . _ . _
—  = p   Equation 2.10
dx Dt

Therefore the second term can also be ignored.

The Basset force (fourth term) becomes smaller than 10% of the Stokes drag for times exceeding 0.5 xv. 

Therefore it is common practice to neglect terms two, three and four from equation 2.9 except for extreme 

conditions such as

•  Very high pressures.

•  Very low density (hollow) particles.

• Very high frequencies (i.e. > 10  kHz).

• Times < xv.

The reduced equation is again represented by equation 2.6, and the solution is given by equation 2.8. This 

is valid as long as the seeding particle diameters are greater than the gas molecular free mean path length.

2.0.3 Mass Concentration

The drag coefficient of an individual particle within a dense cloud o f similar particles will be different 

from that of a single particle, primarily due to possible interactions between the individual particles. The 

effective drag coefficient can be obtained experimentally by determining the gas velocity and the average 

particle motion within some flow stream. The experimental data can be substituted into equations 2.2 & 

2.6 to yield both the Reynolds number (Re) and CD as a function of Reynolds number, which in-tum can 

be used to describe the deviation of the drag coefficient from the Stokes drag. However, Rudinger [1980] 

highlights considerable differences in predicting these terms and the following suggestions have been 

presented to explain these anomalies:-
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•  Effects of turbulence.

• Surface roughness of the particle.

• Electrostatic forces.

•  Particle rotation.

•  Gas entrainment.

Hence, the determination o f reliable drag coefficients for specific flow streams remains one of the major 

uncertainties in the field of gas-particle flow. For the work contained within this thesis, a decision was 

taken to assume Stokes drag to enable the use of the solution of equation 2.6 to be used as a guide to the 

size of seed particles which would follow the flow.

2.1 Gas Flow within an IC Engine
The flow processes within the cylinder of an engine are very complex and highly turbulent. Heywood 

[1988] quotes that the flows within an engine cylinder involve a complicated combination of turbulent 

shear layers, recirculating regions, and boundary layers. Turbulence contains random processes and 

requires the inclusion o f statistical methods in order to define the flow stream. An engine flow stream is 

usually characterised by the mean flow velocity and the fluctuating velocity component about this mean. 

In a steady turbulent flow the instantaneous local fluid velocity in a specific direction is (Heywood 

[1988]):-

U(t)=U+u(t) Equation 2.13

For a steady flow the mean velocity U is the time average of U(t), hence:-

f° U(t)dt Equation 2.14
T Jt0

The fluctuating velocity component ‘u’ is defined by its root mean square value and the turbulence 

intensity, u' is defined as>

l
(  1 f*0+r 2 VM=limr _ > J u dt I Equation 2.15

Since the time average of (u U ) is zero the turbulence intensity can be found from:-

w'=lim  r _ ,c
1 r'o+77  ,  — 2  ,

r i U 1 - U  \dt
t YT »<o

Equation 2.16

These turbulence concepts are specified for steady flow, which is far removed from flows experienced 

within the cylinder of an IC engine. The situation is also complicated by the fact that the flow patterns are
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continually changing throughout the engine’s cycle. In addition, there is also considerable cyclic variation 

in not only the turbulence, but also the mean (or bulk) flow. For engine work, the flows can therefore be 

considered as quasi-periodic. One method used to define the flows is the use of ensemble or phase 

averaging. In this case the velocity measurements are taken over many cycles, including various ranges of 

crank angles. The instantaneous velocity at a specific crank angle ‘0‘ during a particular cycle ‘i’ is>

U(0,i) = U(0,i) + u(0,i) Equation 2.17

The ensemble velocity U{0) is defined as the average o f values measured at a specific phase or crank 

angle during the basic cycle. The ensemble averaged velocity is defined by:-

Nc
U e a ( 0 ) = —  ^ U ( 0 , i )  Equation 2.18

Nc . ,
c  / = i

Where Nc is the number o f cycles over which the data is measured. To build up a complete ensemble- 

averaged velocity profile of the whole cycle, repeated measurements are taken at each crank angle (CA) 

interval. Subtracting the ensemble-averaged velocity from the mean velocity over many cycles provides 

the cyclic variation in mean velocity (U). Therefore, the instantaneous velocity during a specific cycle, 

previously described by equation 2.17 can now be redefined.

Instantaneous Velocity = Mean Velocity + Cyclic Variation + Superimposed Turbulence 

U (0,i) = U(0) + U (0,i) + u(0,i) Equation 2.19

Figure 2.2 shows a schematic of the velocity variation with CA at a fixed location within a two-stroke 

engine’s cylinder. Note that the dots represent the instantaneous velocity at the same crank angle.

Individual cycle mean

Time
Ensemble average

Figure 2.2 Flow stream velocity variation with crank angle 
(Heywood [1988])
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2.2 Flow Tracing Fidelity
As stated previously, the movement of the seeding particles is used to represent the fluid flow motion, and 

as such it is important that the particles follow the flow stream with a high degree of accuracy. Much 

work has been carried out on finding the optimum particle size for seeding air flow streams for LDA/V 

techniques (Mazumder & Kirsch [1975], RudofF & Bachalo [1991] and Witze & Baritaud [1986]). 

Mazumder & Kirsch used an interesting technique where particles were subjected to a known oscillating 

flow stream utilising acoustic waves. The amplitude and frequency of the waves are chosen to simulate 

the corresponding values of fluid turbulence components. The particles can be traced to yield their 

frequency response in respect to the velocity fluctuations of the acoustic waves.

Since the seed particles are subjected to a known oscillatory field, within the Stokes drag regime the 

motion of an oscillating particle within the acoustic field is given by:-

d u P . I  \Tv —̂ ~ + up = usm\o)tJ Equation 2.20

This corresponds to a one-dimensional motion o f a particle within an acoustic field with an angular 

frequency o. The steady state solution for the ratio of the amplitude of the particle velocity to the 

amplitude of the fluid velocity is:-

U D  1—  = --------------j- Equation 2.21

(l + o)2 riy

This result shows that the flow tracing fidelity can be improved by decreasing the particle diameter, 

particle density or excitation frequency. By using this result and specifying the required flow tracing 

fidelity and frequency response, the maximum acceptable particle size can be found. Common conditions 

imposed on LDA/V work require a flow tracing fidelity of 99% at a frequency between 1-10 kHz. This 

yields seeding particle size diameters of less than 2.7 pm and 0.8 pm for turbulent frequencies of 1 kHz 

and 10 kHz respectively, when seeding air with water droplets. Figure 2.3 shows a graph of the calculated 

flow tracing fidelities of titanium dioxide and silicon oil with respect to particle size. It can clearly be 

seen that the flow tracing fidelity diminishes rapidly for the denser titanium dioxide particles. This 

restricts the size range that can be used. In comparison, the silicone oil curves show a much steadier 

decline in flow tracing fidelity.

One of the difficulties in carrying out engine research, concerns the direct determination of the turbulence 

frequency so that the maximum particle size can be selected. One method used by Witze, Martin & 

Bortgnakke [1984] and Liou, Santavicca & Bracco [1986] was to perform a Fourier transform of the 

velocity versus time profile and produce a spectrum of discrete frequency components. The use of an 

appropriate filter can yield either the turbulence or the mean (bulk) flow frequency components. An 

inverse transform can then be used to evaluate the required flow velocities. Usually the upper frequency
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of the ensemble averaged velocity spectrum is used as the cut-off frequency to separate the bulk flows 

from the turbulent frequency components. The cut-off frequency changes with location and engine 

operation so Witze et al and Liou et al used a frequency range of 200-900 Hz.

Particle Flow Tracing Fidelity

■ Silicon* Oil Q  1 k

Particle Size (microns)

Figure 2.3 Flow tracing fidelity of T i02 and Silicone oil

To summarise, it can clearly be seen that for optimum flow tracing fidelity the seeding particles need to 

be a small as possible. Conversely, the particles have to be large enough to scatter/produce enough light 

in order that the instrumentation can detect them. Mazumder & Kirsch [1975] have produced a set of 

constraints when specifying particles for subsonic air turbulence measurements using LDV techniques, 

these are:-

1. Q)T„ <1.0

2 .

3.

coD p « 1.0

4. Re « 1 .0

5. Kn< 0.5

6. <7g <1.5

r \  
P

\ p p J
« 1.0

< 0.01

The first four criteria are used to imply that the flow is within the Stokes law regime, and that the 

relaxation time o f the particles is small. These four criteria can be used to specify the upper particle size 

for a particular value o f flow tracing fidelity. The last three terms specify the lower particle size limit, the 

seed size distribution and the maximum seeding concentration (n) respectively. In the fifth criterion the 

requirement that the Knudsen number (Kn-ratio of molecular free path length of the flow to the seeding 

particle diameter) be small implies that the molecular slip is small. The sixth condition implies that the 

seeding particle size should be monodisperse with a standard deviation close to 1.0. Large particle size 

distributions can lead to considerable errors in turbulence measurements due the large range o f particle 

velocity lag. The last constraint number 7 is specified to imply that the mass loading should be small. 

This not only limits the amount of perturbation to the flow field but also ensures that the coagulation of 

the particles is minimised.
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2.3 Seeding mechanisms
Once the optimum particle size has been determined, the next step is to decide how to introduce the 

seeding particles into the flow stream o f interest. Ideally, the seeding mechanism should produce a 

monodispersion with a uniform distribution and concentration. Just as importantly, the seeder must be 

easy to activate and deactivate at the correct time as dictated by experimental procedures. It must be 

remembered that the seeding particles can be solid, liquid or gaseous. There are various methods of 

generating seeding particles including:-

• Atomisation

• Fluidisation

• Condensation

• Chemical reaction / Combustion.

2.3.1 Atomisation

The process o f atomisation draws a liquid into a thin film where the action o f shear force against the 

surface tension causes it to shatter into small droplets. The particle diameter is controlled by the gas flow 

rate, where an increase in the gas flow rate decreases the particle size. Atomisation is commonly used to 

produce liquid droplet seeding but it can be adapted to produce solid particle seeding. This can be 

achieved by atomising a suspension o f small particles within a volatile liquid, so that after atomisation the 

liquid would evaporate leaving behind the particle.

2.3.2 Fluidisation

Fluidisation is strictly limited to producing solid particle aerosols. The application of fluidisation depends 

upon expertise, since maintaining a controlled particle size and delivery rate is very difficult. The 

principle of operation is to pass a fluid, usually a gas, through a bed of particles supported upon a 

distributor. Once the minimum fluidisation velocity is exceeded some of the particles will become 

entrained within the gas to produce a seeded flow. Other problems such as bubbling, slugging and 

spouting can also arise if  careful control of the particle size, shape, gas and humidity is not exercised.

2.3.3 Condensation

Strict control in the condensation o f a vapour can be utilised to produce a uniform aerosol. A constant 

temperature evaporator is used to vaporise an organic liquid into a steady flow stream. Nuclei such as 

sodium chloride are added to act as seeding centres to the air-vapour mixture which is then fed to a 

condenser. The gas is slowly cooled so that condensation occurs upon the nuclei. The actual droplet 

diameter depends primarily upon the evaporator temperature and the boiling point o f the liquid. An 

increase of the evaporator temperature increases the vapour concentration which in turn enlarges the 

droplet diameter.
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2.3.4 Chemical Reaction / Combustion

The uniform seeding o f gases with particles generated as a result o f a chemical reaction or combustion is 

difficult. Whilst combustion can seed flows with a higher concentration when compared to a standard 

atomiser the aerosol generated is not dependant upon the gas flow rate but upon the rate of the chemical 

reaction. This can lead to considerable concentration variations as well as leaving behind unwanted 

deposits.

2.3.5 Cyclone Seeder

Glass & Kennedy [1977] proposed a novel method which seeds a gas flow with solid particles without the 

inherent problems associated with fluidised beds. The mode of operation is similar to a cyclone separator 

but essentially works in reverse. Figure 2.4 shows a schematic o f the cyclone seeder. The gas flow is 

introduced into the cylinder tangentially to set up a spiralling air flow. The fine grade powder at the base 

o f the cylinder is then entrained within the flow and carried out by the central vortex. Glass & Kennedy 

go on to show that experiments using 0.1-1.0 pm A1203 powder showed only a 6% fluctuation in the 

particle concentration over a 1 hour period with a constant air flow rate of 8.0 x KT4 m3 s '1. The particle 

concentration achieved was of the order of 109 particles per m3. Some coagulation was experienced since 

the mean entrained particle diameter was found to be 1.4 pm. This simple technique appears to offer 

significant improvements over conventional methods o f dispersing dry powders as an aerosol.

Air Flow In

Figure 2.4 Cyclone seeder schematic

2.4 Seeding materials
Table 2.1 shows common materials that have been successfully used with LDA techniques (Durst, 

Melling & Whitelaw [1981]). The particle sizes quoted are estimates from the conditions of particular 

experiments and do not represent the optimum particle size. The refractive index ((RI), real part) has been 

quoted from data tables but it should be noted that the RI does not reflect the optical performance of 

aggregated solid particles produced by fluidisation and combustion.
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M aterial Particle Diameter 

(pm)

Density 

(kg m'3)

Refractive

Index

(m)

Generation

Method

Silicone Oil <5 970 1.47 Atomisation

di-octyl phthalate 

(DOP)

0.35-1.2 984 1.48 Atomisation

W ater 1.0-2.0 1000 1.33 Atomisation

T i0 2 0.5-2.0 4200 2.6 Fluidisation

a i2o 3 < 8 3970 1.76 Fluidisation

MgO 3580 1.74 Combustion

Tobacco Smoke 0.1-1.0 920 1.31 Combustion

Table 2.2 Common seeding materials 

(Durst, Melling & Whitelaw [1981])

2.4.1 Engine Flow Seeding

Seeding engine flows presents its own set of difficulties due to the hostile and rapidly changing 

environment. Usually a decision has to be made as to which part of the cycle in which the flow 

visualisation has to operate in. The charge motion during the induction and compression strokes 

influences the effectiveness o f combustion, the levels o f emissions and the engine power and as such 

generates a great deal o f interest. During the combustion stroke the advancing flame front is visualised 

which sometimes involves the seeding particles being destroyed. LDA/V techniques have successfully 

been used to provide velocity data within running engines and test rigs. One important point to note is the 

occurrence o f two types of mixing within the cylinder volume, these being the turbulent and diffusion 

mixing processes. For engine flow seeding solid particles will not diffuse and hence will only indicate the 

degree of turbulent mixing. Moreover, liquid seeding usually preferred due to its ease of generation will 

not necessarily reveal the diffusion processes for two reasons. For accurate velocity profiles the seed is 

required to be relatively non-volatile so that the seeding remains present for most of the induction and 

compression strokes. Secondly the monitoring of the diffusion processes o f a seeding material is unlikely 

to represent the diffusion processes occurring between two gas flow streams. For the current work, the 

literature has implied that the majority of the mixing within the cylinder is turbulent mixing due to the 

ordered air motions and their breakdown into turbulence. In addition, it is also implied that the residence 

times of the in-cylinder mixtures are relatively short for the effects o f diffusion mixing to have any 

significance. The scope of this project is to be able to visualise the turbulent mixing occurring within the 

cylinder volume.

Various materials with different particle size distributions have been used within engine testing. Witze, 

Martin & Borgnakke [1984] used 0.5 pm alumina particles to sample conditionally the velocity and 

turbulence measurements within SI engines. The particles were suspended within atomised water and 

subsequently dried using a diffusion dryer. A similar technique was carried out by Gasparetti, Paone & 

Tomasini [1995], They suspended 1 pm T i02 particles within water. Omori et al [1991], Marko et al
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[1985,1986] and Church & Farrell [1998] used hollow micro-balloons with a neutral density in air and a 

size distribution of 10-40 (am for flow visualisation and PIV studies. Godwin [1998] used 100 pm 

microballoons for flow visualisation within a spark ignition engine. Mahmood, Ng & Yianneskis [1996] 

used minute sized air bubbles for flow visualisation within a water analogue test rig. For LDA work they 

used the micron sized impurities within the refractive index matching fluid as the tracer particles. 

Asanuma & Obotaka [1979] used a mixture of 6 components usually used as a soil powder for air cleaner 

tests with their LDA work carried out within a firing engine. The mixture had a mean particle size of 2 

pm.

2.5 Flow Seeding Summary
This chapter has discussed the various parameters that have to be considered when seeding flow streams 

with the intention of using the movement o f the particles to represent the motion o f the flow stream under 

examination. The selection of the appropriate seeding material is generally a matter of compromise. The 

maximum particle size will be a function of the required flow tracing fidelity, whilst the minimum is 

often dictated by optical scattering/light generation and image capture requirements. It may not be 

possible to obtain or generate the seed with the desired size range. It can be seen that various materials 

have been used each with varying degrees of success. What is more important is that any compromises 

implemented are made with a good understanding of the associated consequences. These consequences 

may be in the form of a reduced flow tracing fidelity or a limited frequency response, but these may also 

provide an improved scattering cross section or increased light emission intensity. Therefore when 

considering seeding to visualise flow streams within an IC engine the main areas that have to be 

considered are:-

• An understanding of the environment that is going to be seeded; for example the pressures and 

temperatures.

• Selection of an appropriate seeding material from the limited list of particles that fulfil many of the 

seeding requirements.

• An understanding of the limitations of the selected seeding particles.

• The method of seed generation and incorporation within the flow stream.

• The resolution of the data recording instrumentation.

Of course, each area also has many parameters that have to be considered and prioritised, but careful 

consideration and selection will ensure successful flow seeding and accurate flow tracing measurements.
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Chapter Three: Luminescence

Chapter one provided a brief description o f a new optical technique, namely, Phosphorescent Particle 

Tracking (PPT). This chapter will provide a detailed explanation of luminescence and the investigations 

performed in order to identify the appropriate luminescent material for this technique. The results from an 

initial set o f experiments will be discussed.

3.0 Luminescence
Luminescence is the term used to describe light emission without heat. Fluorescence and 

phosphorescence are two terms frequently used to describe photoluminescent emissions. There are many 

definitions for these terms. One such definition is that fluorescence is the term used to describe a light 

emission whilst the excitation is present and for short periods after. The length of this emission after the 

excitation is not strictly defined, but a figure of around 10 ns has been quoted (Wilson [1994]). 

Phosphorescence is the term used to describe the light emission (or afterglow) that occurs after the 

excitation source is removed. A schematic of these two terms is shown in figure 3.1

Excitation Emission

53a

Time
Fluorescence Phosphorescence

(afterglow)

Figure 3.1 Definition of fluorescence 
and phosphorescence

To demonstrate the sequence of transitions associated with luminescence, it is convenient to consider a 

single atom of a gas. An atom can only exist at specific fixed energy states as shown in figure 3.2. E0 

corresponds to the unexcited ground state and the higher electronic states are represented by E! & E2. If 

sufficient light energy is incident upon the atom, it may be raised from its ground state to E] (transition 1). 

As a single atom, the only way to dissipate this extra energy is for it to return to the ground state, emitting 

light (transition 2). If a large number of atoms are excited there will be other radiation-less modes of 

energy transfer, such as collisions between atoms, which may cause the atoms to fall to some 

intermediary state, E2 (transition 3). If the transition from E2 to E0 is allowed (transition 5) the emitted 

radiation will be at a longer wavelength. If  this transition is not allowed (i.e. it is a forbidden transition) 

E2 is known as a metastable state. To enable luminescence, the atoms at the metastable state have to be 

excited back up to Ei by either collision or some other process (transition 4) before returning to the 

ground state via an allowed transition (2) emitting light.
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Figure 3.2 Atomic transitions of luminescence

However, it has been found that there is a variation in the terminology used in the literature to describe 

the light emissions from each energy level. Literature dealing with organic materials use spectroscopic 

selection rules when describing the various energy transitions whereas inorganic literature describes the 

light emission in terms o f electron movement, a summary o f each is provided in Table 3.1 (Klick & 

Schulman [1992]).

Transition Organic Inorganic

1 Excitation Excitation

2 Fluorescence Fluorescence

4 & 2 Delayed Fluorescence Phosphorescence

5 Phosphorescence Fluorescence

Table 3.1 Characterisation of luminescence

3.1 Luminescent Materials
Luminescence may be observed from solids, liquids or gases, although there are very few pure solids that 

will luminesce efficiently. Luminescent materials are usually divided into two main categories, inorganic 

and organic compounds. Most o f the inorganic materials are solids and consist o f tungstates, aluminates, 

uranyl salts and a number o f rare earth salts. For the organic compounds, it has been found that pure 

aromatic hydrocarbons such as napthalene and anthracene luminesce efficiently when excited from an 

ultra-violet (UV) source. Much work has been carried out to characterise the materials that luminesce 

within the visible spectrum (Shionoya et al [1962] and Di Bartolo [1978]). However, it should be 

remembered that the emitted luminescence could consist of radiation from any region o f the 

electromagnetic spectrum.

3.1.1 Activators & Poisons

The range of inorganic phosphors has been extended by the discovery that the addition o f impurities in 

amounts ranging from trace levels to several per cent can bestow luminescent properties on the compound 

to which they are added. The impurities are known as activators, and the activator and its nearby atoms 

are often referred to as the luminescent centre. Conversely the introduction of other impurities can inhibit 

or destroy luminescence, and these are known as poisons or quenchers. Effective activators include
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manganese, which provides emissions within the green, yellow or orange spectral regions, and others 

include copper, silver, titanium, chromium and some rare earth salts. Poisons for inorganic phosphors are 

generally from the iron-nickel-cobalt group. There are a wide range of host materials that include 

silicates, phosphates, aluminates, sulphides and oxides o f calcium, magnesium, barium and zinc. The 

preparation o f phosphors and the addition of the activators is generally performed in high temperature 

reactions (in excess o f 1500K) of finely mixed powders. This reaction can be carried out in the presence 

of gases that are used to balance any electronic charge irregularities. These charge balancing substances 

are known as coactivators.

3.1.2 The band model

The simple atomic theory to describe luminescence has already been presented. However, one model that 

provides a particularly clear description of the luminescence from an inorganic phosphor is the band 

model. This model is similar to the model used to explain semiconductor theory (i.e. the generation of 

electron-hole pairs). For this case the luminescence for certain materials can be characterised by the 

transfer of energy involving electron movement. These materials include many oxides, sulphides, 

selenides and phosphides. Zinc sulphide is one of the most popular luminescent materials; it is used in 

cathode ray tubes, electroluminescent lamps and luminous paint.

A schematic o f the band model is shown in figure 3.3. Any movement in the vertical direction represents 

an increase in energy whilst movement in the horizontal direction indicates a change in position within 

the crystal lattice. There are three horizontal bands, namely the valence band, the conduction band and the 

forbidden band. Each band contains discrete energy levels. For an insulator the valence band would be 

completely filled with electrons, whilst the conduction band would have none or very few electrons. For a 

conductor the reverse would be true. For a pure material the forbidden band has no energy levels, 

although creation of an available energy level in this band is possible by the addition o f an activator.

Forbidden
Band

Conduction Band

Valence Band

Figure 3.3 The band model

An example of a luminescent transition is that for zinc sulphide. The addition of an activator produces a 

discrete energy level within the forbidden band, known as its luminescent centre, where an electron 

resides. If  light o f sufficient intensity is incident upon the material it may cause an electron to jump into 

the conduction band from the valence band (transition 1) leaving behind a vacant hole (a hole exhibits the
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same characteristics as an electron but possesses a positive charge). The hole will now move along the 

valence band towards the luminescent centre to pair with the available electron (transition 2). The 

electron o f the activator will fall into the hole (transition 3) and thus cancel it. The free electron within the 

conduction band will also move towards the now vacant luminescent centre (transition 4) and fall into it 

(transition 5). This last transition may produce a luminescent emission as the cycle completes.

3.1.3 Luminescent emissions

The luminescence o f a material can be characterised by its excitation and emission spectra. The excitation 

spectrum provides an indication of the ability o f the material to produce an emission as a function o f the 

incident wavelength. Usually the excitation and emission processes involve some losses in energy and 

consequently the emission spectra are at longer wavelengths than the excitation spectra. The intensity o f a 

luminescent emission depends upon three influencing factors, these being:-

• The number o f atoms/molecules within the material which were excited by the incident light.

•  The percentage of excited atoms/molecules that actually emit light, as they fall to the lower energy 

levels.

In the case o f photoluminescence, the number of excited atoms/molecules is proportional to the intensity 

of the light source, the concentration o f the luminescent materials and the efficiency with which the 

material can absorb the incident light, providing saturation is not reached. The number o f excited 

atoms/molecules that actually emit light as they drop to a lower energy state depends upon all the other 

energy exchange processes that are occurring within the material. These energy exchanges may inhibit or 

reduce (quench) the level of luminescent emissions. The ratio o f the number of emission-causing 

processes relative to the number of non-emissive processes is usually expressed as the quantum yield of 

the material.

The intensity o f the emission is dependent upon the amount of luminescence that is incident upon the 

detector. A spherical particle will emit light in all directions, therefore the measurement equipment must 

possess an adequate entry aperture in order to capture as much luminescence as possible. Typical sources 

of radiation for excitation range from daylight to xenon-arc lamps. The arc lamps produce a wide 

spectrum of light ranging from the ultra-violet to the infra-red. However, the energy of short wavelength 

photons is greater than the energy of long wavelength photons. Therefore ultra-violet light is commonly 

used for excitation purposes.

3.2 Phosphorescent Material Selection
As previously discussed there are many luminescent materials available but the hostile environment that 

they are expected to perform within limits the choice for this application. Ideally the particles should 

conform to the following list of desirable attributes:-
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• The particles should possess long phosphorescent lifetime, so that they could be excited outside the

cylinder.

• The particle size distribution should meet the flow seeding criteria.

• The particles should bum, so that no particles are left after combustion.

• The phosphorescence should be bright enough so that an intensified CCD camera can capture the 

flow.

• The particles should exhibit immunity to the elevated temperatures so that the luminescent emissions

are not significantly quenched during compression.

• Since two flow streams need to be identified it would be ideal if physically similar materials with

different emission spectra could be found.

A search was initiated into finding appropriate seeding materials that would be suitable for engine studies.

This investigation considered both organic and inorganic materials and a list of the initial candidates are

shown within table 3.2. Inspection shows that all the phosphors in this table require UV light for

excitation and the emissions occur within the blue-green part o f the spectrum.

InOrganic Materials Organic Materials

Material YV04:Eu ZnS:Cu Ca/SrS:Bi Zn2SiO«:Mn DLMA Durene

Excitation

(nm)

285-340 350-420 350-450 180-260 240-260 254

Emission

(nm)

600-710 490-590 450-590 500-550 420-520 480-540

Decay Rate Exponential Hyperbolic Hyperbolic Exponential Exponential Exponential

Fall to 90% 10-50 ms 10-50 ms 1ms Detectable 

after 150ms

Unknown

Fall to 10% 10-15 ms 30-60 s 100-200 s 20-40 ms Unknown 1.25 s

Relative

Density

5.3 4.1 3 4.1 1 Not known

Hardness

(Mohs)

unknown 3.8 <3 5.5 v low v low

Particle Size 

(pm)

2-10 15-40 Unknown 2-20 Liquid, seeder dependant

Table 3.2 Phosphorescent materials

3.2.1 Organic Materials

DLMA was developed by the post office research laboratories during the 1950’s. This is a dispersion of 

para-amino benzophenone and carbazole sulphuric acid within a urea-formaldehyde condensate resin. 

Unfortunately, no detailed data is available apart from that stated within the table. Durene is 1,2,4,5, 

tetramethyl benzine dissolved in anthracene or naphthalene. Much work has been published on the 

investigation of various carbonyl compounds for use with LIF techniques. These include the ketones and 

aldehydes; since these compounds are liquids they would be easy to introduce into the flow streams. 

However, being liquid means that there is a possibility that the seeding materials from adjacent streams 

could coalesce. It has also been reported that the luminescent emissions are significantly temperature and 

pressure dependant and would therefore require careful calibration (Lawrenz et al [1992], Berckmtiller et
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al [1994] and Fujikawa et al [1997]). Since these compounds originate from the same chemical family, 

the emission spectra are very similar and therefore not ideal when selecting a pair of tracer materials to 

seed each flow stream. It was therefore concluded that organic phosphors were not suitable for use with 

this work.

3.2.2 Inorganic Phosphors

Inorganic phosphors were investigated further since these are solid particles that would not interact 

chemically with particles in the adjacent flow stream. The initial work focused on zinc sulphide. This 

material could be adjusted to provide green, blue or red luminescent centres, depending upon the amount 

of copper activator used (Shionya [1962]). This seemed an ideal candidate as it had a long luminescent 

lifetime, was easily available (and thus low cost) and had the ability to provide different colour emissions. 

However the relatively heavy particles were only available in the size range 10-40 pm. This did not 

permit the material to provide the required flow tracing fidelity. Alternative materials included a finer 

grade zinc sulphide doped with copper and cobalt (ZnS:Cu,Co) which had a mean particle size of 18 pm 

and strontium aluminate doped with europium and dysprosium (SrA103:Eu,Dy) with a mean particle size 

of 12.7 pm. Again these particles were too large.

Since the inorganic phosphors exhibit a relatively high density there is little tolerance when specifying the 

required size distribution o f the particles. The primary mechanism for determining size distribution is the 

firing conditions during manufacture. Extensive grinding o f the powder cannot take place since this tends 

to break the bonds within the crystal lattice and destroy its luminescent properties. Therefore, to obtain a 

smaller size distribution requires the particles to be manually separated which, in turn increases the cost.

Returning to table 3.3 the calcium/strontium sulphide material was disregarded due to the extremely long 

luminescent lifetime, which was thought, could inhibit engine testing. Two materials were now left these 

being the zinc silicon oxide compound doped with bismuth, the other was yttrium vanadium oxide each 

exhibiting useful attributes. The yttrium vanadium oxide compound was selected due to its luminescent 

properties, since when doped with the rare earth elements europium (Eu) and dysprosium (Dy) it will emit 

light at different wavelengths. However, there are many other requirements that need to be satisfied 

before it can finally be used as the seeding particles.

3.3 Initial Tests with Yttrium Vanadium Oxide
Once identified as the most promising seed material, the suitability of yttrium vanadium oxide was 

evaluated through a set o f initial experiments.

3.3.1 Luminescent emissions

The emission spectra of the yttrium vanadium oxides are shown in figures 3.4 & 3.5. The europium doped 

material will emit light within the red band of the spectrum, whilst the dysprosium doped material will 

emit yellow light. It can be seen that the europium doped material requires long wave UV light for 

excitation whereas the dysprosium doped material requires short wave UV light. The peak emissions at 

619 nm and 575 nm can be used to isolate the red and yellow emissions respectively.
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Lumfeioacant Spectra of YV04:Eu

f  ^  <#* <P & &

Figure 3.4 Luminescent spectra of Y V 04:Eu

Lumkwtcant Spectra of YV04:Dy

Figure 3.5 Luminescent spectra of Y V 04:Dy

3.3.2 Flow tracing fidelity

The size distributions o f the initial batch of seeding materials are shown within table 3.3. The sizes were 

provided by the manufacturer at listed weight percentages (as measured by a Coulter counter fitted with a 

50 pm aperture).

%  of Sample 

(by weight)

5 25 50 75 95

Particle Size 

(pm)

YV04:Eu 1.2 1.6 2.0 2.4 3.2

YV04:Dy 1.2 1.7 2.2 2.5 3.0

Table 3.3 Seeding particle size distributions 
(Phosphor Technology [1996])
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Figure 3.6 shows the calculated flow tracing fidelity o f  the seeding particles with frequencies o f  

oscillation o f  200 Hz and 1 kHz. The high density o f  the material causes the flow tracing fidelity to 

diminish quickly w ith increasing particle size. With a mean particle size o f  around 2 pm, it can clearly be 

seen that the flow tracing fidelity is in excess o f  99%  at 200 Hz and 92%  at 1 kHz.

Particle Seeding

120

100

80 --

60

40

20

0
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

Particle Size (microns)

Figure 3.6 Flow tracing fidelity of the Y V 04 seeding particles 

3.3.3 Luminous Intensity

In order to freeze all the in-cylinder motion short exposure tim es would be required. However, shortening 

the camera exposure tim e w ould also limit the am ount o f  light incident upon the CCD array. Therefore, it 

was important to ensure that the seeding particles em itted adequate light for the CCD camera to capture. 

In order to represent the seeding density representative o f  a seeded flow the particles had to be distributed 

finely. At this point, the test rig and seeder had not been constructed so the Y V 0 4:Eu particles were 

suspended within w ater and sprayed in front o f  the cam era from an atomiser.

This simple test was one o f  the tests used for trials upon a range o f  intensified CCD cam eras which were 

being considered for purchase. The ultra-violet illum ination was provided from a hand held CW 

blacklight lamp fitted with a 4W  fluorescent tube. This exhibited a peak em ission at 365 nm. Three 

different concentrations o f  suspension were mixed. These were 1%, 0.1%  and 0.01%  by volume, the 

estim ated seeding densities were 3.5 x 109 , 3.5 x 108 and 3.5 x 107 particles per cubic metre o f  water 

corresponding to these volum e concentrations.

Figure 3.7 shows four frames captured from a sequence with tim es at t = 0, t = 125 ms, t = 875 ms and 

t = 1.0 s from the initiation o f  the spray. Positive im ages have been shown for clarity. The 1% suspension 

was used and the red em ission was captured by an intensified CCD fitted with a 25mm lens. A high pass 

(530 nm cut-off) filter was used to block any back scattered UV light from the w ater droplets. It was also 

possible to visualise the 0.1%  dispersion but not the 0.01%  dispersion, although later, this was found to 

be camera and illumination dependant.
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Figure 3.7 Luminescent spray imaging

3.3.4 Hardness

Before using particles in an engine, it is important to know whether they will cause any damage such as 

scoring and abrasion. The particles selected were originally used to coat the screens o f cathode ray tubes 

and as such, there is plenty of information available on their optical performance but little available on 

hardness. Further discussions with the powder manufacturer revealed that a small amount of grinding was 

carried out during manufacture using steatite or alumina balls as the grinding medium. It was therefore 

concluded that the particles are softer than alumina. Alumina as already discussed has been successfully 

used for LDA work on an IC engine, although it should be noted that Witze & Baritaud [1986] concluded 

that aluminium oxide seeding particles tended to polish the cylinder bore. It seems reasonable to conclude 

that yttrium vanadium oxide should be a suitable seed from a wear and abrasion aspect, but may cause 

polishing of the cylinder bore.

3.3.5 Reactivity

Since this work concentrated on developing a technique that could be used within a running engine, tests 

were carried out to see if the particles reacted with gasoline. A quantity o f material was put into a sample 

of gasoline and after mixing, no reactions were witnessed and the material continued to fluoresce within 

the gasoline. After an extended period, the particles settled at the base o f the test tube.
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3.3.6 Temperature Effects

It has already been stated that the cylinder of an IC engine is a hostile environment with rapid temperature 

changes. The peak gas temperatures within the cylinder prior to combustion can reach 600-800K. In 

order to test the durability o f the particles at high temperatures they were baked in an oven with a 

temperature set around 1000K. Upon removal, there was a slight discolouration o f the powder but it still 

fluoresced. At that point, there was no equipment available to characterise any change in fluorescent 

intensity and duration with respect to temperature change. However, it was confirmed that the particles 

would still emit light at high temperatures.

3.3.7 Health & Safety Aspects

Before using the seed it is important to understand the associated health & safety aspects. Material safety 

data sheets were obtained from the powder manufacturer. Yttrium vanadium oxide is a white, odourless 

powder, which may cause irritation if swallowed, or through excessive skin contact. This is the case for 

most fine metallic powders. The significant hazard is due to the size of the particles since 0.2-5 pm 

particles inhaled into the body will not be exhaled from the respiratory system (Durst, Melling & 

Whitelaw [1981]). In all investigations proposed here, the particles would be used within a closed system 

where there is no risk o f accidental inhalation. The main area of risk would occur during filling o f the 

seeder or cleaning the test rig and in both cases this was performed with care within a well-ventilated 

environment. The generation of dust clouds was avoided.

3.3.8 Initial Trial Conclusions

The initial seeding test provided adequate results but the luminescent intensity tests were far from ideal 

since a continuous wave light source was used and the camera exhibited conventional framing rates of 

50 Hz. The results provided encouragement in the use of this material as a flow seeding medium, but 

showed that further trials were required, using a gated intensified camera with gate times representative of 

those required during engine testing.

3.4 Luminescence Testing
To emulate a fine distribution of seeding particles moving with a velocity representative of an engine bulk 

flow the particles were deposited upon the blades of an optical chopper assembly. The chopper was a 

100 mm diameter rotating metal disc with alternate solid segments and cut-outs. The chopper wheel had 

two blades, one was coated with red particles, the other with yellow. The chopper assembly had a 

rotational frequency o f 100 Hz which provided the corresponding particle velocities of 32 m s '1 at the 

wheel circumference and 12 m s'1 at the base o f the chopping segment. These particle velocities are 

representative o f typical in-cylinder bulk flow velocities (Stone [1994]).

The idea of the test was to start the optical chopper spinning, then irradiate an area upon the disc and then 

capture the emitted luminescence with a short intensifier gate time that would freeze all motion. The 

optical chopper was not syncronised with the laser, which unfortunately meant that different areas of the 

wheel were irradiated each shot. The wheel was observed during each test to identify which seed had 

been excited.
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Identification was not difficult since the phosphorescence of the particles provided enough time for the 

eye to identify the seed colour. A full description o f the laser and intensified camera is provided in 

Chapter 4.

A precision gate generator (Stanford Research Systems DG 535 Gate Generator) was used to control the 

camera exposure and laser timing. The gate generator was configured to provide two accurately timed 

TTL pulses a set delay after a manual trigger. Before completing any camera tests, an idea of the required 

exposure times was needed. Longer exposures will capture more light but may smear the image due to the 

movement o f the particles. Table 3.4 shows the relationship between the camera exposure time, the 

distance the particles could travel and the crank angle degrees (CAD) that would have been completed on 

a running engine at 1500 RPM. A compromise has to be struck between the length of exposure to 

maximise light input and allowable particle movement.

Exposure Time Distance Particles will Travel 

@ 20 m s'1 @ 40 m s’1

CAD 

@ 1500 RPM

1 ms 20 mm 40 mm 9

100 ps 2 mm 4mm 0.9

10 ps 0.2 mm 0.4 mm 0.09

1 ps 20 pm 40 pm 9 x 10'3

Table 3.4 Cam era exposure time limitations

The images in figures 3.8 and 3.9 are raw images where no manipulation (such as background 

subtraction) had been implemented. The ICCD gate was activated prior to the firing o f the laser pulse in 

order to capture as much luminescence as possible. However, from the previous definition of 

luminescence in section 3.0, the fluorescence lifetime is expected to be o f the order of 14 ns. The 

remainder o f the camera exposure would be capturing phosphorescence. The images captured and 

presented were all single exposures.

3.4.1 Frozen Images

Figure 3.8 shows images o f the red and yellow seeding particles for exposure times o f 100 ps, 10, and 

1 ps. The shape o f the luminescent emission was related to the irregular unshaped laser beam profile 

(figure 3.9 (f)). The images of the red and yellow particles are very similar. Close inspection showed that 

the 100 ps exposure images exhibited a small amount of smearing (approx. 2.6 mm). This demonstrated 

the movement o f the seeding particles during an exposure. The 10 ps & 1 ps exposures freeze motion as 

expected and showed that it was possible to capture useful images at such short exposure times. The mean 

pixel intensity o f the 1 ps exposure was lower than the 10 ps exposure as expected.
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Figure 3.8 Seeding particle imaging 
(Optical chopper @ 100 Hz)
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3.4.2 Smeared Images

The tests in section 3.4.1 proved that it was possible to capture the luminescence with gate times as short 

as 1 ps. For the next set o f tests, it was decided to investigate the use of extended gate times. With an 

extended exposure time the captured image should show the particles moving away from the plane of 

excitation. This could be used to infer direction. Figure 3.9 shows images captured with exposure times of 

1, 2, 3, 4 and 5 ms. Each successive image shows an increase in the smear length. The measured smear 

length and calculated velocity are shown in table 3.5.

Exposure Time Smear Length Velocity

1 ms 28 mm 28 m s'1

2 ms 52.1 mm 26 m s'1

3 ms 77.6 mm 26 m s'1

4 ms 98.3 mm 25 m s'1

5 ms 123.5 mm 25 m s'1

Table 3.5 Particle smear lengths

With a rotational frequency o f 100 Hz the calculated velocity for particles situated at the centre of the 

laser beam profile was 27 ms*1. The smear lengths given in the table were obtained by manual 

measurement o f the images. The estimated accuracy o f these measurements is ± 1 mm. The reduction in 

the estimated velocity with increasing exposure time is likely to be a function o f the decay of the 

luminescence, and the end of the smear becoming difficult to distinguish. Increase in the exposure time 

beyond 5 ms revealed no increase in the length o f the streak, suggesting that the useful lifetime of the 

phosphorescence was <5 ms. The same tests were carried out using the yellow seeding particles although 

it was not possible to distinguish any increase in the smear length with exposures in excess of 3.5 ms. 

This was attributed to the fact that the seeding density was not controlled, and the density of the yellow 

seed was probably lower than the red.

3.4.3 Laser Beam Shaping

Shaping the laser beam into a thin light sheet distributes the available energy over a relatively wide area, 

which in turn produces a lower intensity luminescent emission when compared to an unshaped laser beam 

profile. This was investigated by shaping the laser beam into a thin light sheet using a f: 100 mm spherical 

lens and a f:56 mm negative cylindrical lens. The light sheet was allowed to diverge until it struck the 

chopper wheel disc. The light sheet had a vertical orientation and was approximately 40 mm high and 1 

mm wide. The smear length was visually identified as being shorter since the unshaped beam smear 

persisted for approximately half a revolution. The same tests were performed as in section 3.4.2 but useful 

light emission ceased after a 2.5 ms exposure. The smear produced had an angle of approximately 90°.

3.4.4 On-Chip Integration

The first sets o f tests highlighted poor contrast within the images, this is due to the fact that only a small 

portion of the available 4096 greyscale levels were actually used. A typical histogram of the number of 

pixels at a given greyscale value, versus the greyscale value yielded a low mean pixel value with a small 

standard deviation.
81



a) 1ms Exposure

b) 2m s Exposure

d) 4ms Exposure

e) 5ms Exposure
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c) 3ms Exposure 0  Optical chopper schem atic

Figure 3.9 Red particles image, extended exposure 
(Optical chopper @ 100Hz)
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This is not desirable. As ideally, the spread of the intensity histogram should be maximised to improve 

contrast. This can be achieved using image-processing algorithms such as equalisation, which stretches 

the histogram over a wider range of greyscale levels. However, improving one aspect of an image can 

also deteriorate another. Therefore, it was beneficial to capture the highest quality image possible before 

considering the use of image processing. The alternative to single-shot low intensity images was to 

integrate a number of successive shots on the CCD chip in order to increase the total energy captured and 

thus increase the range o f greyscales used. Since the optical chopper was not synchronised with the 

camera, multiple stationary images o f both the unshaped laser beam and the light sheet were captured. It 

was soon found that only a few images were integrated before saturation occurred.

3.4.5 Intensity Attenuation Factors

Visualising flows within IC engines involves looking through thick windows and the use o f optical 

filtering to isolate the wavelengths o f interest. Each optical component introduces light losses where 

every air/glass interface could witness up to 4% reflection loss if uncoated (Blackwell & Thornton 

[1996]). In addition, each optical component could absorb a small percentage of the transmitting light. To 

account for this various windows and filters were placed in front of the camera to emulate some of the 

losses that would be incurred. As expected some light loss occurred but it was still possible to capture the 

required image.

3.4.6 Repeatability

To check for repeatability the optical chopper wheel was fixed into one position and three sets of twenty 

single images were captured with 10 ps exposures. The tests were carried out over a period of 114 days to 

test for laser pulse energy variations. The results revealed an excellent repeatability with each test mean 

pixel intensity varying by a maximum of 2%.

3.5 Seed Testing Summary
The selection of an appropriate seeding material proved to be a non-trivial task. Many factors had to be 

considered concurrently when selecting a suitable seeding material and when assembling the required 

instrumentation. As far as was reasonably practicable, tests were carried out to represent any factors that 

could impede the image capture process during engine testing. Therefore a high degree of confidence was 

obtained in the ability of the assembled instrumentation and seeding material to provide useful results. 

However, the testing detailed in this chapter did reveal that the phosphorescent lifetime was not long 

enough to enable the particles to be excited before entering the engine, thus requiring a light source to be 

guided into the engine to reach the area of interest. Also, it was shown that the particles did not degrade at 

high temperatures, permitting the possibility of active seed remaining in the engine from one cycle to the 

next. The effect of this may be reduced by only seeding cycles where measurements will take place, 

reducing the build up of seed.
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Chapter Four: Experimental Setup

Chapter three discussed the identification o f the luminescent seeding material and confirmed its suitability 

for use within a test rig or engine. This chapter will discuss the selection o f the required instrumentation, 

namely, an appropriate light source, intensified CCD camera and a particle seeder. Since PPT had never 

been attempted previously, it was prudent to evaluate the technique using a steady flow rig rather than 

move directly to an engine. The design of the steady flow rig is presented.

4.0 Excitation Source Selection
Previous testing highlighted the poor image capture capabilities of CCD cameras when inadequate 

lighting was used. Early tests detailed in chapter 3 had used a blacklight lamp which produced significant 

levels of visible light. This light dominated the luminescent emissions making it difficult to isolate the 

appropriate signal. The ideal light source would output no visible light and should excite both sets of 

seeding particles.

4.0.1 Particle Excitation

As stated within section 3.3.1 each set of particles had different excitation spectra. The UV spectrum has 

been divided into three regions as shown within table 4.1 (Commission Internationale de l’Eclairage 

[1970]). The excitation spectra of the yellow particles (YV04:Dy) peaked in the short-wave UV region at 

230 nm, whereas that o f the red particles (YV04:Eu) peaked in the long-wave UV region at 325 nm.

Region Wavelength [nm]

Long-wave UV UV-A 315-400

UV-B 280-315

short-wave UV UV-C 100-280

Table 4.1 Regions of the ultraviolet spectrum

The UV-A region is capable o f inducing fluorescence and is often referred to as the black light region, the 

UV-B region is the region which tans/bums human skin. Light within the UV-C region is used to kill 

various bacteria, fungi and viruses. In addition, light at wavelengths shorter than 220 nm reacts with air to 

produce ozone so care has to be exercised (Ryer [1997]). Figure 4.1 shows an enlarged plot of the 

excitation spectra for both sets o f particles. It can be seen that there is an appreciable amount of crossover 

between the two spectra within the UV-A region. Between approximately 285 and 340 nm, both sets of 

particles exhibit a relative intensity > 0.5. This was therefore the most promising region for excitation.

85



Excitation Spactra of YV04:Eu & YV04:Dy
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Figure 4,1 Excitation spectra of seeding particles 

4.0.2 Available Light Sources

Once the excitation requirement for both sets of particles was understood it was important to identify a 

suitable light source. An investigation to evaluated various light sources. In addition to selecting the 

appropriate wavelength, other factors had to be considered. For example, whether it should be a pulsed or 

continuous wave (CW) source, the output power, physical size, cost, and usability.

The evaluation considered black light sources, arc lamps, deuterium lamps and various lasers, the full 

details of which can be found in Guerrier [1997]. Figure 4.2 shows the emission spectra o f various light 

sources. The main drawback with CW and arc lamps was their wide emission spectra, which would 

require significant filtering to eliminate any visible light. Inspection o f figure 4.2 shows the very wide 

emission spectra. In fact, it was calculated that only 2.5% of the available power from a 1 kW xenon arc 

lamp would be useful for excitation purposes. As the luminescent intensity o f the particles was 

proportional to the incident light energy, it would be beneficial to use a light source that could provide as 

much energy as possible. However, optical filtering of the remaining 975 W of light would be a non

trivial task due to the high energy rejection and would require a filter with a strong absorption/reflectance 

coefficient and a relatively narrow passband. Usually filters exhibiting a narrow passband also exhibit a 

low transmission coefficient which serves to attenuate the desired signal further. Another possible 

drawback in using a CW light source is that the light has to be extinguished, perhaps with some sort of 

shutter to enable the recording o f any phosphorescent emissions.

For the PPT technique it was therefore appropriate to select a pulsed laser light source. This would have 

the benefit of delivering a high peak power (compared to CW sources) at a selected wavelength, which 

could be switched as required and delivered via optics to the test rig. Table 4.2 shows a summary of UV 

emitting lasers (Jenkins & White [1981] and Blackwell & Thorton [1996]). First inspection reveals eight 

lasers that emit light within the UV region.
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Figure 4.2 Emission spectra of various light sources

The only two which are pulsed and also provide light in the required wavelength range of 285-340 nm are 

the XeCl (excimer) and the N2 (nitrogen) lasers. The excimer laser with its emission at 308 nm seems 

ideal but is expensive to purchase and to operate. It is also a class 4 laser, with pulse energies in excess of 

what is required, which means extreme care has to be taken during its use. The use of this laser could also 

be considered a contradiction o f one of the constraints of the project namely, the instrumentation must be 

simple to use. Conversely, the N2 is small and simpler to use, but at the cost of a reduced pulse energy.

Laser Medium Wavelength [nm] Power Radiation

Helium Cadmium 

(HeCd)

Metal

Vapour

325 100 mW CW

Argon Fluoride (ArF) 

Krypton Fluoride (KrF) 

Xenon Chloride (XeCl)

Excimer 193 

248 & 357.4 

308

60W average 

(400 mJ)

Pulsed

Argon Ion (Ar) Ionised

Plasma

275-306 10’s o f Watts CW

Nitrogen (N2) Gas 337.1 1W average Pulsed

Dye Liquid 340-800 Few Watts Pulsed

Neodymium Yttrium 

Aluminium Garnet (Nd:YAG)

Solid State 266, 355 100’s o f Watts 

100’s o f kW

CW

Pulsed

Table 4.2 UV emitting lasers

4.0.3 Nitrogen Laser

The N2 laser emission line at 337.1 nm can be seen in figure 4.1. At this excitation wavelength the 

relative excitation intensities of the red and yellow seeding particles are 0.65 and 0.58 of their peak 

respectively. The laser purchased and used for all subsequent tests was a Laser Science inc, VSL-337ND- 

S. The specifications o f this laser are shown in table 4.3. The laser has virtually no warm up time, it is 

merely plugged in, switched on and is ready for use. There is no gas flow since the laser operates with a 

sealed plasma cartridge, which, once exhausted can be replaced very simply with no realignment 

necessary. The laser is a class 3b laser and emits invisible radiation so care must be used during its 

operation. The health risk from this laser are from direct line of sight or from specular reflection, diffuse
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reflections are generally considered safe (Laser Safety Guide [1987]). However, continued exposure to 

UV-A radiation by the eyes can cause possible cataract formation (Hughes [1982]). In accordance with 

local regulations, a safety interlock was fitted to the test cell door to interrupt laser operation upon 

opening. The laser light was fully enclosed by a screen during normal operation and appropriate safety 

goggles were used during any alignment operations.

Category Specification

Wavelength 337.1 nm

Spectral Bandwidth 0.1 nm

Repetition Rate Internal 0-30 Hz 

External 0-30 Hz

60 Hz Burst Mode

Pulsewidth (FWHM) 4 ns

Pulse energy 300 pJ

Peak Power 75 kW

Average Power 7.2 mW

Beam Size (Area) 35 mm2

Beam Divergence 0.3 mrad

Trigger I/P to Optical O/P Delay 700 ns

Table 4.3 Nitrogen laser specifications

With a pulse repetition rate o f 30 Hz it would be possible to capture one image per cycle for engine 

speeds up to 3600 RPM. Repetition rates up to 60 Hz are possible but could only be obtained for periods 

up to 10 s and repeated no more than once every 30 s. However, at repetition rates in excess of 30 Hz 

there would be less time to recharge and hence, at 60 Hz only 60% of the pulse energy would be 

available. A point o f interest is the relatively low energy (300 pJ) that was required to excite the particles, 

in comparison to many LIF systems that use 100’s of mJ from class 4 Nd:YAG or excimer lasers to excite 

the tracer material.

4.1 Intensified Camera Specifications
4.1.1 Overview

An intensified CCD camera was required for this project due to the low light levels emitted from the 

seeding particles and the short exposure times required. The intensifier and CCD camera designs are 

continually evolving and there are five recognised generations of intensifier to date. The concept of the 

intensifier is to amplify weak light levels for subsequent capture by a CCD array. The early intensifiers 

(Gen 0 & Gen 1) relied upon electron acceleration to achieve gain and electrostatic inversion, they also 

suffered from significant geometric distortion. Later versions use a microchannel plate to achieve gain. 

The intensifier in these later versions consist o f a photocathode, microchannel plate electron multiplier 

(MCP) and a phosphor screen which are all situated in front of the CCD array. A schematic of an 

intensifier setup is shown in figure 4.3.
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Figure 4.3 MicroChannel plate intensifier schematic

The operation is as follows:-

1. Photons incident upon the photocathode causes the ejection of electrons.

2. These electrons are attracted towards the phosphor screen but have to pass through the microchannel 

plate where an avalanche effect multiplies the signal.

3. A highly intensified electron beam is therefore incident upon the phosphor screen.

4. This in turn produces a high intensity image that can be captured by a conventional slow scan CCD 

array.

Due to the high gains employed, noise can be a significant factor within the intensifier assembly since it 

also experiences the same high gain. Most manufacturers quote an equivalent background illumination 

figure (EBI). This is the amount of light captured by the CCD array when there is no light incident upon 

the photocathode. This figure therefore represents the lower limits o f the light signal that the camera can 

distinguish from noise. At low light levels, especially when using high gain, scintillation can occur. This 

is seen as a random sparkling effect throughout the image area and is a normal characteristic of MCP 

intensifiers. The intensifier can be coupled to the CCD array by two means, the first is to use a series of 

relay lenses, and the second is to use a fibre-optic taper. The main disadvantage in the use of a lens- 

coupled system is reduced light throughput when compared to a fibre-coupled system. This is due to 

losses at the lenses and interfaces. Lens coupled systems can be specified with an adequate performance, 

whilst they do have the benefits of reduced cost and greater flexibility (i.e. they can be dismantled). A 

clear description of intensifier CCD camera operation can be found in Holst [1996].

An important point to remember about the use of an intensified camera is that the CCD array is imaging 

the back o f a phosphor screen and therefore the cameras spectral sensitivity and resolution is determined 

by the intensifier used. This also means that the scanning of the CCD array is asynchronous with the 

intensifier gate thereby allowing highly temporal events to be recorded.
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4.1.2 Intensifier specifications

The cam era selected was the Photonics Science Intensified Coolview  12/500 cam era, it used a modified 

2 nd generation intensifier (SuperG en II). The intensifier was lens-coupled to the CC D  array, but to offset 

lower light throughput (when com pared to  a fibre-coupled system) the CCD array com prised o f  large 

form at pixels (19 pm  square) with large potential well depths. The specifications o f  the intensifier are 

shown w ithin table 4.4.

Max output brightness 3.0 cd / m 2

Lum inance gain 3070 cd /  m2 /lx

Resolution 43 lp / mm

EBI 0.01 plx

Input diam eter 18 mm

Gate rise tim e (10-90% ) 25 ns

Gate fall tim e (90-10% ) 25 ns

Gain range 100:1

Photocathode m aterial S20

Phosphor screen material P43

Table 4.4 Intensifier specifications

The norm alised spectral response o f  the intensifier photocathode is shown in figure 4.4. It can be seen that 

the maxim um  sensitivity occurs at 430 nm which corresponds to a sensitivity o f  72 ma/W . The relative 

sensitivity o f  the photocathode in respect to the red and yellow w avelengths o f  the seeding particle 

em ission is 0.5 and 0.6 respectively.

I C C D  N o r m a l i s e d  S p e c t r a l  R e s p o n s e

jYellow Particle Emission

m 0 6

Red Particle Emission

0.4

0.2

200 240 280 320 360 400 440 480 520 560 600 640 680 720 760 800 840 880

W a v e l e n g t h  [ n m ]

Figure 4.4 Intensifier photocathode response (S20)
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4.1.3 CCD specifications

The CCD utilised progressive scanning technology with a high pixel rate that allowed a full frame to be 

read out every 34 ms using an interline transfer strategy. To reduce noise and dark current the CCD array 

was thermoelectrically cooled and used multi-pin phase mode sensors (MPP). The readout philosophy 

from the array was to use correlated double sampling with data transferred to an ultra-fast ADC fitted 

within the camera head. The output from the ADC was an RS422 differential signal, this being less 

susceptible to noise than an analogue signal during the data transfer from the camera to the PC. Table 4.5 

shows the CCD camera specifications.

Resolution 512x512

Pixel Size 19 pm

Grey scale resolution 4096 (12 bit)

Readout speed 10 MHz

Potential well depth 450 x 103 electrons

Dark current 1 electron / pixel/second

Gain 1 ,2 ,4 , 8

On -chip binning lx l, 2x2,4x4, 8x8

Exposure time 20 ms to 30 minutes

Table 4.5 CCD Specifications

Control of the intensifier gain was provided by a potentiometer situated on the front of the camera control 

box. All other control was provided via PC software. The PC used was a standard desktop machine fitted 

with a video capture board, a Matrox Pulsar™. Specific camera drivers provided by the manufacturer were 

incorporated into the commercially available image processing program image pro plus™. Figure 4.5 

shows a screen capture o f the camera setup screen. Two control panels were displayed, the right hand 

control panel was the main control panel whilst the left had side was the signal control panel. The signal 

control panel was used to specify the CCD integration time, video gain and the image format i.e. normal; 

or pixel binning (the capability o f joining adjacent pixels to form ‘super pixels’ to increase the CCD 

sensitivity).

The main control panel shows the image preview and image grab (snap) buttons. A unity gain setting 

within the software corresponds to approximately 120 electrons per grey scale level, whereas a gain of 8 

is equivalent to 15 electrons per grey scale level. The integration period for the CCD was for up to 30 

minutes. The use o f on chip integration should reduce the amount o f CCD readout noise considerably 

when compared to integrating the images using software. An integration time o f 30 minutes would allow 

2250 images (one per cycle) o f an event to be integrated from an engine running at 1500 RPM. However, 

extended integration periods can negate the benefits of multiple integration due to increase in temperature 

related noise. All images captured were 12 bit greyscale TIF images, these had to be reduced to 8 bit 

before they could be incorporated into other documents. Each image occupied 385 kb o f hard disk space 

(12 bit format).
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Figure 4.5 Screen capture of camera control panel

To allow  the use o f  standard photographic lenses a C mount to N ikon m ount adapter was used. The lens 

used for the prelim inary w ork was a f: 1.2 50mm lens. The aperture was usually set at the maximum 

setting to allow  the m axim um  transm ission o f  light. Opening the lens aperture does reduce the depth o f 

field but no particular problem s were encountered (see section 4.3.2).

4.2 Steady Flow rig Design

To develop the phosphorescent particle tracking methodology it seem ed prudent to visualise the flow 

streams within a steady flow rig. In this way the effort could be focused upon the seeding and image 

capture rather than trying to setup and m aintain a running engine. Since the PPT technique was in its 

infancy, it was not fully determ ined which optical view would provide the m ost useful results. A steady 

flow rig was constructed with a m odular form at so that different flow structures could be initiated and 

viewed from different angles. Ideally the steady flow rig should provide:-

•  An adequate am ount o f  optical access to facilitate views o f  both tum ble and swirl.

•  Easy access for cleaning optical surfaces.

•  An ability to generate both tum ble and swirl flow structures.

•  D im ensions that represent a typical engine configuration.

4.2.1 Rig specifications

The cylinder head used for testing was a production Ford Zetec 1.8 litre cylinder head. This has four 

valves per cylinder with a bore diam eter o f  80.6 mm and a stroke o f  88 mm. The rig was constructed from 

mild steel, as this only exhibits a 20-30 % reflectance o f  UV light (254 nm) com pared to 88%  for etched 

aluminium (H ughes [1978]). It was thought that this would reduce the effects o f  spurious scattering to an 

acceptable level but subsequent testing revealed that images were im proved by painting the cylinder walls 

black. To allow  transm ission o f  UV light, the rig w indows were m anufactured from  fused quartz. 

A lthough quartz is relatively hard, it is also very brittle and constant rem oval and reinsertion o f  the
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window into the rig could eventually lead to damage. It was therefore decided to fix the windows 

permanently into the rig. An additional benefit o f doing this is the ability to maximise the window 

dimensions since the window would not have to sit within a protective carrier. The window had a width 

o f 73.54 mm which corresponded to approximately 92% of the bore width and had a height of 88 mm, 

equivalent to the stroke of the Zetec engine.

A schematic of the test rig is shown in figure 4.6. It consisted of four main pieces. The dummy cylinder, 

the plenum, the mirror assembly and the cylinder floor window. To enhance the modularity of the rig, 

each block was manufactured with a square external cross section so that each block could be rotated 

relative to any other. This provided a large number o f combinations for optical access. The air take off 

assembly could be fitted to either the rear of the dummy cylinder or the plenum. An interchangeable plug 

was manufactured to fill any vacant hole left behind in the bore and maintained the bore shape. The 

cylinder floor window could be fitted to the base o f either the dummy cylinder or the plenum. The front 

window was mounted against a shoulder within the dummy cylinder and sealed with silicon rubber 

compound. The cylinder floor window was again fitted using a silicone rubber sealant but was held in 

place by a fixing plate. Each block was located using hollow sleeves. The entire rig assembly was secured 

together using M10 studding which passed through the cylinder head and the rig to be secured by nuts on 

the underside o f the metal bench on which the rig was located. To ensure accurate realignment after 

disassembly, two locating pins were used to position the rig in correct alignment with the optical 

components. The engineering drawings o f the test rig are included in appendix 1.

Dummy Cylinder

T ake-O ff

Plenum

Cylinder F loor 
W indow

M irror Assem bly

Figure 4.6 Steady flow test rig
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4.2.2 Cylinder Head Modification

T hree m odifications o f the cylinder head were necessary. The first was to open out the cy linder head bolt 

holes so that they lie upon a 99 mm PCD. This allow ed the dum m y cylinder or the head to rotate in 

respect to the rig. The second m odification involved the removal o f the cam shafts and valve springs. 

M anual valve lifters were fitted where one turn corresponded to a 1.2 mm change in valve lift. The last 

m odification necessary was the separation o f the two flow stream s within the inlet port. This was required 

so that each port could he seeded individually with no crosstalk between the flow stream s until they 

entered the cylinder. The bifurcation of the inlet port just behind the inlet valves was extended to the 

outside o f the cylinder head. This was achieved by inserting and bonding two 22 mm copper pipes into 

the inlet port branches. A r 1 o f the modified cylinder head is shown in figure 4.7. It should be noted 

that the purpose o f the modification to the ports was to provide hardware upon which to evaluate the PPT 

technique. It was therefore not necessary to maintain the production inlet port characteristics.

Manual 
Valve 
Adj usters

Figure 4.7 The modified cylinder head

4.2.3 Air Flow Control

Because of the inlet port separation, it was not possible to use the conventional inlet m anifold and instead 

a series of copper pipes and flexible hoses were used. The intention was not to em ulate the production 

manifold air flows but to provide the ability to make rapid changes to the air connections. Figure 4.8 

show s a schem atic o f the intake air and vacuum control system. To avoid any risk o f crosstalk between 

the seeding particles the air inlet system was duplicated for each port (only one is shown in figure 4.8). 

I lence the flow through each valve was independently controlled. The inlet system consisted of a hot wire 

air flow meter, a plenum  and a throttle, a 30 mm diam eter flexible hose was used to direct the flows close 

to the rig. The last section consisted o f 22 mm copper tubing, the seeder was connected approxim ately 

300 mm from the cylinder head to allow the seed to disperse evenly. Air was draw n through the rig via a 

single 73 mm flexible hose using a liquid ring vacuum  pump situated below the optics and flow test 

facility (Ilick I largreaves Cl IK I 100). flic in-cylinder depression and mass flow rate was set by adjusting 

the vacuum control valve and inlet throttle as required.
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Figure 4.8 Air flow control schematic

4.3 Optical Setup
4.3.1 Optical Components

Figure 4.9 shows a schematic o f the optical setup used for testing. The steady flow rig was mounted on a 

separate bench to the optical components so that when adjusting the rig there was no risk of disturbing the 

optics. The optical bench consists of two levels. The light sheet forming optics are mounted along an 

optical rail within the lower section, delivering light into the rig via the 45° mirror. The ICCD camera is 

mounted upon the upper level to capture the images through the rig front window. The laser is mounted 

perpendicular to the optical rail and a 45° beam steering mirror used to guide the laser beam along the 

optical rail centre line. The light sheet forming optics consists o f a 100 mm focal length spherical lens and 

a 156 mm +ve cylindrical lens. A pin hole was positioned at the focal point o f the spherical lens to clip 

the laser beam in order clean up any unwanted rough edges. The light leaving the cylindrical lens was 

allowed to diverge until it reached the steady flow rig with the position o f the cylindrical lens set so that 

the sheet width was as wide as the entry window.

An adjustable mirror assembly was constructed to allow rapid positioning o f the light sheet within the 

cylinder volume. This consisted of two 45° mirrors fixed adjacent to each other to perform a simple 

periscope function. When positioned as in figure 4.9, adjustment of the upper mirror steps the light sheet 

vertically along the flow rig mirror assembly, which, in turn steps the light sheet from the rear towards the 

front of the cylinder, bore. To increase their UV light reflection coefficient all the mirrors used were 

coated with magnesium fluoride (MgF2). All lenses were manufactured from quartz to allow the 

transmission o f UV light. The ICCD camera was positioned as close to the rig as the camera lens focusing 

would allow in order to capture as much light as possible. The two-tier system of the optical bench also 

allowed the position of the ICCD camera and the optical rail to be interchanged relatively quickly. 

Although the steady flow test rig was designed to be modular so that the front window could face in any 

direction, moving the optical components within the test cell was impractical, mainly due to space and 

time requirements.
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Therefore ihe front window and rig m irror assem bly always faced towards the optical bench and the 

cylinder head was rotated to suit the required image capture strategy. Since the air intake system  was 

connected using flexible hoses it was not difficult to reattach to the cylinder head in any location.

The biggest difficulty when aligning this system  was that the IJV laser beam was not visible, so the 

alignm ent o f the optical com ponents was perform ed using pieces o f white paper which fluoresced to act 

as targets. To use the adjustable m irror to its full c l ,  ' ' T  it was im portant that the laser beam  was 

aligned accurately. Due to the relatively large distances between the optical com ponents and the test rig 

any slight o ff axis alignm ent caused beam steering o f  such proportion such that the sheet could miss the 

rig com pletely. It was critical to align the beam to be both horizontal and perpendicular to the test rig. 

Any m isalignm ent caused the light sheet to lean either forw ards/backw ards or even left/right w ithin the 

cylinder bore. This error was accentuated when positioning the adjustable mirror. Any vertical movem ent 

o f the m irror would result in some truncation of the light sheet, which would not allow the full width o f 

the bore to be illuminated. The most difficult alignm ent was checking that the optical rail was 

perpendicular with the lest rig. This was checked by focusing the laser beam upon the centre o f the lest 

rig m irror assem bly and checking that it coincided with the centre o f a mask placed upon the top o f the 

dum m y cylinder, Figure 4 .10 shows a photograph o f the optical rail and the lest rig.

Adjustable m irror

Figure 4.10 Optical bench and test rig layout
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4.3.2 Depth of Field

With PIV techniques it is imperative that the individual particles are in focus otherwise it will not be 

possible to calculate the required velocity profiles. However for this work it was not necessary to capture 

images o f the individual particles, only to visualise areas within the flow streams to the nearest 

millimetre. The definition o f depth o f field is the distance between the nearest and farthest part of the 

subject matter, which can be brought to an acceptable focus on one common plane, Langford [1986]. The 

depth o f field can be calculated to a first approximation from (Ray [1998]):-

^  2 u 2 N C  „T = ---------—  Equation 4.1
/ 2

Where T - depth o f field, u -  object conjugate distance, N -  relative aperture, C - circle of confusion size 

and f  the lens focal length. The circle of confusion is best described as the minimum circle of which any 

subject detail can be resolved by the eye at a comfortable near distance o f distinct vision (usually 250 

mm). The value o f C is related to the point spread function (PSF) o f the lens and for general photography 

a figure o f 0.025 mm is used. The greatest depth o f field occurs when:-

• The permissible circle o f confusion is large.

• The f-number is high.

• The lens focal length is short.

• The subject distance is distant.

The important point within the definition o f depth of field is the use of the words acceptable focus, since 

this is subjective. Moreover, this depends upon the format o f the recording medium, whether the image 

will be enlarged, the viewing distance and the acuity of the eye. Since there is no absolute boundary 

within the object space that separates sharp from unsharp, any change of lens which provides a changed 

viewpoint for the subject and different lens performances may provide an impression of greater depth of 

field.

Figure 4.11 shows three images of graph paper positioned at different heights within the cylinder. The 

camera was focused at the mid point o f the cylinder stroke. The camera focus was fixed at this position 

and subsequent images captured of the same graph paper positioned at the top and base o f the dummy 

cylinder (+44 mm and -44  mm respectively). The thickness o f the gridlines was approximately 0.5 mm. 

Figure 4.11 shows the graph paper was in focus at the mid point and at the top of the cylinder bore the

lines had increased in width, but were still clearly visible. At the base of the cylinder bore the focus was

not as good. This was considered acceptable for this work and as such there was no need to refocus the 

camera for each image plane. The use of equation 4.1 yields a calculated depth o f field of around 10 mm 

for a f:1.2 50 mm lens situated 668 mm from the object plane but it is clear that a depth of much greater 

than this remained in focus on this rig.
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One possible explanation is that the system  resolution is dependent upon the target optical contrast (TO C ) 

(R ay [1998]). The TOC can be expressed as the ratio o f  the m axim um  object luminance to the m inim um  

object lum inance. Due to the low light levels w ithin the object plane the contrast is limited. Therefore, the 

effects o f  edges w ithin the object space becom ing less sharp away from  the focal plane can not be 

d istinguished until there is a large degradation o f  the image. This increases the apparent depth o f  field.

i) Top of stroke. ii) Mid stroke. iii) Bottom of stroke.

Figure 4.11 Depth of field check

M ovem ent o f  the object plane away from the cam era lens will decrease the image magnification. Using 

the mid stroke position as the reference it was found that the m agnification varied by ± 8%. However, for 

m easurem ent purposes each image used a separate spatial calibration w here the bore diam eter was used as 

the reference.

4.3.3 Cam era views and light sheet configurations

As previously discussed there were tw o w indow s provided within the steady flow rig. This allowed 

various com binations o f  light sheet positioning and cam era view. The tw o strategies o f  interest were the 

plane and edge views. Figure 4.12 shows the four different com binations. The plane view visualised the 

com plete w idth o f  the light sheet and images were captured perpendicular to the sheet. This was mainly 

used to freeze the in-cylinder m otion in a m anner sim ilar to other laser diagnostic techniques such as LIF, 

P1V and M ie scattering. The edge view imaged the thin edge (approx. 1mm) o f  the light sheet. It was 

hoped that it w ould be possible to capture the lum inescent particles as they m oved away from the 

excitation plane. This inform ation could provide velocity and directional inform ation. U nfortunately, 

there was no provision to excite and capture the im ages through a single w indow , although this should be 

possible if  a dichroic filter was used.
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Figure 4.12 Light sheet and camera configurations

4.3.4 Optical Distortion

Due to the shape of the front window (i.e. its curved inner surface and flat outer face), the window acts as 

a large negative lens, which distorts the in-cylinder view to some extent. On first inspection, this is 

considered an advantage since it allows the entire bore contents to be visualised from the front of the rig 

and the distortion is less than that which would be encountered with curved inner and outer surfaces. 

However, this distortion has two profound effects, the first being the lateral distortion o f any images 

captured through the front window. The second is the distortion o f the laser light sheet if  it passed through 

the front window. A parallel sheet would become significantly divergent and as a consequence provide a 

non-uniform energy profile. Careful calibration would be required if quantitative results were required.

Figure 4.13 shows a 2D ray tracing diagram of a pin hole situated 600 mm in front o f the window. This 

assumed pin hole location corresponded to the mid-point of the camera lens since its nodal planes were 

not known and could not be measured in the absence of a nodal slide. It is thought that the movement of 

the pin hole a few millimeters would have an insignificant effect upon the distortion due to the small 

dimension o f the cylinder bore in comparison to the distance o f the pin hole from the cylinder. A 

description of the ray tracing technique used is provided within appendix 2.

The resulting distortion showed an increased divergence of the light rays as they passed through the front 

window with increasing distance from the window centreline. Also shown within figure 4.13 is the 

position of a light sheet along the bore center (y=0) and y=±20 mm from the centre line. Using the front 

o f the window as the image plane it can be seen that as the light sheet was moved towards the rear of the 

cylinder the distortion became more pronounced and the perceived light sheet width decreased.
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This fact was confirm ed by figure 4.14 which shows im ages o f  graph paper at the bore centre and y = ±20 

mm. The w hite box surrounding the graph paper represents the edges o f  the front window. Due to the 

w indow  m ounting the actual view ing area was reduced by 3.5 mm each side (as shown by the inner 

lines).

a) y = -20 mm b) v = 0 mm c ) y  = + 20 mm

Figure 4.14 Front window distortion

The grid o f the graph paper was 1 cm x 1cm squares. There seem s to be relatively little distortion along 

the vertical axis (as would be expected) and for this w ork the vertical distortion was therefore neglected. 

The horizontal distortion is particularly visible in the +20 mm im age plane. Table 4.6 provides a sum m ary 

o f  the image distortion and show s both the actual, m easured and calculated graph paper widths.

Plane Actual width Measured width Calculated Width

Y = -20 mm 70 mm 52 mm 44.7 mm

Y = 0 mm 80 mm 48.3 mm 40.5 mm

Y = +20 mm 70 mm 38 mm 30.7 mm

Table 4.6 Distortion measurements

It is interesting to note that the ray tracing calculations underestim ated the m easured width by a constant 

7-8 mm. The measured graph paper width was carried out using image processing tools. The difference 

between the calculated and m easured widths occur due to the estim ation o f  the front nodal plane o f  the 

lens and the difficulty in selecting the appropriate edge w hen zoom ing in on an im age to m ake a 

measurem ent. However, the scaling o f  the image as the graph paper is m oved w ithin the bore is sim ilar. It 

can also be shown that the horizontal distortion is a near linear function for incident rays up to 20 mm 

from the window centre line (appendix 2). This allows an easy correction o f  horizontal distance to be 

made.
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4.4 The Cyclone Seeder

V arious methods o f seeding Hows with solid particles were discussed in chapter two. The method adopted 

was to use a cyclone seeder as described by G lass & Kennedy | l ()77 |. It operated by introducing a high 

velocity tangential je t o f air into a cylinder containing a quantity  o f seeding particles at its base. A vortex 

type flow structure is set up and the top layer o f the seeding particles are entrained within the flow and 

carried out within the low pressure flow region at the centre of the cyclone. In all. three designs o f 

cyclone were constructed, each o f a different si/e . The first was constructed  from Perspex™  with 

identical dim ensions lr> G lass & K ennedy's model (80 mm diam eter and 400 mm height). Initial trials 

show ed reasonable seeding results using com pressed air to expel the particles from the cyclone. I lowever, 

it was thought that a sm aller cyclone would exhibit a quicker response tim e and that the in-cylinder 

depression could create sufficient pressure difference across the cyclone to encourage a flow with an 

appropriate seeding concentration without the need for com pressed air. The second model was much 

sm aller w ith dim ensions o f 30 mm diam eter and 60 mm height. This cyclone functioned well but suffered 

from significant variation in the seeding concentration delivered over a period o f time. An optim um  level 

o f  seed particles at the base of the cyclone was required to  provide good seeding. However, as the 

particles were consum ed the level reduced and once below the optim um  level the seeding concentration 

reduced drastically. Since the diam eter o f the cyclone was sm all, the change in height o f the particles 

occurred quickly. A larger s i/e  was required so that the level o f seeding pow der did not decrease 

significantly over a period o f testing.

Figure 4.15 shows a photo o f the Mk3 cyclone, it was constructed from alum inium  and acrylic. It was o f 

102 mm diam eter with an exit pipe diam eter o f 22mm and an inlet pipe diam eter o f  4mm. Note the 

additional connection on the top o f the cyclone, this is connected upstream  o f the lest rig via a shut oi l 

valve. This valve is opened prior to starting the vacuum  pum p in order to inhibit any seed contam inating 

the rig w indow as the vacuum pump runs up to speed. As soon as the flow in the rig has settled, the valve 

is shut. A schem atic o f the cyclone seeder connections is show n in figure 4.16.

Figure 4.15 The cyclone seeder
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Figure 4.16 Schematic of cyclone seeder connection

4.4.1 Cyclone Operation

Initial trials with the Mk 3 cyclone revealed that the in-cylinder depression set up within the test rig was 

insufficient to generate an adequate seeding concentration. Therefore, compressed air would have to be 

used to provide sufficient flow velocity within the cyclone to generate enough seeding. However, it would 

not be ideal to use excessive compressed air as this would alter the rig inlet flow structures, which would 

not resemble typical in-cylinder flows. The compressed air was admitted to each cyclone via a pair o f 

solenoid valves.

The cyclone was setup to provide approximately 20% of the total air mass flow rate for each port. The 

compressed air supply to the cyclone was set at 40 kPa (gauge). However when the solenoid valve for the 

cyclone was shut the air pressure at the regulator increased to 70 kPa. It is thought at the initial switching 

on o f the cyclone, that this higher pressure air initiates the cyclone flow structure and that this initial 

momentum keeps the cyclone active when the supply falls to the lower air pressure. At switch on an 

excess quantity o f seed enters the test rig briefly before settling to a continuous seeding level. Since the 

image capture and seeder operation is initiated by hand, this excess seed has passed through the rig before 

the camera records any images.

Operation of the seeder was not without difficulty. The most serious problem was the presence of 

moisture, which would cause the seed particles to not only stick to each other but also to the rig. 

Conversations with the seed manufacturer revealed that the particles were not hygroscopic but their small 

size would make them susceptible to retention of moisture. Storage o f the particles with a desiccant did 

not cure the problem so the particles had to be regularly baked in an oven prior to use. The problem of the 

seed sticking and increased window fouling was prevalent during cold and damp weather and ideally the 

seed should be used within a dehumidified test cell. It was also discovered that after prolonged use the 

seed would build up along the walls of the cyclone, which had two profound effects. The first was that the 

evacuation of the seed from the centre of the cyclone reducing the stored seeding particle level and thus 

reduced the effectiveness of the device.
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The second was that after a period, the build up of seed upon the cyclone walls would eventually fall into 

the centre of the cyclone, this led to excess amounts of seed entering the test rig, which rapidly fouled the 

windows. Various methods for vibrating the cyclone during operation were investigated. However, the 

solution used was to tap the cyclone vigorously prior to each set of tests to ensure the powder was evenly 

distributed at the base of the cyclone.

The successful operation of the cyclone was therefore significantly dependent upon a number o f factors. 

The ideal seeding scenario was to provide enough luminescent intensity for the recording system without 

rapidly depositing the seed upon the window. The optimum operation was found when approximately 

300-350 g of seeding powder was deposited within the cyclone at the start of a test. Subsequent testing 

revealed that approximately 17 mg s'1 o f seed exited the cyclone during a single test. A full day o f intense 

testing could be performed without the significant reduction in the seeding density.

Regular cleaning of the rig was required. The proprietary cleaners which were investigated left a deposit 

upon the window to which the seed adhered. Therefore to clean the rig, compressed air was used to 

remove any debris whilst the vacuum pump was in operation to safely remove the debris. This was 

followed by cleaning the rig with mild detergent and dried before cleaning the window with absolute 

alcohol. The window was then given a final polish with a dry cloth. The rig could be completely stripped 

down, cleaned and reassembled in a matter of a few minutes.

4.4.2 Cyclone Testing

The potential problem when seeding with solid particles is agglomeration. This results in an abnormally 

large particle size distribution, which may not fulfil the flow tracing requirements. In order to quantify 

this the seed size distribution produced by the seeder was measured using a Malvern particle sizer 

(Malvern instruments Series 2600). The instrument measures particle sizes using a light diffraction 

technique. Monochromatic light is focused upon a detector consisting o f a series of concentric detection 

rings. As a particle crosses this beam the light is diffracted, where small particle sizes cause large 

diffraction angles. The detector rings capture the diffracted light. The instrument sums the number of 

particles within each band and produces a histogram of the size distribution. Two sets of the yellow seed 

were tested, the first set was some seed that had already been used within the cyclone. It was found that 

after a prolonged use within the cyclone the seed changed colour from a very bright white powder to a 

whitish grey appearance. It was postulated that the seed probably stripped off the aluminium oxide within 

the cyclone. The second batch of seed was a previously unused batch. Both sets were baked in an oven 

the night before the particle measurement to ensure minimum moisture content.

Before discussing the results it is necessary to identify the limitations of the instrumentation. The size 

distribution being measured was situated at the bottom of the size range of the equipment. The f:100 mm 

and f:63 mm lens had a particle measuring range of 1.9 -  188 pm and 1.2 -  118 pm respectively. 

However there is an undersize bin within the statistical analysis for particles down to 0.5 pm. The f:63 

mm lens could not be used as the sample repeatedly fouled the surface of the lens.
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The f: 100 mm lens was therefore used and the results can be seen in table 4.7. Remember that the original 

seed size distribution as quoted by the manufacturer was in the range of 1.2 -  3.0 pm with a mean particle 

size of 2.2 pm.

Seed

Sample

No. of 

Samples

D[v, 0.5] D[v, 0.9]

1. Old 1000 2.91 pm 5.16 pm

2. New 500 2.77 pm 5.45 pm

3. New 500 2.66 pm 5.49 pm

Table 4.7 M easured seed size distribution from cyclone seeder

Where D[v, 0.5] and D[v, 0.9] represent the 50% and 90% by volume of the measured material which had 

particle diameters below the size quoted. The seed size distribution histograms can be seen in appendix 3, 

however it should be noted that the software does not allow the histogram to display figures below 

1.0 pm. It can be seen that the particle size distribution seems to have increased slightly. However, care 

must be exercised since the increase is very small and the accuracy of the Malvern instrument measuring 

particles at the minimum end of its measurement range is unknown. However even if an increase in the 

mean particle size from 2.2 pm to 2.9 pm is assumed, the flow tracing fidelities would be in excess of 

99% at 200 Hz and 75% at 1 kHz. It is argued that this was acceptable due to the fact that only the bulk 

flow stream is of interest. Moreover, the mean particle size is still considerably lower than that which 

would have been provided by other seeding materials discussed within chapter 2.

4.4.3 Seeding Concentration

A careful balance has to be struck when seeding gas flows, there has to be enough seed to provide an 

adequate signal but not too much seed, which could cause perturbation of the flow. Durst, Melling and 

Whitelaw [1981] quote seeding concentrations of lO^-lO11 particles per m3 as adequate for LDA work. 

Using the formulae provided by Rudinger [1980] and a particle mass flow rate of 17 mg s'1 as specified 

within section 4.4.1 the seeding density was estimated. Using the assumption that the seed is uniformly 

distributed throughout the cylinder bore volume it was estimated that the seeding concentration was 5.93 

x 1010 particles per m3. This figure is well within the seeding concentrations quoted in the literature and 

fulfils the flow tracing fidelity requirements. With the particles evenly distributed the shortest distance 

between each particle is equivalent to 125 particle diameters so that particle-particle interactions are 

minimal. The full calculation can be seen in appendix 4.

4.5 Instrumentation Operation
A schematic of the assembled instrumentation and the relevant control lines is shown in figure 4.17. The 

delay gate generator was used to control the timing and pulsewidth for the N2 laser and the intensifier gate 

control signals. The internal clock of the gate generator was set to free run at 25 Hz, therefore some 

manual interlocks were incorporated into the laser and intensifier gate control lines. These manual 

interlocks could disable the control signals to the laser and intensifier gate whilst the gate generator was 

switched on.
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The solenoid valves for the cyclone seeders were mains powered and relied upon a manual control to 

switch on. As previously stated the initiation of the CCD integration is provided by the PC keyboard. 

Since there were many pieces o f instrumentation operating almost simultaneously a routine for the correct 

sequence of events was required to ensure a successful image capture. These were as follows:-

• Start vacuum pump, adjust in-cylinder depression, air mass flow rate and valve lift as required.

• Extinguish test cell lights.

• Switch on cyclone seeders

• Start CCD integration (PC control) to initiate image capture.

• Enable manual interlocks to the N2 laser and the camera intensifier, the laser now fires and the 

intensifier gate opens with a frequency dictated by the gate delay generator.

• After the integration time has expired, switch off the cyclone seeders.

• Start CCD integration to capture a background image.

• After the integration time has expired, disable the intensifier and N2 laser interlocks.

•  Shut down the vacuum pump.
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Figure 4.17 Schematic of the instrumentation and control lines

4.6 Summary
This chapter has provided details of the choice and operation of the instrumentation required for this work 

namely, the laser light source, the intensified CCD camera and the cyclone seeder. The discussion 

covered why they were chosen and the compromises made during selection. A modular steady flow rig 

designed to facilitate various test routines has been presented and the optical setup and image capturing 

strategies have been discussed. Detailed descriptions of the distortion effects and focussing issues have 

also been provided. Although no effort was made to correct for these anomalies in the captured images it 

was important to understand fully their implications whilst testing. There were many difficulties that had 

to be overcome whilst testing and mainly consisted of optical or seeding problems.
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Chapter Five: Single Flow Imaging

This chapter will discuss the visualisation of a single seeded flow stream. The tests were carried out using 

a steady flow rig. Three image capture strategies have been devised and will be discussed, these are 

instantaneous capture, phosphorescent particle tracking (PPT) and image smear. It is not the intention to 

show all the images captured while testing since there are far too many (-1500). Instead, it is intended to 

show a representative selection in order to demonstrate the applicability of the technique.

5.0 Rig Orientation
5.0.1 Cylinder Head Orientation

Although the steady flow rig had a modular construction, the impracticalities of relocating the optical 

components from test to test dictated that the rig window should always face the optical bench. Therefore, 

to visualise the different flow structures from different orthogonal views the cylinder head was rotated 

with respect to the steady flow rig. Figure 5.1 shows a schematic o f the different cylinder head locations. 

The head position is best described by the position of the inlet ports with respect to the centre line of the 

steady flow rig front window. The rig window centre line was also coincident with the optical rail centre 

line. It can be seen within figure 5.1 that the parallel cylinder head position has the inlet valves facing the 

rig front window. The perpendicular position has the cylinder head rotated by 90° so that the flow enters 

the cylinder from the left-hand side of the rig (when observed from the front of the rig). From this point 

onwards the cylinder head position will be described as either parallel or perpendicular. The inlet ports 

are identified as port A or B as indicated within figure 5.1.

5.0.2 Light Sheet Orientation

Figure 5.2 shows the orientation of the vertical plane of the laser light sheet when looking down upon the 

rig from above (the x-y plane). The terminology used to describe the light sheet orientation was 

dependent upon what could be seen through the rig front window and was discussed within section 4.14. 

Figure 5.2 shows the two types of strategy that were of interest, these being the plane and edge views. For 

the plane view, there are three positions of interest, the bore centre line (y = 0) and the plane that bisects 

each half of the cylinder bore (y = ± 20 mm). Similar positions were used for the edge views with the 

light sheet being rotated by 90° and viewed along the thinnest edge and positioned at x = 0 and x = ± 20 

mm. A schematic of the z plane i.e. vertically within the rig is shown in figure 5.6 (c).
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Figure 5.1 Cylinder head orientation
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5.1 Image Processing
5.1.1 Background Correction

After a phosphorescent image was captured, a background image was recorded (with the same number of 

image integrations) in order to eliminate any background anomalies. This was easily achieved using 

image processing software. The background subtraction algorithm compares the active image with the 

background image and any pixels deemed part of the background were replaced with a value close to the 

mean background intensity. The algorithm used the following formula:-

CIx y -  Ix y -  BIx y + M  Equation 5.1

Where I^y is a pixel value o f the original image at location (x,y); Bl^y is a pixel value of the background 

image at location (x,y); M is the average pixel value of the background image; and CIx,y is the new pixel 

value within the corrected image. However, this subtraction algorithm was not ideal and two areas of 

error have been identified. The first concerned the timing of the background image capture. If the 

background was captured before a phosphorescent image, the rig would be clean and would exhibit little 

background scattering. Conversely, capturing a background image after the required phosphorescent 

image captured the maximum amount of background scattering due to seed deposition upon the rig 

surfaces. During each phosphorescent image integration, the seed deposition increased gradually with 

time, thus the problem of spurious scattering may only effect the latter images within the integration. The 

concern was that when a bright background anomaly was subtracted from the phosphorescent image it 

was then replaced by an artificially low mean background pixel intensity. This caused areas of low 

intensity within the luminescent images. For example, the valve seat periphery (which became coated 

with seed) became visible as an area of low intensity in a number of images.

The second error occurred due to the spurious scattering o f the luminescent emission by surrounding 

particles, which is not captured during a background image capture due to the lack of airborne seed. To 

clarify, the laser sheet excited a set o f particles within a known plane, these seeding particles however, 

will emit light in all directions. This light will be scattered by the bright white seeding particles adjacent 

to the excitation plane thereby illuminating the cylinder bore. One method to reduce this effect is to 

reduce the levels of seeding but care must be exercised in order not to reduce significantly the required 

luminescent signals.

5.1.2 False Colouring

In order to fully understand the captured images some image processing was required. The images 

captured were in a 12 bit grey scale format, however due to the poor contrast of the images the grey scale 

intensity range was rather limited. The use of false colouring can highlight important features, which 

could easily go undetected within the grey scale images due to the logarithmic response of the human eye. 

As explained within Chapter 4, Image Pro Plus™ was used to capture and present the images. The 

conversion to false colour was very simple and only involved a few steps. The first part of the conversion 

process converts the image from 12 bits to 8 bits per pixel by the truncation of the least significant 4 bits 

(binary 0000). The next step was to decide how many colours were required and what those colours
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should be. The conversion from 12 bit to 8 bit introduces the quantisation of the original 4096 levels into 

discrete 16 bit blocks but it was thought that this would not degrade the clarity of the images significantly. 

The next important point to consider was the number of colours (quantisation of the 256 levels) that were 

required to display the images. Care has to be exercised here since too many colours negate the advantage 

of false colouring, since it would be still difficult to distinguish slight colour variation within the image. 

Too few colours produce blocky images with poor clarity. There could also be the danger of manipulating 

the false colouring to produce a captured image that resembles what one expects to see within the 

cylinder, for example a boundary line in the desired position.

Therefore it was important to devise a strategy or set of rules which was applicable for all imaging 

conditions. This was not easy since each image capture strategy required a different number of integrated 

images with varying intensities. Ideally, the captured images would span the complete dynamic range of 

the camera without any saturation. With this case, the false colouring could be applied to the complete 

4096 intensity levels. However, as previously mentioned some of the captured images have a rather 

limited contrast with a grey scale range of the order of a few hundred grey scale levels. Therefore, 

applying false colouring to the complete dynamic range would produce rather flat areas of interest due to 

the large quantised colour steps. Therefore, the grey scale range within the captured image needed to be 

identified and that particular range false coloured. The identification o f the maximum and minimum 

intensities was provided by a histogram analysis of the captured image. The histogram analysis provided 

the grey scale intensity value along the x-axis, whilst the y-axis provides the number of pixels with each 

intensity value. An example of a typical image histogram is shown in figure 5.3 (a), figure 5.3 (b) &( c) 

shows flow charts, which illustrate the image capture and false colouring methodology respectively. For 

the upper false colouring limit, it was decided to select an upper cut-off of 90% of the maximum 

intensity. This was chosen because the histograms generally had a wide but low value spread at the upper 

end of the intensity histogram.

Due to the low intensity of the particle emissions, the images were captured within a darkened test cell 

with a maximum intensifier (xlO) and video (x8) gain. Nevertheless, as explained earlier there will be 

some illumination incident upon the CCD array generated from the MCP. In addition, background light 

scattering was present within the bore and therefore, very few pixels exhibited a zero (black) intensity 

value. To identify the lower intensity cut-off it was assumed that any light of interest only emanated from 

within the test rig with a boundary dictated by the window geometry. Therefore, the lower intensity limit 

was set by the lowest pixel intensity that occurred within the area of the test rig window. Pixels located 

outside of the rig window were set to zero. Using the image processing software, the images were false 

coloured, an area of interest (AOI) was set around the window boundary and the image was cropped. 

Applying false colouring to the image does not actually alter the captured image but instead writes a look 

up table to display the results. To maintain the false colour information the image had to be converted into 

a 24 bit RGB true colour image. This was performed by using the image convert command. The grey 

scale image was converted to colour by inserting the grey scale intensity value into each of the RGB 

channels. The black pixels (binary, 000) were therefore converted to RGB = 000, 000, 000 and the white 

pixels (binary, 255) into RGB = 255, 255,255 before being stored in a tagged image file format (TIFF).
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Image Pro Plus™ can provide up to 128 different colours for false colouring, however it was decided that 

the use of 16 colours ranging from red to blue provided a clear indication of the seed distribution within 

the cylinder. The false colouring used red for the lowest pixel intensity through to blue for the highest 

pixel intensity. Absolute pixel values have not been provided due to the varying range that each set 

produced due to variation o f the seeding and the number of image integrations. It should be remembered 

that false colouring does not alter in any way the captured image. Integrating more images increases the 

overall pixel intensities but the quantisation into 16 levels (colours) still provided similar images to those 

with a lower number of integrations. Therefore comparison is valid between images with different 

numbers of integrations.

5.2 Instantaneous Image Capture (Plane View)
5.2.1 Experimental Setup

Instantaneous image capture is the conventional image capture strategy, here a particular plane is excited 

within the cylinder and the camera records an instantaneous image o f the seed distribution within the 

excitation plane. However, for conventional imaging the camera shutter operation usually straddles the 

laser pulse. To reduce the effects o f the spurious background scattering it was intended to capture the 

luminescent images after the laser pulse had extinguished. The system clock, laser control and intensifier 

gate pulses were provided by a Stanford precision gate generator (DG 535). The gate generator is capable 

of generating four independent trigger edges either rising or falling, or two accurately controlled TTL 

pulses. The gate generator exhibited a delay resolution of 5 ps and a 50 ps rms jitter from trigger which 

ensured its accuracy for the current tests. The timing control parameters of interest were T, A, B, C, and 

D. The laser control line was connected to output AB and the intensifier gate connected to output CD. 

Therefore the rising edge of parameter A designated the laser trigger being asserted whilst the rising edge 

of parameter B designated the timing o f the falling edge of the laser trigger pulse. Likewise, the timing of 

parameters C and D controlled the timing and pulsewidth of the intensifier gate connected to output CD. 

For the instantaneous image capture strategy, the following times were programmed into the delay 

generator, as shown in table 5.1.

Output Time

T Internal Clock (30 Hz)

A T + 0 ps

B A + 10 ps

C A + 800 ns Ti

D C + 100 ps t 2

Table 5.1 Instantaneous timing param eters

A timing diagram representing the timing parameters is shown in figure 5.4. T0 represents the CCD array 

integration time, the internal clock was the reference for the events within the CCD integration period. Tj 

was the delay between the laser trigger pulse and the opening of the intensifier gate in this case 800 ns. T2 

was the intensifier exposure time o f 100 ps.
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Returning to the gate generator, some other propagation delays have to be considered and are shown in 

figure 5.5. T was an internally generated trigger edge and was asserted with a fixed delay of 85 ns after 

the rising edge of the internal clock. For the images presented within this thesis, the fixed delay has been 

neglected and the parameter T was used as the reference point for all subsequent tests. The rise and fall 

times of the gate generator pulses were 2-3 ns and could be considered as near instantaneous. Since the 

laser output was connected to output AB inspection of table 5.1 shows that the laser trigger pulse was 

asserted at a time coincident with T and fell to zero 10 ps later.
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Figure 5.4 Instantaneous image capture timing diagram
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Once the laser had been triggered it could take up to approximately 750 ns before an optical output was 

achieved, therefore the minimum delay before opening the intensifier gate was set at 800 ns. This resulted 

in only phosphorescent emissions being recorded since the 750 ns optical delay in addition to the 4 ns 

laser pulsewidth and the -10 ns fluorescence decay time is well below the 800 ns delay figure. Due to the 

relatively long intensifier gate widths the intensifier trigger propagation delay of 100 ns and the gate 

opening time of ~25 ns were also disregarded.

Initial tests used an intensifier gate time o f 10 ps, but this resulted in many image integrations being 

required. However, the bulk flow velocities were much lower than previously expected and an increase of 

the intensifier gate time to lOOps provided images which showed no visible difference in appearance to 

the shorter exposed images when false coloured. The system clock was set at 30 Hz so that a 1 second 

CCD integration would capture the required number of images. For engine testing this clock signal could 

originate from either a shaft encoder or a TDC marker taken from the engine crankshaft.

Before capturing images some thought was given to the camera view and what sort of flow structure 

might be set up in the cylinder in order to capture an image that provides the maximum amount of 

information. It has been shown that the tumble intensity increases significantly during the compression 

stroke due to the ‘spin-up’ of the flow from the piston crown (Arcoumanis [1993]). However, within a 

steady flow rig there is no piston crown, so usually some sort of adapter is used to convert the tumble into 

swirl. Khalighi [1990] has also shown that a cylinder head with both inlet valves fully open generated a 

weak, poorly defined tumble flow structure with a dimension of less than half of the bore diameter 

thereby requiring the ‘spin up’ to increase the intensity. Moreover, it was found that most of the vortices 

dissipated very quickly before the piston reached BDC of the induction stroke. The Ford Zetec head used 

in this study has a small mask positioned at the rear of the inlet valves so that the majority of the inlet 

flow should be directed across the top of the inlet valves. It would then progress across the pent-roof and 

down in front of the rig front window. Since the rig floor window is situated 176 mm below the cylinder 

head there will be no visible interaction between the rig floor window and the flow stream. Therefore, it 

was expected that the majority of the flow would exhibit an overall downward motion. Unfortunately, it 

was not possible to excite the particles through the front window and observe the phosphorescence 

through the same window. This could have confirmed the overall downward motion. Instead, illumination 

was provided through the cylinder floor window, as previously explained.

The cylinder head was placed in the parallel position with both inlet valves set at a 9.6 mm lift 

(approximately full lift for this engine). The throttle and vacuum pump control valves were adjusted to 

provide a total air mass flow rate of 15 g s'1. Figures 5.6 (a) & (b) show the seed distribution within the y 

= -20 mm plane, viewed through the front window, with the seed introduced in turn through port A (LHS) 

and port B (RHS). The position of the image plane can be seen in figure 5.6 (d). Each image represents an 

integration of 30 images. The image has been stretched laterally using the window correction factor to 

correct the distortion effects of the rig front window (see appendix 2).
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5.2.2 Instantaneous Image Capture Results

With both valves set at the same lift and each side seeded in turn, it could be expected that figures 5.6(a) 

and (b) would appear to be the mirror image of each other. However, first inspection of the two images 

revealed striking differences. Whilst figure 5.6 (b) showed that the seed to be concentrated on the right 

hand side of the bore, as expected, in figure 5.6 (a) the flow was biased towards the bore centre. This 

anomaly was repeatable under a range of test conditions and was attributed to a misalignment of the 

copper pipe bonded within the port. Inspection of both images showed that the majority of the seed was 

distributed upon the side in which it was introduced.

However, a significant proportion of the seed crosses the centre line and appears upon the opposite side of 

the cylinder bore. This will be a function of the turbulent mixing between the flow streams entering via 

each valve. These two images only represented one particular plane within the bore volume, to gain more 

insight further investigation would be required. Nine horizontal planes are indicated upon the two images 

(corresponding to those in figure 5.6 (c)). These represent the image planes when looking up through the 

rig floor window, and can be seen in figures 5.7 and 5.8 (corresponding to figures 5.6 (b) and 5.6 (a) 

respectively).

When the seed was introduced on the RHS (Fig 5.7) a set of images was produced which correlate clearly 

with figure 5.6 (b). Starting at plane 0, it appears that the majority of the seed is visible in a jet-flow type 

structure between the valves. Plane 1 appears to reveal seed emerging from the masked region at the rear 

of the valve, which, with the valve at maximum lift, will direct the flow to the rear cylinder wall. The 

distribution of seed broadens to cover almost the entire RHS of the cylinder with increasing distance from 

the cylinder head, with some penetration of the seed onto the LHS of the cylinder. It is thought that the 

dark region on the extreme right of each image near the cylinder wall is not the absence of seed, but an 

artificial effect due to the masking/distortion of the illuminating light sheet by the bore windows. Figure 

5.8 shows a similar set of images with the LHS seeded, demonstrating a clear bias to the centre of the 

cylinder due to the port asymmetry mentioned earlier.

However, before moving on it is important to reiterate the concern raised within Chapter 1 regarding the 

non-uniformity of laser light sheets. The discussion pointed out that the spatial intensity variation of a laser 

light sheet would lead to areas of seeding material absorbing different levels of energy. This, in turn, would 

yield various particle emission intensities. Therefore the light intensity variation within the captured images 

would be due, in part, to the variation of seeding concentration and, in part, due to the variation in intensity 

of laser light. This intensity variation would occur across the laser sheet width as well as within the laser 

sheet thickness. For quantitative results, a calibration of the intensity variation would be required, while for 

qualitative results an appreciation of the intensity variation within the bore would be useful. Many laser 

beams exhibit a Guassian intensity profile, and so the laser sheet would experience intensity weakening 

towards its edges. For the work presented within this thesis no calibration of the laser light sheet intensity 

variation was carried out. It was thought that the seed distribution within various areas of the cylinder bore 

would provide the majority of the intensity variation within the captured images.
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a) Plane 0 d) Plane 3 si) Plane 6

b) Plane I e) Plane 4 h) Plane 7

c) Plane 2 i) Plane 80  Plane 5

M i n i m u m M a x im u mIn te n s i t )  R a n g ?

Figure 5.7 Instantaneous imaging, 9.6 mm valve lift, RI1S Seeded, 
Vertical Planes viewed through rig floor window
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a) Plane 0 d) Plane 3 g) Plane 6

b) Plane I e) Plane 4 h) Plane 7

c) Plane 2 f) Plane 5 i) Plane 8

M in im u m  -------------------------------------------------------- In te n s i ty  R a n e e    M a x im u m

Figure 5.8 Instantaneous imaging, 9.6 mm valve lift, LIIS Seeded, 
Vertical planes within the bore



5.3 Phosphorescent Particle Tracking (Edge View)
5.3.1 Experimental Setup

Due to the relatively long phosphorescent lifetime of the seeding particles, it was possible to track their 

motion within the cylinder. The principle of phosphorescent particle tracking (PPT) was to excite the 

particles within a known plane and then, using a short exposure, capture the phosphorescent emission 

from the particles a finite time after the excitation has extinguished. The subsequent images were then 

captured with increasing delays which therefore tracked the sets of particles, which originated from the 

same plane, as they were carried around the cylinder bore. The gate generator was programmed with the 

parameters shown in table 5.2. The associated timing diagram is shown in figure 5.9.

Output Time

T Internal Clock (25 Hz)

A T0 + 0 ps

B A + 10 ps

C A + Variable Ti

D C + 100 ps t 2

Table 5.2 PPT timing param eters

Inspection of figure 5.9 shows an increase in L  with each subsequent image capture but it should be 

remembered that each image shown represents an integration o f a number of images. The position of the 

excitation plane was along the pent-roof separating the inlet and exhaust valves as shown in figure 5.10.

CCD
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System
Clock
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Control
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Gate Delay 1
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Image 1
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Image 2

PPT 
Image 'n

Figure 5.9 PPT image capture timing diagram
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Figure 5.10 Particle excitation plane

The sets of images in figure 5.11 and 5.12 used image capture delays (T l) of Ops, lOOps, 250ps, 500ps, 

750ps and 1 ms. The first four used 50 images per integration and the latter two 75 and 125 respectively. 

The cylinder head was positioned in the perpendicular orientation and the valve within port ‘A’ 

deactivated so that a strong axial swirl would be generated. The active valve lift was set at 9.6 mm and 

the air mass flow rate was set at 15 g s '1. To gain potentially more information about the in-cylinder flows 

the height of the light sheet was restricted to 44 mm. The light sheet was therefore situated within the top 

or bottom half of the bore. Image processing used the same false colouring techniques as discussed within 

section 5.2 (instantaneous capture). However to exclude any spurious background light scattering the 

lower intensity range figure was increased by a further 10-15% so that only the excited particles would be 

presented.

5.3.2 PPT Image Results

Figure 5.11 shows the movement of the excited particles within the bottom 44 mm of the bore. As 

expected, the technique revealed the phosphorescent seed moving away from the plane o f excitation as 

the Ti delay was increased from 0-1 ms. The deactivation of valve A has yielded a clockwise swirl 

motion within the cylinder and the ‘line’ of particles was seen to rotate around the axis of the cylinder. It 

was interesting to note that the ‘line’ became increasingly broad with an increased Ti, suggesting a large 

scatter of rotational velocity o f the particles about a mean. This scatter would be due to two factors. One 

was the natural variation in particle velocities at a given horizontal plane and the second was the fact that 

each image was a line of sight integration over 44mm of cylinder height in a three-dimensional flow field. 

Figure 5.12 shows the movement of the excited particles within the top half of the bore. The furthest 

particle displacement within the top half of each image suggested a rotation similar to that within figure 

5.11. However, the lower half o f each image showed a broadening of the particle displacement about the 

bore centreline which could indicate a recirculation region of confused flow or recirculation.

Figure 5.14 shows corresponding images of the particles visualised through the front window. However, 

due to the three-dimensional flow structures it was found necessary to reduce the width of the light sheet. 

With a full width sheet and an axial swirl flow motion, the edge of the light sheet would be seen to 

broaden. This would be due to the fact that the excited particles situated at the rear of the cylinder would 

have moved in one direction, whilst the particles situated towards the front o f the cylinder would have
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moved in the opposite direction. The light sheet was situated on the bore centreline, between the inlet and 

exhaust valves. The front edge of the light sheet was located 10mm from the front o f the bore and had a 

depth of 11mm. A schematic of the light sheet position and the area of interest presented within the 

following images are shown in figure 5.13. The AOI was an arbitrary post-processing region selected to 

reduce the physical size of the image and had a width o f 32 mm (upon the surface o f the front window). 

This corresponded to an excitation region of approximately 44 mm in width within the cylinder bore. The 

images have been stretched laterally to restore the correct aspect ratio although image distortion would 

still be present. The difference in velocity profile down the z plane can be seen, with increasing rotational 

velocity with increasing distance from the cylinder head as indicated by further lateral displacement from 

the window centreline.

The measurement of the lateral particle displacement and use of the window correction factor (see 

appendix 2) provided tangential velocity figures, which are shown in table 5.3. The measurement was 

carried out upon the printed image in figure 5.14 using a ruler to measure the furthest particle 

displacement along the bottom of each image. The particle lateral displacements as measured within the 

images presented in figure 5.11 and subsequently multiplied by the window correction factor are also 

shown within table 5.3, here a the line was drawn across the leading edge of the excited particles. The 

estimated tangential velocities from each set o f images show similar values and it is shown that the mean 

particle tangential velocity was approximately 17-18 ms'1, which corresponded to an angular rotation of 

420-450 rad s '1.
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a) T | = No Delay d) T, = 500 jas Delay

h) T, = 100 ms Delay e) T , = 750 jas Delay

c )  T| = 250 j j s  Delay I ) T | = I ms Delay

Figure 5.11 PPT imaging, bottom 44mm of bore viewed through the rig floor window,
9.6mm valve lift, axial swirl



a) T | = No Delay

b )T , = lOOps Delay

■
c) T | = 250 j.is Delay

d) T, = 5 0 0  (is Delay

H

e) ri = 750 ps Delay

Figure 5.12 PPT imaging, top 44mm of bore viewed through the rig floor window,
9.6mm valve lift, axial swirl
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Figure 5.13 Light Sheet and Area of Interest positions 
for front window viewing

Estimated velocities from figure 5.14 Estimated velocities from 

figure 5.11

T,

(MS)

Measured 

Displacement 

x Correction 

Factor [mm]

Particle 

Velocity 

[m s'1]

Measured 

Displacement x 

Correction Factor 

[mm]

Particle 

Velocity 

[m s'1]

250 4.42 17.69 4.36 17.44

500 9.58 19.16 8.36 16.72

750 13.27 17.69 11.66 15.55

1000 17.69 17.69 - -

Mean Velocity 18.06 Mean Velocity 16.57

Table 5.3 Estimated particle velocities

The estimated velocities show slight variation which could be attributed to the following:-

•  The accuracy o f the measurement was estimated to the nearest 0.5 mm.

• Errors in judging the edge of the particle displacement.

• The errors associated with the use of the window correction factor.

(see appendix 2)

It should be remembered that the images presented within figures 5.11 and 5.12 represent a laser sheet 

height of 44mm. To gain more accurate velocity figures on a given plane the height of the light sheet 

could be reduced (at the expense of increasing the number of image planes required). However, even with 

a small number o f large planes the technique provided a good indication of the bulk flow velocities. This 

technique can therefore yield rapid results.
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a) No Delay h) T, = 100 |is  Delay c) T, = 250 |is  Delay

d) l'i = 500 Delay e) 1, = 7 5 0  us Delay

Figure 5.14 PPT imaging, axial swirl viewed through the front window,
11 mm wide sheet, 9.6 mm valve lift
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Figures 5.15, 5.16 and 5.17 show PPT results captured within the rig under the same conditions as the 

previous set but with the active valve lift reduced to 4.8 mm. It can be seen within figures 5.15 and 5.16 

that there was no evidence of an ordered axial swirl but instead a ‘vee’ pattern emerged. It was postulated 

that the occurrence of the vee shape was due to the presence of two counter-rotating vortices, clockwise 

in the upper section of the images and counterclockwise within the lower half. Measurements showed that 

there was little difference in the flow structure between the top and bottom halves o f the cylinder bore. 

This was confirmed by the images presented within figure 5.17, which showed a slight vertical inclination 

about the stroke centreline. It should be noted that the shrouding situated at the rear o f the inlet valve 

(near the bore wall) had a significant effect upon the flows in this region, particularly at low valve lift. It 

was thought that the counter rotating structures observed were, at least in part, a result of the valve 

shrouding. Due to the valve shrouding a high velocity valve curtain jet issues from the rear of the valve 

with a direction significantly different than that of the 9.6 mm valve lift. Mahmood [1998] showed similar 

flow structures using a similar cylinder head but under slightly different test conditions.

5.4 3D Imaging
It has already been stated that the flows within the cylinder are highly complex and 3-dimensional in 

nature. One method, which could build a clearer picture, is 3-dimensional imaging. This can be achieved 

in two ways, the first is to use stereoscopic imaging techniques. However, this requires the use o f two 

cameras and a high degree of optical access. The other method is to use tomographic techniques, here a 

series of line of sight images are reconstructed to build a 3-dimensional image. This therefore requires 

complex deconvolution techniques. For the purposes of this study it was intended to use a ‘pseudo’ 3- 

dimensional imaging method. Here a series of 2-dimensional images are captured, extruded and joined 

together to provide a 3-dimensional image. Ideally the distance between each image plane should be 

relatively small but for the purposes of demonstration, planes with 10mm height were used. This was 

achieved by aligning a vertical light sheet through the test rig side window through an adjustable mask 

which restricted the light sheet height to 10 mm. The PPT images were captured via the 45° mirror under 

the same conditions as the test results shown in figure 5.11 (i.e. 9.6 mm valve lift). The position of the 

image planes are shown in figure 5.6 (c) and image planes 1-8 are included in figure 5.18. Each plane has 

been coloured for ease of identification where violet has been used for plane 1 near the top of the cylinder 

through to red for plane 8 at the base of the cylinder. Unfortunately it was not possible to image plane 0 

with this setup due to the laser sheet intensity being weaker at the edges. The ideal scenario would have 

been to focus the light sheet into a 10mm high sheet rather than to use a mask. However, this has the 

additional complexity of requiring repositioning of the light sheet for each plane. The objective was to 

demonstrate the applicability o f the technique.

Although the Image Pro Plus™ software had many useful features, it was not possible to extract easily 

just the emission of excited particles from the captured image. Therefore, an alternative software package 

namely, Adobe’s Photoshop™ was used to investigate the possibility of identifying the excited particle 

image boundaries. The 8 bit false coloured image was opened and the colour range command used. This 

command provided the ability to select colours physically within the open image by clicking the mouse 

pointer upon the appropriate pixel. Any other pixel with that value was also automatically selected.
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a) No Delay d) T , = 500 j_is Delay

b) T, = 100 (.is Delay c )T , = 750 (as Delay

c) T | = 250 jas Delay

Figure 5.15 PPT imaging, bottom 44mm of bore viewed through the rig floor window,
4.8 mm valve lift, Valve ‘A’ deactivated
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a) No Delay d ) T ,  = 5 0 0  j i s  Delay

h )T , = 100 ps Delay e )  T, = 750 j i s  Delay

c) T | = 250 (.is Delay O l i  = 1 nis Delay

Figure 5.16 PPT imaging, top 44mm of bore viewed through the rig floor window,
4.8 111111 valve lift. Valve ‘A’ deactivated
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) No Delay

= 250 |i Delay

h ) T ,  = 10 | is  Delay c) T |  =  100 |is  Delay

e) r t = 500 jas Delay O T , = 750 |is  Delay

Figure 5.17 PPT imaging, axial swirl viewed through the front window, 
11 111111 wide sheet, 4.8 mm valve lift



Therefore, selecting a few pixels within the image background had the result of selecting the majority of 

the image background. By inverting the selection, the background became deselected and hence all the 

pixels within the PPT image became selected. Since the images only contained 16 colours, the fuzziness 

level within the colour range command was set to zero. The fuzziness acted as the tolerance to the range 

of colours selected, a figure of zero limited the selection to the sole pixel value chosen. Once the colours 

were selected, it was possible to use the same selection criteria upon each subsequent image.

Now that the PPT particles are selected and using the ‘make path’ command, the boundaries of the 

excited particle image are traced. The use of the median filter erased any spurious ‘isolated satellites’ 

around the main PPT image. A median filter is normally used to eradicate spurious noise. In this case the 

filter consisted o f a 3x3 pixel kernel. The filter operates by replacing the centre pixel with the mean of the 

3x3 kernel, for every pixel in the active image. Once the path was complete, and checked for continuity it 

was possible to cut the excited particle image out o f the original image and then to paste it into a scaled 

diagram of the cylinder bore. To aid alignment the diagram of the cylinder bore contained registration 

marks.

The image was then scaled to the correct size before being transferred to a 3-D rendering program, 

(Adobe’s Dimensions™). This software allowed the image to be extruded to a height of 10mm. Each 

slice was placed side by side within the cylinder, there was no facility to interpolate between slices. 

However, the angle of view, lighting effects and rendering styles (wireframe or textured) were 

controllable via the software to provide useful qualitative images. The following images within figure 

5.18 show PPT images with delays of 0,100, 250 and 500 ps. One interesting point to note is the change 

in the shape of the PPT image within different image planes. Some of the difference could be attributed to 

the variation o f local flow structures/velocities which when viewed through the rig floor window over an 

appreciable image height would lead to an overall broadening o f the recorded PPT image.

5.5 Smearing Image Capture
5.5.1 Experimental Setup

The objective of the smearing image capture strategy was to lengthen the intensifier gate time (T2) in 

order to witness the particles moving away from the excitation plane during the exposure. This results in a 

smeared image, which can be used to infer direction. For these sets o f tests, the cylinder head was 

mounted in the perpendicular orientation, the inlet valve within port A was deactivated so that a strong 

axial swirl could be generated. The active valve lift within port B was set at 9.6 mm and the air mass flow 

rate was 15 gs'1. The gate generator parameters and the corresponding timing diagram can be seen in table 

5.4 and figure 5.19 respectively. The intensifier gate (TO was therefore opened with a fixed delay of 800 

ns after the laser trigger whilst T2 was extended for each set of subsequent images.
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a) No Delay

c) T| = 250 |is Delay

b) T, = 100 |.is Delay

1 2 3 4 5 6 7 8
d) T, = 500 us Delay

Image Planes

Figure 5.18 3-Dimensional PPT imaging, 
9.6 mm valve lift, valve ‘A’ deactivated
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Output Time

T Internal Clock (25 Hz)

A T0 + 0 ps

B A + 10 ps

C A + 800 ns Ti

D C + Variable t 2

Table 5.4 Smearing timing param eters

Seeder 
Control

CCD
Integration

System  
Clock

Laser 
Control

Intensifier 
Gate

Image Image Image
1 2 ’iT

Figure 5.19 Smearing image capture timing diagram

The position of the excitation plane was along the pent-roof separating the inlet and exhaust valves as 

shown in figure 5.10. The following smearing images show intensifier exposure times (T2) of 100 jus, 250 

ps, 500ps, 750 jlxs, 1 ms and 2 ms. Each image represents an integration of 25 images captured per CCD 

integration. The vertical light sheet entered the cylinder horizontally via the side window. The resultant 

smear of the light sheet edge was viewed through the rig floor window via the 45° mirror.

5.5.2 Image Smear Results

The laser light sheet was restricted to 44 mm and was positioned within the bottom half of the cylinder 

bore. Figure 5.20 shows the results of using the image smear strategy. Upon first inspection it can be seen 

that although the images have been false coloured into 16 discrete levels, no attempt was made to black 

out the non-illuminated areas of the bore. The main problem occurs because the highest luminescent 

intensity occurred along the excitation plane and diminished as the particles moved away from that plane. 

For this reason, it was difficult to distinguish the final boundary of the image smear. However, as the 

integration time was increased, a clockwise bulk flow motion could be identified.
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a) T i = 100 (as Smear d) T 2 = 750 (is Smear

b) T i = 250 (.is Smear e) T 2 = 1 ms Smear

c) T i = 500 (.is Smear 0 T 2 = 2 ms Smear

M in im u m M a x im u mI n te n s i l )  R n n g r

9 .6m m  valve lift, axial swirl
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It proved difficult to extract the smeared image from the background, techniques such as thresholding and 

false colouring relied upon user intervention to identify the image smear boundaries. Instead, Photoshop 

was used since the use of the colour range command allowed the computer to select the appropriate 

pixels. Therefore, within the open image the two lowest pixel values were selected. Inspection of the 

colour range bar and the images revealed that the lowest pixel intensity band appeared on the outside of 

the cylinder bore, this was attributed to the surrounding illumination. The next intensity increment (red- 

orange) appeared just inside the cylinder bore, these pixel intensities were attributed to the background 

illumination due the adjacent seed scattering the excited particles light emission. Using the same 

technique discussed within the PPT image processing, the active pixels were deselected thereby selecting 

the pixels within the image smear. A median filter was used to clean up any anomalies before using the 

make path command to construct a continuous path around the periphery of the image smear. The image 

smear was then cut out of the original image before being pasted into a schematic o f the cylinder bore. 

The image processing techniques were applied to each of the images, the results of which can be seen in 

figure 5.21. Since some of the PPT tests were carried out under the same experimental conditions 

comparisons between figures 5.11 and 5.21 show similar shapes and identical leading edges of the excited 

particles as expected.

Figure 5.22 shows a set of smeared images when viewed from the front of the test rig, the lateral 

distortion effects have been corrected within each image. The size and position of the light sheet were 

identical to PPT tests (figure 5.13). Inspection of figure 5.22 showed the variation of particle velocity in 

the z-plane and that the majority of the smearing occurred within the bottom half of the bore. In addition, 

the smear lengths correlated well with the smear lengths shown in figure 5.21.
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a) T 2 = 100 ps smear d) 12 = 750 {is

b) T 2 = 250 jis smear

I •<
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e) T 2 = I ms sm ear

c) i \  = 500 jis smear 0  T 2 = 2 ms smear

Intensit) R an jf

Figure 5.21 Image processed smear images, bottom 44 nun of bore view up 
through the rig floor window, 9.6 mm valve lift, axial swirl
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Figure 5.22 Smearing imaging, axial swirl viewed through the front window,
11 mm wide sheet, 9.6 mm valve lift
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5.6 Single Flow Imaging Summary
This chapter has shown the applicability of using luminescent tracer particles to trace flow motion within 

a steady flow rig. Three image capture strategies have been discussed; instantaneous, PPT and image 

smear. The image processing requirements have also been discussed and show the benefit of using false 

colouring to highlight detail within the flow images. The single flow instantaneous imaging strategy 

proved useful and showed the interaction between the flow streams. Since the excited seed crossed the 

bore centre line with a symmetrical flow structure, it can be assumed that the seed was turbulently mixed 

with the flow emanating from the adjacent port. The PPT imaging proved successful in tracking the 

excited particles as they moved away from the plane of excitation. The tracking of the particles emission 

as they moved within the cylinder bore showed the flow motion qualitatively and were used to provide 

approximate bulk flow velocities. The smearing image strategy was also successful but did not prove as 

useful as first envisaged since it was difficult to distinguish the smear boundaries from the background 

illumination. The image processing algorithms, developed to identify the image smear, provided mixed 

results depending upon the quality o f the original image. Moreover, it can be seen that the image smear 

strategy provided no more information than that provided by PPT imaging.

A significant advantage of all the image capture techniques was the relatively short time it took to capture 

a set of images. The image capture of the horizontal planes (0-8) took approximately 20 minutes, an 

equivalent time was also required to post process the images into the required format. Automating the 

beam steering mirrors and image manipulation would decrease this time further. Electronic imaging 

proved to be highly desirable since the interrogation of a particular test condition was quick and produced 

results that could either be stored or discarded before continuing with the next set of tests.

Inspection of the presented images show relatively little particle movement, the major problem associated 

with all the tests were the low bulk flow velocities experienced. This had the result o f producing modest 

particle displacements. Increasing the air mass flow rate would overcome this problem but would be 

moving further away from the representative flows experienced by a real engine. In addition, the 

luminescent lifetime was not as long as initially expected, this was attributed to the low seeding 

concentration used. Image improvement by the use of extended integrations was hindered by the 

deposition of seed within the cylinder bore, especially around valve seats. Therefore, only modest 

numbers of images were integrated (around 25-60). However, with careful seeding, useful images of the 

in-cylinder flows have been provided.
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Chapter Six: Dual Flow Imaging

After successful single flow imaging the natural progression was to attempt dual imaging. This chapter 

will discuss the hardware required to enable two images to be captured simultaneously. The image 

processing used to distinguish the red and yellow seed distribution will also be discussed. Some 

comparisons between single and dual flow imaging will be made.

6.0 Dual Imaging Hardware
6.0.1 Image Splitting

The ideal solution for capturing a pair of images would be to use two intensified cameras. The high cost 

of an intensified camera makes purchasing a second unit rather an expensive solution. Therefore an 

alternative means of capturing a pair of images had to be sought. The requirements o f a dual imaging 

system using a single ICCD camera, are that both images must be captured upon the same image plane 

and that there must be provision to filter each optical path to isolate the appropriate seed emission.

Beam splitters are one solution for dividing the image and allow a 50/50 split o f an original image to 

provide a pair of identical images. However, this would require the original image to be focused onto a 

small area (since large beamsplitters are prohibitively expensive). In addition, the resultant images are 

usually orthogonal to each other and would require additional optics to fold back the second image so that 

the pair of images could be captured upon the same image plane. Previous experience with beam steering 

the laser light sheet highlighted the difficulties associated with setting up such an arrangement. The 

steering of optical paths containing images would require far more effort if optical aberrations and 

distortion were to be avoided.

A more straightforward arrangement was sought. The chosen solution was to use a Hoya multivision™ 

filter, which consisted of a thick piece of glass with beveled front faces. This filter produced a pair of 

identical images of the original object and could be mounted onto the front of the camera photographic 

lens of the ICCD camera. The camera was positioned as close to the rig as possible so as to maximise the 

image size. To enable this a Nikon f: 1.4 35 mm wide angle lens was used. A simple test with a low pass 

filter covering each half of the multivision filter in turn confirmed that there was no crossover o f the two 

images within the filter. A schematic of the filter arrangement is shown in figure 6.1.
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Figure 6.1 Schematic of the dual imaging arrangement

Initial trials with the multivision filter revealed that the split of the incident light into two images was not 

equal. It was measured to be approximately a 48/52% split with the right hand image appearing brighter 

than the left image. In addition it was also found that images captured by the camera of the yellow 

emission from the yellow seed gave a higher signal level than those from the corresponding red seed. 

Inspection of figure 4.4 (Chapter 4) shows that the intensifier photocathode is more sensitive to the 

yellow emission than to the red emission. To counteract this the air supply to the yellow cyclone seeder 

was throttled slightly to reduce the concentration of yellow seed contained within the flow stream. 

Comparison of red seed distribution images with yellow seed distribution images enabled the throttle to 

be adjusted until the peak intensities and histogram spread measured at the ICCD camera were similar.

6.0.2 Image Filtering

The yellow and red seed had peak emissions at 575 and 620 nm respectively and therefore had an optical 

separation of 45 nm. In order to isolate each emission it was necessary to identify optical filters with a cut 

off and cut on within this narrow band. Investigation of various filters highlighted the problem that many 

band pass filters with a narrow pass band also exhibited a low transmission characteristic which was 

highly undesirable. For example a 10 nm pass band filter had a transmission coefficient <0.3. Since the 

seed emissions were already of a low intensity a filter with a fast cut off/cut on yet a high transmission 

coefficient would be required. Identification of a pair of filters with a steep enough cut off/on so that they 

did not cross over within the 45 nm between the seed spectra proved difficult. Based on this a decision 

was taken to filter only one side of the dual image. Consequently the left-hand image within the dual 

image remained unfiltered, containing both the red and yellow emissions. This was known as the 

composite image. The right hand image was filtered. A low pass dichroic interference filter was selected 

due to its high transmission coefficient (T > 85%, 420-590 nm), steep cut off characteristic and high 

rejection (T < 2%, 610-760nm). The spectral response of the filter selected can be seen in figure 6.2. The 

right hand image only contained the yellow seed emission. Using image processing it was possible to 

subtract the yellow seed distribution from the composite image to produce a resultant red seed 

distribution.
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Figure 6.2 Low pass filter spectral response

6.0.3 Test Rig Conditions

Table 6.1 specifies the test conditions used for all the dual imaging experiments discussed within this 

thesis.

In-Cylinder Depression 300 mm Hg

Air Mass Flow Rate 15 g s '1

Valve Lift 

(A&B) [mm]

Equal 9.6, Equal 4.8 and 

Asymmetric

Laser Repetition Rate 30 Hz

Camera Lens Nikon f:1.4 35 mm

Gate Generator Settings

A = To + 0 s

B = A + 10 ps

C = A + 0 s T,

D = C + 100 ps t 2

Table 6.1 Dual imaging test conditions

The laser trigger was connected to output AB and the intensifier gate was connected to output CD. In 

order to capture as much light as possible the delay in opening the intensifier gate was reduced to zero. 

Therefore the intensifier gate was open before the laser pulsed because of the shorter delay in opening the 

intensifier gate (25 ns) than the delay from the laser trigger to the optical output (750 ns). With this timing 

configuration the fluorescence and phosphorescence emissions from the seed particles were captured. The 

intensifier gate open time was 100 ps. The cylinder head was fitted in the parallel orientation, with the 

inlet valves therefore situated at the rear of the cylinder when viewed through the rig front window. A 

schematic of the cylinder head orientation, the position of the inlet valves and the vertical light sheet are 

shown in figure 6.3(a). Figure 6.3 (b) shows the nine horizontal imaging planes which were used 

(P10-P18). These are viewed through the rig floor window.
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Inlet
Valves Y = +20 mm

Y = 0 mm

Exhaust V . 
Valves '

Y =  -20 mm

Front Window

a) Inlet valves and light sheet orientation b) Position of horizontal planes

(Dimensions in mm)

Figure 6.3 Test rig orientation

6.0.4 Optical Discrimination

In order to use the dual imaging system successfully it was necessary to investigate the performance of 

the multivision and the low pass filters. In order to test this, each port was seeded in turn, firstly with red 

seed and subsequently with yellow seed. Both inlet valves were set with a 4.8 mm lift. Figure 6.4 shows 

the captured images. Figure 6.4(a-d) show the use of red seed when introduced into the cylinder via the 

LH and RH inlet valves. Bearing this in mind that the filtered images should contain no red light. It can 

clearly be seen that these images 6.4(b) & 6.4(d) show a considerable level of attenuation as expected, 

demonstrating that the filter is effective. Conversely figures 6.4 (e-f) show images captured using yellow 

seed. Here any attenuation by the filter would be undesirable. It can be seen that images 6.4(e) & (f) and 

6.43(g) & (h) are very similar.

Returning to the red seed images it can be seen that there was some transmission o f light from the red 

seed which was visible in the filtered images. However, care has to be exercised when comparing the 

images. The images shown have had a background subtraction algorithm applied to them. It should be 

remembered that the background correction algorithm adds the mean background intensity to the resultant 

image (see Chapter 5, equation 5.1). Comparing a filtered image with mean background subtracted and an 

unfiltered image at a given pixel location revealed that the peak pixel intensity within the filtered image 

was approximately 17% of the peak pixel intensity within the unfiltered image. This peak intensity can be 

seen in the filtered image (6.4(d)) as the light orange colour which is associated with the third ‘bin’ within 

the 16 bin false colour range (reading from left to right). The corresponding area within the unfiltered 

image resides at the top of bin 14 of the false colour range. It is clear that although there has been good 

attenuation of the signal from the red seed, there has been some transmission.

It was hoped that the filtered image would contain very low pixel intensities when capturing light from 

the red seed. Care was exercised in reducing any spurious light within the surrounding test cell, this 

resulted in the extinguishing of the test cell lights, the covering of any power indicator lights and 

switching off the PC monitor during each image capture. Inspection of the filtered images clearly show 

that some light has been recorded so some consideration has to be given to where this light originated.
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a) Port A. Red seed. 

Unfiltered image

b) Port A. Red seed. 

I altered image

■

c) Port B. Red seed. 

Unfiltered image

d) Port B. Red seed, 

Filtered image

e) Port A. Yellow seed. I) Port A, Yellow seed g) Port B. Yellow seed. h) Port B. Yellow seed.

U nfiltered image Filtered image IJnfiltered image Filtered image

■ I n l r n s i ! )  K u n t r

Figure 6.4 Single-Seed images filter comparisons, 4.8 111111 valve lift
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The images presented represent an integration of 60 images. Therefore any light passed by the low pass 

filter will be amplified significantly since the intensifier was operated with maximum gain, however this 

is true for both the filtered and unfiltered images. Closer inspection o f the seed particle emission spectra 

and the low pass filter characteristic show a small amount of crossover. This is shown in figure 6.5 which 

reveals a small peak in the emission from the red seed within the interference filter pass band. However, it 

should be noted that the graph shows the relative values of transmission and intensity and does not 

consider the spectral response of the intensifier photocathode. The response of the intensifier to the 

emission from the red seed was less than that to the emission from the yellow seed (0.5 & 0.6 

respectively). This would help to reduce the significance of the red peak within the filter pass band.

t  0.5

Figure 6.5 Particle emission crossover

In addition the filter characteristic as presented describes the response to collimated incident light striking 

the filter surface at a normal angle of incidence. Tilting the filter reduces the optical path difference 

between the direct transmitted beam and the multiple reflections within the filter cavity. This causes a 

corresponding decrease in the wavelength o f the peak transmission. This can be used to an advantage and 

allows the user to effectively tune the filter over a small range for optimum operation. For angular tilts of 

less than 30° the central/edge wavelength can be calculated from the expression (Coherent Ealing 

catalogue [1997])

Aq yjn*2 - s in 2^
Equation 6.1

Where X0 is the central/edge wavelength at normal incidence, X  ̂ is the central/edge wavelength at the off- 

normal angle <(> and n* is the effective index of refraction of the total filter.

The shift in wavelength for angles up to 30° is relatively small with a maximum shift to approximately 

0.9 of the original peak wavelength with a filter with a low effective index of refraction. In practice, the 

filter was used in the normal incidence position but the light from the test rig was not collimated. An 

exact prediction of the effect of non-collimated light passing through a filter requires a detailed
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knowledge of the beam cone angle and the associated intensity distribution. A common approximation for 

relatively uniform beams with a full cone angle of less than 20°, is that they will undergo peak 

wavelength shifts of approximately one half of that predicted by equation 6.1 at the maximum angle of 

the cone (Coherent Ealing catalogue [1997]).

One last point to consider was that the published transmission characteristic for the filter covered 

wavelengths between 400-760nm and did not show the response to UV light. It is possible that the filter 

passes UV light albeit with some attenuation (due to the filter cavity being manufactured from 

borosilicate glass). The spectral response of the ICCD as shown in figure 4.4 (Chapter 4) shows that the 

photocathode exhibits a higher sensitivity to the UV light (-0.7) than its sensitivity to emitted light from 

the seeding particles. However the camera lens used was also manufactured from glass which would 

significantly attenuate the UV transmission. Despite this attenuation, as previously stated, any light 

incident upon the intensifier photocathode will be significantly amplified due to the high gain of the 

intensifier and the multiple image integrations used. The supplier of the filter did not actually 

manufacture the filter and could not provide any additional specifications other than those already 

presented. To gain more information a scanning spectrometer would have to be used.

6.1 Image Processing
As previously stated, with dual flow imaging two images were produced. The first was the composite 

image containing emissions from both the red and yellow seed. The other (filtered) image contained 

primarily the yellow seed distribution. Therefore some sort of image processing algorithm had to be 

developed in order to reveal the distribution of the red seed. The evaluation was also complicated by the 

spectral response of the ICCD which produced different peak intensity values for each seed, although the 

balancing of the seeding rates to produce similar intensity values at the ICCD (as described earlier), 

helped to reduce this complication.

The method used to process the images was as follows. The first few steps were identical to the single 

flow imaging where a number of images were integrated to produce a final pair of images. An identical 

number o f background images were captured immediately after each test and subtracted from the dual 

images. To set the range for false colouring, an upper limit of 90% of the maximum image intensity was 

chosen. The lower limit was selected so that only emissions from within the window region of the rig 

were coloured, any other pixels were set to black. The number of colours for the false colouring range 

was 16, ranging from red for the lowest pixel intensity through to blue for the highest pixel intensity. An 

area of interest (AOI) corresponding to the area of the rig window was setup around each image before 

cropping this image area out of the surrounding background. We were now left with a composite image 

and a yellow seed emission image. The yellow seed image could not be subtracted from the composite 

image directly since the filter would have attenuated the signal in the yellow seed image and this would 

have to be restored in order not to bias the result. In order to retain the balance the following sequence 

was used:
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•  It was assumed that any red seed emission within the yellow seed image was negligible

• An AOI was selected within the unfiltered image. This area was assumed to be within an area with a

strong yellow emission.

•  The mean pixel intensity and standard deviation of the AOI in the yellow image was recorded.

•  An identical AOI (same group of pixels) was setup within the composite image.

•  The mean pixel intensity and standard deviation was recorded for the composite AOI.

•  Normalisation factors that were calculated. These altered the mean pixel intensity and standard

deviation for the yellow image so that they became identical to the composite image. These

normalisation factors were used upon the complete yellow seed image.

•  The normalised yellow image was then subtracted from the composite image.

6.1.1 Calculation of the Image Normalisation Factors

Two normalisation factors were required, the first to alter the standard deviation o f the pixel intensities 

and the second to normalise the mean pixel intensities. The alteration of the light intensity histogram is 

known as histogram manipulation and is commonly used to expand the dynamic range of low contrast 

images. A flow chart showing how the yellow seed image was normalised with the yellow seed 

distribution within the composite image is shown in figure 6.6. To make the standard deviation of the 

AOI within the yellow image identical to the AOI within the composite image the following equation was 

used:-

T T S T D  Composite A 01 r  ,. /• .
x̂,y(Yeiiow2) — x̂,y(Yellow)x  0 7 7 -) Equation 6.2

^ 1 U YellowAOl

Where I^y (Yeiiow) is the pixel at location x,y within the filtered yellow image, STD is the standard 

deviation of the composite and yellow images for identical AOI’s. and I^y (Yeiiow 2) is the new corrected 

pixel value. To normalise the mean pixel intensities the following equation was used:-

1x,y  (Yellow Final) ~ x̂ ,y  ~  x̂,y(Yellow2 A O l)~  ̂  1x ,y  (Composite AOI)} Equation 6.3

Where MI^y (Yeiiow 2 ao i>  is the mean pixel intensity of the AOI within the yellow image after the standard 

deviation has been normalised and Ml^y (Composite a o i )  is the mean pixel intensity for the composite image 

AOI. For all of the images presented within this thesis a factor between 1.15-2 was used to normalise the 

standard deviations. This had the effect of raising the mean pixel intensity of the yellow image and so the 

difference of the mean pixel intensities were subtracted from each pixel within the yellow image. The 

intention of applying the normalising factors was to eliminate the attenuation coefficients associated only 

within the filtered image. In doing this the distribution of the yellow seed within each image would be 

similar and therefore the subtraction of the yellow image from the composite image was valid.
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Figure 6.6 Flowchart showing the dual image normalisation methodology
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6.2 Comparison of Dual and Single Flow Images
To establish the ability of the dual imaging setup to restore the areas of red and yellow seed the captured 

dual flow images were compared with the previously captured single flow images. Each side of the 

cylinder was seeded in turn. Figure 6.7 shows a pair of image planes viewed through the steady flow rig 

floor window. Images were captured for all nine planes but those at plane 2 and plane 4 (figure 6.3 (b)) 

are shown in figure 6.7. These planes represent image distances of 25 mm and 45 mm below the cylinder 

head. A horizontal light sheet was directed into the cylinder via the rig front window. Inspection of 

images 6.7(a) and (b) and 6.7 (c) and (d) show similar distribution of the yellow seed for the single and 

dual flow cases. Images (a) and (c) are the filtered dual image with both flows seeded simultaneously. 

Images (b) and (d) represent the seed being introduced within the RH side of the cylinder. The seed 

remained mainly distributed within the side in which it was introduced but a proportion crossed the bore 

centre line. The concentration also appeared to be stronger near the front of the bore (lower half of the 

images).

Figure 6.7(f) & (h) show the LH side being seeded and images 6.7(e) and (g) the resultant red seed 

distribution after the yellow image has been normalised and subtracted from the composite image. 

Inspection of these four latter images showed similarities between the single and dual flow cases, but the 

correction was not as good as for the yellow seed. This was thought to be due to the limitations of the 

image processing. Figure 6.8 compares single and dual flow images captured through the rig front 

window. The images were captured from the y = -20 mm plane. Although the pixel grey scale intensity 

range between the two sets of images varied the overall shape of the seed distribution were similar when 

comparing the single flow images with the dual flow images.

6.3 Dual Flow Imaging, Symmetric Valve Lift
Figures 6.9 and 6.10 show dual imaging when viewing through the rig front window and through the rig 

floor window respectively. For this test both inlet valves were set to 4.8 mm lift. The red seed was 

admitted through the LH valve (valve A) whilst the yellow seed was admitted through the RH valve 

(valve BV The images nresented. in figure 6.9_renresent_an integration of 60 images and show the seed 

distribution within the y = 0 mm and y = ±20 mm planes. The images have had their aspect ratio restored 

but the image distortion due to the use o f the 35 mm wide angle lens is still present. The distortion is 

prevalent at the edges of the images but the central 50% of the image width shows little lateral distortion.

Inspection of the images towards the front of the cylinder (y = -20 mm) show that the yellow seed is 

mainly resident within the side it was introduced. The red seed distribution is again biased towards the 

bore centre, in a similar way, to the single flow images examined previously. On viewing the bore 

centreline (y = 0 mm) it is possible to see that the yellow seed distribution has moved away from the wall 

towards the bore centre. At this plane the distribution of the red seed is very broad, but it is interesting to 

note that it is not merely a copy of the composite image. Moving towards the rear o f the cylinder (y = +20 

mm) the seed distribution is once again clearly separated on each side within the bore.
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a) Plane 2 Dual image b) Plane 2 Single image c) Plane 4 Dual image d) Plane 4 Single image

Yellow (RH) seed RI IS seeded Yellow (R I1) seed RI IS seeded

distribution distribution

e) Plane 2 Dual image f) Plane 2 Single image g) Plane 4 Dual image h) Plane 4 Single image

Red (Id I) seed LI IS seeded Red (LI I) seed LI IS seeded

distribution distribution

M in im u m  -------------------------------------------------------- In te n s i ty  R a n g e    M a x im u m

F igu re 6.7 C om p arison  o f  sin g le  and  dual flow im ages  
9 .6  m m  valve lift

a) Dual flow image b) Single flow image c) Dual flow image d) Single flow image 

Red seed distribution LI IS seeded Yellow seed distribution RI IS seeded

- In  te n s ity  R a n g e

Figure 6.8 Comparison of single and dual flow images
Y = -20 mm plane. 4.8 mm valve lift
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Y = +20 111111 Plane

a) Com posite image b) Yellow seed c) Red seed

Y = 0  m m  P lane

d) Com posite image e) Yellow seed f) Red seed

Y = -20 nun P lan e

g) Com posite image h) Yellow seed i) Red seed

- I m e n  s i n  R a n g e

Figure 6.9 Dual flow imaging, symmetric 4.8 mm valve lift
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a) Plane 0 Com posite image b) Plane 0 Yellow Seed c) Plane 0 Red Seed

g) Plane 2 Com posite image h) Plane 2 Yellow seed i) Plane 2 Red seed

m) Plane 4 Com posite image n) Plane 4 Yellow seed o) Plane 4 Red seed

s) Plane 6 Com posite image t) Plane 6Yellow seed u) Plane 6 Red seed

- ln tc n s il>  R a n g e

Figure 6.10 Dual flow imaging, symmetric 4.8 mm valve lift
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Comparison o f the images in figure 6.10 with those in planes highlighted in figure 6.9 showed an 

excellent correlation. The seed distribution can be seen as the flow progresses down the bore. For brevity 

only planes 0, 2, 4 and 6 are shown and these are located at 0.5 mm, 2.5 mm, 4.5 mm and 6.5 mm below 

the cylinder head. Inspection of the yellow seed distribution reveals that in addition to the seed residing 

mainly within the RHS of the bore there is an intense concentration towards the front of the bore. At a 4.8 

mm valve lift the masking around the rear of the inlet valves plays a significant role in directing the flow 

across the cylinder and down in front of the rig front window, which could be responsible for this 

concentrated region.

6.4 Dual Flow Imaging, Asymmetric Valve Lift
Figures 6.11 A 6.12 show  the narticle seed distribution w hen an asvm m etric.valve lift w as in oneration. _ 

The valve within port A (LHS) was set to a 9.6 mm lift whereas the valve within port B (RHS) was set to 

a 1.2 mm lift. Again the red seed was admitted through valve A and the yellow seed through valve B. 

Although the valves had a significant difference in their lift the air mass flow rate through them was 

identical (7.5 g s*1). Therefore the mass of seeding particles passing through each port was similar 

although a much higher flow velocity was expected through the valve with the lower lift. It would 

therefore be expected that although a strong flow would be established through the wide open valve (A), a 

high velocity jet would emerge through valve B. At such a low lift, valve B would be strongly masked at 

the rear and the cylinder wall region by the features of the cylinder head which could cause the yellow 

seed to be primarily directed towards the bore centre. Inspection of the yellow seed distribution in all 

three planes in figure 6.11 showed a definite shift towards the bore centre when compared to the 

symmetric valve lift test. The composite images also show a noticeable difference when compared to the 

composite images of the symmetric valve lift in figure 6.9. Once again there is a good correlation between 

the images in figures 6.11 and 6.12 when comparing individual image planes.

6.5 Possible Sources of Image Processing Errors
Subsequent analyses revealed that the image processing algorithms developed were not ideal for a 

number of reasons. As previously stated the yellow image contained some red seed emission. However, 

the AOI selected was small and selected from an area with a strong yellow seed emission, for example 

near the cylinder wall adjacent to the inlet valve which admitted the flow containing the yellow seed. This 

should minimise any bias from the red seed. The next possible source of error identified was the 

background correction algorithm which added the mean pixel intensity of the background image to the 

final corrected image. In this instance the yellow seed distribution was not strictly a background image 

and the mean pixel intensity would be biased by the amount of the yellow seed. Straight subtraction of the 

images was not the answer since as previously stated, areas which did not contain any seeding material, 

exhibited non-zero intensity values and therefore the resultant image had an extremely limited contrast. 

The addition of the mean pixel intensity does not expand the grey scale intensity range but does serve to 

improve the image clarity by increasing the overall image intensity. Both methods o f subtraction, (i.e. 

with and without adding the prior mean pixel intensity back onto the image) produced separated images 

with similar seed distributions. This suggests the result obtained was not greatly influenced by the method 

of subtraction.
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a) Com posite image b) Yellow seed c) Red seed
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Figure 6.11 Dual flow imaging, asymmetric valve lift
Valve A 9.6 mm, Valve B 1.2 mm



a) Plane 0 Com posite image h) Plane 0 Yellow seed c) Plane 0 Red seed

d) Plane 2 Com posite image e) Plane 2 Yellow seed I ) Plane 2 Red seed

g) Plane 4 Com posite image h) Plane 4 Yeiiow seed i) Plane 4 red seed

j) Plane 6 Com posite image k) Plane 6 Yellow' seed I) Plane 6 Red seed
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Figure 6.12 Dual flow imaging, asymmetric valve lift. Valve A 9.6 mm. Valve B 1.2 mm
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One last area for examination would be the size of the AOI used for determining the normalisation 

factors, since altering it or moving its location changed the standard deviation and the mean pixel 

intensities significantly. Using a larger AOI did not improve the red seed images significantly. In this case 

there was an inherent danger o f including more red seed which could lead to other errors. It was therefore 

decided to maintain a small AOI.

Finally, it should be noted that many variations in the technique used to normalise the images were tried. 

Each method produced similar seed distributions when the image was false coloured. However, for ease 

of analysis, in any future testing it would be recommended that each seed emission be filtered 

individually. Therefore a low pass filter should be used isolate the emission from the yellow seed and a 

high pass filter should be used to isolate the emission from the red seed. In the time available for this part 

of the research programme no suitable high pass filter was identified, although further investigation may 

reveal a suitable item. Using separate filtration would provide individual red and yellow seed distribution 

images which would only require minimal image processing.

6.6 Dual Flow Imaging Summary
This chapter has shown the hardware required to enable two flow streams to be visualised simultaneously 

using a single camera. The limitations of the imaging system and possible solutions have also been 

discussed. The comparison between the single and dual flow images show a good match which 

demonstrates the suitability of the imaging system. Dual flow imaging was attempted and was successful. 

The limitation of the image processing method employed was highlighted and the solution of using a pair 

of optical filters has been suggested.
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Chapter Seven: Conclusions & Suggestions for Future Work

This chapter provides the conclusions to the work presented within this thesis. It will discuss the merits of 

the PPT technique and areas where further work may be necessary.

7.0 Conclusions
Various optical techniques have been developed during the last three decades to investigate various in

cylinder parameters. These techniques can yield quantitative and semi-quantitative data such as flow 

velocity profiles, fuel droplet sizing, temperature and air/fuel ratios. Optical methods are favoured since 

they are considered non-intrusive. Many of the techniques involve the application o f simple concepts, but 

in reality the use of an optical technique can be fraught with many unforeseen problems. The cylinder of 

an internal combustion engine is a hostile environment with rapid temperature and pressure changes both 

spatially and temporally. In addition, many of the in-cylinder events occur within a short space of time 

and possess some cyclic variability which makes engine diagnostics difficult to apply. Moreover, the 

limited technology available requires researchers to use ingenious methods to probe for the required 

information. Much effort is being placed into using optical methods to quantify complicated CFD models 

which in turn could lead to significant reductions in the need for engine testing. However, to date many of 

the optical methods have been developed to yield specific information within a particular time interval 

within an engines cycle. Often it is impractical to apply more than one optical method simultaneously, 

either due to the lack of optical access or because of possible interference between techniques.

The objective of this work was to develop a method with which it would be possible to visualise the 

interaction of two flow streams simultaneously within the cylinder of an IC engine. An initial 

investigation into the various established optical techniques revealed that they could not be readily 

adapted to provide simultaneous flow imaging. Therefore a novel approach was developed, namely 

Phosphorescent Particle Tracking (PPT), using established camera and laser technologies. It should be 

remembered however that the objective was to develop a technique that could be used as a development 

aid for engine flow testing and as such quick qualitative visual results were all that were required. The 

tests within this thesis were performed within a steady flow rig fitted with a modem production 4-valve 

pent-roof cylinder head. The operating conditions were chosen to represent part load operation. The 

valves were operated using manual adjusters to provide symmetrical, asymmetrical and deactivated valve 

lift strategies. The luminescent seeding material chosen was yttrium vanadium oxide. This was an 

odourless white powder that met all the relevant flow tracing requirements specified in Chapter two. The 

main reason for its selection, apart from its size and flow tracing fidelity, was its luminescent properties. 

Here the addition of either a europium or dysprosium dopant provided different photoluminescent 

emissions which could be used to identify different flow streams.
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In addition, since the addition of these rare earth elements were of a trace level and both seeds possessed 

identical physical properties, a high degree of confidence could be achieved in the assumption that both 

sets of materials exhibited identical flow tracing capabilities.

Three image capture strategies were developed for single flow imaging. These were the instantaneous, 

phosphorescent particle tracking (PPT) and image smear strategies. The instantaneous image capture was 

used to record the seed distribution at various valve lifts in both vertical and horizontal excitation planes 

throughout the cylinder volume. These images revealed a significant amount of turbulent mixing. PPT 

was developed to enable the tracking of the excited particles as they moved away from the excitation 

plane. Here the thin edge o f the light sheet was observed. Varying the delay of the intensifier gate 

opening with respect to the laser pulse allowed the temporal seed movement to be recorded. This 

technique proved to be successful, permitting visualisation of particle displacements with delays of up to 

~lms. The image smear technique was another technique for imaging the excited seeding particles as they 

moved out of the excitation plane. Again the camera observed the thin edge of the light sheet and utilised 

relatively long exposures to capture the image smear. The technique was not as useful as anticipated due 

to the problems of identifying the boundaries of the particle smear from the background illumination. 

However the smear boundaries which were identified showed a good correlation well with PPT images.

The seeding material manufacturer quoted a luminescent lifetime of approximately 10-15 ms since the 

original application for this material was the coating on television cathode ray tubes. However for the TV 

application the particles are deposited extremely densely in comparison to the seeding concentration used 

in flow experiments. This significant reduction of the seeding concentration will in turn produce less light 

and the tail o f the emission becomes increasingly more difficult to visualise. The ‘effective emission 

lifetime’ is therefore much less than the manufacturers quote. However, it should be remembered that 

lms is close to 5 CAD of an engine running at 1500 RPM. Estimated bulk flow velocities were also 

determined from the PPT images.

As part of the single flow testing cases, an investigation was carried out on which method would be 

suitable for the presentation of results. In many cases, optical methods produce vast amounts of 2D 

images at various planes within the cylinder bore. This requires the researcher to mentally interpolate 

between image planes to build a semi-3D image in his mind. It was therefore attempted to reconstruct a 

set of 3-Dimensional images o f the PPT data. No interpolation was attempted between each image plane 

but the results produced exciting images with easily visible mapping o f particle displacement throughout 

the cylinder volume. To simplify the extraction of each plane, intensity profiles were ignored and the 

image boundaries were used to identify the particles displacement. Reconstructing 3D images using 

intensity profiles would be far more difficult and computationally intensive.

Dual flow imaging was performed, whereby two colours of seed material were admitted simultaneously. 

Wavelength filtering and image processing were used to distinguish each flow stream. Dual flow imaging 

was relatively successful. The shape of the measured distributions from the dual flow images showed 

good correlation with those from single flow images. A synopsis o f the problems associated with the 

implementation of image processing was given, and some possible solutions suggested.
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Once the instrumentation and optics had been setup, one of the significant benefits of the techniques 

developed was the relatively short time in which a set of results of several image planes within the 

cylinder volume could be captured stored and post processed to yield the relevant flow structures. The 

tests within this thesis used modest air flows and increasing the air mass flow rate should produce larger 

particle displacements and more spectacular images.

Although the technique was developed primarily to aid engine development the PPT technique may have 

potential applications in other areas where the visualisation o f the interaction o f flow streams was 

necessary. For example, the visualisation of the primary and secondary air flows within the combustor of 

a gas turbine.

This work has shown the first steps in developing a useful engine development tool. However, experience 

has shown that it takes many years for a novel idea to become a robust and reliable piece of 

instrumentation. Many o f the optical techniques have a simple theoretical background but their 

application and interpretation of results are fraught with many operational problems. Application of the 

techniques within a hazardous environment exaggerated the problems further. It took over a decade 

before LDA was considered as an ‘off the shelf common place research tool. Many of the other 

techniques are still continuing to evolve, particularly with the introduction of high resolution digital 

cameras.

7.1 Future Work
The first stage of future work could be an evaluation of the use o f a pair of optical filters to identify each 

seed distribution, which should reduce significantly the amount o f image processing required. Due to the 

time constraints of the project only one filter was used.

One of the largest concerns in this work was the accuracy and repeatability of the air flow seeding. 

Commercially available particle seeders were prohibitively expensive, so a pair of seeders had to be 

designed in house. A long learning curve ensued over their operation, with problems of overseeding, 

agglomeration and deposition having to be overcome. One of the key parameters in the success of this 

work was to possess reasonable control of the particle seeding concentration. Although adequate control 

was eventually established there is room for improvement in this area o f the project.

The PPT technique can yield valuable results about engine flow structures within a steady flow rig. 

However, it is possible that a reciprocating test rig could yield further information since the movement of 

the piston would increase the bulk flow motion to a value typical of normal engine operation.

The technique was developed with engine testing in mind and as such one potential application of the 

PPT technique would be the visualisation o f the mixing and distribution of external EGR. The seeding 

particles would be able to survive the elevated temperatures of EGR. However, the effects of the elevated 

temperatures upon the luminescent properties of the seeding particles would need to be investigated 

further.
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The limited effective luminescent lifetime of the seeding particles was also limited by the camera 

sensitivity. For the tests developed it was not possible to capture a single frame image with the short 

exposure times required. Multiple ‘on chip’ integration was therefore used and since this is normally used 

to attenuate any cyclic variation it therefore prevents the observation of cyclic variation. However, 

camera technology is rapidly evolving; six months after purchasing the camera used for this work its 

successor was introduced. It had a CCD twice the size of the previous model and a 1:1 fibre coupled 

intensifier (which would enable in excess of twice the light throughput). There is also a great deal of 

research being carried out into identifying new organic and inorganic phosphors which may exhibit 

superior luminescent properties when compared to the seeding materials currently used. Light emitting 

phosphors that depend upon energy transfer from organic to inorganic groups are currently being 

investigated and marketed for use within flat panel displays (Bell [1999]). The significant advantage of 

these types of phosphors are that they are liquid, and therefore much easier to introduce into the air flow 

streams. However, there is no information available on the materials’ temperature response.

Another area that could im prove the quality o f  the captured im ages w ould be the calibration o f  the laser 

light sheet intensity variation. This would ensure that the intensity variation within the captured im ages was 

due only to the variation o f  seeding concentration within the cylinder bore. This would not be an easy task 

since the seeding particles are much sm aller than the light sheet thickness, and w ould therefore require the 

intensity variation to be mapped within two planes. H ow ever, m inim ising the light sheet thickness would  

help to improve the calibration.
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Appendix 1 Engineering Drawings

Part

Part 1

Part 01
Part 11

- Q m - .

Part 8

Part 5

Part 2

Part 7

Part 4 Part 3

Part 10

Part No Object DRG No.

Part 1 Quartz Window_________ 01_________
Part 2 W indow Mount Plate____ 02_________
Part 3 W indow Securing Plate 03_________
Part 4 Quartz Window_________ :___________
Part 5 Plenum Cham ber_______ 05_________
Part 6A Side W indow Plate_____ 06_________
Part6B Tod Plate______________ 06 Note C
Part 7___ Blanking Plate__________07 Note z
Part 8 Dummy Cylinder________ 08_________
Part 9__ Zetec Cylinder Head____ =___________
Part 10 Mirror Housing__________10_________
Part 11 TakeO ff Plate__________ 11 Note ^

Steady Flow Rig Assembly Drawing Drawn: M PG  Date: 14.5.97 DRG No. 12

Figure Al.l Steady flow rig assembly drawing

Note 2: Both Parts 7 & 11 required 
to be interchangeable
Note 1: Cylinder head, parts 2, 5, 8 
& 10 held together by M 10 studding.
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Drawn: MPG DRG No. 02 Date: 1.5.97Window Mounting Plate
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Figure A1.3 Rig floor window mounting plate

167



w
(0*0 ^

<D
o  ra

I/D 11

—-I/D 11

70 95 Dia 99 135

44.5

Figure A1.4 Top window securing plate and rig locating pins

168

W
in

do
w

 
Se

cu
rin

g 
Pl

at
es

 
/ 

Lo
ca

tin
g 

pi
ns

 
D

ra
w

n:
 M

P
G

 
D

at
e:

 0
6.

05
.9

7
D

im
en

si
on

s 
in 

mm
 

To
le

ra
nc

es
 

±0
.1

 
mm

 
UO

S 
M

A
TL

: 
Mi

ld 
St

ee
l 

Q
TY

: 
1



a
4x  M 11 C le a ra n c e  
h o le s  co u n te rb o red  M16 
x 13m m  d e e p

49 .5

49 .5

0  80 :6

67  5

37“

4x  M6 T a p p ed  h o le s
On 86  PCD
Full th re ad  10m m

/

4 5 .0 0 '4 5 .00 '

100

135
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Figure A l.5 Plenum.
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4x M6 T apped  holes 
on 86 PCD

45.00' 45.00'

—  A0  78 .54

C learance Hole for M6 
locating pin. 10m m  d eep

4 9 .5—
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49 .5

135
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T o le ra n c e s  +0.1 UOS MATL: Mild Steel QTY: 1

Figure A l.7 Dummy Cylinder
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Figure A l.11 Cyclone seeder body
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Appendix 2

Graphical Ray Tracing

In many cases where an idea o f  the perform ance o f  a lens is required, a graphical ray trace is usually

adequate. The principal is based upon Snell’s construction, details o f which can be found in Kingslake

[1978], a summ ary o f  which follows.

With reference to the figure below:-

1. Produce a large scale drawing o f  the lens.

2. Construct a series o f  concentric circles about a point O, with radii proportional to the refractive index 

(R l) o f  the materials in the system, e.g. 10 cm radius for air o f  index 1.0 and 14.6 cm radius for fused 

quartz o f  index 1.46.

3. Draw an incident ray (p) upon the lens diagram.

4. Draw a line parallel to the lens incident ray on the scale lens diagram  from point O within the circles 

to cut at P, the index circle corresponding to the index o f  the medium  containing the incident ray.

5. A line is drawn through P, parallel to the norma! to the point o f  incidence (NN), to cut the circie 

corresponding to the index o f  the next m edium at Q.

6. Join point OQ, this is the direction o f  the refracted ray within the medium Q

7. Transfer direction o f  the refracted ray to the scale lens diagram, vector (q).

8. This process is repeated for each refracting surface within the system.

9. For a reflecting surface the normal line can be extended to the opposite side o f  the circle (point R),

and vector (r).

Q

Lens surface

Scale lens diagram

Figure A2.1 Graphical Ray Tracing
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Geometric Ray Tracing

Graphical ray tracing can be tim e consum ing but is useful for sim ple optical systems. However, the use o f 

a PC now aids lens design considerably. The position o f  the rays can be calculated from sim ple geom etry 

and the use o f  a PC allows many rays to be constructed quickly. When investigating the distortion o f  the 

test rig front w indow the sim plest case to consider is a 2D model using a pin hole to represent the imaging 

device (in this case the cam era lens optics), this is shown below.

(Refractive Index)

Figure A2.2 2D Geometrical Ray Tracing

For convenience the light ray paths have been drawn em anating from the pin hole. There are four points 

are o f  interest. The first is point (a) where the incident ray strikes the front o f  the window. The second is 

the position o f  the ray as it exits the window, point (b). The third and fourth points are the position o f  the 

refracted and unrelfacted ray, points (d) and (d ’) respectively. G reig [1998] has calculated that cartesian 

coordinates can be used to locate these points as follows:-

Assuming: |0| < 6° hence, sin 0 -> tan 0 —> 0 (typically < 0.4%  error, angles in Radians)

Therefore the position o f  the incident ray in Cartesian coordinates from centre point O is:-

ax = 0 E quation  i

a v = LO E quation  ii

The position o f  the refracted ray leaving the window inner surface relative to point O is:-

-(M-LO<!>)+ J(M-L0</>Y - ( \ + 0 2\ l20 2 + M 2- R 2)
b  =  — ------------— — — --------- / - -f  -- f t -----------------------------------E quation  iii(|+*2)
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- M  + 1? O1 +R2 -2MLG<!>

To within + 5% error, decreases with 0

Equation iv

Where using Snell’s law

<f> = sin l \ — sin# Equation v

by = <Jr 2 - M 2 -2M bx - b \ Equation vi

The refracted ray intercepts the bore centre line at:-

- M Equation vii 

Equation viii

where:-

a  = <»+sin -i

v

P = sin-1 \ | —
7 C J

sin a

Equation ix 

Equation x

The unrefracted incident ray would reach the bore centre line at:-

d' = - M

dy = (M+L)tan&  => (M + L )6

Equation xi 

Equation xii

The measure of distortion can be given by the difference between the ideal non-refracted ray and the 

refracted ray>

Distortion = dy -d 'y Equation xiii

Since there is insignificant distortion within the x plane. The following graph in figure A2.3 shows the 

distortion figures for the steady flow test rig window in the y plane, with the following parameters:

L 600 mm na, nc 1.0

M 67 mm ng 1.46

R 40.3 mm

Table A2.1 Geometric parameters
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Image Distortion

Light S h e e t  P o sitio n

•  -  •  Y = +20 m m

 Y = 0

—  -  Y = -20  m m

eo
Sa£O

0 1 2  3  4  5 6 7 8 9 10 11 1 2  1 3  1 4  15 16 17 18 1 9  2 0  2 1  2 2  2 3  2 4

Distance from window centre [mm]

Figure A2.3 Distortion as a function of horizontal distance from the window centre line

The graph shows that for the ranges of interest from the window centreline the distortion (the difference 

between the refracted ray position and the non-refracted ray position) increases linearly with distance 

from the window centreline (to within 4.5%). The refracted ray striking the cylinder bore wall dictated the 

linear ranges of interest. Table A2.2 provides the correction factors that need to be applied to the captured 

images to correct the lateral distortion if required. The correction factor is the ratio of the refracted ray 

position to the undiffracted ray position as measured from the bore centreline (dy/d’y). Applying the 

correction factor would therefore restore the correct position of an object within the cylinder bore upon 

the image plane at the surface o f the front window.

Light Sheet 
Position

Linear Range of interest 

from centre line 

(front window)

Correction

Factor

x = +20 mm -15 - + 15 mm 1.91

x = 0 mm - 20 - + 20 mm 1.73

x = -20 mm -22 - + 22 mm 1.45

x = -30 mm -19 - +19 mm 1.34

Table A2.2 Distortion correction factors

Once the linear distortion regions have been exceeded, it becomes increasingly more difficult to correct 

the image since empirical calculations for each point are required. Moreover when correcting images a 

knowledge of the distance o f the object from the window face (x axis within figure A2.2) is required, this 

could be achieved by capturing an image through the cylinder floor. The correction factor applied to the 

image plane will therefore restore the object plane scaling as if the light rays had remained unrefracted, 

this is shown in figure A2.4.
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refracted
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Plane

Resultant
unrefracted
ray

Thin
Lens

Image Plane

Unrefracted ray

d'yi

Figure A2.4 Correction factor scaling

For simplicity only a single light ray is shown, the object plane is being viewed through a negative thin 

lens (therefore disregarding the refraction through the window material since it is very small). As 

previously stated, when a light ray traverses a lens it is refracted and the image becomes distorted where:-

dyCorrectionFactor = —1— Equation xiv
d'y

Using similar triangles it can be shown that:-

e ,= r a n - ' ( ^ . )  = r a n - ' m
\ m l )  V ml J

02 = Tan 1 - T a n - ' ( ^
U l .

Equation xv 

Equation xvi

Rearrangement yields:-

mj d'y
d'yi = --------  Equation xvii

m2

mi dy _
dyi = —-—  Equation xvm

m l

Therefore:-

Equation xix
d'yi d'y
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Therefore application of the correction factor at the image plane restores the lateral displacement of the 

object plane caused by the window element. It should be remembered however that a pin hole was used to 

represent the camera optics. A pin hole represents the ideal case, since an image would be free from 

distortion, curvature of field and chromatic aberration (Ray [1994]). The use of additional optics could 

introduce additional distortion. Considering the experimental setup for testing, the optical elements that 

are present include the test rig front window, the multivision filter (if used), the camera lens, the MCP 

intensifier and the relay lenses. After discussions with the camera manufacturer we can assume that the 

intensifier and relay lenses introduce negligible distortion. Therefore the recorded images could contain 

distortion that originates from the camera lens in addition to that produced by the test rig window.

Fortunately, for the imaging sensor used, a 50 mm lens produces images with perspective similar to that 

of the human eye. According to the rules o f perspective, a satisfactory visual rendering is given o f an 

image corresponding spatially to the original scene, when it is viewed at a distance equal to the focal 

length of the photographic lens (Ray [1994]). It is therefore assumed that a well designed 50 mm standard 

lens will produce an image with little distortion. Therefore when using the 50 mm lens, it can be assumed 

that the test rig window is the dominate cause of distortion effects. Providing a 50mm lens is used, the 

correction factors are adequate. For the single flow imaging results presented in Chapter 5 the images 

captured through the rig front window were taken with a 50 mm standard lens. Any other photographic 

lens will introduce additional distortion which would require a more complex correction. For the dual 

imaging tests a 35 mm wide angle lens was used. This type of lens used on its own would introduce a 

characteristic distortion of elongation at the edges of the image frame. However, inspection of the graph 

paper images in figure 4.14 (Chapter 4) reveal that the central 2/3 o f the graph paper image shows 

indistinguishable distortion.

Ideally, some sort of optical correction should be applied to compensate for the lateral distortion before 

the images are captured. This could be in the form of a positive lens with a similar optical power to the 

negative effect of the bore window, thus ensuring the light rays are near parallel as possible throughout 

the bore diameter. No correction using hardware was implemented in this study due to the time 

constraints of the project. Figure A2.5 gives an example of the benefit which could be obtained by 

correction using hardware. This figure shows two in-cylinder bore images. In both figures (a) and (b) the 

inlet valves are facing the front window and had been jacked open to a 14.4 mm lift. The left hand image 

(a) shows an uncorrected image. The amount of distortion can be assessed by the shape and position of 

the valves, and the elliptical outline of the circular cylinder plug at the rear of the bore. The right hand 

image (b) shows an identical scene with a f: 150 mm positive cylindrical lens (BK7) held in front of the 

test rig window. It can be seen that the cylindrical lens goes some way towards correcting the distortion, 

although, unfortunately the lens dimensions are not large enough to cover the entire rig window. However 

is does demonstrate the benefit of correcting the distortion before capturing images.
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(a) (b)

F igure A 2.5  S teady flow  rig d istortion  and p ossib le  correction

To im plem ent a com plete correction a detailed lens design would provide the appropriate lens material, 

dim ensions and optical power. Although distortion can be a concern it should be reiterated that optical 

distortion is usually the least important aberration within an optical system since it can be removed by 

suitable calibration. O f course the sim ple model presented does not address factors such as chromatic 

aberration where the refractive index o f  a m aterial changes with wavelength. That distortion occurs in 3 

dim ensions but is likely to be much sm aller in magnitude than the distortion due to the window curvature. 

To conclude, this section has provided an indication o f  the relative magnitude o f  the lateral image 

distortion that occurs within the steady flow test rig and has discussed m ethods in which to correct it.
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Appendix 4

Seeding Concentration
Rudinger [1980] provides a particularly clear explanation of the particle seeding concentration within a 

gas flow (i.e. No. of particles per unit volume), a summary of which follows. It should also be noted that 

some of the literature also uses the term particle seeding density which should interpreted as particle 

seeding concentration as defined previously.

Definitions

p p = Seeding particle density

. , mass o f  particles
<j = Particle concentration = -------------------- ---------------------------

Unit volume o f  gas -  particle mixture

p  = Gas density 

a  = Gas concentration

If C, is the volume fraction o f particles within a mixture then the seeding particle 

by:-

° p = S P p

therefore, the gas concentration is given by:-

concentration is given

Equation i

Equation ii

The mass fraction of the particles is given by:-

<!>p = 7———  ̂ Equation iii
F + < v )

Combining equations i, ii, iii yields:-

^  =  ° p  P = &P P
( l - ^ )  a  p p ( l-<t>p ) p p

and

a  = p
r \  

V p P )

Equation iv

Equation v

Considering an ideal gas-particle mixture flowing through a duct with a cross sectional area ‘A’, the local 

mass flow rates o f the gas and particles are:-

m =  c tu  A 

™ p  = < j p  u p A

Equation vi 

Equation vii
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If the flow is steady the mass flow rates will be constant. Let the ratio o f the mass flow rate be known as 

the loading ratio (LR). So that:-

M p  a p u p C  P p u p  ^Lr = —— = ■ = j - 1—r ■ Equation vin
m cru (1 - £ )  pu

Therefore:-

T $ p  u  p  f  •Lr = -f — Equat i on ix
v - t p ) «

Therefore although the loading ratio ( L r )  is constant for steady flow, the particle mass fraction (<|)p) is 

constant only if the velocity ratio of the seeding particles and the gas flow (U p/u) is constant. This 

condition is readily satisfied in equilibrium flow since the particle slip velocity is extremely small and one 

can assume that the particle velocity equals the gas flow velocity (up = u). However, since the gas density 

(p) can vary in compressible flow, equation ‘viii’ shows that the particle volume fraction (Q will vary 

even in steady flow. Inspection of equation ‘i’ shows that the particle volume fraction is only constant if 

particle mass concentration ctp is constant. When dealing with steady flow it can be more convenient to 

use the constant loading ratio ( L r )  term instead of the variable particle mass fraction (<J>P) . For equilibrium 

flow:-

<f)
Lr = — -— Equation x

Inspection of equation ‘iv’ reveals that the particle volume fraction (Q is usually small since the density 

ratio is of the order 10‘3. Therefore even a particle mass fraction o f 99% provides a corresponding particle 

volume fraction o f around 10%. Dense packing of equal-sized spheres corresponds to a volume fraction 

of about 74%, loosely packed the volume fraction reduces to around 50%. Therefore when dealing with 

low particle mass fractions i.e. <J)P = 0.1 the corresponding volume fraction is very small and the particle 

volume can be neglected thereby simplifying the equations.

It follows from the definitions of the gas and particle concentrations that the density of the mixture is 

given by:

p m = a + <7p Equation xi

Using equations iv and vi:-

Pm= P ( i - i ) p

Rearranging yields:-

i ( w j , *f
Pm P Pi

Equation xii

Equation xiii

Elimination of p from the last two equations shows that the volume fraction can be expressed as
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£. _ ^p_Pm_ Equation xiv
P p

Seeding Density Approximation
It is very difficult to predict the seeding concentration within the cylinder since it could vary throughout 

the cylinder volume. The following approximation has assumed an ideal situation where the cylinder is 

completely filled with air containing uniformly distributed seed Using equations viii and ix and assuming 

steady flow conditions so that up = u:-

(m + rh ) P
P '

-1Measured particle mass flow rate = 17 mg s 

Air mass flow rate = 15 g s '1 with a calculated density of 1.185 

Therefore the particle mass fraction is>

= L 17x10 1-iV= 0 -Q0H(l5 + 17xl0-3)

The volume of cylinder with a diameter of 80.6 mm and a stroke of 88 mm is:-
2

V„ = ^ _  = 4 .49xl0“4 m3

Therefore the mass of air to fill the cylinder is:-

™air =  P v c  =  0 .5 3 2 g

The time required to fill 1 cylinder full of air is:-

0-532 'XIAHt  = ------- = 35.47 ms
15

Therefore the mass of seeding particles within 1 cylinder full of air is:-

m Bf n = 16.67xl0-3 x35.47xl0-3 = 0.591 mg
P  (c y l)

Assuming a mean particle size of 2 pm with a density of 5300 kg m'3, the number o f particles within one 

cylinder full is:-

mass o f  particles 0.591xl0-6 1a6n = --------------------  = -----—  = 26.622x10
mass o f  one particle 2.22 x 10

The seeding concentration is given by:-

n
Vc 4.49x10
n 26.622 xlO6SC  = —  = — :------- —  = 5.9x10 particles/m'

Assuming a uniform particle distribution throughout the cylinder volume, the distance to the next nearest 

particle (nearest neighbour) is given by:-
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Dnn = ^5.93 xlO10 « 4 particles I mm 

Dnn = 0.25 mm

With approximately four particles per mm the particles are separated by:-

0.25xlO-3
----------  — = 125 particle diameter separation.

2x10

With a separation equivalent to 125 particle diameters it can be assumed that there would be little 

particle-particle interaction and the equations presented in Chapter 2 (Flow Seeding) using a single 

particle were valid.
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Appendix 5

List of Publications

1. M.P. Guerrier., P.A. Williams., A.R.Greig., M.D. Fry., A.J. Allnutt. The development of 

phosphorescent particle tracking (PPT) to visualise the interaction o f gas flow streams within the 

cylinder of an IC Engine. Presented at the IMechE conference on Optical Methods and Data 

Processing in Heat and Fluid Flow, City University London Paper No.C541/031/98 April 1998.

2. M.P. Guerrier., P.A. Williams., A.R.Greig., M.D. Fry., A.J. Allnutt., J.N. Stewart. Phosphorescent 

Particle Tracking (PPT), a novel optical technique with which to visualise the interaction of gas flow 

streams within the cylinder of an IC engine. Paper accepted for the Optics and Laser Journal. 

Publication Spring 1999.

3. M.P. Guerrier., P.A. Williams., A.R.Greig., M.D. Fry., A.J. Allnutt., J.N. Stewart. The application 

of Phosphorescent Particle Tracking (PPT) to the visualisation of gas flows in the cylinder of a 1.8 

litre 4-valve engine. Society of Automotive Engineers annual exposition and conference. Detroit 

USA, March 1-4 1999. Paper No. 1999-01-1109
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